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TREATISE 

ON 

ASTRONO.MY. 

INTRODUCTION. 

(1.) IN entering upon any scientific pursuit, one of the 
student's first endeavours ought to be, to prepare his 
mind for the reception of truth, by dismissing, or at 
least loosening his hold on, all such crude and hastily 
atloptecl notions respecting the objects and relations he 
is about to exa1nine as may tend to embarrass or mis
lead him; and to strengthen hims~lf, by something of 
an effort and a resolve, for the unprejudiced admission 
of any conclusion which sl1all appear to be supported by 
careful observation and logical argument, even should it 
prove of a nature adverse to notions he may have pre
viously formed for himself, or taken up, wiihout exa
mination, on the credit of others. Such an effort is, in 
fact, a commencement of that intellectual discipline 
·which forms one of the most important ends of all 
science. It is the first movement of approach towards 
that state of mental purity which alone can fit us for a 
full and steady perception of moral beauty as well as 
physical adaptation. It is the " euphrasy and rue" 
·with which we must " purge our sight" before we can 
receive and contemplate as they are the lineaments of 
truth and nature. 

(2.) There is no science which, more than astronorny., 
stands in need of such a preparation, or draws more 

n 
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A TREATISE ON ASTRONOlIY. 

largely on that intellectual liberality ·which is ready to 
adopt whatever is demonstrated, or concede whatever is 
rendered highly probable, however new and uncommon 
the points of view may be in which objects the most 
familiar may thereby become placed. Almost all its 
conclusions stand in open and striking contradiction 
with those of superficial and vuJgar observation, and 
·with ,vhat appears to every one, until he has understood 
and weighed the proofs to the contrary, the most po
sitive evidence of his senses. Thus, the earth on which 
he stands, and which has served for ages as the un
shaken foundation of the firmest structures, either of art 
or nature, is divested by the astronomer of its attribute 
of fixity, and conceived by hitn as turning swiftly on its 
centre, and at the same time moving onwards through 
space with great rapidity. The sun and the moon, 
which appear to untaught eyes round bodies of no very 
considerable size, become enlarged in his imagination 
into Yast globes,-the one approaching in magnitude to 
the earth itself, the other immensely surpassing it. The 
planets, which appear only as stars somewhat brighter 
than the rest, are to him spacious, elaborate, and habit
able ·worlds; several of them vastly greater and far 
more curiously fw·nished than the earth he inhabits, as 
there are .also others less so; and the stars themselves, 
properly so called, ,vhich to ordinary apprehension present 
only lucicl sparks or brilliant atoms, are to him suns of 
various and transcendent glory - effulgent centres of 
life and light to myriads of unseen worlds: so that when, 
after dilating his thoughts to comprehend the grandeur 
of those ideas his calculations have called up, and ex
hausting his imagination and the powers of his lan
guage to devise similes and metaphors illustrative of 
the in1mensity of the scale on which his universe is con
structed, he shrinks back to his native sphere; he finds 
it, in t:omparison, a mere point; so lost - even in the 
minute system to which it belongs - as to be invisible 
and unsuspected from some of its principal and remoter 
me1nbers. 
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(3.) There is hardly any thing ,vhich sets in a 
stronger light the inherent power of truth over the mind 
of man, when opposed by no 1notives of interest or pas
sion, than the perfect readiness with which all these con
clusions are assented to as soon as their evidence is clearly 
apprehended, and the tenacious hold they acquire over 
our belief when once admitted. In the conduct, there
fore of this volume, we shall take it for granted that 
our reader is more desirous to learn the system ,vbich 
it is its object to teach as it now stands, than to rai,e 
or revive objections against it ; and that, in short, 
he comes to the task with a willing mind; an assumption 
which ,vill not only save ourselves the trouble of piling ar
gument on argument to convince the sceptical, but will 
greatly facilitate his actual progress, inasmuch as he will 
find it at once easier and more satisfactory to pursue from 
the outset a straight and definite path, than to be con
stantly stepping aside, involving himself in perplexities 
and circuits, ,vhich, after all, can only terminate in 
finding himself compelled to adopt our road. 

( 4.) The method, therefore, we propose to follow 
is neither strictly the analytic nor the synthetic, but 
rather such a combination of both, with a leaning to the 
latter, as may best suit with a didactic composition. 
Our object is net to convince or refute opponents, nor 
to enquire~ under the semblance of an assumed igno
rance,. for principles of which we are all the time in full 
possession - but simply to teach ,vhat ,ve kno,v. 'fhe 
moderate limit of a single volume, ancl the necessity of 
being on every point, within that limit, rather diffuse 
and copious in explanation, as ·well as the eminently 
matured and ascertained character of the science itself, 
render this course both practicable and eligible. Prac
ticable, because there is now no danger of any revolution 
in astronomy, like those which are daily changing the 
features of the less advanced sciences, supervening, to 
destroy all our hypotheses, and throw our statements 
into confusion. Eligible, because the space to be be
stowed1 either in combating refuted systems, or 1n 
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4 A TREATISE ON ASTRONOMY. 

leading the reader forward by slow and measured steps 
from the known to the unknown, may be more advan
tageously devoted to such explanatory ilhistrations as 
will impress on him a familiar and, as it were, a prac
tical sense of the sequence of phenomena, and the 
manner in ·which they are produced. We shall not, 
then, reject the analytic course where it leads more 
easily and directly to our objects., or in any ,vay fetter 
ourselves by a rigid adherence to method. Writing 
only to be understood, and to communicate as much 
information in as little space as possible, consistently 
with its distinct and effectual communication, ·we can 
afford to make no sacrifice to system, to form, or to 
affectation. 

( 5.) \Ve shall take for granted, from the outset, 
the Copernican system of the world; relying on the 
easy, obvious, and natural explanation it affords of all 
the phenomena as they come to be described, ;o im
press the student with a sense of its truth, without 
either the formality of demonstration or the superfluous 
tedium of eulogy, calling to mind that important rea 
mark of Bacon : - " 'fheoriarum vires, arcta et quasi 
se mutuo sustinente partium aclaptatione, qua, quasi in 
orbem cohrerent, firmantur * ;" nor failing, however, to 
point out to the reader, as occasion offers, the contrast 
·which its superior simp!icity offeJrs to the complication 
of other h ypotheses. • 

(6.) The preliminary knowleuge which it is desir
able that the student should possess, in order for the 
more advantageous perusal of the following pages, con
sists in the familiar practice of decimal and sexagesimal 
arithmetic; some moderate acquaintance with geometry 
and trigonometry, both plane and spherical; the ele
mentary principles of mechanics; and enough of optics 
to understand the construction and use of the telescope, 
and some other of the simpler instruments. For the 

• * The confirmation of theories relies on the compact adaptation of their 
parts, by which, like those of an arch or dome, they mutually sustain each 
other, and form a coherent whole, 
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acquisition of these we may refer him to those other 
parts of this Cyclopredia which profess to treat of the 
several 1,ubjects in question. Of course, the more of 
such kno,vledge he brings to the perusal, the easier 
will be his progress, and the more complete the inform
ation gained; but we shall endeavour in every case, as 
far as it can be done without a sacrifice of clearness, and 
of that useful brevity which consists in the absence of 
prolixity and episode, to render what we have to say as 
independent of other books as possible. 

(7.) After all, we must distinctly caution such of 
our readers as may commence and terminate their astro
nomical studies with the present work ( though of such,
at least in the latter predica1nent,-we trust the number 
,vill be few), that its utmost pretension is to place them 
on the threshold of this particular ,ving of the temple of 
Science, or rather on an eminence exterior to it, whence 
they may obtain something like a general notion of its 
structure; or, at most, to give those who may wish to 
enter, a ground-plan of its accesses, and put them in 
possession of the pass-word. Admission to its sanc
tuary, and to the privileges and feelings of a votary, 
is only to b~ gained by one means, - a sound and 
sufficient knowledge of mathematics, the great instru
ment of all exact enquiry, without which no man can 
ever make such advances in this 01· any other of the 
higher depart1nents of science, as can entitle him to fo1·m 
an independent opinion on any subject of discussion 
within their 1·ange. It is not without an effort that 
those who possess this knowledge can communicate on 
such subjects with those ,vho do not, and adapt their 
language and their illustrations to the necessities of such 
an intercourse. Propositions which to the one are 
almost identical, are theorems of import and difficulty 
to the other ; nor is their evidence presented in the 
same way to the mind of each. In teaching such pro
positions, under such circumstances, the appeal has to 
be made, not to the pure and abstract reason, but to 
the sense of analogy,~ to practice anll experience: 

B 3 



6 A. TREATISE ON AiTRONOMY. 

principles and modes of action have to be established, 
not by direct argument from acknowledged axio1ns, but 
by bringing forward and dwelling on simple and fami
liar instances in ,vhich the same principles and the same 
or similar modes of action take place; thus erecting, as 
it ,vere, in each particular case, a separate induction, 
and constructing at each step a little body of science to 
meet its exigencies. 'fhe difference is that of pioneering 
a road through an untraversed country and advancing 
at ease along a broad and beaten highway; that is 
to say, if we are determined to make ourselves distinctly 
understood, and will appeal to reason at all. As for the 
method of assertion, or a direct demand on the faith of 
the student ( though in some complex cases indispensable, 
where illustrative explanation would defeat its own end 
by becoming tedious and burdensome to both parties), it 
is one ,vhich we shall neither adopt ourselves nor would 
recommend to others. 

(8.) On the other hand, although it is something ne,v 
to abandon the road of mathematical demonstration in the 
treatment of subjects susceptible of it, and teach any 
considerable branch of science entirely or chiefly by the 
way of illustration and familiar parallels, it is yet not im
possible that those who are already "'ell acquainted with 
our subject, and whose knowledge has been acquired by 
that confessedly higher and better practice which is in
compatible with the avowed objects of the present work, 
may yet find their account in its perusal,...:.. for this reason, 
that it is always of advantage to present any given body 
of kno"•ledge to the mind in as great a variety of dif
ferent lights as possible. It is a property of illustrations 
of this kind to strike no two minds in the same man
ner, or with the same force; because no two minds are 
stored with the same images, or have acquired their 
notions of them by similar habits. Accordingly, it may 
very well happen, that a proposition, even to one best ac
quainted with it, may be placed not merely in a new and 
uncommon, but in a more impresshe and satisfactory 
light by such a course-some obscurity may be dissi-
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pated, some inward misgiving cleared up, or even some 
link supplied which may lead to the perception of connec.. 
tions and deductions altogether unknown before. And 
the probability of this is increased when, as in the present 
instance, the illustrations chosen have not been studiously 
selected from books, but are such as have presented 
themselves freely to the author's mind as being most in 
harmony with his own views ; by ,vhich, of course, he 
means to lay no claim to originality in all or any of 
them beyond what they may really possess. 

(9-) Besides, there are cases in the application of 
mechanical principles with which the mathematical stu
dent is but too familiar, where, when the data are before 
him, and the numerical and geometrical relations of his 
problems all clear to his conception,-when his forces are 
estimated and his lines measured, - nay, when even he 
has followed up the application of his technical processes, 
and fairly ariived at his conclusion,- there is still some
thing wanting in his mind - not in the evidence, for he 
has examined each link, and finds the chain complete
not in the principles, for those he well knows are too 
firmly established to be shaken - but precisely in the 
,node of action. lie has followed out a train of reason •. 
ing by logical and technical rules, but the signs he 
has employed are not pictures of nature, or have lost 
their original meaning as such to his mind: he has 
not seen, as it were, the process of nature passing under 
his. eye in an instant of time, and presented as a whole 
to his imagination. A familiar parallel, or an illustra
tion dra,vn from some artificial or natural process, of 
which he has that direct and individual impression which 
gives it a reality and associates it with a name, will, in 
almost every such case, supply in a moment this deficient 
feature, will convert all his symbols into real pictures, 
and infuse an animated meaning into what was before 
a lifeless succession of words and signs. "\Ve cannot, 
indeed, always promise ourselves to attain this degree of 
vividne~s in our illustrations, nor are the points to be 
eluci 1ated themselves always capable of being so para,. 

ll 4 
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phrased (if we may use the expression) by any single 
instance adducible in the ordinary course of experience; 
but the object will at least be kept in view; and, as we 
are very conscious of having, in making such attempts 
gained for ourselves much clearer views of several of the' 
more concealed effects of planetary perturbation than 
we had acquired by their mathematical investigation in 
detail, we may reasonably hope that the endeavour ,vill 
not always be unattended with a similar success in 
others. 

(10.) From what has been said, it will be evident 
that our aim is not to offer to the public a technical 
treatise, in which the student of practical or theoretical 
astronomy shall find consigned the minute description 
of methods of observation, or the formula! he requires 
prepared to his band, or their demonstrations drawn 
out in detail. In all these the present work will be 
found meagre, and quite inadequate to his ,vants. Its 
aim is entirely different; being to present in each case the 
mere ultimate rationale of facts, arguments, and pro
cesses; and, in all cases of mathematical application, 
avoiding ·whatever ,vould tend to encumber its pages 
"•ith algebraic or geometrical symbols, to place under 
his inspection that central• thread of common sense on 
,vhich the pearls of analytical research are invariably 
strung ; but ,vhich, by the attention the latter claim for 
themselves, is often concealed from the eye pf the gazer, 
and not always disposed in the straightest and most con
venient form to follow by those who string them. This 
is no fault of those who have conducted the enquiries to 
which we allude. The contention of mind for which 
they call is enormous; and it may, perhaps, be owing 
to their experience of how little can be accomplished in 
carrying such processes on to their conclusion, by mere 
ordinary clearness of head; ancl ho,v necessary it often 
is to pay more attention to the purely mathematical 
conditions which ensure success, - the hooks-and-eyes 
of their equations and series,- than to those which en
chain causes with their effects, antl both with the human 
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reason,- that we must attribute something of that in
distinctness of vie,v which is often complained of as a 
grievance by the earnest student, and still more com
monly ascribed ironically to the native cloudiness of an 
atmosphere too sublime for vulgar comprehension. We 
think we shall render good service to both classes of 
readers, by dissipating, so far as our power lies, that acci
dental obscurity, and by showing ordinary untutored 
comprehension clearly what it can, and what it cannot, 
hope to attain. 

CHAPTER I. 

GENERAL NOTIONS, -FORM AND llIACN[TUDE OF THE EARTH,

:BORIZON AND ITS Dll',-THE AT)IOSI'HERE, - RE~'RACTION,

TWILIGH'I', - AI'PEARANCES J\ESULTINC FRO~[ DIUR.:s'AL l\10• 

'J'ION,-PAR.AI,LAX, - FIRST STEP TOWARDS FORlal\G AN IDEA 

OF THE DISTAJSCE OF THE STARS, - D.l!FINITIONS, 

• 

( 11.) THE magnitudes, distances, arrangement, and 
motions of the great bodies which make up the visible 
universe, their constitution and physical condition, so 
far as they can be known to us, with their mutual in
fluences and actions on each other, so far as they can be 
traced by the effects produced, and established by legiti
mate reasoning, form the assemblage of objects to which 
the attention of the astronomer is directed. 'l'he term 
astronomy* itself, which denotes the law or rule of the 
aqtra (by ,vbich the ancients understood not only the 
stars properly so called, but the sun, the moon, and all 
the visible constituents of the heavens), sufficiently indi
cates this; and, although the term astrology, which de
notes the 1·eason, theo1·y, or inter p1·etation of the stars t, 
has become degraded in its application, and confined to 

* Ai7''1"11e, a star; ,o/M;, a law; or Ytµ.uv, to tend, as a shepherd his flock; 
so that «tT'rt,ovoµ.o; means" shepherd of the stars." The two etymologies are, 
however, coincilicnt. 

t Ao,-o;, reason, or a WOl'd, the "chicle of reason; the intcrpre:er of 
thought. 
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superstitious and delusive attempts to divine futul'e events 
by their dependence on pretended planetary influences, 
the same meaning originally attached itself to that 
epithet. 

(12.) But, besides the stars and other celestial bo
dies, the earth itself, regarded as an individual body, is 
one principal object of the astronomer's consideration, 
and, indeed, the chief of all. It derives its importance, 
in a practical as well as theoretical sense, not only 
from its proximity, and its relation to us as animated 
beings, who draw from it the supply of all our ,vants, 
but as the station from which we see all the rest, and as 
the only one among them to which we can, in the first 
instance, refer for any determinate marks and measures 
by which to recognize their changes of situation, or with 
which to compare their disfances. 

(13.) To the reader who now for the first time 
takes up a book on astronomy, it ,..m no doubt seem 
strange to class the earth with the heavenly bodies, and 
to assume any community of nature among things appa
rently so different. For what, in fact, can be more ap
parently different than the vast and seemingly i1nmea
surable extent of the earth, and the stars, which appear 
but as points, and seem to have no size at all? The 
earth is dark and opaque, while the celestial bodies are 
brilliant. We perceive in it no motion, while in them 
we observe a continual change of place, as we view the1n 
at different hours of the day or night; or at different 
seasons of the year. The ancients, accordingly, one or 
two of the more enlightened of them only excepted, ad. 
mitted no such community of nature; and, by thus 
placing the heavenly bodies and their movements ,vith
out the pale of analogy and experience, effectually inter
cepted the progress of all reasoning from what passes 
here below, to what is going on in the regions "\\'here 
they exist and move. Under such conventions, 11stronomy, 
as a science of cause and effect, coulcl not exist, but 
must be limited to a mere registry of appearances, un
connected with any attempt to account for them on rea-
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sonable principles. To get rid of this prejudice, there
fore, is the first step towards acquiring a knowledge of 
what is really the case ; and the student has made his 
first effort towards the acquisition of sound knowledge, 
when he h.as learnt to familiarize himself with the idea 
that the earth, after all, may be nothing but a great star. 
flow· correct sueh an idea may be, and with what limit
ations and modifications it is to be admitted, we shall see 
presently. 

(14.) It is evident, that, to form any just notions of 
the arrangement, in space, of a number of objects which 
,ve cannot approach and examine, but of which all the 
information we can gain is by sitting still and watching 
their evolutions, it must be very important for us to 
know, in the first instance, whether what we call sitting 
still is 1·eally such : whether the station from ,vhich we 
view them, with ourselves, and all objects which im
mediately surround us, be not itself in motion, unper
ceived by us; and if so, of what nature that motion is. 
'fhe apparent places of a number of objects, and their 
apparent arrangement with respect to each other, will of 
course be materially dependent on the situation of the 
spectator among them ; and if this situation be liable to 
change, unknown to the spectator himself, an appearance 
of change in the respective situations of the objects will 
arise, without the reality. If, then, such be actually the 
case, it will follow that all the movements ,ve think we 
perceive among the stars will not be real movements, but 
that some part, at least, of whatever changes of relative 
place we perceive among them must be merely apparent, 
the results of the shifting of our own point of view; 
and that, if ,ve would ever arrive at a knowledge of their 
real motions, it can only be by first investigating our 
own, and making due allowance for its effects. Thus, 
the question whether the earth is in motion or at rest, 
and if in motion, what that motion is, is no idle enquiry, 
but one on which depends our only chance of arriving 
at true conclusions respectiug the constitution of the 
universe. 
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(15.) Nor let it be thought strange that we should 
speak of a. motion existing in the earth, unperceived by 
its inhabitants : we must remember that it is of the 
earth as a whole, with all that it holds within its sub
stance, or sustains on its surface, that ,ve are speaking; 
of a motion common to the solid mass beneath, to the 
ocean which flows around it, the air that rests upon it, 
and the clouds which float above it in the air. Such a 
motion, which should displace no terrestrial object from 
its relative place among others, interfere with no 
natural processes, and produce no sensations of shocks 
or jerks, might, it is very evident, subsist undetected 
by us. There is no peculiar sensation which adver
tises us that we are in 1notion. '\Ve perceive jerks, or 
sh-0eks, it is true, because these are sudden changes 
of motion, produced, as the laws of mechanics teach 
us, by sudden and 11owerful forces acting during short 
times; and these forces, applied to our bodies, are what 
,ve feel. "'\Vhen, for example, we are carried along in 
a carriage with the blinds do,vn, or with our eyes closed 
(to keep us from seeing external objects )1 ,ve perceive a 
tremor arising from inequalities in the road, over which 
the carriage is successively lifted and let fall, but w·e 
have no sense of prog1·ess. As the road is smoother, our 
sense of motion is diminished, though our .-ate of tra
velling is accelerated. Th.ose ·who have travelled on the 
celebrated railroad between l\Janchester and Liverpool 
testify that but for the noise of the train, ancl the ra~ 
pidity with which external objects seem to dart by them, 
the -$CMation is almost that of perfect rest. 

(16.) But it is on shipboard, ,vhere a great system 
is maintained in motion, and where we are surrounded 
,vith a mutltitude of objects which participate ,vith our
selves and each other in the common progress of the 
,vhole ma!s, that we feel most satisfactorily the identity 
of sensation between 11 state of motion and one of rest. 
I n the cabin of a large and heavy vessel, going smoothly 
before the wind in still water, or drawn along a canal, 
not the smallest indication acquaints us with the way it 
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is making. We read, sit, ,valk, and perform every cus
tomary action as ifwe were on land. lfwe throw a ball 
into the air, it falls back into our hand; or, if we drop it, 
it lights at our feet. Insects buzz around us as in the 
free ail- ; and smoke ascends in the same manner as it 
would do in an apartment on shore. If, indeed, we come 
on deck, the case is, in some respects, different; the air, 
not being carried along with us, drifts away smoke and 
other light bodies-such as feathers abandoned to it
apparently, in the opposite direct,ion to that of the ship's 
progress; but, in reality, they remain at rest, and we leave 
them behind in the air. Still, the illusion, so far as mas
sive objects and our own movemen.ts are concerned, re
mains complete; and when we look at the shore, we then 
perceive the effect of our o,vn motion transferred, in a 
contrary direction, to external objects -exte'1'1ial, that is, 
to the system of which we fotm a pa1·t. 

"Provehimur portu, terrreque urbesque recedunt." 

(17.) Not only do external objects at rest appear 
in motion generally, ,vith respect to ourselves ,vhen we 
are in motion among them, but they appea1· to move one 
among the other - they shift their 1·elative apparent 
places. Let any one travelling rapidly along a 11igh 
road fix his eye steadily on any object, but at the same 
time not entirely withdraw his attention from the general 
landscape, - he will see, or think he sees, the whole 
landscape thrown into rotation, and moving round that 
object as a. centre; all objects behveen it and himself 
appearing to move backwards, or the contrary way to his 
own motion; and all beyond it, forwards, or in the di
rection in which he 1noves : but let him withdraw his 
eye from that object, and fix it on another, - a nearer 
one, for instance, - immediately the appearance of ro
tation shifts also, and the apparent centre about which 
this illusive circulation is performed is transferred 
to the ne,v object, which, for the moment, appears to 
rest. Thiis apparent change of situation of objects 
,vith respect to one another, arisuig from a motion of 
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the spectator, is called a. parallactic 1notion ; and it is, 
therefore, evident that, before we can ascertain whether 
external objects are really in motion or not, or what 
their motions are, ,ve must subduct, or allow for, any 
such parallactic motion which may exist. 

(18.) In order, however, to conceive the earth as 
in motion, ,ve must form to ourselves a conception of its 
shape and size. Now; an object cannot have shape and 
size, unless it is li1nited on all sides by some definite 
outline, so as to admit of our: imagining it, at least, dis
connected from other boclies, and existing insulated in 
space. The first rude notion we form of the earth is 
that of a flat surface, of indefinite extent in all directions 
from the spot ,vhere we stand, above ,vhich are the air 
and sky; below, to an indefinite profundity, solid matter. 
This is a prejudice to be got rid of, like that of the earth's 
immobility;- but it is one much easier to rid ourselves 
of, inasmuch as it originates only in our own mental 
inactivity, in not questioning ourselves where we will 
place a limit to a thing we have been accustomed from 
infancy to regard as immensely large; and does not, like 
that, originate in the testimony of our senses unduly 
interpreted. On the contrary, the direct testimony of 
our senses lies the other ,vay. ,vhen ,ve see the sun set 
in the evening in the ,vest, and rise again in the east, 
as we cannot doubt that is the same sun we see after a 
temporary absence, ,ve must do violence to all our no
tions of sol.id matter, to suppose it to have made its way 
through the substance of the earth. It must, therefore, 
have gone under it, and that not by a mere subter
raneous channel; for if we notice the points where it sets 
and rises for many successive days, or for a whole year, 
we shall find them constantly shifting, round a very 
llrge extent of the horizon ; and, besides, the moon and 
stars also set and rise again in all points of the visible 
horizon. The conclusion is plain : the earth cannot ex~ 
tend indefinitely in depth downwards, nor indefinitely in 
surface laterally ; it must have not only bounds in a 
horizontal direction, but also an unde1· side round which 
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the sun, moon, and stars can pass; and that sicle must, 
at least, be so far like what we see, that it must have a 
sky and sunshine, and a day when it is night to us, and 
vice versa; where, in short, 

--" redit a nobis Aurora, diemque reducit. 
Nosque ubi primus equis oriens atllavit anhelis, 
HIie sera rubens accendit lumina Vesper." Georg. 

(19.) As soon as we have familiarized ourselves 
with the conception of an earth without foundations or 
fixed supports-existing insulated in space from contact 
of every thing external, it becomes easy to imagine it in 
motion - or, rather, difficult to imagine it otherwise; 
for, since there is nothing to retain it in one place, should 
any causes of motion exist, or any forces act upon it, it 
must obey tl1eir impulse. Let us next see what obvious 
circumstances there are to help us to a knowledge of the 
shape of the earth. 

(20.) Let us first examine ,vhat we can actually 
see of its shape. Now, it is not on land (unless, indeed, 
on uncommonly level and extensive. plains) that we can 
see any thing of the general figure of the earth; - the 
hills, trees> and other objects which. roughen its surface, 
and break and elevate the line of the horizon, though 
obviously bearing a most minute proportion to the whole 
earth, are yet too considerable, ·with respect to ourselves 
and to that small portion of it ,vhich we can see at a 
single view, to allow of our forming any judgment of 
the form of the whole, from that of a part so disfigured. 
But ,vith the surface of the sea, or any vastly extended 
level plain, the case is otherwise. If we sail out of 
sight of land, whether we stand on the deck of the ship 
or climb the mast, we see the surface of the sea - not 
losing itself in distance and mist, but terminated by a 
sharp, clear, well defined line, or offing as it is called, 
,vhich runs all round us in a circle, having our sta~ 
tion for its centre. That this line is really a circle, 
we conclude, first, from the perfect apparent similarity 
of all its parts; and, secondly, from the fact of all its 
parts appearing at the same distance from us, and 
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that, evidently a moderate one; and, thirdly, from this, 
that its apparent diarneter, measured with an instrument 
called the dip sector, is the same ( except under some 
singular atmospheric circumstances, which produce a 
temporary distortion of the outline), in ,vhatever direc
tion the measure is taken,-properties which belong 
only to the circle among geometrical figures. If ,ve 
ascend a high eminence on a plain (for instance, one of 
the Egyptian pyramids), the same holds good. 

( 21.) Masts of ships, howeve1·, and the edifices erect
ed by man, are trifling eminences compared to what 
nature itself affords; .lEtna, 'feneriffe, Mowna Roa, are 
eminences from which no contemptible aliquot part of' 
the whole earth's surface can be seen; but from these 
again-in those fe,v and rare occasions when the trans
parency of the air will permit the real boundary of the 
horizon, the true sea-line, to be seen - the very same 
appearances are ,vitnessed, but ,vith this remarkable 
addition, viz. that the angular diameter of the visible 
area, as measured by the dip sector, is materially less 
than at a lower level; or, in other words, that the ap
parent size of the earth has sensibly diminished as we 
have receded from its surface, ·while yet the absolute 
quantity of it seen at once has been increased. 

(22.) The same appearances are observed uni
versally, in every part of tht:. earth's surface visited by 
man. Now, the figure of a body which, ho,vever seen, 
appears ahvays circula1·, can be no other than a sphere 
or globe. 

(23.) A diagram ·will elucidate this. Suppose the 
earth to be represented by the sphere L H N Q, whose 
centre is C, and let A, G, l\'.I be stations at different 
elevations above various points of its surface, represented 
by a, g, m respectively. From each of them ( as from 
l\'1) let a line be drawn, as MN n, a tangent to the sur
face at N, then will this line represent the visual ray 
along which the spectator at 1\1 will see the visible 
horizon; and as this tangent sweeps round 1\1, and 
comes successively into the positions 1\10 o, M Pp, 
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M Q q, the point of contact N will mark out on the sur
face the circle N O P Q. The area of this circle is the .. --.. -.. _ ,,. .. .,,.... z ---...... ,,. ,..., 
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portion of the earth's surface visible to a spectator at M, 
and the angle N l\il Q included between the two extreme 
visual rays is the measure of its apparent angular 
diameter. Leaving, at present, out of consideration the 
effect of refraction in the air belo,v l\>1, of which more 
hereafter, and which always tends, in some degree, to 
increase that ar.gle, or render it more obtuse, this is the 
angle measured by the dip sector. Now, it is evident, 
1st, that as the point 1\11 is more elevated above m, the point 
immediately below it on the sphere, the visible area, 
i.e. the spherical segment or slice NOP Q, increases; 
.2dly, that the distance of the visible!to1·izon* or bound. 
ary of our view from the eye, viz. the line M N, 
increases; and, 3dly, that the angle N 1\1 Q becomes 

- 'Of'"'• lo ft,.n1i1111te. 
0 
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less obtuse, or, in other words, the apparent angular 
diameter of the earth diminishes, being nowhere so 
great as 180°, or two right angLes, but falling short of 
it by some sensible quantity, ancl that more and more 
the higher we ascend. The figure exhibits three states 
or stages of elevation, with the horizon, &c. corre
sponding to each, a glance at ·which will explain our 
meaning; or, limiting ourselves to the larger and more 
distinct, l\iN O PQ, let the reader imagine nN 1\1, 11 Qq 
to be the two legs of a ruler jointed at lVI, and kept ex
tended by the globe Nm Q between them. It is clear, 
that as the joint l\il is urged home towards the surface, 
the legs will open, and the ruler will become more 
nearly st1·aight, but will not attain perfect straightness till 
.l\1 is brought fairly up to contact ,vith the surface at m, 
in ,vhich case its whole length ,vill become a tangent to 
the sphere at m, as is the line x y. 

(24.) 1'his explains ,vhat is meant by the dip of 
the ho?'i!zon. l\11 m, which is perpenclicular to the ge
neral surface of the sphere at m, is also the direction 
in which a plumb-line"' would bang; for it is an ob
served fact, that in all situations, in every part of the 
earth, the direction of a plumb-line is exactly perpen
dicular to the surface of still water; and, moreover, that 
it is also exactly perpendicular to a line or surface truly 
adjusted by a spi1·it-level." Suppose, then, that at our 
station M we were to adjust a line ( a ,vooden ruler for 
instance) by a spirit-level, ,vith perfect exactness ; then, 
jf we suppose the direction of this line indefinitely pro
longed both ,vays, as X 1\1 Y, the line so drawn will be 
at right angles to Mm, and therefore parallel to x my, 
the tangent to the sphere at m. A spectator placed at 
M will therefore see not only all the vault of the sky 
above this line, as X Z Y, but also that portion or zone of 
it which lies between X N and Y Q; in other ,vords, his 
sky will be more than a 11ernisphere by the zone YQXN. 
It is the angular breadth of this redundant zone-the 
angle Y l\i Q, by which the visible horizon appears de. 

• See this instrument described in Chap. II. 
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pressed belo,v the direction of a spirit-level- that is 
caUed the dip of the horizon. It is a correction of con
stant use in nautical astronomy. 

( 25.) From the foregoing explanations it appears, 
1st, That the general figure of the earth (so far as it can 
be gathered fron1 this kind of observation) is that of a 
sphere or globe. In this we also include that of the sea, 
,vhich, wherever it extends, covers and fills in those in
equalities :and local irregularities which exist on land, 
but which can of course only be regarded as trifling 
deviations from the gent:ral outline of the whole mass, 
as we consider an orange not the less round for the 
roughnesses on its rind. 2dly, That the appearance 
of a visible horizon,· or sea offing, is a consequence of 
the curvature of the surface, and does not arise from 
the inability of the eye to follow objects to a greater dis
tance, or from atmospheric indistinctness. It will be 
worth while to pursue the general notion thus acquired 
into some of its consequences, by ,vhich its consistency 
with observations of a different kind, and on a larger 
scale, will be put to the test, and a clear conception be 
formed of the manner in which the parts of the earth 
are related to each other, and held together as a whole. 

(26.) In the first place, then, every one who has 
passed a little while at the sea side is aware that objects 
may be seen perfectly well beyond the offing or visible 
horizon- but not the wlwle of them. We only see 
their upper parts. Their bases wlhere they rest on, or 
rise out of the water, are hid from view by the spherical 
surface of the sea) ,vbich protrudes between them and 
ourselves. Suppose a ship, for instance, to sail directly 
away from our station; - at first, ·when the distance of 
the ship is small, a spectator, S, situated at some certain 
height above the sea, sees the ,vhole of the ship, even 
to the water line ·where it rests on the sea, as at A. As 
it recedes it diminishes, it is true, in apparent size, but 
still the whole is seen down to the v,ater line, till it 
reaches the vi.sible horizon at B. But as soon as it has 
passed this distance, not only does the visible portion 

0 £ 
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,still continue to diminish in apparent size, but the hull 
begins to disappear bodily, as if sunk below the surface, 

T 

b 
C e 

\Vhen it has reached a certain distance, as at C, its hull 
has entirely vanished, but the masts and sails remain, 
presenting the appearance c. But if, in this state of 
things, the spectator quickly ascends to a higher s'tation, 
T, whose visible horizon is at D, the hull comes again in 
sight; and when he descends again he loses it. The 
ship still receding, the lo,ver sails seem to sink belo,v the 
water, as at d, and at length the whole disappears: 
while yet the distinctness with w·hich the last portion of 
the sail d is seen is such as to satisfy us that ,vere it 
not for the interposed segment of the sea, AB CD E, the 
llistance T E is not so great as to have prevented an 
equally perfect view of the whole. 

( 27.) In this manner, therefore, if ,ve could mea~ 
sure the heights and exact distance of two stations 
,vhich could barely be discerned "from each other 
over the edge of the horizon, we could ascertain 
the actual size of the earth itself: and, in fact, were it 
not for the effect of refraction, by which we are enabled 
to see in some small degree round the interposed seg. 
ment ( as will be hereafter explained), this would be a 
tolerably good method of ascertaining it. Suppose A 
and B to be two eminences, whose perpendicular heights 
Aa and Bb (which, for simplicity, we will suppose to be 
exactly equal) are known, as well as their exact hori
zontal interval a D b, by 1neasurement ; then it is clear 
that D, the visible horizon of both, will lie just half. way 
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between them, and if we suppose a D b to be the sphere 
of the earth, and C its centre in the ngure CD b B, we 

D 

• 

C 

know D b, the length of the arch of the circle between 
D and b, -viz. half the measured interval, and b B, the 
excess of its secant above its radius -which is the height 
of B,-data. ,vhich, by the solution of an easy geometrical 
proble1n, enable us to find the length of the radius D C. 
If, as is really the case, we suppose both the heights and 
distance of the stations inconsiderable in comparison 
,vith the size of the earth, the solution alluded to is con
tained in the following proposition: -

The ea1·th' s dic,mete1· bears the same proportion to the 
distance of the visible horizon from the eye as that dis
tance does to the height of the eye above the sea level. 

,vhen the stations are unequal in height the problem 
is a little more complicated.· 

(28.) Although, as we have observed, the effect of 
refraction prevents_ this from being an exact method of 
ascertaining the dimensions of the earth, yet it will suf
fice to afford such an approximation to it as shall be of 
use in the present stage of the reader's knowledge, and 
help him to many just conceptions, on which account 
,ve shall exen1plify its application in numbers. Now, it 
appears by obsen·ation, that two points, each ten feet 
above the surface, cease to be visible from each other 
over still ,vater, and in average atmospheric circum
stances, at a distance of about 8 miles. But 10 feet is 
the 528th 1>art of a mile, so tl1at half their distance, or 
4 miles, is to the height of each as 4 x 528 or 2112: l, 
and therefore iu the same proportion to 4 miles is the 

C 3 
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length of the earth's cliameter. It must. therefore, be 
equal to 4x2112=8448, or, in round numbers, about 
8000 miles, ,vhich is not very far from the fruth. 

( 29.) Such is the first rough result of an attempt 
to ascertain the earth's magnitude; and it will not be 
amiss if ,ve take advantage of it to compare it ,,rith ob
jects we have been accustomed to consider as of vast 
size, so as to interpose a few steps between it and our 
ordinary ideas of dimension. We have before likened 
the inequalities on the earth's surface, arising from moun
tains, valleys, buildings, &c. to the roughnesses on the rind 
of an orange, compared with its general mass. The com
parison is quite free from exaggeration. The highest 
mountain known does not exceed five miles in perpen
dicular elevation: this is only one 1600th part of the 
earth's diameter; consequently, on a globe of sixteen 
inches in diameter, such a mountain ,vould be repre
sented by a protuberance of no more than one hundredth 
part of an inch, ,vhich is about the thickness of ordi
nary drawing-paper. Now as there is no entire con
tinent, or even any very extensive tract of land, known, 
·whose general elevation above the sea is any thing like 
half this quantity, it follows, that if ,ve would construct 
a correct model of our earth, with its seas, continents, 
and mountains, on a globe sixteen inches in diameter, 
the whole of the land, with the exception of a few pro
minent points and ridges, must be con1prised on it within 
the thickness of thin writing-paper; and the highest 
bills would be represented by the smallest visible grains 
of sand. 

( 30.) The deepest mine existing does not penetrate 
half a n1ile below the surface : a scratch, or pin-hole, 
duly representing it, on the surface of such a globe as 
our model, would be imperceptible ,vithout a magnifier. 

(31.) 'fhe greatest depth of sea, probably, does 
not much exceed the greatest elevation of the con
tinents ; and would, of course, be represented by an ex
cavation,. in about the same propOTtion, into the substance 
of the globe: so that the ocean comes to be conceived 
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as a mere film of liquid, such as, on our model, would 
be left by a brush dipped in colour and drawn over those 
parts intended to represent the sea: only, in so conceiv
ing it, we must bear in mind that the resemblance ex
tends no farther than to proportion in point of quantity. 
The mechanical laws which would regulate the distri
bution and movements of such a film, and its adhesion 
to the surface, are altogether different from those which 
govern the phenomena of the sea. 

(32.) Lastly, the greatest extent of the earth's sur
face which has ever been seen at once by man, was 
that exposed to the view of l\1M. Biot and Gay-Lus
sac, in their celebrated aeronautic expedition to the 
enormous height of 25,000 feet, or rather less than 
five miles. To estimate the proportion of the area 
visible from this elevation to the whole earth's surface, 
we must have recourse to the geometry of the sphere, 
,vhich informs us that the convex surface of a spherical 
segment is to the whole surface of the sphere to which 
it belongs as the versed sine, or thickness of the segment, 
is to the diameter of the sphere; and further, that this 
thickness, in the case we are considering, is almost ex
actly equal to the perpendicular elevation of the point of 
sight above the surface. The proportion, therefore, of 
the visible area, in this case, to the whole earth's surface, 
is that of five miles to 8000, or 1 to 1600. The portion 
visible from lEtna, the Peak of Teneriffe, or Mowna 
Roa, is about one 4000th. 

( 33.) lVhen we ascend to any very considerable 
elevation above the surface of the earth, either in a bal
loon, or on mountains, we are made aware, by many 
uneasy sensations, of an insufficient supply of air. 'fhe 
barometer, an instrument which informs us of the ·weight 
of air incumbent on a given horizontal surface, confirms 
this impression, and affords a direct measure of the rate 
of <li1ninution of the quantity of air which a given space 
includes as we recede from the surface. From its in
dications we learn, that when we have ascended to the 
height of 1000 feet, we have left below us about one 

C 4 
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thirtieth of the. whole mass of the atmosphere : - that at 
10,600 feet of perpendicular elevation ( which is rather 
less than that of the summit of 1Etna*) we have as
cended through about one third; and at 18,000 feet 
( which is nearly that of Cotopaxi) through one half the 
material, or, at least, the ponderable, body of air incum
bent on the earth's surface. From the progression of 
these numbers, as well as, a prio,·i, from the nature of 
the air itself, ,vhich is compi·essible, i. e. capable of being 
condensed, or crowded into a s1nal1er space in proportion 
to the incumbent pressure, it is easy to see that, although 
by rising still higher ,ve should continually get above 
more and more of the air, and so relieve ourselves more 
and more from the pressure with which it weighs upon 
us, yet the amount of this additional relief, or the pon
derable quantity of air surmounted, would be by no means 
in proportion to the additional height ascended, but in a 
constantly decreasing ratio. An easy calculation, ho,v. 
ever, founded on our experimental knowledge of the pro. 
perties of air, and the mechanical laws which regulate 
its dilatation and compression, is sufficient to sho,v that, 
at an altitude above the surface of the earth not ex
ceeding the hundredth part of its diameter, the tenuity, 
or rarefaction, of the air must be so excessive, that 
not only animal life could not subsist, or combustion 
be maintained in it, but that the most delicate means 
,ve possess of ascertaining the existence of any aii· at alt 
·would fail to afford the slightest perceptible indications 
of its presence. 

(34.) Laying out of consideration, therefore, at 
present, all nice questions as to the probable existence 
of a definite limit to the atmosphere, beyond which 
there is, absolutely and rigorously speaking, no air, it is 
clear, that, for all practical purposes, we may speak of 
those regions which are more distant above the earth's 
surface than the hundredth part of its diameter as void 
of :i.ir, and of course of clouds (which are nothing but 

* The height of 11,tna above the ll!Pditerranean (as it results from a 
baromctrical measurement of my own, made i11.July,l8U, under very favour. 
11\Jlc circumstances) is 10,ll72 English feet. - 11.utlior. 

• 
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visible ,·apours, diffused and floating in the air, sustained 
by it, and rendering it tu1·bid as mud does ,vater). It 
seems probable, from many indications, that the greatest 
height at ,vhich visible clouds ever exist does not exceed 
ten miles; at ,vhich height the density of the air is about 
an eighth part of what it is at the level of the sea. 

(35.) 'iVe are thus led to regard the atmosphere of 
air, with the clouds it supports, as constituting a coating 
of equable or nearly equable thickness, enveloping our 
globe on all sides; or rather as an aerial ocean, of '".hich 
the surface of the sea and land constitutes the bed, and 
whose inferior portions or strata, within a few miles of 
the earth, contain by far the greater part of the whole 
mass, the density diminishing with extreme rapidity as 
,ve recede upwards, till, within a very moderate distance 
(such as would be represented by the sixth of an inch 
on the model we have before spoken of, and which is 
not more in proportion to the globe on ,vhich it rests, 
than the downy skin _of a peach in comparison ,vith the 
fruit within it), all sensible trace of the existence of air 
disappears. 

( 36.) Argu1nents, however, are not wanting to render 
it, if not absolutely certain, at least in the highest 
degree probable, that the surface of the aerial, like that 
of the aqueous ocean, has a real and definite limit, as 
above hinted at; beyond which there is positively no 
air, ancl above which a fresh quantity of air, could it be 
ad<led from without, or carried aloft from belo,v, instead 
of dilating itself indefinitP.ly upwards, would, after a 
certain very enormous but still finite enlargement of 
volume, sink and merge, as ,vater poured into the sea, 
and distribute itself among the mass beneath. 'iVith 
the truth of this conclusion, however, astronomy has 
little concern; all the effects of the atmosphere in mo
difying astronomical phenomena being the same, whe
ther it be supposed of definite extent or not. 

(37.) l\lloreover, whichever idea ,ve adopt, it is equally 
certain that, within those limits in which it possesses 
any appreciable density, its constitution is the same over 
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all points of the earth's surface; that is to say, on 
the great. scale, and leaving out of consideration temporary 
and local causes of derangement, such as winds, and 
great fluctuations, of the nature of waves, which prevail 
in it to an immense extent: in other ,vords, that the la,v 
of diminution of the air's density as we recede upwards 
from the level of the sea is the same in every column into 
which we 1nay conceive it divided, or from whatever point 
of the surface we may set out. It may therefore be 
considered as consisting of successively superposed strata 
or layers, each of the form of a spherical shell, concen
tric ,vith the general surface of the sea and land, and 
each of which is ra1·e1·, or specifically lighter, than that 
i1nmediately beneath it; and dense1·, or specifically 
heavier, than that immediately above it. This kind of 
distribution of its ponderable mass is necessitated by 
the laws of the equilibrium of fluids, whose results 
barometric observations demonstrate to be in perfect 
accordance with experience. 

It must be observed, however, that with this dis
tribution of its strata the inequalities of mountains 
and valleys have no concern : these exercise no more 
influence in modifying their general spherical figure 
than the inequalities at the bottom of the sea interfere 
with the general sphericity of its surface. 

(38.) I t is the power which air possesses, in cornmon 
with all transparent media, of ref1'acting the rays of light, 
or bending them out of their straight course, which ren
ders a knowledge of the constitution of the atmosphere 
important to the astronomer, Owing to this property, 
objects seen obliquely through it appear otherwise situ
ated than they would to the same spectator, had the 
atmosphere no existence: it thus produces a false irn
pression respecting their places, ·which must be rectified 
by ascertaining the amount and direction of the displace
ment so apparently produced on each, before we can come 
at a knowledge of the true directions in which they arc 
situated from us at any assigned moment. 

( 39.) Suppose a spectator placed at A, any point 
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of the earth's surface l(Ak; and let Ll, l\,lrn, Nn, 
represent tbe successive strata or layers, of decreasing 
density, into which we may conceive the atmosphere 
to be divided, and which are spherical surfaces concentric 
with Kk, the earth's surface. Let S represent a star, or 
other heavenly body, beyond the utmost limit of the atmo
sphere; then, if the air were away, the spectator would 
see it in the direction of the straight line AS. But, in 
reality, wlren the ray of light SA reaches the atmosphere, 
suppose at d, it will, by the laws of optics, begin to bend 
dcwnwards, and take a more inclined direction, as d c. 
This bending will at first be imperceptible, owing to the 

C' 

extreme tenuity of the uppermost strata ; but as it 
advances downwards, the strata continually increasing 
in density, it will continually undergo greater and greater 
refraction in the same direction ; and thus, instead of 
pursuing the straight line S d A, it ,vill describe a curve 
S d c b a, continually more and more concave down
wards, and'. will reach the earth, not at A, but at a 
certain point a, nearer to S. This ray, consequently, 
will not reach the spectator's eye. The ray by which 
he will see the star is, therefore, not S dA, but another 
ray which, bad there been no atmosphere would have 
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struck the earth at K, a point behind the spectator; 
but which, being bent by the air into the curve SDCBA, 
actually strikes on A. Now, it is a law •of optics, 
that an object is seen in the direction which the visual 
ray has at the instant of ari·iving at the eye, without 
regard to what may have been otherwise its course 
between the object and the eye. Hence the star S will 
be seen, not in the direction A S, but in that of As, 
a tangent to the curve S DCB A, at A. But because the 
curve described by the refracted ray is concave down
,vards, the tangent As will lie above AS, the unrefracted 
ray: consequently the object S will appear more elevated 
above the horizon AH, when seen through the refracting 
atmosphere, than it would appear,vere there no such atmo
sphere. Since, however, the disposition of the strata is 
the same in all directions around A, the visual ray will 
not be m.ade to deviate latei·ally, but will remain con
stantly in the same vertical plane, SAC', passing through 
the eye, the object, and the earth's centre. 

(40.) The effect of the air's refraction, then, is to 
1·aise all the heavenly bodies higher above the horizon in 
appearance than they are in reality. Any such body, 
situated actually in the true horizon, will appear above 
it, or ,vill have some certain apparent altitude ( as it is 
called). Nay, even some of those actually below the 
horizon, and which would therefore be invi$ible but for 
the effect of refraction, are, by that effect, raised above 
it and brought into sight. Thus, the sun, ,vhen situated 
at P belo,v the true horizon, A I-I, of the spectator, becomes 
visible to him, as if it stood at p, by the refracted ray 
P qr t A, to which Ap is a tangent. 

( 41.) The exact estimation of the amount of atmo
spheric refraction, or the strict determination of the angle 
S As, by which a celestial object at any assignecl altitude, 
HAS, is raised in appearance above its true place, is, un. 
fortunately, a very difficult subject of physical enquiry, 
and one on which geometers (from ,vhom alone we can 
look for any information on the subject) are not yet en• 
tirely agreed. The difficulty arises from this, tha~ the 
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density of any stratum of air ( on ,vhich its refracting 
power depends) is affected not 1ne1·ely by the superin
cumbent pressure, but also by its temperature or degree 
of heat. Now, although we know that as we recede from 
the earth's surface the temperature of the air is constantly 
diminishing, yet the law, or amount of this diminution at 
different heights, is not yet fully ascertained. lWoreover, 
the refracting power of air is perceptibly affected by its 
rnoistu1·e; and this, too, is not the sarn e in every part of an 
aerial column ; neither are ,ve acquainted with the laws 
of its distribution. The consequence of our ignorance on 
these points is to introduce a corresponding degree of un
certainty into the determination of the amount of refrac
tion, which affects, to a certain appreciable extent, our 
knowledge of several of the most important data of 
astronomy. The uncertainty thus induced is, however, 
confined within such very narrow limits as to be no 
cause of embarrassment, except in the most delicate en
quiries, and to call for no further allusion in a treatise 
like the present. 

( 42.) A " Table of Refractions," as it is called, or 
a statement of the amount of apparent displacement 
arising from this cause, at all altitudes, or in every situ
ation of a heavenly body, from the horizon to the zenith'<'-, 
or point of the sky vertically above the spectator, and, under 
all the circumstances in which astronomical observations 
are usually performed which may influence the result, is 
one of the most important ancl indispensable of all astro,. 
nomical tables, since it is only by the use of such a table 
,ve are enabled to get rid of an illusion which must 
otherwise pervert all our notions respecting the celestial 
motions. Such have been, accordingly, constructed ·with 
great c:1re, ancl are tp be founcl in every collection of 
astrono1nical tables. t OU1· design, in the present trea
tise, will not admit of the introduction of tables; and 
we must, therefore, content ourselves here, and in si-

* From an Arabic word of this signification. 
t Vide " Requisite Tables to be used with the Nautical Alman~c.'' See 

also Nautical Almanac for 1833, Dr. Pearson's .Astronomical Tables, and 
Mr. Baily's Asbonomical Tables and Formula,. 



30 A TREATISE ON .ASTRONOMY. CHAP. I. 

milar cases, with referring the reader to works espe
cially destined to furnish these useful aids to calculation. 
It is, ho"rever, desirable that he should bear in mind the 
following general notions of its amount, and law of 
variation. 

( 43.) 1 st. In the zenith there is no refraction ; a ce
lestial object, situated vertically over head, is seen in its 
true direction, as if there were no atmosphere. 

2dly. In descending from the zenith to the horizon, 
the refraction continually increases; objects near the 
horizon appearing more elevatell by it above their true 
directions than those at a high altitude. 

3dly. The rate of its increase is nearly in proportion 
to the tangent of the apparent angular distance of the 
object from the zenith. But this rule, which is not far 
from the truth, at moderate zenith distances, ceases to 
give correct results in the vicinity of the horizon, where 
the law becomes much more complicated in its expression. 

4thly. The average amount of refraction, for an object 
half-,vay between the zenith and horizon, or at an ap
parent altitude of 45°, is about 11 ( rnore exactly 5711), a 
quantity hardly sensible to the naked eye; but at the 
visible horizon it amounts to no less a quantity than 331

, 

which is rather more than the gr,eatest apparent diameter 
of either the sun or the moon. Hence it follows, that 
,,;hen we see the lower edge of the sun or moon just ap
parently resting on the horizon, its whole disk is in reality 
belo,v it, and would be entirely out of, sight and con
cealed by the convexity of the earth but for the bending 
round it, which the rays of light have undergone in their 
passage through the air, as alluded to in art. 40. 

( 44.) It follows from this, that one obvious effect 
of refraction must be to shorten the duration of night and 
darkness, by actually prolonging the stay of the sun and 
moon above the horizon. But even after they are set, 
the influence of the atmosphere still continues to send 
us a portion of their light; not, indeed, by direct trans
mission, but by reflection upon the vapours, and minute 
solid particles, which float in it, and, perhaps, also on 
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the actual material atoms of the air itself. To understand 
how this takes place, we must recollect, that it is not 
only by the direct light of a luminous object that we 
see, but that whatever portion of its light which would 
not otherwise reach our eyes is intercepted in its course, 
and thrown back, or laterally, upon us, becomes to us a 
means of illumination. Such reflective obstacles always 
exist floating in the air. The whole course of a sun
beam penetrating through the chink of a window-shutter 
into a dark room is visible as a bright ]ine in the air; 
and even if it be stifled, or let out through an opposite 
crevice, the light scattered through the apartment, from 
this source is sufficient to prevent entire darkness in the 
room. The luminous lines occasionally seen in the air, 
in a sky full of partially broken clouds, w·hich the vulgar 
term " the sun drawing water," are similarly caused. 
'fhey are sunbeams, through apertures in clouds, par
tially intercepted and reflected on the dust and vapours 
of the air belo,v. Thus it is with those solar rays which, 
aft.er the sun is itself concealed by the convexity of the 
earth, continue to traverse the higher regions of the at
mosphere above our heads, and pass through and out of 
it, without directly striking on the earth at all. Some 
portion of them is intercepted and reflected by the float
ing particles above mentioned, and thrown back, or la
terally, so as to reach us, and afford us tliat secondary 
illumination, which is twilight. The course of such rays 
will be immediately understood from the annexed figure, 
in which A B C D is the earth ; A a point on its sur
face, where the sun Sis in the act of setting; its last lower 
ray SAM just grazing the surface at A, while its supe
rior rays SN, S 0, traverse the atmosphere above A 
,vithout striking the earth, leaving it finally at the points 
P QR, after being more or less bent in passing through 
it, the lower most, the higher less, and that which, like 
SR 0, merely grazes the ext.eriQr limit of the atmosphere, 
not at all. Let us consider several points, A, B, C, D, each 
more remote than the last from A, and each more deeply 
involved in the ea1·th's shadow, which occupies the whole 
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space from A beneath the line A J\1. Now, A just receives 
the sun's last direct ray,.and, besides, is illuminated by 

N 0 

s 

the ,vhole reflective atmosphere P QR T. It therefore 
receives twilight from the whole sky. The point B, to 
which the sun has set, receives no direct solar light, nor 
any, direct or reflected, from all that part of its visible 
atmosphere which is below A PM; but from the lenti
cular portion PR x, which is traversed by the sun's rays, 
and which lies above the visible horizon BR of B, it 
receives a twilight, which is strongest at R, the point 
immediately below which the sun is, and fades away 
gradually towards P, as the luminous part of the atmo
sphere thins off. At C, only the last or thinnest portion, 
P Q z of the lenticular segment, thus illuminated, lies 
above the horizon, C Q, of that place: here, then, the 
twilight is feeble, and confined to a small space in and 
11ear the horizon, which the sun has quitted, while at D 
the twilight has ceased altogether. 

( 45.) ,vhen the sun is above the horizon, it illu
minates the atmosphere and clouds, and these again dis
perse and scatter a portion of its light in all directions, so 
as to send some of its rays to every exposed point, from 
every point of the sky. The generally diffused light, there
fore, vvhich ·we enjoy in the daytime, is a phenomenon 
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originating in the very same causes as the twilight. 
\Vere it not for the reflective and scattering power of 
the atmosphere, no objects would be visible to us out 
of direct sunshine ; every shadow of a passing cloutl 
,vould be pitchy darkness ; the stars would be visible 
all day, and every apartment, into which the sun had 
not direct admission, would be involved in nocturnal 
obscurity. This scattering action of the atmosphere on 
the solar light, it should be observed, is greatly increased 
by the irregularity of temperature caused by the same 
luminary in its different parts, which, during the day
time, throws 'it into a constant state of undulation, and, 
by thus bringing together masses of air of very unequal 
te1nperatures, produces partial reflections and refractions 
at their common boundaries, by which much light is 
turned aside from the direct course, and diverted to the 
purposes of general illumination. 

( 46.) From the explanation we have given, in arts. sg. 
and 40., of tl1e nature of atmospheric refraction, ancl the 
n1ode in which it is produced in the progress of a ray of light 
through successive strata, or layers, of the atmosphere, it 
will be evident, that whenever a ray passes obliquely from 
a higher level to a lower one, or -r;iee versa, its course is 
not rectilinear, but concave downwards; and of course 
any object seen by n1eans of such a ray, must appear 
deviated from its true place, ,vhether that object be, 
like the celestial bodies, entirely beyond the atmosphere, 
or, like the summits of mountains, seen from the plains, 
or other terrestrial stations, at different levels, seen from 
each other, immersed in it. Every difference of level, 
accompanied, as it must be, with a difference of den
sity in the aerial strata, must also have, corresponding 
to it, a certain amount of refraction; less, indeed, than 
what would be produced by the wlwle atmosphere, but 
still often of very appreciable, and even considerable, 
amount. This refraction between terrestrial stations is 
termed terrest?"ial 1'efraction, to distinguish it from that 
total effect which is only produced on celestial objects, or 

D 
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such as are beyond the atmosphere, and which is called 
celestial or astronomical refraction. 

(47.) Another effect of refraction is to distort the 
visible forms and proportions of objects seen near the 
horizon. The sun, for instance, which, at a consider
able altitude, always appears round, assumes, as it ap
proaches the horizon, a flattened or oval outline; its 
horizontal diameter being visibly greater than that in a 
vertical direction. When very near the horizon, this flat
tening is evidently more considerable on the lower side 
than on the upper; so that the apparent fonn is neither 
circular nor elliptic, but a species of oval, ·which de
viates more from a circle below than above. This sin
gular effect, which any one may notice in a fine sunset, 
arises from the rapid rate at ,vbich the refraction in
creases in approaching the horizon. Were every visible 
point in the sun's circumference equally raised by re
fraction, it would still appear circular, though displaced: 
but the lower portions being inore raised than the upper, 
the vertical diameter is thereby shortened, ,vhile the t"ro 
extre1nities of its horizontal diameter are equally raised, 
and in parallel directions, so that its apparent length re
mains the same. The dilated size (generally) of the 
sun or moon, when seen near the horizon, beyond what 
they appear to have when high up in the sky, has no
thing to do with refraction. Jt is an illusion of the 
judgment, arising from the terrestrial objects interposed, 
or placed in close comparison with 1hem. In that 
situation ·we view and judge of them as we do of ter
restrial objects-in detail, and with an acquired habit 
of attention to parts. Aloft we have no associations to 
guide us, and their insulation in the expanse of sky leads 
us rather to undervalue than to over-rate their apparent 
magnitudes. Actual measurement with a proper instru
ment corrects our error, without, however, dispelling our 
illusion. By this we learn, that the sun, when just on 
the horizon, subtends at our eyes almost exactly the 
eame, and the moon a materially less angle, than when 
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seen at a great altitude in the sky, owing to the effect of 
what is called parallax, to be explained presently. 

( 48.) After what has been said of the small ex
tent of the atmosphere in comparison of the mass of 
the earth, we shall have little hesitation in admitting· 
those luminaries which people and adorn the sky, and 
·which, while they obviously form no part of the earth, 
and receive no support from it, are yet not borne along 
at random like clouds upon the air, nor drifted by the 
,vinds, to be external to our atmosphere. As such we 
have considered them while speaking of their refractions 
-as existing in the immensity of space beyond, and 
situated, perhaps, for any thing we can perceive to the 
contrary, at enormous distances from us and from each 
other. 

( 49.) Could a spectator exist unsustained by the 
earth, or any solid support, be would see around him at 
one view the whole contents of space-the visible con
stituents of the universe: and, in the absence of any 
means of judging of their distances from him, would 
refer them, in the directions in which they were seen 
from his station, to the concave surface of an imaginary 
sphere, having his eye for a centre, and its surface at 
some vast indeterminate distance. Perhaps he might 
judge those ,vhich appear to him large and bright, to be 
nearer to him than the smaller and less brilliant; but, 
independent of other means of judging, he would have 
no warrant for this opinion, any more than for the idea 
that all were equidistant from him, and 1·eallyarranged on 
such a spherical surface. Nevertli.eless, there would be no 
impropriety in his referring their places, geometrically 
speaking, to tho~e points of such a purely imaginary 
sphere, ,vhich their respective visual rays intersect; 
and there ,vould be much advantage in so doing, as 
by that means their appearance and relative situation 
could be accurately measured, recorded, and mapped 
down. The objects in a landscape are at every variety 
of distance fTom the eye, yet we lay them all down in a 
picture on one plane, and at one distance, in their actual 

D 2 
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apparent pr()po?·tions, and the likeness is not taxed with 
incorrectness, though a man in the foreground should 
be represented larger than a mountain in the distance. 
So it is to a spectator of the heavenly bodies pictured, 
p1·ojected, or mapped down on that imaginary sphere we 
call the sky or heaven. Thus, ,ve may easily conceive 
that the moon, which appears to us as large as the sun, 
though less bright, may owe that apparent equality to 
its greater proximity, and may be really much less; 
while both the moon and sun 1nay only appear larger 
and brighter than the stars, on account of the remoteness 
of the latter. 

(50.) A spectator on the earth's surface is pre
vented, by the great mass on which he stands, from 
seeing into all that portion of space which is belo·w 
him, or to see which he must look in any degree down
wards. It is true that, if his place of observation be 
at a great elevation, the dip of the horizon will bring 
within the scope of vision a little more than a he1ni
sphere, and refraction, wherever he may be situated, 
will enable him to look, as it ,vere, a little round the 
corner ; but the zone thus added to his visual range 
can hardly ever, unless in very extraordinary circun1-
stances ;;,, exceed a couple of degrees in breadth, and is 
always ill seen on account of the vapours near the 
horizon . Unless, then, by a change of his geographical 
situation, he should shift his horizon ( which is always 
a plane touching the spherical convexity of the earth at 
his station); or unless, by some movements proper to 
the heavenly bodies, they should of themselves come 
above his horizon; or, lastly, unless, by some rotation 
of the earth itself on its centre, the point of its surface 

• Such as the following, for instance :-The lnte Mr. Sadler, the celebrated 
aiironaut, ascended in a balloon from Dublin at about 2 o'clock in the 
afternoon, and was wafted across the channel. About sunset he ap. 
proached the English coast, when the balloon descended near the surface 
of the sea. By tbi.s time the sun was set, and the shades of evening 
began to close in. He threw out nearly aU his ballast, and suddenly 
aprung up-wards to a great height, and by so doing witnessed the whole 
phenomenon of a western sunrise. He subsequently descended in Wales, 
and wit.nessed a second sunset on the same evening. I have this anecdote 
from Dr. Lardner, who was present at his ascent, and read his own account 
ot the voyage.- Author. 
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which he occupies should be carried round, and pre
sented towards a different region of space; he would 
never obtain a sight of almost one half the objects 
external to our atmosphere. But if any of these cases 
be supposed, more, or all, may come into view according 
to the circumstances. 

( 51.) A traveller, for example, shifting his lo
cality on ou:r globe, will obtain a view of celestial ob
jects invisible from his original station, in a way which 
may be not inaptly illustrated by comparing him to a 
person standing in a park close to a large tree. The 
massive obstacle presented by its trunk cuts off his vie,v 
of all those parts of the landscape ,vhich it occupies as 
an object; but by walking round it a complete succes
sive view of the whole panorama may be obtained. Just 
in the same way, if we set off from any station, as 
London, and travel southwards, we shall not fail to 
notice that many celestial objects which are never seen 
from London come successively into view, as if rising 
up above the horizon, night after night, from the south, 
although it is in reality our horizon, which, travelling 
with us southwards rouncl the sphere, sinks in succes
sion beneath them. The novelty ancl splendour of fresh 

':lo 
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* 

* ~-
constellations thus gradually brought into view· in the 
clear calm nights of tropical climates, in long voyages to 
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the south, is dwelt upon by all who have enjoyed this 
spectacle, and never fails to impress itself on the recol
lection among the most delightful and interesting of the 
associations connected with extensive travel. A glance 
at the accompanying figure, exhibiting three successive 
stations of a traveller, A, B, C, with the horizon cor
responding to each, ,vill place this process in dearer 
evidence than any description. 

( 52.) Again: suppose the earth itself to have a 
motion of rotation on its centre. It is evident that a 
spectator at rest ( as it appears to him) on any part of 
it will, unperceived by himself, be carried round with 
it: unperceived, we say, because his horizon ,vill con
stantly contain, and be limited by, the same terrestrial 
objects. He will have the same landscape constantly 
before hls eyes, in which all the familiar objects in it, 
,vhich serve him for landmarks and directions, retain, 
with respect to himself or to each other, the same in
l'ariable situations. The perfect smoothness and equality 
of the motion of so vast a mass, in which every object 
he sees around him participates alike, will (art. 15.) 
prevent his entertaining any suspicion of his actual 
change of place. Yet, with respect to external objects,
that is to say, all celestial ones v;hich do not participate 
in the supposed rotation of the earth, -his horizon will 
have been all the while shifting in its relation to them, 
precisely as in the case of our traveller in the foregoing 
article. Recurring to the figure of that article, it is 
evidently the same thing, so far as their visibility is 
concerned, whether he has been carried bv the earth's . 
rotation successively into the situations A, B, C ; or 
whether, the earth remaining at rest, he has transferred 
himself personally along its surface to those stations. 
Our spectator in the park will obtain precisely the same 
view of the landscape, whether he ,valk round the treE:, 
or whether we suppose it sawed off, and made to turn 
on an upright pivot, while he stands on a projecting 
step attached to it, and allows hiinself to be carriccl round 
by its rnotion. The only difference will be in his view 

\ 
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of the tree itself, of which, in the former case, he will 
see every part, but, in the latter, only that portion of it 
which remains constantly opposite to him, and im
mediately under his eye. 

(53.) By such a rotation of tl1e earth, then, as 
,ve have supposed, the horizon of a stationary spectator 
will be constantly depressing itself below those objects 
·which lie in that region of space towards which the 
rotation is carrying him, and elevating itself above those 
in the opposite quarter; admitting into view the former, 
and successively hiding the latter. As the horizon of 
every such spectator, however, appears to hirn motionless, 
all such changes. will be referred by him to a motion in 
the objects themselves so successively disclosed and 
concealed. In place of his horizon approaching the 
stars, therefore, he ,vill judge the stars to approach his 
horizon; and when it passes over and hides any of them, 
he will consider them as having sunk belo,v it, or set; 
while those it has just disclosed, and from which it is 
receding, ,vill seem to be rising above it. 

( 54.) If we suppose this rotation of the earth to 
• continue in one and the same direction,-'1.at is to say, 

to be performed rouncl one and the same axis, till it ha11 
completed an entire revolution, and come back to the 
position from which it set out when the spectator began 
his observations,-it is manifest that every thing will 
then be in precisely the same relative position as at the 
outset: all the heavenly bodies ,vill appear to occupy 
the same places in the concave of the sky which they 
<lid at that instant, except such as may have actually 
moved in the interim; and if the rotation still continue, 
the same phenomena of their successive rising and set
ting, and return to the same places, will continue to 
be repeated in the same order, and (if the velocity of 
rotation be uniform) in equal intervals of time, ad in
finitum. 

(55.) Now, in this we have a lively picture of that 
grand phenomenon, the most important beyond all 
comparison which nature presents, the daily rising and 
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setting of the sun and stars, their progress through the 
vault of the heavens, and their return to the same ap
parent places at the same hours of the day and night. 
The accomplishment of this restoration in the regular 
interval of twenty-four hours is the first instance we 
encounter of that great law of periodicity•, which, as ,ve 
shall see, pervades all astronomy; by which expression 
we understand the continual reproduction of the same 
phenomena, in the same order, at equal intervals of time. 

( 56.) A free rotation of the earth round its cen
tre, if it exist and be performed in consonance with the 
same mechanical laws which obtain in the motions of 
masses of matter under our immediate control, and 
,vithin our ordinary experience, must be such as to 
satisfy two essential conditions. It must be invariable 
in its direction with 1·espect to the sphe1·e itself, and uni
form in its velocity. The rotation must be performed 
round an axis or diameter of the sphere, whose poles or 
extremities, where it meets the surface, correspond always 
to the same points on the sphere. l\Iodes of rotation 
of a solid body under the influence of external agency 
arc conceivable, in which the poles of the imaginary 
line or axis about ,vhich it is at any moment revolving 
shall hold no fixed places on the surface, but shift upon 
it every moment. Such changes, however, are incon
sistent ,Yith the idea of a rotation of a body of regular 
figure about its axis of symmetry, performed in free 
space, and without resistance or obstru.ction from any 
surrounding medium. The complete absence of such 
obstructions draws with it1 of necessity, the strict ful
filment of the two conditions above mentioned. 

(57,) Now, these conditions are in perfect accord
llnce ,vith what we observe, and what recorded observ
ation teaches us, in respect of the diurnal motions of the 
heavenly bodies. We have no reason to believe, frorn 
history, that any sensible change has taken place since 
the earliest ages in the interval of time elapsing between 
two successive returns of the same star to the same 

• Il~fo~Q)', a going roumt, a circ11lation or revolution, 
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point of the sky; or, rather, it is demonstrable from 
astronomical records that no such change has taken 
place. And with respect to the other condition, - the 
pei·manence of the axis of 1·otation, - the appearances 
,vhich any alteration in that respect must produce, 
,vould be marked, as ,ve shall presently show, by a 
corresponding change of a very obvious kind in the 
apparent motions of the stars; which, again, history 
decidedly declares them not to have u11dergone. 

( 58.) But., before ,ve proceed to examine more in 
detail ho,v the hypothesis of the rotation of the earth 
about an axis accords with the phenomena which the 
<liurnal motion of the heavenly bodies offers to our 
notice, it will be proper to describe, ·with precision, in 
what that diurnal motion consists, and how far it is 
participated in by them all; or whether any of them 
for1n exceptions, wholly or partially, to the common 
analogy of the rest. '\Ve wilJ, therefore, suppose the 
reader to station himself, on a clear evening, just after 
sunset, when the first stars begin to appear, in some 
open situation whence a good general view of the 
heavens can be obtained. IIe will then perceive, above 
and around him, as it were, a vast concave hemispherical 
vault, beset with stars of various 1nagnitudes, of which 
the brightest only will first catch his attention in the 
twilight; and more and more will appear as the dark
ness increases, till the whole sky is over-spangled with 
them. '\Vhen he has awhile admired the calm mag
nificence of this glorious spectacle, the theme of so 
much song, and of so much thought,-a spectacle which 
no one can vie,v without emotion, and ,vithout a long
ing desire to know something of its nature and purport, 
- let him fix his attention more particularly on a fe,v 
of the most brilliant stars, such as he cannot fail to re
cognize again ·without mistake after looking away from 
them for some time, and let him refer their apparent situ
ations to some surrounding objects, as buildings, trees, 
&c., selecting purposely such as are in different quarters 
of his horizon. On comparing them again with their 
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respective points of reference, after a moderate interval, 
as the night advances, he will not fail to perceive that 
they have changed their places, and advanced, as by a 
general movement, in a westlvard direction; those to
wards the eastern quarter appearing to rise 01· recede 
from the horizon, while those ·which lie towards the 
west will be seen to approach it; and, if watched long 
enough, ·will, for the most part, finally sink beneath it, 
and disappear; ,vhile others, in the eastern quarter, will 
be seen to rise as if out of the earth, and, joining in the 
general procession, will take their course with the rest 
towards the opposite quarter. 

( 59.) If he persists for a considerable time in watch
ing their motions, on the same or on several succes
sive nights, he will perceive that each star appears to 
describe, as far as its course lies above the horizon, a 
circle in the sky ; that the cir,cles so described are not 
of the same magnitude for all the stars; and that those 
described by different stars differ greatly in respect of 
the parts of them which lie above the horizon. Some, 
which lie towards the quarter of the horizon which is 
denominated the SouTa •, only remain for a short· time 
above it, and disappear, after describing in sight only the 
small upper segment of their diurnal circle; others, 
which rise between the south and east, describe larger 
segments of their circles above the horizon, remain pro
portionally longer in sight, and set precisely as far to the 
,vestward of south as they rose to th~ eastward; while 
such as rise exactly in the east remain just twelve 
hours visible, describe a semicircle, and set exactly in the 
west. With those, again, which rise between the east 
and north, the same law obtains; at least, as far as regards 
the time of their remaining above the horizon, and the 
proportion of the visible segment of their diurnal circles 
to their whole circumferences. Both go on increasing; 
they remain in view more than twelve hours, and their 
visible diurnal arcs are more than semicircles. But the 

* We suppose our obsen•tr to be stationed in some northern latitude;; 
somewhere in Europe, for example . 
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magnitudes of the circles themselves diminish, as we 
go from the east, northward; the greatest of all the circles 
being described by those which rise exactly in the east 
point. Carrying his eye farther northwai-cls,hcwill notice, 
at length, stars. which, in their diurnal motion, just {,rraze 
the horizon at its north point, or only dip below it for a 
moment; while others never reach it at all, but continue 
always above it, revolving in entire circles round ONE 

POINT called the POLE, which appears to be the common 
centre of all their motions, and which alone, in the whole 
heavens, may be considered immoveable. Not that this 
point is marked by any star. It is a purely imaginary 
centre; but there is near it one considerably bright star, 
called the Pole Star, which is easily recognized by the very 
small circle it describes ; so s1nall, indeed, that, without 
paying particular attention, and referring its position very 
nicely to some fixed mark, it may easily be supposed at 
rest, and be, itself, mistaken for the common centre about 
which all the others in that region describe their circles; 
or it may be known by its configuration with a very 
splendid and remarkable constetlation or group of stars, 
called by astronomers the GREAT BEAR. 

(60.) He ,vill further observe that the apparent 
relative situations of all the stars among one another is 
not changed by their diurnal motion. In whatever parts 
of their circles they are observed, or at whatever hour 
of the night, they form with each other the same iden
tical groups or configurations, to which the name of 
CONSTELLATIONS has been given. It is true, that, in 
different parts of their course, these groups stand dif
ferently with respect to the horizon ; an<l those towards 
the north, when in the course of their diurnal move
ment they pass alternately above and below that ~ommon 
centre of motion described in the last article, become 
actually inverted with respect to the horizon, while, on 
the other hand, they always turn the same points to
wards the pole. In short, he will perceive that the 
whole assemblage of stars visible at once, or in succession, 
in the heavens, may be regarcled as one great constella-



44 A TREATISE ON ASTRONOMY. CHAP. I. 

tion, which seems to revolve with a uniform motion, as if 
it formed one coherent mass; or as if it were attached 
to the internal surface of a vast holl(?W sphere, having 
the earth, or rather the spectator, in its centre, and turn• 
ing round an axis inclined to his horizon, so as to pass 
through that fixed point or pole already mentioned. 

(61.) Lastly, he will notice, if he have patience to 
outwatch a long winter's night, commencing at the ear. 
liest moment when the stars appear, and continuing till 
morning twilight, that those stars which he observed 
setting in the west have again risen in the east, while 
those which were rising when he first began to notice 
them have completed their course, and are no,v set; and 
that thus the hemisphere, or a great part of it, which ·was 
then above, is now beneath him, and its place supplied 
by that which ·was at first under his feet, which he will 
thus discover to be no less copiously furnished with stars 
than the other, ancl bespangled with groups no less per. 
manent and distinctly recognizable. Thus he will learn 
that the great constellation \Ve have above spoken of as 
revolving round the pole is co-extensive with the whole 
surface of the sphere, being in reality nothing less th!ln 
a universe of luminaries surrounding the earth on all 
sides, and brought in succession before his view, and 
referred ( each luminary according to its own visual ray 
or direction from bis eye) to the imaginary spherical 
surface, of which he himself occupies the centre. (See 
art. 49.) 

(62.) There is, however, one portion or segment 
of this sphere of which he will not thus obtain a view. 
As there is a segment towards the north, adjacent to the 
pole above his horizon, in ,vhich the stars never set, so 
there is a corresponding segment, about ,~hich the 
smaller circles of the more southern stars are described, 
in ,vhich they never rise. The stars which border upon 
·the extreme circun1ference of this segment just graze the 
southern point of bis horizon, and show themselves for 
a few moments above it, precisely as those near the cir. 
eurnferenCP. of the northern segment graze his northern 
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horizon, and <lip for a moment below it, to re-appear im
mediately. Every point in a spherical surface has, of 
course, another diametrically opposite to it; and as the 
spectator's horizon divides his sphere into two hemi
spheres-asuperiorand inferior-there must of necessity 
exist a depressed pole to the south, corresponding to the 
elevated one to the north, au(l a portion surrounding 
it, perpetually beneath, as there is another surrounding 
the north pole, perpetually above it. 

" Hie ,·crt~x nobis scmper sublimis; at ilium 
Sub pcditms nox atra vidct, mancsquc profundi. "-VIRGIL. 

One pole :rides high, one, plunged beneath the main, 
Seeks the deep night, and Pluto's dusky reign. 

(63.) To get sight of this segment, he must travel 
south wards. In so doing, a new set of phenomena come 
forward. In proportion as he advances to the south, some 
of those constellations which, at his original station, barely 
grazed the northern horizon, will be observed to sink 
below it and set; at first remaining hid only for a very 
short time, but gradually for a longer part of the twenty
four hours. They will continue, however, to circulate 
about the same point- that is, holding the same inva
riable position with respect to t!teni in the concave of 
the heavens among the stars; but this point itself will 
become gradually depressed with respect to the specta
tor's horizon. The axis, in short, about which the di
urnal motion is performed, will appear to have become 
continually less and less inclined to the horizon; and 
by the same degrees as the northern pole is clepressecl 
the southern will rise, and constellations surrounding it 
will come into view; at first momentarily, but by de
grees for longer and longer times in each diurnal revo
lution - realizing, in short, what we have already stated 
in art. 51. 

(64.) If he travel continually southwards, he will 
at length reach. a line on the earth's surface, called the 
equator, at any point of which, indifferently, if he take 
up his station and recommence his observations, he ,vill 
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find that he has both the centres of diurnal motion in his 
horizon, occupying opposite points, the northern Pole 
having been depressed, and the southern raised; so that, 
in this geographical position, the diurnal rotation of the 
heavens will appear to him to be performed about a 
horizontal axis, every star describing half its diurnal 
circle above and half beneath his horizon, remaining al
ternately visible for twelve hours, and concealed during 
the same interval. In this situation, no part of the 
heavens is concealed from his successive view. In a 
night of twelve hours (supposing such a continuance of 
darkness possible at the equato.r) the whole sphere will 
have passed in review over him - the whole hemisphere 
with \\•hich he began his night's observation will have 
been carried down beneath him, and the entire opposite 
one brought up from below. ' 

(65.) If he pass the equator, and travel still far
ther southwards, the southern pole of the heavens will 
become elevated above his horizon, and the northern 
will sink belo"v it; and the more, th~ farther he advances 
south,vards; and when arrived at a station as far to 
the south of the equator as that from which he started 
,vas to the north, he will find the whole phenomena of 
the heavens reversed. The stars which at his original 
station described their ,vhole diurnal circles above his 
horizon, and never set, now describe them entirely below 
it, and never rise, but remain constantly invisible to him ; 
nnd, vice versa, those stars which at his former station he 
never saw, he "vill now never cease to see. 

(66.) Finally, if, instead of advancing south,vards 
from his first station, he travel northwards, he ·will ob
serve the northern pole of the heavens to become more 
elevated above his horizon, and the southern more de
pressed below it. In consequence, his hemisphere ·will 
present a less variety of stars, because a greater propor
tion of the ,vhole surface of the heavens remains con
stantly visible or constantly invisible: the circle described 
by each star, too, becomes more nearly parallel to the 
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horizon ; and, in short, every appearance leads to sup. 
pose that could he travel far enough to the north, he 
,vould at length attain a point vertically unde1· the 
northern pole of the heavens, at which none of the stars 
would either rise or set, but each ,vould circulate round 
the horizon in circles parallel to it. 1\Iany endeavours 
have been 1nad,e to 1·each this point, which is called the 
north pole of tl1e earth, but hitherto without success; a 
barrier of almost insurmountable difficulty being pre
sented by the increasing rigour of the climate: but a 
very near approach to it has been made; and the pheno
mena of those regions, though not precisely such as we 
have described as what must subsist at the pole itself, 
have proved to be in exact correspondence with its near 
proximity. A similar remark applies to the south pole 
of the earth, which, however, is more unapproachable, or, 
at least, has been less nearly approached, than the north. 

(67.) 'fhe above is an account of the pheno1nena 
of the diurnal motion of the stars, as modified by dif
ferent geographical situations, not grounded on any spe
culation, but actually observed and recorded by travellers 
and voyagers. It is, however, in complete accordance 
with the hypothesis of a rotation of the earth round a 
fixe(l axis. In order to show this, ho,vever, it will be 
necessary to premise a few observations on the appear
ances presented by an assemblage of remote objects, when 
viewed from different parts of a small and circumscribed 
station. 

(68.) Imagine a landscape, in which a great mul
titude of objects are placed at every variety of distance 
from the beholder. If he shift his point of view, though 
but for a few paces, he.will perceive a very great change 
in the apparent positions of the near,er objects, both 
with respect to himself and to each other. If he ad
vance northwal"ds, for instance, near objects on his right 
and left, which were, therefore, to the east and ,vest of 
his original station, will be left behind him, and ap
pear to have receded southwards; some, which covered 
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each other at first, will appear to separate, and others to 
approach, and perhaps conceal each other. Remote 
objects, on the contrary, will exhibit no s.uch great and 
remarkable changes of relative position. An object to the 
east of his original station, at a mile or two distance, will 
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still be referred by him to the east point of his horizon, 
with hardly any perceptible deviation. The reason of this 
is, that the position of every object is referred by us to 
the surface of an ilnaginary sphere of an indefinite ra
dius, having our eye for its centre; and, as we advance 
in any direction, A B, carrying this imaginary sphere 
along with us, the visual rays A P, A Q, by which 
objects are referred to its surface ( at C, for instance), 
shift their positions with respect to the line in which 
we move, A B, which serves as an axis or line of re. 
ference, and assume new· positions, B Pp, B Q q, re
volving round their respective objects as centres. Their 
intersections, therefore, p, q, with our visual sphere, 
will appear to recede on its surface, -but with different 
degrees of angular velocity in proportion to their proxi
mity; the same distance of advance A B subtending 
a greater angle, A PB= c Pp. at the near object P than 
at the remote one Q. 

(69.) This apparent angular motion of an object 
on our sphere of vision*, arising from a change of our 

• The ideal sphere without us, to which we refer the places of objects, and 
which we carry along with us wherever we go, is no doubt intimately con. 
uected by associntion, if not entirely dependent on that obscure perception 
of sensation in the retina, of our eyes, or which, even when closed and un
excited, we c.innot entirely divest them. We have a real spherical surface 
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point of vie,v, is called parallax, and it is always ex
pressed by the angle B A P subtended at the object P 
by a line joining the two point.c; of view A B under 
consideration. For it is evident that the difference of 
angular position of P, with respect to the invariable 
direction A B D, when viewed from A and from B, is 
the difference of the two angles DB P and D A P; now, 
D B P being the exterior angle of the triangle, A B P is 
equal to the sum of the interior and opposite, DB P = 
DA P + A PB, whence D BP-DAP =APB. 

(70.) It follows from this, that the amount of pa
rallactic motion arising from any given change of our 
point of view is, wteris paribus, less, as the distance of 
an object viewed is greater ; and when that distance 
is extremely great in comparison with the change in our 
point of view, the parallax. becomes insensible; or, in 
other words, objects do not appear to vary in situation 
at all. It is on this principle, that in alpine regions 
visited for the first time we are surprised and confound
ed at the little progress we appear to make by a con
siderable change of place. An hour's walk, for instance, 
produces but a small paralJactic change in the relative 
situations of the vast and distant masses which surround 
us. Whether we walk round a circle of a hundred yards 
in diameter, or merely turn ourselves round in its centre, 
the distant panorama presents almost exactly the same 
aspect, - we hardly seem to have changed our point of . view. 

(71.) "\Vhatever notion, in other respects, we may 
form of the stars, it is quite clear they must be im
mensely distant. Were it not so, the apparent angular 

within our eyes, the seat· of sensation and vision, corresponding, point for 
pc,iut, to the external sphere. On this the stars, &c. are really mapped 
d .m, as we have supposed them in the tei<t to be, on the imaginary concave 
of the heavens. "When the whole surface of the retina is ei<cited by light, 
habit leads us to associate it with the idea of a real surface existing with
out us. Thus we become impressed with the notion of a sky and a heaven, 
but the concave surface of the retina itself is the true seat of all visible 
angular dimension and angular motion. The substitution of the retina for 
the heavens would be awkward and inconvenient in language, but it may 
always be mentally made. (See Schiller's pretty enigma 011 the eye in hi$ 
Turandot.) 
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interva.l between any two of them seen over head would 
be much greater than ,vhen seen near the horizon, and 
the constellations, instead of preserving the same appear
ances and dimensions during their whole diurnal course, 
would appear to enlarge as they rise higher in the sky, 
as we see a small cloucl in the horizon swell into a 
great overshadowing canopy when drifted by the wind 
across our zenith, or as lllay be seen in the annexed 
figure, where a b, A B, a b, are three different positions 

0 

of the same stars, as they would, if near the earth, be seen 
from a. spectator S, under the visual angles a Sb, A 6 B. 
No such change of apparent dimension, however, is ob. 
served. The nicest measurements of the apparent angular 
distance of any two stars inte,· se, taken in any parts of 
their diurnal course, ( after allowing for the. unequal 
effects of refraction, or when taken at such times that 
this cause of distortion shall act equally on both,) mani
fest not the slightest perceptib,e variation. Not only 
this, but at whatever point of the earth's surface the 
measurement is performed, the results are absolutely 
identical. No instruments ever yet invented by man are 
delicate enough to indicate, by an increase or diminution 
of the augle subtended, that one point of the earth is 
nearer to or further from the stars than another. 

(72.) The necessary conclusion from this is, tl1at 
the dimensions of the earth, large as it is, are compa
ratively nothing, absolutely imperceptible, when com
pared with the interval which separates the stars from 
the earth. If an observer walk round a circle not more 
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than a fe,v yards in diameter, and from different points 
in its circumference measure with a sextant, or other 
more exact iustrument adapted for the purpose, the 
angles PA Q, PB Q, PC Q, subtended at those stations 
by two well defined points in his visible horizon, PQ, 

Q 

be will at once be advertised, by the difference of the re
sults, of his change of distance from the1n arising from 
his change of place, although that difference may be so 
small as to produce no change in their general aspect 
to his unassisted sight. This is one of the innumerable 
instances w11ere accurate measurement obtained by 
instrumental means places us in a totally different situ
ation in respect to matters of fact, and conclusions 
thence deducible, from what we should hold, ,vere ,ve 
to rely in all cases on the mere judgment of the eye. 
To so great a nicety have such observations been car~ 
ried by the aid of an instrument called a theodolite, 
that a circle of the diameter above mentioned may thus 
be rendered seWJible, may thus be detected to have a 
size, and an ascertainable place, by reference to objects 
distant by fully 100,000 times its own dimensions. 
Observations, differing, it is true, somewhat in method, 
but identical in principle, and executed with nearly 
as much exactness, have been applied to the stars, and 
with a result such as has been already stated. Hence 
it follows, incontrovertibly, that the distance of the 

E 2 
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stars from the earth cannot be so small as 100,000 of 
the ~arth's diameters. It is, indeed, incomparably 
greater; for we shall hereafter find it fully demon
strated that the distance just named, immense as it 
may appear, is yet much under-rated. 

(73.) From such a distance, to a spectator with our 
faculties, and furnished with our instruments, the earth 
would be imperceptible ; and, reciprocally, an object of 
the earth's size, placed at the distance of the stars, 
,vould be equally undiscernible. If, therefore, at the 
point on which a spectator stands, we draw a plane 
touching the globe, and prolong it in imagination till 
it attain the region of the stars, and through the 
centre of the earth conceive another plane parallel to 
the former, and co-extensive ,vith it, to pass; these, 
although separated throughout their whole extent by 
the same interval, viz. a semidiameter of the earth, will 
yet, on account of the vast distance at which that inter
val is seen, be confounded together, and undistinguish
able from each other in the region of the stars, when 
viewed by a spectator on the earth. The zone they 
there include will be of evanescent breadth to his eye, 
and will only mark out a great circle in the heavens, 
,vhich, like the vanishing point in perspective to which 
all parallel lines in a picture appear to converge, is, in 
fact, the vanishing line to ·which all planes parallel to the 
horizon offer a similar appearance of ultimate convergence 
in the great pano1·ama of nature. , 

( 7 4.) The two planes just described are termed, 
in astronomy, the sensible and rational horizon of the 
observer's station; and the great circle in the heavens 
,vhich marks their vanishing line, is also spoken of as a 
circle of the sphere, under the name of the celestial hori
zon, or simply the horizon. 

From what has been said ( art. 72.) of the distance 
of the stars, it follows, that if we suppose a spectator 
at the centre of the earth to have his view bounded by 
the ,·ational horizon, in the same manner as that of a 
corresponding spectator on the surface is by bis 8en&ibte 
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horizon, the two observers will see the same stars in the 
same relative situations, each beholding that entire 
hemisphere of the heavens which is above the celestial 
horizon, corresponding to their common zenith. 

(75.) No,v, so far as appearances go, it is clearly 
the same thing whether the heavens, that is, all space, 
with its contents, revolve round a spectator at rest in 
the earth's centre, or whether that spectator simply turn 
round in the opposite direction in his place, and vie,v 
them in succession. The aspect of the heavens, at 
every instant, as referred to his horizon (which must 
be supposed to turn with him), ,vill be the same in 
both suppositions. And since, as has been shown, ap
pearances are also, so far as the stars are concerned, the 
same to a spectator on the surface as to one at the centre, 
it follows that, whether we suppose the heavens to re. 
volve without the earth, or the earth within the heavens, 
in the opposite direction, the diurnal phenomena, to all 
its inhabitants, will be no way different. 

(76.) The Copernican astronomy adopts the latter 
as the true explanation of these phenomena, avoiding 
thereby the necessity of otherwise resorting to the cum. 
brous mechanism of a solid but invisible sphere, to 
which the stars must be supposed attached, in order that 
they may be carried round the earth without derange
ment of their relative situations inter se. Such a con. 
trivance ,vould, indeed, suffice to explain the diurnal 
revolution of the stars, so as to " save appearances;" 
but the movements of the sun and moon, as well as those 
of the planets, are incompatible ,vith such a supposition1 

as will appear ,vhen we come to treat of these bouies. 
On the other hand, that . a spherical mass of moderate 
dimensions, ( or, rather, when compared with the sur
rounding and visible universe, of evanescent magnitude,) 
held by no tie, and free to move and to revolve, should 
do so, in conformity with those general laws which, 
so far as we know, regulate the motions of all material 
bodies, is so far from being a postulate difficult to be 
conceded, that the wonder ,vould rather he should the 

E 3 
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fact prove otherwise. As a postulate, therefore, we 
shall henceforth regard it ; and as, in the progress of 
our work, analogies offer themselves in its support from 
what ,ve observe of other celestial bodies, we shall not 
fail to point them out to the reader's notice. Mean
while, it will be proper to define a variety of terms 
which will be con,tinually employed hereafter. 

(77.) D EFINITION 1. The axis of the earth is that 
diameter about which it revolves, ·with a uniform mo
tion, from 1oest to east; performing one revolution in 
the interval \Yhich .elapses betlveen any star leaving a 
certain point in the heavens, and returning to the same 
point again. 

(78.) DEF. 2. The poles of the earth are the points 
,vhcre its axis meets its surface. The North Pole is that 
nearest to Europe ; the South Pole that most remote 
from iit. 

(79.) DEF. 8. The sphere of the heavens, or the 
sphere of the stars, is an ilnaginary spherical sur. 
face, of infinite radius, and having the centre of the 
earth, or, which comes to the very same thing, the eye 
of any spectator on its surface, for its centre. Every 
point in this sphere may be regarded as the vanishing 
point of a system of lines parallel to that radius of the 
sphere which passes through it, seen in perspective from 
the earth; 9.n<l any great circle on it, as the vanishing 
line of a system of planes parallel to its own. This 
mode of conceiving such points and ~ircles has great 
advantages in a variety of cases. 

( 80.) DEF. 4. The zenith and nadir '¥· are the 
two points of the sphere of tl1e heavens, vertically 
over a spectator's head, an<l verticaliy under his feet; 
they a.:re, therefore, the vanishing points of all lines 
mathematically parallel to the direction of a plumb-line 
at his station. The plumb.line itself is, at every point 
of the earth, perpendicular to its spherical surface : at 
no two stations, therefore, can the actual directions of 

« From Arabic words. Nadir corresponds evidently to the German 
nieder (down), 
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two plumb-lines be regarded as mathematically parallel. 
They converge towards the centre of the earth : but for 
very small intervals ( as in the area of a building - in 
one and the same town, &c.) the difference from exa\!t 
parallelism is so small, that it may be practically clis
regarded. An interval of a mile corresponds to a con
vergence of plumb-lines amounting to about 1 minute. 
The zenith .and naclir are the poles of the celestial ho
rizon; that is to say, points 90° distant fron1 every 
point in it. The celestial horizon itself is the vanish
ing line of a system of planes parallel to the sensible 
and rational horizon. 

(81.) DEF. 5. Vm•tical ci1'cles of the sphere are 
great circles passing through the zenith and nadir, or 
great circles perpendicular to the horizon. On these 
are measured the altitudes of objects above the horizon 
-the complements to which are their zenith distances. 

(82.) DEF. 6. The poles of the heavens are the 
points of the sphere to which the earth's axis is di
rected; or the vanishing points of all lines parallel 
thereto. 

(83.) DEF. 7. The ea,·th's equato'I' is a great 
circle on its surface, equidistant from its poles, di .. 
viding it into two hemispheres - a northern and a 
southern; in tl1e midst of which are situated the re
spective poles of the earth of those names. The plane 
of the equator is, therefore, a plane perpendicular to the 
earth's axis, and passing through its centre. The ce
lestial equator is a great circle of the heavens, marked 
out by the indefinite extension of the plane of the tcr
resttial, and is the vanishing line of all planes parallel 
to it. This circle is called by astronomers the equi
noctial. 

(84.) DEF. 8. The terrestrial meridian of a station 
on the earth's surface is a great circle passi11g 
through both the poles and through the place. '\-Vhen 
its plane is prolonged to the sphere <if the heavens, it 
marks out the celestial mei·idian of a spectator stationed 
at that place. When we speak of the meridian of a 

E 4 
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spectator, we intend the celestial meridian, which is a 
vertical circle passing through the poles of the heavens. 

The plane of the meridian is the plane of this circle, 
and its intersection ,vith the sensible horizon of the 
spectator is called a meridian line, and marks the north 
and south points of his horizon. 

( 85.) DEF. 9. Azimuth is the angular distance 
of a celestial object from the north or south point of 
the horizon (according as it is the north or south pole 
which is elevated), when the object is referred to the ho
rizon by a vertical circle; or it is the angle comprised 
between two vertical planes - one passing through the 
elevated pole, the other through the object. 'fhe altitude 
and azimuth of an object being known, therefore,its place 
in the visible heavens is determined. For their simul
taneous measurement, a peculiar instrument has been 
imagined, called an altitude and azimuth instrument, 
which will be described in the next chapter. 

( 86.) PEF. l 0. The latitude of a place on the earth's 
surface is its angular distance from the equator, measured 
on its own terrestrial meridian: it is reckoned in degrees, 
minutes, and seconds, from O up to 90°, and northwards or 
southwards according to the hemisphere the place lies in. 
Thus, the observatory at Greenwich is situated in 
51 ° 28' 40'' north latitude. This definition of latitude, it 
will be observed, is _to be considered as only temporary. 
A more exact knowledge of the physical structure and 
figure of the earth, and a better acquaintance with the 
niceties of astronomy, will render some modification of its 
terms, or a different manner of considering it, necessary. 

(87.) DEF. 11. Parallels of latitude are small 
circles on the earth's surface parallel to the equator. 
Every point in such a circle has the saroe latitudP.. Thus, 
Green,vich is said to be situated in the pa1·allel of 
51 ° 28' 40". . 

( 88.) DEF.12. 'fhe longitude of a place on the earth's 
surface is the inclination of its meridian to that of 
some fixed station referred to as a point to reckon 
.from. English astronomers and geographers use the 
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observatory at Greenwich for this station; foreigners, 
the principal observatories of their respective nations. 
Some geographers have adopted the island of Ferro. 
Hereafter, when we speak of longitude, we reckon from 
Green,vich. The longitude of a place is, therefore, mea
sured by the arc of the equator intercepted between the 
meridian of the place and that of Greenwich; or, which 
is the same thing, by the spherical angle at the pole in
cluded between these meridians. 

As latitude is reckoned north or 1,outh, iiO longitude 
is usually said to be reckoned west or east. It would 
add greatly, however, to systematic regularity, and tend 
much to avoid confusion and ambiguity in computations, 
,vere this mode of expression abandoned, and longitudes 
reckoned invariably westwai·d from their origin rouncl 
the whole circle from 0 to 360°. Thus, the longitude 
of Paris is, in common parlance, either 2° 20' 221

' east, 
or 357° 39' 38" west of Greenwich. JBut, in the sense 
in which we shall henceforth use and recommend others 
to use the term, the latter is its proper designation. 
Longitude is also reckoned in time at the rate of 24 h. 
for 360°, or 15° per hour. In this system the longitude 
of Paris is 23h. 50m. 38½s. 

(89.) Knowing the longitude and latitude of a 
place, it may be laid down on an artificial globe ; and 
thus a map of the earth may be constructed. l\faps of 
particular countries are detached portions of this general 
map, extended into planes; or, rather, they are repre
sentations on J:>lanes of such portions, executed according 
to certain conventional systems of rules, called pi·ojections, 
the object of ·which is either to distort as little as pos
sible the outlines of countries from what they are on the 
globe - or to establish easy means of ascertaining, by 
inspection or graphical measurement, the latitudes and 
longitudes of places which occur in them, without re
ferring to the globe or to books - or for other peculiar 
uses. See Chap. III. 

(90,) A globe, or general map of the heavens, as 
well as charts of particular pa{t~, may also be constructed, 
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and the stars laid down in their proper situations relative 
to ea.eh other, and to the poles of the heavens and the 
celestial equator, Such a repr,csentation, once made, will 
exhibit a true appearance of the stars as they present 
themselves in succession to every spectator on the sur
face, or as they may be conceived to be seen at once by 
one at the centre of the globe. It is, tl1erefore, inde
pendent of all geog1·aphical localities. There will occur 
in such a representation neither zenith, nadir, nor ho
rizon-neither east nor west point.~; and although great 
circles may be drawn on it from pole to pole, correspond
ing to terrestrial meridians, they can no longer, in this 
point of view, be regarded as the celestial meridians of 
fixed points on the earth's surface, since, in the course of 
one tliurnal revolution, every point in it passes beneath 
each of them. It is on account of this change of con
ception, and with a view to establish a complete distinc
tion between the two branches of Geog1·aphy and Urano
graphy-rc, that astronomers have adopted different terms 
( viz. declination, and right ascension) to represent tl1ose 
arcs in the heavens which correspond to latitudes and 
longitudes on the earth. It is for this reason that 
they term the equator of the heavens the equinoctial_; 
that ,vhat are meridians on the earth are called hour 
ci1·cles in the l1eavens, and the angles they include be
tween them at the poles are called hour angles. All this 
is convenient and intelligible; and had they been content 
with this nomenclature, no confusion could ever have 
arisen. Unluckily, the early astronomers have em
ployed also the words latitude and longitude in their 
nranography, in speaking of arcs of circles not corre
sponding to those meant by the same words on the earth,, 
but having reference to the motion of the sun and pla
nets among the stars. It is now too late to remedy this 
con(usion, ,vhich is ingrafted into every existing work 
on astronomy : we can only regret, and warn the reader 
of it, that he may be on his guard when, at a more ad
vanced period of our ,vork, ,ve shall have occasion to 

• r,,, the earth; na,q,11,, to describe or represent; ou(<11ic~, the heavrna. 
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define and use the ter1ns in their celestial sense, at the 
same time urgently recommending to future writers the 
adoption of others in their places. 

(91.) As terrestrial longitudes reckon from an as
sumed fixed meridian, or from a determinate point 
on the equator; so right ascensions in the heavens re
quire some determinate hour circle, or some known 
point in the equtnoctial, as the commencement of their 
reckoning, or their zero point. The hour circle passing 
through some remarkably bright star might have been 
chosen; but there ,vould have been no particular ad
vantage in this; and astronomers have adopted, in pre
ference, a point in the equinoctial, called the equinox. 
through which they suppose the hour circle to pass, 
from which all others are reckoned, and which point is 
itself the zero point of all right ascensions, counted on 
the equinoctial. 

The right ascensions of celestial objects are always 
reckoned eastwa1·d from the equinox, and are esti
mated either in degrees, minutes, and seconds, as in 
the case of terrestrial longitudes, from 0° to 360°, 
which completes the circle; or, in tin1e, in hours, 
minutes, and seconds, from Oh. to 24h. 'l'he apparent 
diurnal motion of the heavens being contrary to the real 
motion of the earth, this is in conformity with the west
ward reckoning of longitudes. ( Art 8'7.) 

(92.) Sidereal time is reckoned by the diurnal 
motion of the stars, or rather of that point in the 
equinoctial from which right ascensions are reckoned. 
This point may be considered as a star, though no star 
is, in fact, there ; and, moreover, the point itself is 
liable to a certain slow variation,-so slow, however, 
as not to affect, perceptibly, the interval of any two of 
its successive returns to the meridian. This interval 
is called a sidereal day, and is divided into 24 sidereal 
hours, and these again into minutes and seconds. A 
clock "hich marks sidereal time, i. e. which goes 
uniformly at such a rate as always to sbow Oh. Orn. Os. 
when the equinox comes on the meridian, is called a 
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sidereal clock, and is an indispensable piece of furniture 
in every observatory. 

(93-) It remains to illustrate these descriptions 
by reference to a figure. Let C be the centre of the 

p z 

p 

s 

~arth, N CS its axis; then are N and S its poles; EQ 
its equator; A B the pa1·allel of latitude of the station 
A on its surface; A P parallel to SC N, the direction 
in which an observer at A will. see the elevated pole of 
the heavens; and A Z, the prolongation of the terrestrial 
radius CA, that of his zenith. NAES will be his 
meridian; N GS that of some fixed station, as Greenwich; 
and GE, or the spherical angle G NE, his longitude, 
and E A his latitude. l\1oreover, if n s be a plane 
touching the surface in A, this will be his sensible 
horizon; n As n1arked on that plane by its intersection 
with his meridian ,vill be his meridian line, and n and s 
the north and south points of his horizon. 

(94.) Again, neglecting the size of the earth, or 
conceiving him stationed at its centre, and referring 
every thing to his 1·ational ho:rizon ; let the annexed 
figure represent the sphere of the heavens; C the 
spectator ; Z his zenith ; and N his nadir : then will 
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H AO a great circle of the sphere, whose poles are 
Z N, be his celestial ho1·izon; Pp the elevated and 

B Z 

N 

depressed POLES of the heavens; H P the altitude of 
the pole, and HP Z E O his meridian; ET Q, a great 
circle perpendicular ·to Pp, will be the equinoctial; 
and if Y represent the equinox, y T will be the right 
ascension, T S the declination, and P S the polar 
distance of any star or object S, referred to the equi
noctial by the hour ci1·cle P S T p ; and B S D will be 
the diurnal circle it will appear to describe about the 
pole. Again, if we refer it to the horizon by the 
vertical ci1·cle Z SA, HA will be its azimuth, AS its 
altitude, and Z S its zenith distance. H and O are the 
north and south, and e w the east and west points of 
his horizon, or of the heavens. Moreover, if H h, 
Oo, be small circles, or parallels of declination, touching 
the horizon in its north and south points, H h will be 
the circle of perpetual apparition, between which and 
the elevated pole the stars never set ; 0 o that of 
perpetual occultation, between ·which and the depressed 
pole they nevm· rise. In all the zone of the heavens 
between H h and O o, they rise and set, any one of 
them, as S, remaining above the horizon, in that part 
of its diurnal circle represented by A BA, and belo,v 
it throughout all the part represented by AD a, It 
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will exercise the reader to construct this figure for 
several different elevations of the pole, and for a variety 
of positions of the star S in each. The following con
sequences result from these definitions, and are propo
sitions which the reader will readily bear in mind: -

(95.) The altitude of the elevated pole is equal to the 
latitude of the spectator's geographical station. • For, 
comparing the figures of arts. 93. and 94., it appears that 
the angle PA Z, between the pole and zenith, in the 
one figure, ·which is the co-altitude ( complement to 90° 
of the altitude) of the pole, is equal to the angle N CA 
in the other; C N and A P being parallels whose 
vanishing point is the pole. :Now, N CA is the co .. 
latitude of the plane A. 

(96.) The same stars, in thei::: diurnal revolution, come 
to the meridian, successively, of every place on the 
globe once in twenty-four sidereal hours. And, since 
the diurnal rotation is uniform, the interval, in sidereal 
time, ·which elapses between the same star coming upon 
the meridians of two different places is measured by 
the difference of longitudes of the places . 

• (97-) Vice 1Jersd-the interval elapsing between two 
diffe1·ent sta1·s coming on the meridian of one and the 
same place, expressed in sidereal time, is the measure 
of the difference of right ascensions of the stars. 

This explains the reason of the double division of 
the equator and equinoctial into degrees and hou1·s. 

(98,) The equinoctial intersects the horizon in the east 
and ,vest points, and the meridian in i. point whose alti
tude is e'lual to the co-latitude of the place. Thus, at 
Greenwich, the altitude of the intersection of the equi
noctial and meridian is 38° 31 1 20'1• 

(99-) All the heavenly bodies culminate ( i. e. come to 
their greatest altitudes) on the meridian; which is, there
fore, the best situation to observe them, being least 
confused by the in~qualities and vapours of the atmo
sphere, as well as least displaced by refraction. 

(100.) All celestial objects within the circle of per
petual apparition coroe twice 0111 the meridian, above the 
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horizon, in every diurnal revolution; once above and 
once below the pole. These arc called their upper and 
lower culminations. 

( 101.) \Ve shall conclude this chapter by calling 
the reader's attention to a fact, which, if he now learn 
it for the first time, will not fail to surprise him, viz. 
that the stars continue visible through telescopes 
during the day as ,veil as the night; and that, in pro
portion to the power of the instrument, not only the 
largest and briightest of them, but even those of inferior 
lustre, such as scarcely strike the eye at night as at all 
conspicuous, are readily found and followed even at 
noonday,-unless in that part of the sky which is very 
near the sun, - by those who possess the means of 
pointing a telescope accurately to the proper places. 
Indeed, from the bottoms of deep narrow pits, such as 
a well, or the shaft of a mine, such bright stars as pass 
the zenith may even be discerned by the naked eye; 
and we have ourselves heard it stated by a celebrated 
optician, that the earliest circumstance ,vhich drew his 
attention to astrollJ)my was the regular appearance, at a 
certain hour, for several successive days, of a consi
derable star, through the shaft of a chimney. 



.64 A TUEATISE ON ASTRONOMY, CHAP. II. 

CHAP. II. 

OF THE NATURE OF ASTRONOMICAL 11.NSTRUMENTS AND OBSERV• 

ATIONS IN GENERAL, - OF SIOEllEAL AND SOLAR TIME, -

OF THE MEASUREMENT OF TIME, - CLOCKS, CHRONO~tET!:RS, 

THE TRANSIT INSTRUMENT, - OF THE MEASUREMENT OF AN• 
GULAR INTER.VAL$. - APPLICATION OF THE TELESCOPE TO 

INSTRUMENTS DESTINED TO THAT l'URPOSE,- OF THE MURAL 

CIRCLE. - FIXATION OF POLAR AND HORIZONTAL POINTS, -

THE LEVEL, - PLUMB LINE, - AllTIFICIAL HORIZON, - COL

LIMATOR, - OF COMPOUND INSTRUMENTS WITH CO-ORDINATE 

CIRCLES, THE .EQUATOlllAL. - ALTITUDE AND AZIMUTH IN• 

STR.UUE:-IT. - OF THE SEXTANT AND REFLECTING CIRCLE, -

l'ltlNClPLE OF REPETITION, 

( 102.) Ouu first chapter has been devoted to the ac
quisition chiefly of preliminary notions respecting the 
globe we inhabit, its relation to the celestial objects 
which surround it, and the physical circumstances under 
,vhich all astronomical observations must be made, as well 
as to provide ourselves ,vith a stock "of technical wo1·ds 
of most frequent and familiar use in the sequel. We 
might now proceed to a more exact and detailed state
ment of the facts and theories of astronomy; but,in'order 
to do this v,ith full effect, it will be desirable that the 
reader be made acquainted with the principal means 
which astronomers possess, of determining, with the 

,degree of nicety their theories require, the data on 
which they ground their conclusions; in other words, of 
ascertaining by measurement the apparent and real mag
nitudes with which they are conversant. It is only when 
in possession of this knowledge that he can fully appre
ciate either the truth of the theories themselves, or the 
degree of reliance to be placed on any of their conclu_ 
sions antecedent to trial: since it is only by knowing 
what amount of error can certainly be perceived and 
clistinctly measured, that he can satisfy himself whether 
any theory offers so close an approximation, in its nu-
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1nerical results, to actual phenomena, as will justify him 
in receiving it as a true representation of nature. 

(103.) Astronomical instrument-making may be 
justly regarded as the most refined of the mechanical 
arts, and that in which the nearest approach to geome
trical precision is required, antl has been attainerl. It 
n1ay be thought an easy thing, by one unacquainted with 
the niceties required, to turn a circle in inetal, to 
divide its circumference into 360 equal parts, and these 
again into smaller subdivisions, - to place it accurately 
on its centre., and to adjust it in a given position; but 
practically it is found to be one of the most difficult. 
Nor will this appear extraordinary, ,vhen it is consi
dered that, owing to the application of telescopes to 
the purposes of angular measurement, every imperfec
tion of structure or division becomes n1agnified by the 
whole optical power of that instrument; and that 
thus, not only direct errors of workmanship, arising 
from unsteadiness of hand or imperfection of tools, 
but those inaccuracies which originate in far more un
controllable causes, such as the unequal expansion and 
contraction of metallic masses, by a change of temper_ 
ature, and their unavoidable flexure or bending by their 
own weight, become perceptible and measurable. An 
angle of one minute occupies, on the circumference 
of a circle of 10 inches in radius, only about 3 -}0 th 
part of an inch, a quantity too small to be certainly 
dealt with without the use of magnifying glasses; yet 
one minute is a gross quantity in the astronomical mea.. 
surement of an angle. With the instruments now em
ployed in observatories, a single secvnd, or the 60th part 
of a minute, is rendered a distinctly visible and appre
ciable quantity. Now, the arc of a circle, subtended by 
one second, is less than the 200,000th part of the radius, 
so that on a circle of 6 feet in diameter it would occupy 
no greater linear extent than '.'l"'f1i,nth part of an inch; a 
quantity requiring a powerful microscope to be discerned 
at all. Let any one figure to himself, therefore, the 
difficulty of placing on the citcumference of a metallio 

F' 
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circle of such dimensions (supposing the difficulty of its 
construction surmounted), 360 marks, dots, or cogniz
able divisions, which shall be true to their places within 
such minute limits; to say nothing of the subdivision 
of the degrees so marked off into minutes, and of these 
again into seconds. Such a work has probably baffled, 
and will probably for ever continue to baffle, the utmost 
stretch of human skill and industry; nor, if executed, 
could it endure. The ever varying fluctuations of heat and 
cold have a tendency to produce not merely temporary 
and transient, but permanent, uncompensated changes of 
form in all considerable masses of those metals which 
alone are applicable to such uses; and their own weight, 
however symmetrically formed, must always be un
equally sustained, since it is impossible to apply the 
sustaining power to every part separately : even could 
this be done, at all events force must be used to move 
and to fix them; which can never be done without 
producing temporary and risking permanent change of 
form. It is true, by dividing them on their centres, 
and in the identical places they are destined to occupy, 
and by a thousand ingenious and delicate contrivances, 
wonders have been accomplished in this department 
of art, and a degree of perfection has been given, 
not merely to chefs d'reuv1·e, but to instruments of 
moderate prices and dimensions, and in ordinary use, 
,vhich, on due consideration, must appear very sur
prising. But though we are entitled ,to look for won
dets at the hands of scientific artists, we are not to 
expect mi,·acles. The demands of the astronomer will 
always surpass the power of the artist; and it must, 
therefore, be constantly the aim of the former to make 
himself, as far as possible, independent of the imper
fections incident to every work the latter can place in 
his bands. He musl, therefore, endeavour so to com
bine his observations, so to choose his opportunities, 
and so to familiarize himself ,vith all the causes which 
may produce instrumental derangement, and with all 
the peculiarities of structure and 1naterial of each in-
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strument he possesses, as not to allow himself to be 
misled by their errors, but to extract from tl1eir in
dications, as far as possible, all that is true, and reject 
all that is erroneous. I t is in this that the art of 
the practical astronomer consists,-an art of itself of a 
curious and intricate nature, and of 'which we can here 
only notice some of the leading and general features. 

( 104.) The great aim of the practical astronomer 
being numel'ical correctness in the results of instru
mental measurement, his constant care and vigilance 
must be directed to the detection and compensation of 
errots, either by annihilating, or by taking account of, 
and allowing for them. No,v, ifwe examine the sources 
from which errors may arise in any instrumental de
t~rmination, we shall find them chiefly reducible to three 
principal heads : -

( 105.) 1st, External or incidental causes of error; 
cornprehending such as depend on external, uncontrol
lable circumstances: such as, fluctuations of weather, 
,vhich disturb the amount of refraction from its tabu
lated value, and, being reducible to no fixed law, induce 
uncertainty to the extent of their own possible mag
nitude; such as, by varying the temperature of the 
air, vary also the form and position of the instruments 
used, by altering relative magnitude and the tension of 
their parts; and others of the like nature. 

(106.) 2dly, Er1·01·s of observation : such as arise, 
for example, from inexpertness, defective vision, slow
ness in seizing the exact instant of occurrence of a 
phenoxnenon, or precipitancy in anticipating it, &c. ; 
from atmospheric indistinctness ; insufficient optical 
power in the instrument, and the like. Under this head 
may also be classed all errors arising from momentary 
instrumental derangement,-slips in clamping, looseness 
of screws, &c. 

( I 07 .) 3dly, The third, and by far the most nu-
1nerous class of errors to which astronomical measure
ments are liable, arise from causes whnch may be deemed 
instrumental, and which may be subdivided into two prin .. 

F 2 
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cipal classes. Thefi1'st comprehends those which arise 
from an instrument not being what it professes to be, 
which is err01· of workmanship. Thus, if a. pivot or 
axis, instead of being, as it ought, exactly cylindrical, be 
slightly flattened, or elliptical~ -if it be not exactly 
(as it is intended it should) concentric with the circle 
it carries ;-if this circle (so called) be in reality not 
exactly circular, or not in one plane ;-if its divisions, 
intended to be precisely equidistant, should be placed 
in reality at unequal intervals, -and a hundred other 
things of the same sort. These are not mere specu
lative sources of error, but practical annoyances, which 
every observer has to contend ·with. 

(108.) The other subdinsion of instrumental er
rors comprehends such as arise from an instrument not 
being placed in the position it ought to have; and from 
those of its parts, which are made purposely moveable, 
not being properly disposed inter se. These are e1'r01-s 
of adjustment. Some are unavoidable, as they arise 
from a general unsteadiness of the soil or building in 
which the instru1nents are placed; which, though too 
minute to be noticed in any other way, become appre
ciable in delicate astronomical observations: others, 
again, are consequences of imperfect workmanship, as 
where an instrument once well adjusted will not remain 
so, but keeps deviating and shifting. But the most im
portant of this class of errors arise from the non
f>Xistence of natural indications, othe1' t~an those afforded 
by astronomical observations themselves, whether an 
instrument has or bas not the exact position, with re~ 
spect to the horizon and its cardinal points, the axis of 
the earth, or to other principal astronomical lines and 
circles, which it ought to have to fulfil properly its 
objects. 

(109.) Now, with respect to the first two classes 
of error, it must be observed, that, in so far as they 
cannot be reduced to known laws, ancl thereby become 
subjects of calculation and due allowance, they actually 
vitiate, to their full extent, the results of any observa-
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tions in ,vhich they subsist. Being, however, in their 
nature casual and accidental, their effects necessarily lie 
sometimes one way, sometimes the other; sometime£ 
diminishing, sometimes tending to increase the results. 
Hence, by greatly multiplying observations, under varied 
circumstances, and taking the mean <>r average of their 
results, this class of errors may be so far subdued, by 
setting them to destroy one another, as no longer sensibly 
to vitiate any theoretical or practical conclusion. This 
is the great and indeed only resource against such errors, 
not merely to the astronomer, but to the investigator of 
numei:ical results in every department of physical re
search. 

(II 0.) ,vith regard to errors of adjustn1ent and 
workmanship, not only the possibility, but the certainty, 
of their existence, in every imaginable form, in all in
struments, must be contemplated. Human hands or 
machines never formed a circle, drew a straight line, or 
erected a perpendicular, nor ever placed an instrument 
in perfect adjustment, unless accidentally; and then 
only during an iPstant of tim.e. Thil:, does not prevent, 
however, that a great approximation to all these desi
derata should be attained. But it is the peculiarity of 
astronomical observation to be the ultimate mean.s· 01· 
detection of all mechanical defects which elude by their 
minuteness every other 1node of detection. '\-Vhat the 
eye cannot discern, nor the touch perceive, a course of 
astronomical observations will make distinctly evident. 
The imperfect products of man's hands are here tested 
by being brought into comparison with the perfect ,vork
manship of nature; and there is none which will bear the 
trial. Now, it may seem like arguing in a vicious circle, 
to deduce theoretical conclusions and laws from observ
ation, and then to turn round upon the instruments with 
which those observations were made, accuse them of 
imperfection, and attempt to detect and rectify their 
errors by means of the very laws and theories which 
they have helped us to a knowledge of. A little consi-

1! s 
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deration, however, will suffice to show that such a course 
of proceeding is perfectly legitimate. 

(111.) The steps by which we arrive at the laws 
of natural phenomena, and especially those which de
pend for their verification on numerical determinations, 
are necessarily successive. Gross results and palpable 
laws are arrived at by rude observation ,vith coarse in
struments, or without any instruments at all; and these 
are corrected and refined upon by nicer scrutiny with 
more delicate means. In the progress of this, subordinate 
laws are brought into view, which modify both the verbal 
statement and numerical results of those which first 
offered themselves to our notice; and when these are 
traced out, and reduced to certainty, others, again, sub
ordinate to them, make their appearance, and become 
subjects of further enquiry. Now, it invariably hap
pens ( and the reason is evi,!lent) that the first glimpse 
we catch of such subordinate laws - the first form in 
which they are dimly shadowed out to our minds-is that 
of erro1·s. ,v e perceive a discordance between what ·we 
expect, and wl1at we find. The first occurrence of such 
a discordance we attribute to accident. It happens again 
and again; and we begin to suspect our instruments. 
1Ve then enquire, to what amount of error their deter
rninations can, by possibility, be liable. If their limit of 
possible erro1· exceed the observed deviation, we at once 
condemn the instrument, and set about improving its 
construction or adjustments. Still the same deviations 
occur, and, so far from being palliated, are more marked 
and better defined than before. \Ve are now sure that 
we are on the traces of a law of nature, and we pursue it 
till ,ve have reduced it to a definite statement, and veri
fied it by repeated observation, under every variety of 
circumstances. 

(112.) Now, in the course of this enquiry, it will 
not fail to happen that other discordances will strike us. 
Taught by experience, we suspect the existence of some 
natural Ja,v, before unknown; we tabulate (i. e. draw out 
in order) the results of our observationi,; and we per• 
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ceive, in this synoptic statement of them, distinct indica
tions of a regular progression. Again ,ve improve or vary 
our instruments, and we no,v lose sight of this supposed 
new law of nature altogether, or find it replaced by 
some other, of a totally different character. Thus we 
are led to suspect an instrumental cause for what we 
have noticed. ,v e examine, therefore, the theory of 
our instrument; we suppose defects in its structure, 
and, by the aid of geometry, ,ve trace their influence in 
introducing actual en·ors into its indications. These 
errors have their laws, which, so long as we have no 
knowledge of causes to guide us, may be confounded 
with laws of nature, and are mixed up with them in 
their effects. They are not fortuitous, like errors of 
observation, but, as they arise from sources inherent in 
the instrument, and unchangeable while it and its 
adjustments remain unchanged, they are reducible to 
fixed and ascertainable forms ; each particular defect, 
whether of structure or adjustment, producing its own 
appropriate form of error. "\-Vben these are thoroughly 
investigated, we recognize among them one which co
incides in its nature and progression with that of our 
observed discordances. The mystery is at once solved : 
we have detected, by direct observation, an instrumental 
defect. 

( I 13.) It is, therefore, a chief requisite for the 
practical astronomer to make himself completely familiar 
with the tlieo,·y of bis instruments, so as to be able at 
once to decide what rjfect on bis observations any given 
imperfection of structure or adjustment will produce in 
any given circumstances under which an observation 
can be made. Suppose, for example, that the principle 
of an instrument required that a circle should be exactly 
concentric with the axis on which it is made to turn. 
As this is a condition which no workmanship can fulfil, 
it becomes necessary to enquire ,vhat errors will be 
produced in observations made and registered on the 
faith of such an instrument, by any assigned deviation 
in this respect; that is to say, what would be the dis-

F 4 
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agreement between observations made with it and with 
one absolutely perfect, could such be obtained. Now, 
a sin1ple theorem in geometry shows that, whatever be 
the extent of this deviation, it may be annihilated in its 
effect on the result of observations depending on the 
graduation of the limb, by the very easy method of 
reading off the divisions on t,No diametrically opposite 
l)Oints of the circle, and taking a mean; for the effect of 
excentricity is always to increase one such reading by 
just the same quantity by which it diminishes the other. 
Again, suppose that the proper use of the instnunent re
quired that this axis should be exactly parallel to that of • 
the earth. As it never can be placed or remain so, it be
comes a question, what amount of error will arise in its 
use from any assigned deviation, whether in a horizontal 
or vertical plane, from this precise position. Such en
quiries constitute the theory of instrumental errors; a 
theory of the utmost importance to practice, and one of 
which a complete knowledge will enable an observer, with 
very moderate instrumental means, to attain a degree of 
precision which might seem to belong only to the most 
refined and costly. In the present work, however, we 
have no further concern with it. The few astrono
mical instruments we propose to describe in this chapter 
will be considered as perfect both in construction anu 
adjustment. 

( 114.) As the above remarks are very essential to 
a right understanding of the pbilosophy of our subject 
and the spirit of astronomical methods, ,ve shall elu
cidate them by taking a case. Observant persons, 
before the invention of astronomical instruments, had 
already concluded the apparent diurnal motions of the 
stars to be performed in circles about fixed poles in the 
heavens, as shown in the foregoing chapter. In draw
ing this conclusion, however, refraction was entirely 
overlooked, or, if forced on their notice by its great mag
nitude in the immediate neighbourhood of the horizon, 
v;as regarded as a local irregularity, and, as such neg
lected, or slurred over. As soon, however, as the 
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diurnal paths of the stars were attempted to be traced 
by instruments, even of the coarsest kind, it became 
evident that the notion of exact circles described about 
one and the same pole ,vould not represent the pheno
mena correctly, but that, owing to so1ne cause or other, 
the apparent diurnal orbit of every star is distorted 
from a circular into an oval form, its lower segment 
being jlatte1· than its upper; and the deviation being 
greater the nearer the star approached the horizon, the 
effect being the same as if the circle had been squeezed 
upwards from below, and the lower parts more than 
the higher. For such an effect, as it was soon found 
to arise from no casual or i11strumental cause, it lJecame 
necessary to seek a natural one; and refraction 1·eadily 
occurred, to solve the difficulty. In fact, it is a case 
precisely analogous to what we have already (art. 47.) 
noticed, of the apparent distortion of the sun near the 
horizon, only on a larger scale, and traced up to greater 
altitudes. This new law once established, it became 
necessary to modify the expression of that anciently 
received, by inserting in it a salvo for the effect of re
fraction, or by making a distinction between the appa-
1·ent diurnal orbits, as affected by refraction, and the 
true ones cleared of that effect. 

(115.) Again: The first impression produced by 
a view of the diurnal movement of the heavens is, that 
all the heavenly bodies perform this revolution in one 
common period, viz. a day, or 24 hours. But no 
sooner do we come to examine the matter instrument
ally, i. e. by noting, by timekeepers, their successive 
arrivals on the meridian, than we find differences which 
cannot be accounted for by any error of observation. 
All the stars, it is true, occupy the same interval of 
time between their successive appulses to the meridian, 
or to any vertical circle ; but this is a very different 
one from that occupied by the sun. It is palpably 
shorter; being, in fact, only 2Sh 56' 4-09•, instead of 
24 hours, such hours as our common clocks mark. 
Here, then, we have already tu;o different days, a sidei·eal 
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and a solar ; and if, instead of the sun, we observe the 
moon, we find a third, much longer than either, - a 
lunar day, whose average duration is 2411 54m of our 
ordinary time, which last is sola1· time, being of necessity 
conformable to the sun's successive re-appearances, on 
which all the business of life depends. 

( 116.) K o,v, all the stars are found to be unanimous 
in giving the same exact duration of 2311 56' 4''·09, for 
the sicfereal day; which, therefore, we cannot hesitate 
to receive as the period in which the earth makes one 
revolution on its axis. ,re are, therefore, compelled 
to look on the sun and moon as exceptions to the ge
neral law ; as having a different nature, or at least a 
different relation to us, from the stars ; and as having 
motions, real or apparent, of their own, independent 

• of the rotation of the earth on its axis. Thus a great 
and most important distinction is diselosed to us. 

(117.) To establish these facts, almost no appa
ratus is required. An observer need only station hiin
self to the north of some well-defined vertical object, 
as the angle of a building, and, placing his eye exactly 
at a certain £.xed point (such as a small hole in a plate 
of 1netal nailed to some immoveable support), notice the 
successive disappearances of any star behind the build
ing, by a watch.* "\Vhen he observes the sun, be must 
shade his eye with a dark-coloured or smoked glass, 
and notice the moments ,vhen its western and eastern 
edges successively come up to the wa]J, from which, by 
taking half the interval, he ,vill ascertain ( what he 
cannot directly obse1·ve) the moment of disappearance 
of its centre. 

(118.) "\Vben, in pursuing and establishing this 
general fact, we are led to attend more nicely to the 
times of the daily arrival or' the sun on the meridian, 

" This is an excellent practical method of ascertaining the rate of a clock 
or watch, being exceedingly accurate if a few precautions arc attenclcd to; 
the chief of which i~, to take care that that part of the edge behind which 
the star (a bright one, not a plnnel) disappears shall be quite smooth; as 
otherwise variable refraction may transfer the µoint of disappearance from 
a protuberance to a notch and thus vary the moment of observation unduly; 
this is easily secured, by naihng up a ,mooth.edged board. 
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irregularities ( so they first seem) begin to be observed. 
The intervals between two successive arrivals are not 
the same at all times of the year. They are sometimes 
greater, sometimes less, than 24 hours, as shown by 
the clock; that is to say, the solar day is not always 
of the same length. About the 21st of December, for 
example, it is half a minute longer, and about the same 
day of September nearly as much shorter, than its 
ltverage duration. And thus a distinction is again 
pressed upon our notice between the actual solar day, 
·which is never two days in succession alike; and the 
mean sola1· day of 24 hours, which is an average of all 
the solar days throughout the year. Here, then, a new 
source of enquiry opens upon us. The sun's apparent 
motion is not only not the same ,vith that of the stars, 
but it is not ( as the latter is) uniform. It is subject 
to fluctuations, whose laws become matter of investi
gation. But to plnsue these laws, '\.Ve require nicer 
means of observation than what we have described, 
and are obliged to call in to our aid an instru1nent 
called the t1·ansit inst1·ument, especially destined for 
such observations, and to attend 1ninutely to all the 
causes of irregularity in the going of clocks and watches 
which may affect our reckoning of time. Thus we 
become involved by degrees in more and more delicate 
instrumental enquiries; and we speedily find that, in 
proportion as we ascertain the amount and law of one 
great or leading fluctuation, or inequality, as it is called, 
of the sun's diurnal motion, we bring into view others 
continually smaller and smaller, which were before 
obscured, or mixed up with errors of observation and 
instrumental imperfections. In short, we may not 
inaptly compare the mean length of the solar day to 
the mean or average height of water in a harbour, or 
the general level of the sea unagitated by tide or waves. 
The great an11ual fluctuation above noticed may be 
compared to the daily variations of level produced 
by the tides, ·which are nothing but enormous waves 
extending over the whole ocean, while the smaller sub-



76 A TREATISE ON ASTRO;:-(O:lfY, CHAP, JI. 

ordinate inequalities may be assimilated to waves 
ordinarily so called, on which, when large, we perceive 
lesser undulations to ride, anu on these, again, minuter 
ripplings, to the series of ·whose subordination we can 
perceive no end. 

(119.) ,vith the causes of these irregularities in the 
solar motion we have no concern at present; their ex
planation belongs to a more advanced part of our sub
ject: but the distinction between the solar and sidereal 
days, as it pervades every part of astronomy, requires 
to be early introduced, and never lost sight of. It is, 
as already observed, the mean or average length of the 
solar day, which is used in the civil reckoning of time: 
It commences at midnight, but astronomers (at least 
those of this country), even when they use mean solar 
time, depart from the civil reckoning, commencing their 
day at noon, and reckoning the hours from O round to 
24. Thus, 11 o'clock in the forenoon of the second of 
January, in the civil reckoning of time, corresponds to 
January 1 day 23 hours in the astronomical reckoning; 
and one o'clock in the afternoon of the former, to Ja
nuary 2 days 1 hour of the latter reckoning. This 
usage has its advantages and disadvantages, but the 
latter seem to preponderate; and it ,vould be ,vell if, in 
consequence, it could be broken through, and the civil 
reckoning substituted. 

(120.) Both astronomers and civilians, however, who 
inhabit different points of the earth's surface, differ 
from each other in their reckoning of' time; as it is ob
vious they must, if we consider that, when it is noon 
at one place, it is midnight at a place diametrically op
posite; sunrise at another; and sunset, again, at a fourth. 
H ence arises considerable inconvenience, especially as 
respects places differing very widely in situation, and 
which 1nay even in some critical cases involve the mis
take of a whole day. T o obviate this inconvenience, 
there has lately been introduced a system of reckoning 
time by mean solar days and parts of a day counted 
from a fixed instant, common to all the world1 and 
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determined by no local circumstance, such as noon or 
midnight, but by the motion of the sun among the stars. 
Time, so reckoned, is called equinoctial time; and is 
numerically the sami, at the san1e instant, in every 
part of the globe. Its origin will be explained more 
fully at a more advanced stage of our w·ork. 

(121.) Time is an essential element in astrono
mical observation, in a twofold point of view : -
1st, As the :representative of angular motion. T he 
earth's diurnal motion being uniform, every star de
scribes its diurnal circle uniformly; and the time 
elapsing between the passage of the stars in succession 
across the meridian of any observer becomes, therefore, 
a direct measure of their differences of right ascension. 
2clly, As the fundamental element ( or, independent 
variable, to use the language of geometers) in, all dy
namical theories. The great object of astronomy is the 
determination of the laws of the celestial motions, and 
their reference to their proximate or remote causes. 
Now, the statement of the law of any observed motion 
in a celestial object can be no other than a proposition 
declaring what has been, is, and will be, the real or appa
rent situation of that object at any time, past, present, 
or future. To compare such laws, therefore, with ob
servation, we must possess a register of the observed 
situations of the object in question, and of the times 
when they were observed. 

(122.) The measurement of time is performed by 
clocks, chronometers, clepsydras, and hour-glasses: the 
two former are alone used in modern astronomy. The 
hour-glass is a coarse and rude contrivance for measur
ing, or rather counting out, fixed portions of time, and 
is entirely disused. The clepsydra, ,vhich measured 
time by the gradual emptying of a large vessel of water 
through a determinate orifice, is susceptible of consider
able exactness, and was the only dependence of astrono
mers before the invention of clocks and watches. At 
present it is abandoned, o,ving to the greater convenience 
and exactness of the latter instruments. In one case 
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only bas the revival of its use been proposed; viz. for 
the accurate measurement of very small portions of 
time~ by the flowing out of mercury from a small orifice 
in the bottom of a vessel, kept constantly full to a fixed 
height. The stream is intercepted at the moment of 
noting any event, and directed aside into a receiver, into 
which it continues to run, till the moment of noting any 
other event, when the intercepting cause is suddenly 
removed, the stream flows in its original course, and 
ceases to run into the receiver. The weight of mercury 
received, compared with the weight received in an in
terval of tilne observed by the clock, gives the interval 
between the events observed. This ingenious and simple 
method of resolving, with all possible precision, a pro
blem which has of late been much agitated, is due to 
captain I(ater. 

(123.) The pendulum clock, however, and the 
balance watch, ,vith those improvements and refine
ments in its structure which constitute it emphatically 
a ch,1•onometer *, are the instruments on which the 
astronomer depends for his knowledge of the lapse 
of time. These instruments are now brought to such 
perfection, that an irregularity in the 1·ate of going, to 
the extent of a single second in twenty-four hours in 
two consecutive days, is not tolerated in one of good 
character; so that any interval of time less than twenty
four hours may be certainly ascertained ,vithin a fc,v 
tenths of a second, by their use. . In proportion as 
inttirvals are longer, the risk of error, as well as the 
amount of error risked, becomes greater, because the 
accidental errors of many days may accumulate; and 
causes producing a slow progressive change in the rate 
of going may subsist unperceived. It is not safe, 
therefore, to trust the <l.etermination of tilne to clocks, 
or ,vatches, for many days in succession, without check
ing them, and ascertaining their errors by reference to 
natural events which we know to happen, day after 
day, at equal intervals. But if this be done, the 
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longest intervals may be fixed with the same pre
cision as the shortest; since, in fact, it is then only the 
times intervening between the first and last moments of 
such long intervals, and such of those periodically re
curring events adopted for our points of reckoning, as 
occur within twenty-four hours respectively of either, 
that we measure by artificial means. The whole days 
are counted out for us by nature; the fractional parts 
only, at either end, are measured by our clocks. To 
keep the reckoning of the integer days correct, so that 
none shall be lost or counted twice, is the object of the 
calendar. Chronology marks out the order of succes
sion of events, and refers them to their proper years and 
days; while chronometry, grounding its determinations 
on the precise observation of such regularly periodical 
events as can be conveniently and exactly subdivided, 
enables us to fix the moments in which phen01nena 
occur, with the last degree of precision. 

(124.) In the culmination, or transit, ( i . e. the 
passage across the meridian of au observer,) of every 
star in the heavens, he is furnished ·with such a re
gularly periodical natural event as we allude to. Ac
cordingly, it is to the t1·ansits of the brightest and most 
conveniently situated fixed stars that astronomers resort 
to ascertain their exact time, or, which comes to the 
same thing, to determine the exact amount of error of 
their clocks. 

(125.) The instrument with which the culminations 
of celestial objects are observed is called a transit 
instrument. J t consists of a telescope firmly fastened 
on a horizontal axis directed to the east and west 
points of the horizon, or at right angles to the plane 
of the meridian of the place of observation. The 
extremities of the axis are formed into cylindrical pivots 
of exactly equal diameters, which rest in notches formed 
in metallic supports, bedded (in the case of large 
instruments) on strong piers of stone, and suscept
ible of nice adjustment by screws, both in a vertical 
and horizontal direction. By the former adjustment, 
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the axis can be rendered precisely horizontal, by level
ling it ·with a level made to rest on the pivots. By 

the latter adjustment the axis is brought precisely into 
the east and ,vest direction, the criterion of which is 
furnished by the observations themselves made with 
the instrument, or by a well-defined object, called a 
metidian ma1·k, originally determined by such observ
ations, and then, for convenience of ready reference, 
permanently established, at a great distance, exactly 
in a meridian line passing through the central point 
of the whole instrument. It is evident, from this de
scription, that, if the central line of the telescope 
(that which joins the centres of its object-glass ancl 
eye-glass, and which is called in astronomy its line of 
collimation) be once well adjusted at right angles to 
the axis of the transit, it will never quit the plane of 
the meridian, when the instrument is turned round on 
its axis. 

(126.) I n the focus of the eye~piece, and at right 
angles to the length of the telescope, is placed a system 
of one horizontal and five equidistant vertical threads 
or wil'es, as represented in the annexed figure, which 
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always appear in the field of view, when properly illu. 
minatcd, by day by the light of the sky, by night by 
that of a lamp introduced by a contrivance not neces
sary here to t>xr,lain. The place of this system of wires 
may be altered by adjusting screws, giving it a lateral 
(horizontal) motion; and it is by this means brought to 
such a position, that the middle one of the vertical wires 
shall intersect the line of colli1nation of the telescope, 
where it is arrested and permanently fastened. In this 
situation it is evident that the middle thread will be a 
visible representation of that portion of the celestial 
meridian to ·which the telescope is pointed; and when 
a star is seen to cross this ·wire in the telescope, it is in 
the act of culminating, or passing the celestial meri
dian. 'l'he instant of this event is noted by the clock 
or chronometer, which forms an indispensable accom
panilnent of the transit instrument, For greater pre
cision, the moments of its crossing all the five vertical 
threads is noted, and a mean taken, which (since the 
threads are equidistant) would give exactly the same 
result, were all the observations perfect, and will, of 
course, tend to subdivide and destroy their errors in an 
average of the whole. 

(127.) For the mode of executing the adjustments, 
and allowing for the errors unavoidable in the use of 
this simple and elegant instrument,. the reader must 
consult works especially devoted to this department 
of practical astronomy."' We shall here only mention 
one important verification of its correctness, which con
sists in 1·eve1·sing the ends of the axis., or turning it east 
for west. If this be done, lind it continue to give the 
sa1ne results, and intersect the same point on the meri
<lian mark, we may be sure that the line of collimation 
of the telescope is truly at right angles to the axis, and 
describes strictly a plane, i. e. marks out in the heavens 
a great circle. In good tra}!sit observations, an error of 
two or three tenths of a second of time in the moment 

• See Dr. Pearson's Treatise on Practical Astronomy. Also Bianchi 
Sopra lo Stromento de' Passagi. Ephem. di )lilano, 1824. 
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of a star's culmination is the utmost which need be 
apprehended, exclusive of the error of the clock: in 
other ,vords, a clock may be compared with the earth's 
diurnal motion by a single observation, without risk of 
greater error. By multiplying observations, of course, a 
yet greater degree of precision may be obtained. 

(128.) The angular. intervals measured by means of 
the transit instrument and clock are arcs of the equi
noctial, intercepted between circles of declination passing 
through the objects observed ; and their measurement, 
in this case, is performed by no artificial graduation of 
circles, but by the help of the earth's diurnal motion, 
,vhich carries equal arcs of the equinoctial across the 
meridian, in equal times, at the rate of 15° per sidereal 
hour. In all other cases, when we would measure 
angular intervals, it is necessary to have recourse to cir_ 
cles, or portions of circles, constructed of metal or other 
firm and durable material, and mechanically subdivided 
into equal parts, such as degrees, minutes, &c. Let 
ABCD be such a circle, divided into 860 degrees, 

s 

T 

(numbered in order from any point 0° in the circum
ference, round to the same point again,) and connected 
with its centre by spokes or rays, x y z, firmly 
united to its circumference or limb. At the centre 
let a circular hole be pierced, in which shall move a 
pivot exactly fitting it, carrying a tube, whose axis, 
a b, is exactly parallel to the plane of the circle, or per -
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pendicular to the pivot; and also the two arms, m n, at 
right angles to it, and forn1ing one piece with the tube 
and the axis ; so that the motion of the axis on the 
centre shall carry the tube antl arms smoothly rou11d 
the circle, to be arrested and fixed at any point we 
please, by a contrivance called a clamp. Suppose, now, 
we would measure the angular interval between two 
fixed objects, ST. The plane of the circle must 
first be adjusted so as to pass through them both. 
This done, let the axis a b of the tube be directed 
to one of them, S, and clarnped. 'l'hen will a mark 
on the arm m point either exactly to some one of 
the divisions on the limb, or between two of them adja
cent. Jn the former case, the division must be noted, 
as the 1·eadi11g of the arm m. I n the latter, the frac
tional part of one whole interval between the conse
cutive divisions by which the mark on •1n su1-passes the 
last inferior division must be estimated or measured by 
some mechanical or optical means. (See art.130.) The 
division and fractional part thus noted, and reduced 
into degrees, minutes, and seconds, is to be set down as 
the reading <>f the limb corresponding to that position of 
the tube a b,. where it points to the object S. The 
same must then be done for the o~ject 'f ; the tube 
pointed to it, and the limb " read off." It is manifest, 
then, that, if the lesser of these readings be subtracted 
from the greater, their dijfe1·ence will be the angular in
terval between S and 'I', as seen from the centre of 
the circle, at whatever point of the limb the commence
ment of the graduations on the point 0° be situated. 

(129.) The very same result ,vill be obtained, if, 
instead of making the tube moveable upon the circle, 
we connect it invariably with the latter, and make both 
revolve together on an axis concentric with the circle, 
and forming one piece w·ith it, working in a hollow 
formed to receive and fit it in some fixed support. 
Such a combination is represented in section in the 
annexed sketch. T is the tube or sight, fastened, at pp, ~ 

on the circle A B, whose axis, D, \vorks in the solid 
G 2 
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metallic centring E, from which originates an arm, F., 
carrying at its extremity an index,or other proper mark., 

to point out and read off the exact division of the circle 
at B, the point close to it. It is evident that, as the 
telescope and circle revolve through any angle, the part 
of the Ji1n b of the latter, which by such revolution is 
carried past the index F, will measure the angle de
scriberl. This is the most usual mode of applying 
divided circles in astronomy. 

(130.) The index F may either be a simple pointer, 
like a clock hand (fig. a); or a vernier (fig. b); or, 

----.'.:.-----

~ 
tl ,.. 

~ 

lastly, a compound microscope (fig. c), represented in 
section (in fig. d), and furnisl1ed with a cross in the 
comrnon focus of its object and eye-glass, moveable by 
a fine-thrcadecl screw, by which the intersection of the 
cross may be brought to exact coincidence with the 
image of the nearest of the divisions of the circle ; and 
by the turns and parts of a turn of the screw required 
for this purpose the distance of that division from the 
original or zero point of the microscope may be esti
mated. This simple but delicate contrivance gives u, 
the reading off of a circle a degree of accuracy only 
limited by the power of the microscope, and the per
fection ,vith ,vhich a screw can be executed, and places 
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the subdivision of angles on the same footing of optical 
certainty which is introduced into their measurement 
by the use of the telescope. 

( I 3 I.) The exactness of the reault thus obtained 
must depend., 1st, on the precision with which the 
tube a b can be pointed to the objects; 2dly, on the 
accuracy of graduation of the limb; Sdly, on the accu
racy with which the subdivision of the intervals be
tween any two consecutive graduations can be ac
complished. The mode of accomplishing the latter 
object with any required exactness has been explained 
in the last article. ,Vith regard to the graduation of 
the lin1b, being merely of a mechanical nature, we 
shall pass it without remark, further than this, that, 
in the present state of instrument-making, the amount 
of error from this source of inaccuracy is reduced 
within very narrow limits indeed. lVith regard to 
the first, it must be obvious that, if the sights a b 
be nothing more than what they are represented in 
the figure ( art. 128.) simple crosses or pin-holes at 
the ends of a hollow· tube, or an eye-hole at one 
end, ancl a cross at the other, no greater nicety iu 
pointing can be expected than what simple vision with 
the naked eye can command. But if, in place of these 
simple but coarse contrivances, the tube itself be con
verted into a telescope, having an object-glass at b, 
and an eye-piece at a ; and if the motion of the tube 
on the li1nb of the circle be arrested when the object is 
brought just into the centre of the field of view, it is 
evident that a greater degree of exactness 1nay be at
tained in the pointing of the tube than by the unas
sisted eye, in proportion to the magnifying power ancl 
distinctness of the telescope used. The last attainable 
degree of exactness is secured by stretching in the com
mon focus of the object and eye-glasses two delicate fibres, 
such as fine hairs or spider-lines, intersecting each other 
at right angles in the centre of the field of vie,v. Their 
points of intersection afford a permanent mark with 
,vhich the image of the object can be brought to exact 

G 3 
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coincidence by a proper degree of caution (aided by 
mechanical contrivances), in bringing the telescope to 
its final situation on the limb of the circle, and retaining 
it there till the a reading off " is finished. 

( 132.) This application of the telescope may be con
sidered as completely annihilating that part of the error of 
observation which might othenvise arise from erroneous 
estimation of the direction in which an object lies fro1n 
the observer's eye, or from the centre of the instrument. 
It is, in fact, the grand source of all the precision of 
modern astronomy, without which all other refinements 
in instrumental workmanship ,voulcl be thrown away ; 
the errors capable of being committed in pointing to an 
object, ·without such assistance, being far greater than 
what could arise from any but the very coarsest gradu
ation."' In fact, the telescope thus applied becomes, with 
respect to angular, ,vhat the microscope is with respect 
to linear dimension. By concentrating attention on its 
smallest points, ancl magnifying into palpable intervals 
the minutest differences, it enables us not only to scru
tinize the form and structure of the objects to which it 
is pointed, but to refer their apparent places, with all 
but geometrical precision, to the parts of any scale with 
,vhich "'e propose to compare them. 

(183.) The simplest mode in which the measure-
" The honour of this capital improvement has been successfully vin

ilicated by Derham (Phil. Trans. xxx. 60$.) to our young, tale11wc1, and 
unfortunate (•outllryman Gascoigne, from his correspondence with Crabtree 
and Horrockes, in his (Derham's) p0ssession. The passages cited by Der. 
ham from these letters leave no doubt that, so e'arly as 161-0, Gascoigne 
had applied telescopes to his quadrants and sextants, willt threads in 
the common focus of the glnsses; and had e,•en carried the invention so far 
as to illuminate the field of view by artificial light, which he found" vert1 
1,elpful whe,1 the moon appetwetl, not, &r it i.s not otl,erwise light enough." 
These inventions were freely communicated liy him to C~abtree, and through 
him tc, his friend Horrockes, the pride ancl boast of British astronomy 

1

. both 
of whom cx1>ressed their unbom1ded admiration of this and many ot ier of 
his delicate and admirable improvement,; in the art of observation. Gas. 
coigne, however, perished, at the age of twenty.three, at the battle of Mar
ston )1oor ; and the premature and sudden . death of J-~orrock_es, at a yet 
earlier age, wi!I account ror the tempo~ary oblivlOll of the mvenuon It was 
revived or re.mvented, rn 1667, by Picard and Auzout (Lalande, Astron. 
2310.), ~fter which its use became univ!)rSal. Morin, even earlier thary Gas. 
coigne cin 1635}, had proposed to substitute the telescope for plam sights; 
but it is the thread or wire stretched in the focus with which the image of 
a star can be brought to exact coincidence, which gives the telescope its ad. 
vantage in practice; and the idea of this does not seem to have occurred to 
Morin. (See Lalande, ulli supra,) 
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ment of an angular interval can be executed, is what ,ve 
have just described; but, in strictness, this mode i& 
applicable only to terrestrial angles,such as those occu
pied on the sensible horizon by the objects which sur
round our station,-because these only re1nain stationary 
during the interval while the telescope is shifted on the 
limb from one object to the other. But the diurnal 
motion of the heavens, by destroying this essential con
clition, renders the direct measurement of angular dis
tance from object to object by this means impossible. 
The sa1ne objection, however, does not apply if we seek 
only to determine the interval between the diu1·nal ci1·cles 
described by any two celestial objects. Suppose every 
star, in its diurnal revolution, were to leave behind it a 
visible trace in the heavens,-a fine line of light, for 
instan('e,-then a telescope once pointed to a star, so as 
to have its i1nage brought to coincideuce with the inter
section of the ,vires, would constantly remain pointed 
to some portion or other of this line, ,vhich would there
fore continue to appear in its field as a luminous line, 
permanently intersecting the same point, till the star 
came round again. From one such line to another the 
telescope might be shifted, at leisure, without error; 
and then the angular interval between the two diurnal 
circles, in the J>lane of the tele,;cope's 1·otation, might be 
measured, Now, though we cannot see the path of a 
star in the heavens, we can wait till the star itself 
crosses the field of vie,v, and seize the moment of its 
passage to place the intersection of its wires so that the 
star shall traverse it; by which, when the telescope is 
well clamped, ,ve equally well secure the position of its 
diurnal circle as if we continued to see it ever so long. 
The reading off of the lirnb may then be performed at 
leisure; ancl when another star comes round into the 
plane of the circle, we may undamp the telescope, and 
a similar observation will enable us to assign the place 
of it.~ diurnal circle on the limb : and the observations 
may be repeated alternately, every day, as the stars 
pass, till we are satisfied ,yith their result. 

0 4 
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(134.) This is the principle of the mural circle, 
which is nothing 1nore than such a circle as ,ve have 
described in art. 129., firmly supported, in the plane 
of the meridian, on a long and powerful horizontal 
axis. This axis is let into a massive pier, or wall, of 
stone (whence the name of the instrument), and so 
secured by screws as to be capable of adjustment both 
in a vertical and horizontal direction ; so that, like the 
axis of the transit, it can be maintained in the exact 
direction of the east and west points of the horizon, the 
plane of the circle being consequently truly meridional. 

(135.) The meridian, being at right angles to all 
the diurnal circles described by the stars, its arc inter
cepted between any two of them will measure the least 
distance between these circles, and will be equal to the 
difference of the declinations, as also to the difference 
of the 1neridian altitudes of the objects-at least when 
corrected for refraction. These differences, then, are the 
angular intervals directly measured by the mural circle. 
Bu:t from these, supposing the law of refraction kno,vn, 
it is easy to conclude, not their differences only, but the 
quantities themselves, as we shall now explain. 

(136.) The declination of a heavenly body is the 
complement of its distance from the pole. The pole, 
being a. point in the meridian, 1night be directly observed 
on the limb of the circle, if any star stood exactly therein; 
and thence the pola1· distances, and, of course, the de
clinations of all the rest, might be at once determined. 
But this not being the case, a bright star as near the 
pole as can be found is selected, and observed in its up
per and lower culminations; that is, when it passes the 
meridian above and below the pole. Now, as its distance 
from the pole remains the same~ the difference of read-
1ng off tlte circle in the two cases is, of course ( when 
corrected for refraction), equal to twice the polar dis
tance of the star ; the arc intercepted on the limb of the 
circle being, in this case, equal to the angulaT diameter 
of the star's diurnal circle. In the annexed diagram, 
H P O represents the celestial meridian, P the pole., 
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B R, A Q, C D the diurnal circles of stars which ar
rive on the meridian-at BA and C in their upper> 

and at R Q D in their lower culminations, of which 
D happens above the horizon I-I O. P is the pole; 
and if we suppose h p o to be the mural circle, having 
S for its centre, b a c p d will be the points on its 
circumference corresponding to B A C P D in the 
heavens. Now, the arcs ba, be, bd, and cd are given im
mediately by observation; and since C P=P D, we have 
also c p= p d, and each of them = ~ c d, consequently 
the place of the polar point, as it is called, upon the limb 
of the circle becomes known, and the arcs p b, p a, pc> 
which represent on the circle the polar distances re
quired, become also known. 

(137.) The situation of the pole star, which is a 
very brilliant one, is eminently favourable for this pur
pose, being only about a degree and a half from the 
pole; it is, therefore, the star usually and almost solely 
chosen for this important purpose ; the more especially 
because, both its culminations taking place at great and 
not very different altitudes, the refractions by which 
they are affected are of small amount, and differ but 
slightly from each other, so that their correction is easily 
antl safely applied. T he brightness of tl1e pole star, 
too, allows it to be easily observed in the daytime. Jn 
consequence of these peculiarities, this star is one of con .. 
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stant resort with astronomers for the adjustment and 
verification of instruments of almost every description. 
In the case of the transit, for example, it furnishes a 
ready means of ascertaining whether the plane of the 
telescope's motion is coincident with the meridian. For 
since this latter plane bisects its diurnal circle, the 
eastern and the western portion of it require equal times 
for their description. Let, therefore, the moments of 
its transit above and below the pole be noted; and if 
they are found to follow at equal intervals of 12 sidereal 
hours, we may conclude with certainty that the plane of 
the telescope's motion is 1neridional, or the position of 
its horizontal axis exactly east and west. But if it 
pass from one to the other apparent culmination in un
equal intervals of time, it is equally certain that an 
extra-meridional error must exist, the deviation lying 
towards that side on which the least interval is occupied. 
And the axis must be moved in azimuth accordingly, 
till the difference in question disappears on repeating 
the observations. 

(138.) The place of the polar point on the limb 
of the mural circle once determined, becomes an origin, 
or zero point, from which the polar distances of all 
objects, referred to other points on the same lines, 
reckon. It matters not whether the actual commence
ment 0'0 of the graduations stand there, or not; sini:e 
it is only by the difference of the readings that the arcs 
on the limb are determined; and hence a great advan
tage is obtained in the power of commencing anew 
a fresh series of observations) in which a different 
part of the circumference of the circle shall be employed, 
and different graduations brought into use, by which 
inequalities of division may be detected and neutralized. 
This is accomplished practically by detaching the tele
scope from its old bearings on the circle, and fixing it 
afresh on a different part of the circumference. 

(189,) A point on the limb of the mw·al circle, 
not less important than the polar point, is tl1e ho1'izontal 
point, ·which, being once known, becomes in like man-



CIJAP, II, POLAR AND HORIZONTAL POINTS, 91 

ner an origin, or zero point, from which altitudes ar~ 
reckoned. The principle of its determination is ulti
mately nearly the same with that of the polar point. 
As no star exists in the celestial horizon, the observer 
must seek to determine two points on the limb, the one 
of which shall be precisely as far below the horizontal 
point as the other is above it. For thiis purpose, a star 
is observed at its culmination on one night, by pointing 
the telescope directly to it, and the next, by pointing to 
the i1nage of the sa1ne star reflected in the still, unruffled 
surface of a fluid at perfect rest. Mercury, as the most 
reflective fluid known, is generally chosen for that use. 
As the surface of a fluid 1\t rest is necessarily horizontal, 
and as the angle of reflection, by the laws of optics, is 
equal to that of "incidence, this image will be just as 
much depressed below the horizon, as the star itself is 
elevated above it ( allowing for the difference of refrac
tion at the moments of observation). The arc inter
cepted on the limb of the circle behveen the star and 
its reflected image thus consecutively observed, when 
corrected for refraction, is the double altitude of the 
star, and its point of bisection the horizontal point. 
The reflecting surface of a fluid so used for the deter -
mination of the altitudes of objects is called an a1·tiflcial 
h01·izon. 

(140.) The mural circle is, in fact, at the same 
time, a transit instrument; and, if furnished with a 
proper system of vertical wires in the. focus of its tele
scope, may be used as such. As the axis, however, is 
only supported at one end, it has not the strength and 
permanence necessary for the more delicate purposes of 
a transit; nor can it be verified, as a transit may, by 
the reversal of the two ends of its axis, east for ,,;est. 
Nothing, however, prevents a divided circle being per
manently fastened on the axis of a transit instrument, 
near to one of its extremities, so as to revolve with it, 
the reading off being performed by a microscope fixed 
on one of its piers. Such an instrument is called a 
TRA~sxr CI.RCLE. or a l\IERID!AN CIRCLE, and serves for , 
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the simultaneous determination of the right ascensions 
and polar distances of objects observed with it; the time 
of transit being noted by the clock, and the circle being 
read off by the lateral microscope. 

(141.) The determination of the horizontal point 
on the limb of an instrument is of such essential import
ance in astronomy, that the student should be made 
acquainted with every means employed for this purpose. 
These are, the artificial horizon, the plumb-line, the 
level, and the floating collimator. The artificial horizon 
has been already explained. The plumb-hne is a fine 
threarl or wire, to which is suspended a weight, w·hose 
oscillations are impeded and quickly reduced to rest by 
plunging it in ,vatcr. The direction ultimately assumed 
by such a line, admitting its perfect flexibility, is that of 
gravity, or perpendicular to the surface of still water. 
Its application to the purposes of astronomy is, however, 
so delicate, ancl difficult, and liable to error, unless ex
traordinary precautions are taken in its use, that it is at 
present almost universally abandoned, for the more con
venient and equally exact instru1nent the level. 

( I 4,2.) The level is nothing more than a glass tube 
nearly filled with a liquid, (spirit of wine being that 

now generally used, on account of its extreme mobi
lity, and not being liable to freeze,) the bubble in which, 
when the tube is placed horizontally, would rest indif
ferently in any part if the tube could be mathematically 
st1·aight. But that being impossible to execute, and 
every tube having some slight curvature, if the convex 
side be placed upwards, the bubble will occupy the 
higher part) as in the figure ( where the curvature is 
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purposely exaggerated). Suppose sucl1 a tube as A B 
firmly fastened on a straight bar, CD, and marked ata b, 
two points distant by the length of the bubble; then, if 
the instrument be so placed that the bu.bble shall occupy 
this interval, it is clear that CD can have no other than 
one definite inclination to the horizon ; because, were 
it ever so little moved one ,vay or other, the bubble 
,~ould shift its place, and run towards the elevated side. 
Suppose, now, that we would ascertain whether any given 
line P Q be horizontal; let the base of the level CD 
be set upon it, and note the points a b, between which 
the bubble is exactly contained; then turn the level end 
for end, so that C shall rest on Q, and Don P. If then 
the bubble continue to occupy the same place between 
a and b, it is evident that P Q can be no otherwise than 
horizontal. If not, the side towards which the bubble 
runs is highest, and must be lowered. Astronomical 
levels are furnished ,~th a divided scale, by which the 
places of the ends of the bubble can be nicely marked ; 
and it is said that they can be executed with such de
licacy, as to indicate a single second of angular deviation 
fro1n exact horizontality. 

(143.) The mode in which a level may be applied 
to find the horizontal point on the limb of a vertical 
divided circle may be thus explained : Let A B be a 
telescope firmly fixed to such a circle, DE F, and move-

a b 
:_a .......... ~ L.: 

A n 



• 

A TltEATISE ON ASTRONOlfY. 

able in one with it on a horizontal axis C, which must 
be like that of a transit, susceptible of reversal (see 
art. 127. ), and with which the circle is inseparably 
connected. Direct the telescope on some distant well
defined object S, and bisect it by its horizontal ,vire, 
and in this position clamp it fast. Let L be a level 
fastened at right angles to an ann, LEF, furnished 
with a microscope, or vernier at F, and, if we please, an
other at E. Let this arm be fitted by grinding on the 
axis C, but capable of moving smoothly on it without 
carrying it round, and also of being clamped fast on it, 
so as to prevent it from moving until required. "\Vhile 
the telescope is kept fixed on the object S, let the level 
be set so as to bring its bubble to the marks a h, and 
clamp it there. Then will the arm L CF have some 
certain determinate inclination (no matter what) to the 
horizon. In this position let the circle be read off at 
F, and then let the whole apparatus be revei·sed by turn
ing its horizontal axis end for end, without uncla1nping 
the level ar1n from the axis. This done, by the motion 
of the whole instrument (level and all) on its axis, 
restore the level to its horizontal position with the bubble 
at a b. Then we are sure that the telescope bas no,v 
the same inclination to the horizon the othei· way, that 
it had when pointed to S, and the reading off at F will 
not have been changed. Now unclamp the level, and, 
keeping it nearly horizontal, turn round the circle on the 
axis, so as to carry back the telescope th1·ough the zenitl~ 
to S, and in that position clamp the circle and telescope 
fast. Then it is evident that an angle equal to twice 
the zenith distance of S has been moved over by the 
axis of the telescope from its last position. Lastly, 
without unclamp~g the telescope and circle, let the 
level be once more rectified. Then will the arm 
LE F once more assume the same definite position 
with respect to the horizon; and, consequently, if the 
circle be again read off, the clifference between this 
and the previous reading must measure the arc of its 
circumference ,vhich has passed under the point FJ 
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,vhich may be considered as having all the while re
tained an invariable position. This difference, then, 
will be the double zenith distance of S~ and its half the 
zenith distance simply, the complement of which is 
its altitude. Thus the altitude corresponding to a given 
reading of the limb becomes known, or, in other words, 
the horizontal point on the limb is ascertain::!d. Cir
cuitous as this process may appear, there is no other 
mode of employing the level for this purpose which does 
not in the end come to the same thing. l\1ost corn. 
monly, however, the level is used as a mere fiducial 
reference, to preserve a horizontal point once well deter~ 
mined by other means, which is done by adjusting it so 
as to stancl level when the telescope is truly horizontal, 
and thus leaving it depending on the permanence of its 
adjustment. 

(144.) The last, but probably not the least exact, 
as it certainly is, in innumerable cases, the most conve. 
nient means of ascertaining the horizontal point, is that 
afforded by the floating collimator, a recent invention of 
captain I{ater. This elegant instrument is nothing 
more than a small telescope furnished with a cross.wire 
in its focus, and fastened horizontally, or as nearly so 
as may be, on a flat iron float, which is made to swim 
on mercury, and which, of course, will, when left to 
itself, assume always one ancl the same invariable in. 
clination to the horizon. If the cross-·wires of the col-

limator be illuminatecl by a lamp, being in the focus of 
its object.glass, the rays from them will issue parallel, 
and will therefore be in a fit state to be brought to a 
focus by the object-g1ass of any other telescope, in 
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,vhich they will form an image as if they came fro1n a 
celestial object in their direction, i. e. at an altitude equal 
to theil" inclination. Thus the intersection of the cross 
of the collimator may be observed as if it were a star, 
and that, however near the two telescopes are to each 
other. By transferring then, the colli1nator still float
ing on a vessel of mercury from the one side to the other 
of a circle, we are furnished with two quasi-celestial 
objects, at precisely equal altitudes, on opposite sides of 
the centre; and if these be observed in succession ·with 
the telescope of tl1e circle, bringing its cross to bisect 
the image of the cross "of the collimator ( for wl1ich 
end the w"ires of the latter cross are purposely set 

._ 45° inclined to the horizon) the dif_ 
·•,, \, ,,,,•,,,. ference of the readings on its limb 

'\ ' ,, ,, 
\, :. / ,vill be twice the zenith distance of 

,.·· ,: : \ either; whence, as in the last article, 
,,' ,, \,. ', 
' ,-' ,, \, the horizont:il or zenith point is im-

, ' ', • mediately determined.* 
( 145.) The transit and mural circle are essentially 

meridian instruments, being used only to observe the 
stars at the moment of their meridian passage. Inde
pendent of this being the most favourable moment 
for seeing them, it is that in ·which their diurnal mo
tion is parallel to the horizon. It is therefore easier 
at this time than it could be at any other, to place the 
telescope exactly in their true direction; since their 
apparent course in the field of view b~ing parallel to the 
horizontal thread of the system of wires therein, they 
may, by giving a fine motion to the telescope, be brought 
to exact coincidence with it, an<l time may be allowed to 
examine and correct this coincidence, if not at first ac
curately hit, which is the case in no other situation. 
Generally speaking, all angular magnitudes, which it is 
of importance to ascertain exactly, should, if possible, 
be observed at their maxima or minima of increase or 

• Another, and, in many respects, preferable form of the floating colli
mator, in which the telescope is uertirnl, and whereby the zeuifh point is 
directly ascertained, is described in the ,fhil, Trans. 1~8, p, ~7-, by the 
,ame author, 
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din1inution ; because at these points they remain not per
ceptibly changed during a time long enough to com
plete, and even, in many cases, to repeat and verify, 
our observations in a careful and leisurely manner. 
'fhe angle which, in the case before us, is in this pre
dicainent, is the altitude of the star, which attains its 
maxiinum or 1ninitnum on the meridian, and which is 
measured on the li1nb of the mural circle. 

(11•6.) The pw·poses of astronomy, however, re
quire that an observer should possess the means of 
observing any object not directly on the meridian, but 
at any point of its diurnal course, or wherever it may 
present itself in the heavens. Now, a point in the 
sphere is determiued by reference to two great circles at 
right angles to each other; or of two circles one of 
which passes through the pole of the other. These, in 
the language of geometry, are co-ordinates by which its 
situation is ascertained: for instance,-on the earth, a 
place is knov;n if we know its longitude and latitude; 
-in the starry heavens, if we know its right ascension 
and declination ;-in the visible he1nisphere, if we. 
know its az.imuth and altitude, &c. 

(147.) To observe an object at any point of itt 
diurnal course, we must possess the means of directing 
a telescope to it ; which, therefore, must be capable of 
motion in two planes at right angles to each other; and 
the amount of its angular motion in each must be 
measured on two circles co-01·dinate to each other, whose 
planes must be parallel to those in "'hich the telescope 
moves. 'flhe practical accomplishment of this condition 
is effected by making the axis of one of the circles pe
netrate that of the other at right angles. 1'he pierced 
axis turns on fixed supports, while the other has no 
connection with any external support, but is sustained 
entirely by that which it penetrates, which is strength
ened and enlarged at the point of penetration to receive 
it. The annexed figure exhibits the simplest form of 
such a combination, though by no n1eans the best in 
point of 1nechanism, The two circles i.re read off' by 

1I 
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verniers, or microscopes ; the one attached to the fixed 
:;,upport which carries the principal axis, the other to an 
arm projecting from that axis. Both circles also are 
susceptible of being clamped, the clamps being attached 
to the same ultimate bearing with which the apparatus 
for reading off is connected. 

(148.) It is manifest that such a combination, how
ever its principal axis be pointed (provided that its 
direction be invariable), will enable us to ascertain 

E 

A n 

the situation of any ob. 
ject with respect to the 
observer's station, by 
angles reckoned upon 
t\vo great circles in the 
visible hemisphere, one 
of which has for its 
poles the prolongations 
of the principal axis . 
or the vanishing points 
of a system of lines 
parallel to it, and the 
other passes always 
through these poles : 
for the former great 
circle is the vanishing 
line of all planes pa
rallel to the circle A B, 

while the latter, in any position of the instrument, is 
the vanishing line of all the planes parallel to the circle G 
H; and these two planes being, by the construction of 
the instrument, at right angles, the great circles, which 
are theh· vanishing lines, must be so too. No,v, if two 
great circles of a sphere be at right angles to each other, 
the one ,vill always pass through the other's poles. 

(149.) There are, ho,vever~ but two positions in 
,vhich such an apparatus can be mounted so as to be of 
any practical utility in astronomy. '.l'he first is, when 
the principal axis C Dis parallel to the earth's axis, and 
therefore points to ui.e poles of the heavens ,vhich are 
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the vanishing points of all lines ip this syste1n of pa
rallels; and when, of course, the plane of the circle 
A B is parallel to the eai-th's equator, and therefore has 
the equinoctial fo1· its vanishing circle, anu measures, 
by its arcs read off, hour angles, or differences of right 
ascension. I n this case, the great circles in the heavens, 
corresponding to the various positions, which the 
circle G H can be made to assume, by the rotation of 
the instrurnent round its axis C D, are all hour-circles; 
and the arcs 1·ead off on this circle will be declinations, 
or polar distances, or their differences. 

(150.) In this position the apparatus assumes the 
name of an equatoi·ial, or, as it ,vas formerly called, a 
para/lactic instrument. It is one of the roost convenient 
instruments for all such observations as require an ob
ject to be kept long in view, because, being once set 
upon the object, it can be followed as long as we please 
by a single motion, i. e. by merely turning the ,vbole 
apparatus round on its polar axis. Foi- since, ,vhen the 
telescope is set on a star, the angle between its direction 
and that of the polar axis is equal to the polar distance 
of the star, it follows, that ·when turned about its axis, 
without altering the position of the telescope on the 
circle G I-I, the point to ,vhich it is directed will always 
lie in the small circle of the heavens coincident ,vith the 
star's <liurnal path. In many observations this is an 
inestimable advantage, and one which belongs to no other 
instrument. The equatorial is also used for determin
ing the place of an unknown by comparison with that 
of a known object, in a manner to be described in the 
fourth chapter. The adjustments of the equatorial are 
somewhat complicated ancl difficult. They are best per
formed by following the pole-star round the entire 
diurnal circle, and by observmg, at proper int.ervals, 
other considerable stars whose places are well ascer
tained.• 

(151.) The other position in which such a corn-

,. St>e L(ttrow. on the Adjustment of the Equatorial. - Jfem. Astrvn. 
Soc. vol lL p, 45. 
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pound apparatus as ,ve have described in art. 14•7. 
may be aclvantageously mounted, is that in which the 
principal axis occupies a vertical position, and the 
one circle, A B, consequently corresponds to the ce
lestial horizon, and the other, G H, to a vertical circle of 
the heavens. The angles measured on the former are 
therefo:re azimuths, or differences of azimuth, and those 
on the latter zenith distances, or altitudes, according as 
the graduation commences from the upper point of its 
limb, or from one 90° distant from it. It is therefore 
known by the na1ne of an a:ziniuth and altitude inst1·u
ment. '!'he vertical position of its principal axis is se
cureu either by a plumb-line suspended from the upper 
end, ,vhich, however it be turned round, should continue 
always to intersect one and the same fiducial mark near 
its lower extreinity, or by a level fixed directly across it, 
,vhose 'bubble ought not to shift its place, on moving the 
instrument in azimuth. The north or south point on 
the horizontal circle is ascertained by bringing the ver
tical circle to coincide with the plane of the meridian, 
by the same criterion by which the azimuthal adjust
ment of the transit is performed (art. 137.), and 
noting, in this position, the reading off of the lower 
circle, or by the following process. 

(152.) Let a bright star be observed at a con
siderable distance to the east of the meridian, by bring
ing it on the cross wires of the telescope. I n this po
sition let the horizontal circle be read off, and the 
telescope securely clamped on the vertical one. '\-l'hen 
the star has passed the meridian, and is in the descend
ing point of its daily course, let it be followed by moving 
the whole in!)trumE>nt round to the west, without, how
ever, unclamping the telescope, until it comes into the 
field of view; and until, by continuing the horizontal 
motion, the star a11d the cross of the wires come once 
more to coincide. In this position it is evident the star 
must have the <;ame precise altitude above the western 
horizon, that it had at the moment of the first ob
servation above the eastern. At this point let the mo. 
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tion be arrested, and the horizontal circle be again read off. 
The difference of the readings will be the azimuthal arc 
described in the interval. Now, it is evident that when 
the altitudes of any star are equal on either side of the 
meridian, its azimuths, whether reckoned both from the 
north or both from the south point of the horizon, must 
also be equal,-consequently the north or south point 
of the horizon must bisect the azimutl1al arc thus deter
mined, and will therefore become known. 

(153.) This method of determining the north and 
south points of a horizontal circle (by which, when 
known, we may draw a meridian line) is called the 
" 1nethod of equal altitudes," and is of great and con
stant use in practical astronomy. If we note, at the 
moments of the two observations, the time, by a clock or 
chronon1eter, the instant halfway between them will be 
the moment of the star's meridian passage, which may 
thus be determined without a transit ; and, vice versa, 
the error of a clock or chronometer may by this process 
be discovered. For this last purpose, it is not neces
sary that our instrument should be provided with a hori
zontal circle at all. Any means by ,vhich altitudes can 
be measured will enable us to determine the moments 
when the same star arrives at equal altitudes in the 
eastern and ·western halves of its diurnal course; and, 
these once known, the instant of meridian passage and 
the error of the clock become also known. 

( 154.) One of the chief purposes to which the 
altitude and azimuth circle is applicable is the inves
tigation of the amount and laws of refraction. For, by 
following with it a circumpolar star which passes the 
zenith, and another which grazes the horizon, through 
their whole diurnal course, the exact apparent form of 
their diurnal orbits, or the ovals into ,vhich their circles 
are distorted by refraction, can be traced; and their devi
ation from circles, being at every moment given by the 
nature of the observation in the direction in which the 
refraction itself takes place (i. e. in altitude), is made a 
matter of direct observation. 

n 3 
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(155.) The zenith sector and the theodolite are 
peculiaJr modifications of the altitude and azimuth instru
ment. The former is adapted for the very exact observ
ation of stars in or near the zenith, by giving a great 
length to the vertical axis, and suppressing all the cir
cumference of the vertical circle, except a fe,v degrees 
of its lower part, by which a great length of radius, 
and a consequent proportional enlargement of the divi
sions of its arc, is obtained. rrhe latter is especially 
devoted to the measure of horizontal angles between 
terrestrial objects, in which the telescope never requires 
to be elevated more than a fe,v degrees, and in which, 
therefore, the vertical circle is either dispensed with, or 
executed on a smaller scale, and with less delicacy; 
while, on the other hand, great care is bestowed on 
securing the exact perpendicularity of the plane of the 
telescope's motion, by resting its horizontal axis on t,vo 
supports like the piers of a transit-insti·ument, while 
the1nselves arc firmly bedded on the spokes of the hori
zontal circle, and turn with it. 

( 156.) The last instrument we shall describe is 
one by ·whose aid the direct angular distance of any two 
objects may be measured, or the altitude of a single one 
determined, either by measuring its distance from the 
visible horizon ( such as the sea-offing, allowing for its 
<lip), or from its own reflexion on the surface of mer
cury. It is the sextant, or quadrant, com1nonly called 
Hadley's, from its reputed inventor, though the priority 
of invention belongs undoubtedly to ' Newton, ,vhose 
claims to the gratitude of the navigator are thus doubled, 
by his having furnished at once the only theory by 
·which his vessel can be securely guided, and the only 
instrument ,vhich. has ever been found to avail, in ap
plying that theory to its nautical uses.* 

* Newton communicated it to Dr. Halley, who suppressed it. The de
scription of the instrument was found, after· the death of Halley, among his 
papers, in Newton's own handwriting, by h;s executor, who communicated 
the pApers to the 'Royal Society, twenty .five years after Newton's death, 
and eleven after the publication of Hadley's invention, which might be, 
and probably was, independent of any knowledge of Newton's, tl1ough 
Hut1011 in.;inuates the co1itrary, 
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(157.) The principle of this instrument is the op
tical property of reflected rays, thus announced: - " The 

angle between the first and last directions of a ray which 
has suffered two reflexions in one plane is equal to twice 
the inclination of the reflecting surfaces to each other." 
Let A B be the limb, or graduated arc, of a portion of 
a circle 60° in extent, but divided into 120 equal parts. 
On the radius CB Jet a silvered plane glass D be fixerl, 
at right angles to the plane of the circle, and on the 
moveable ranius C E let another such silvered glass, C, 
be fixed. The glass D is permanently fixed parallel to 
AC, and only one half of it is silvered, the other half 
allowing objects to be seen through it. The glass C is 
wholly silvered, and its plane is pai·allel to the length 
of the moveable radius CE, at the extremity E, of 
which a vernier is placed to read off the divisions of the 
limb. On the radius A C is set a telescope F, through 
which any object, Q, may be seen by direct rays which 
pass through the unsilvered portion of the glass D, 
,vhile another object, P, is seen through the same tele
scope by rays, which, after reflexion at C, have been 
thrown upon the silvered part of D, and are thence 
directed by a second reflexion into the telescope. 1'he 
two images so formed will both be seen in the field of 
view at once, and by moving the radius CE will (if the 
reflectors be truly perpendicular to the plane of the circle) 
meet and pass over, without obliterating each other. The 
motion, however, is arrested when they meet, and at this 

11 4 
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point the angle included between the direction C P of one 
object, and F Q of the other, is twice the anp;le E CB " 
included between the fixed ancl moveable radii CB, C E. 
Now, the graduations of the limb being purposely made 
only half as distant as would correspond to degrees, the 
arc BE, ,vhen reacl off, as if the graduations ,vere whole 
degrees, ,vill, in fact, read double its real amount, and 
therefore the numbers to reid off will express not the 
angle EC B, but its double, the .angle subtended by the 
objects. 

( 158.) To determine the exact distances between 
the stars by direct observation is comparatively of little 
service; but in nautical astronomy the measurement of 
their distances from the moon, and of their altitudes, is of 
essential importance ; ancl as the sextant requires no 
fixed support, but can be held in the hand, and used on 
ship-board, the utility of the instrument becomes at 
once obvious. For altitudes at sea, as no level, plumb
line, or artificial horizon can be used, the sea-offing 
affords the only resource; and the image of the star 
observed, seen by reflexion, is brought to coincide with 
the boundary of the sea seen by direct rays. Thus the 
altitude above the sea-line is found ; and this corrected 
for the dip of the horizon (art. 24.) gives the true 
altitude of the star. On land, an artificial horizon may 
be used (art. I 39.), and the consideration of dip is ren
dered unnecessary. 

( I 59.) The reflecting ch-cle is an instrument destined 
for the same uses as the sextant, but more complete, 
the circle being entire, and the divisions carried all 
round. It is usually furnished with three verniers, so 
as to admit of three distinct readings off, by the average 
of which the error of graduation and of reading is 
reduced. This is altogether a very refined and elegant 
instrument. 

( 160.) '"' e must not conclude this chapter without 
mePtion of the "principle of repetition ; " an invention 
of Borcla, by which the error of graduation may be 
diminished to any degree, ancl; practically speaking, an-
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nihilated. Let PQ be two objects which ,ve may suppose 
fixed, for purposes of mere explanation, and let KL be a 

Q 

telescope moveable on 0, the common axis of two 
circles, A 1\:1 L and a b c, of which the former, A. l\f L, 
is absolutely fixed in the plane of the objects, and carries 
the graduations, and the latter is freely moveable on 
the axis. T .he telescope is attached permanently to the 
latter circle, and moves with it. An arn1 0 a A 
carries the index, or vernier, which reads off the gra
duated limb of the fixed circle. This arm is provided 
,vith two clamps, by which it can be temporarily con
nected with either circle, and deta,checl at pleasure. 
Suppose, now, the telescope directed to P. Clam? the 
index arm O A to the inner circlt!, an u unclamp 1t from 
the outer, and read off. Then carry the tele~cope round 
to the other object Q. In so doing, the inner drcle, 
and the index-arm which is clamped to it, will also be 
carried round, over an arc A B, on the graduated limb 
of the outer, equal to the angle PO(}. Now clamp the 
index to the outer circle, and unclamp the inner, and 
read off: the difference of readings ,vill of course 
measure the angle PO Q; but the result will be liable 
to two sources of error-that of graduation and that of 
observation, both which it is our object to get rid of. 
To this end transfer the telescope back to P, 'without 
unclamping the arm from the outer circle; then, having 
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made the bisection of P, clamp the arm to b, and un~ 
clamp it from B, and again transfer the telescope to Q, 
by which the arm will now be carried ,vith it to C, over 
a second arc, BC, equal to the angle PO Q. Now 
again read off; then will the difference between this 
1·cading and the 01·iginal one measure twice the angle 
P O Q, affected ,vith both erro1·s of observation, but 
only with the same erro1· of gi·aduation as befoi·e. Let 
this process be repeated as often as w·e please (suppose 
ten times) ; then ,vill the final arc A BCD read off on 
the circle be ten times the required angle, affected by 
the joint errors of all the ten observations, but only by 
the same constant error of graduation, which depends on 
the initial and final readings off alone. Now the errors 
of observation, ,vhen numerous, tend to balance and 
destroy one another; so that, if sufficiently multiplied, 
their influence will disappear from the result. 'fhere 
remains, then, only the constant error of graduation, 
which comes to be divided in the final result by the 
number of observations, and is therefore diminished in 
its influ.ence to one tenth of its possible amount, or to 
less if need be. The abstract beauty and advantage of 
this principle seem to be counterbalanced in practice 
by some unknown cause, which, probably, must be 
sought for in imperfect clamping. 

' 

• 
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CHAP. I II. 

OF GEOGRAPHY, 

OF THE FIGURE OF THE EARTH. - ITS £XACT DIMENSIONS, -

ITS FOR)! TH.I.T OF EQUILIBRIUM l\lODIFIED BY CENTlUFUOAL 

FORC.E, -V,l.ltlATION OF GRAVITY ON ITS SURFACE, -ST.\TICAL 

AND DYNA)IICAL :l>lE.\SURES OF GRAVITY.-THE PENDULO~l, 

- GRAVITY TO A srHEllOID, - OTHER :EFFZCTS OF EARTH'S 

ROTATION. -TRADE WINDS. - DETERMINATION OF GEOGRA

PHICAL POSITIONS. - OF LATlTUDES. - Of' LONGl'l'UDES, -

CONDUCT OF A TRlGONO)tETRICAL SURVEY-,- Of' MAl'S- - l'RO• 

JECTIONS OF THE SPHERE, - 3tEASUREM£NT OF HEIGHTS DY 

TUE BARO.llETER, 

(161.) GEOGRAPHY is not only the most important 
of the practical branches of J...,10,vledge to w·hich astro
nomy is applied, but is also, theoretically speaking, an 
essential part of the latter science. 'fhe earth being 
the general station from which we view the heavens, 
a knowledge of the local situation of particula1· stations 
on its surface is of great consequence, when we come 
to enquire the distances of the neare1· heavenly bodies 
from us, as concluded from observations of their para
lax as well .as on all other occasions, where a differ -
ence of locality can be supposed to influence astronomi
cal results. "\,Ve propose, therefore, in this chapter, to 
explain the principles, by which astronomical observa
tion is applied to geographical determinations, and to 
give at the same time an outline of geography so far 
as it is to be considered a part of astrono1ny. 

(16Q.) Geography, as the ,vord imports, is a deline
ation or desc1·iption of the earth. In its widest sense, 
this comprehends not only the delineation of the form 
of its continents and seas, its rivers and mountains, but 
their physical condition, climates, and products, and 
their appropriation by co1nmunities of men . ,vith 
physical and political geography, ho·wever, we have no 
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concern here. Astronomical geography has for its 
objects the exact knowltidge of the form and dimensions 
of the earth, the parts of its surface occupied by sea 
and land, and the configuration of the surface of the 
latter, regarded as protuberant above the ocean, and 
broken into the various forms of mountain, table land, 
and valley; neither should the form of the bed of the 
ocean, regarded as a continuation of the surface of the 
land beneath the water, be left out of consideration; 
we kno·w, it is true, very little of it; but this is an igno
rance rather to be lamented, and, if possible, remedied, 
than acquiesced in, inasmuch as there are many very 
important branches of enquiry which ,vould be greatly 
advanced by a better acquaintance with it. 

(163.) ,Vith regard to the figure of the earth as a 
whole, we have already shown that, speaking loosely, it 
may be regarded as spherical; but the reader who has 
duly appreciated the remarks in art. £3. will not be 
at a loss to perceive that this result, concluded from 
observations not susceptible of much exactness, and em
bracing very small portions of the surface at once, can 
only be regarded as a first approximation, and may 
require to be materially modified by entering into mi
nutire before neglected, or by increasing the delicacy 
of our observations, or by including in their extent 
larger areas of its surface. For instance, if it should 
turn out (as it will), on minuter enquiry, that the true 
figure is somewhat elliptical, or flattened, in the manner 
of an orange, having the diameter which coincides 
,vith the axis about !Jt)th part shorter than the 
diameter of its equatorial circle ; - this is so trifling a 
deviation from the spherical form that, if a moclel of 
such proportions ,vere turned in wood, and laid before 
us on a table, the nicest eye or han<l would not dt'tect 
the flattening, since the difference of diameters, in a 
globe of sixteen inches, would amount only to .,'.,th of 
an inch. In all con1mon parlance, antl for all ordinary 
purposes, then, it would still be called a globe ; while, 
nevertheless, by careful 1neasurement, the diflertnce 
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w·ould n"ot fail to be noticed, and, speaking strictly, it 
would be termed, not a globe, but an oblate ellipsoid, 
or spheroid, ,vhich is the name appropriated by geo1neters 
to the form above described. 

(164.) The sections of such a figure by a plane are 
not circles, but ellipses; so that, on such a shaped earth, 
the horizon of a spectator would nowhere ( except at 
the poles) be exactly circular, but somewhat elliptical. 
It is easy to demonstrate, however, that its deviation 
from the circular form, arising fro1n so very slight an 
« ellipticity" as above supposed, ,voultl be quite imper
ceptible, not only to our eyesight but to the test of the 
dipsector; so that by that mode of observation we 
should never be led to notice so small a deviation from 
perfect sphcricity. How we are led to this conclusion, 
as a practical result, will appear, when ·we have explained 
the means of determining with accura<:y the dimensions 
of the ,vhole, or any part of the earth. 

(165.) As we cannot grasp the earth, nor recede 
fro1n it far enough to view it at once as a whole, and 
compare it with a known standard of measure in any de
gree commensurate to its own size, but can only creep 
about upon it, and apply our diminutive measures to com
paratively small parts of its vast surface in succession, it 
becomes necessary to supply, by geometrical reasoning, 
the defect of our physical powers, and from a delicate 
and careful measurement of such small parts to con
clude the form and dimensions of the whole mass. 
This would present little difficulty, if we were sure the 
earth ,vere strictly a sphere, for the proportion of the 
circumference of a circle to its diameter being known 
(viz. that of 3·1415926 to 1·0000000), ,ve have only 
to ascertain the length of the entire circumference of 
any great circle, such as a meridian, in miles, feet, 
or any other standard units, to know the diameter in 
units of the same kind. No,v the circumference of the 
whole circle is known as soon as we know the exact 
length of any aliquot part of it, such as 1 ° or :nro th part; 
and this, being not more than about S'eventy miles in 
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length, is not beyond the limits of very exact measure
ment, and could, in fact, be measured (if we knew its 
exact termination at each extremity) within a very fe,v 
feet, or, indeed, inches, by methods presently to be par
ticularized. 

(166.) Supposing, then, we were to begin measuring 
with all due nicety from any station, in the exact direc
tion of a meridian, and go measuring on, till by some 
indication we ,vere informed that ,ve had accomplished 
an exact degree from the point ,ve set out from, our 
problem would then be at once resolved. It on1¥ 1·e
mains, therefore, to enquire by what indications ,ve can 
be sure, 1st, that ,ve have advanced an exact deg1·ee; 
and, ~clly, that ,ve have been measuring in the eJJact 
direction of a g1·eat ci1·cle. 

(167.) No,v, the earth has no landmarks on it to in
dicate degrees, nor traces inscribed 011 its surface to 
guide us in such a course. The compass, though it 
affords .a tolerable guide to the mariner or the traveller, 
is far too uncertain in its indications, and too little 
known in its laws, to be of any use in such an operation. 
\Ve must, therefore, look outwards, and refer our 
situation on the surface of our globe to natural marks, 
exte1·nal to it, and which are of equal permanence and 
stability with the earth itself. Such marks are afforded 
by the stars. By observations of their meridian altitudes, 
performed at any station, and from their known polar 
distances, we conclude the height of the pole; and since 
the altitude of the pole is equal to the latitude of the 
place ( art. 95, ), the same observations give the lati. 
tudes of any stations ·where ,ve may establish the requisite 
instruments. "\iVhen our latitude, then, is found to have 
climinished a degree, we know that, provided we have 
kept to the meridian, we have described one three hun. 
dred and sixtieth part of the earth's circumference. 

(168.) The direction of the meridian may be se
cured at every instant by the observations described 
in art. 137.; and although local difficulties may oblige 
us to deviate in our measurement from this exact direc-
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tion, yet if ,ve keep a strict account of the amount of 
this deviation, a very simple calculation ,vill enable us 
to reduce our observed measure to its meridional value. 

( 169.) Such is the principle of that most important 
geographical operation, the measure1nent of an arc of 
the meridian. In its detail, however, a somewhat 
modified course must be followed. An observatory can
not be mounted ancl dismounted at every step; so that 
we cannot identify and measure an exact degree neither 
m01·e nor less. But this is of no consequence, provided 
we kno,v with equal precision how much, more or less, 
we have measured. In place, then, of measuring this 
precise aliquot part, we take the more convenient me
thod of measuring from one good observing station to 
another, about a degree, or two or three degrees, as the 
case may be, apart, and determining by astronomical 
observation the precise difference of latitudes between 
the stations. 

( 170.) Again, it is of great consequence to avoid 
in this operation every source of uncertainty, because an 
error committed in the length of a single degree will 
be multiplied 360 times in the circumference, ancl 
nearly 115 times in the diameter of the earth con
cluded from it. Any error which may affect the as
tronomical determination of a star's altitude will be 
especially influential. Now there is still too much un
certainty and fluctuation in the amount of refraction at 
moderate altitudes, not to make it especially desirable 
to avoid this source of error. To effect this, we take 
care to select for observation, at the extreme stations, 
some star ,vhich passes through or near the zeniths of 
both. The amount of refraction, within a few degrees 
of the zenith~ is very small, and its fluctuations ancl 
uncertainty, in _point of quantity, so excessively minute 
as to be utterly inappreciable. No,v, it is the same thing 
whether we observe the pole to be raised or depressed a 
degree, or the zenith distance of a star ·when on the meri .. 
dian to have changed by the same quantity. If at one 
station we observe any star to pass through the zenith, 

• 
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and at the other to pass one degree south or north of the 
zenith, we are sure that the geographical latitudes, or 
the altitudes of the pole at the two stations, must differ 
by the same amount. 

(171.) Granting that the terminal points of one 
degree can be ascertained, its length may be measured 
by the methods which ,vill be presently described, as 
we have before remarked, to within a very few feet. 
Now, the error which may be committed in fixing each 
of these terminal points cannot exceed that ,vhich n1ay 
be committed in the observation of the zenith distance 
of a star, properly situated for the purpose in question. 
This error, with proper care, can hardly exceed a single 
second. Supposing ,ve grant the possibility of ten feet 
of error in the measured length of one degree, and of 
one second in each of the zenith distances of one star, 
observed at the northern and southern stations, and, 
lastly, suppose all these errors to conspire, so as to tend 
all of them to give a result g,eater or all less than the 
truth, it will appear, by a very easy proportion, that the 
,vhole amount of error· whiclh would be thus entailed 
on an estimate of the earth's diameter, as concluded 
from such a measure, would not exceed 544 yards, or 
about the third part of a mile, and this would be large 
allowance. 

( 172.) This, however, supposes that the form of 
the earth is that of a perfect sphere, and, in consequence, 
the lengths of its degrees in all parts precisely equal. 
But when we come to compare the nieasmes of meri
dional arcs made in various parts of the globe, the 
results obtained, although they agree sufficiently to sho,v 
that the supposition of a spherical figure is not very 
remote from the truth, yet exhibit discordances far 
greater than what we have shown to he attributable to 
error of observation, and which rencler it evident th:1t 
the b ypothesis, in strictness of its wording, is unten
able. The following table exhibits the lengths of a 
degree of the meridian (astronomically determined as 
above described)1 expressed in British stanclard feet, as 
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resulting from actual measurement made with all pos
sible care and precision, by commissioners of various 
nations, men of the first eminence, supplied by their 
respective governments with the best instruments, and 
furnished with every facility which could tend to en
sure a successful result of their important labours."' 

- Latitude of Len~h of Arc Country. !\1 iddle of mt~urtd. the t= Obscners. 
' 

the Arc. conelu ed. 

Sweden . - 66 20 10 10 37' 19" 365782 Svanberg. 
Russia . . 58 17 S7 3 S5 5 365368 Struve. 
England . - 52 35 45 3 57 13 SM971 Roy, Kater. 
France . - 46 52 2 8 20 0 S64872 Lacaille, Cassini. 
France . - 44 51 2 12 22 13 3/H5S5 Delambre,"lecbain. 
Rome - 42 59 0 2 9 47 SIH262 Boscovich. 
America, U. S. _ 39 12 0 1 28 45 368786 Mason, Dixon. 
Cape of Good Hope SS 18 SO 1 IS 171 S64713 Lacaille. 
India - - 16 8 22 15 57 40 S63044, Lambton, Everest. 
India . . 12 Sil 21 1 34 56 36S01S Lambton. 
Peru . - 1 Sl 0 3 7 3 36280& Condamine, &c. 

. 

It is evident from a mere inspection of the second 
and fourth columns of this table that the nieasured 
length of a degree increases with the latitude, being 
greatest near the poles, and least near the equator. 
Let us now consider what interpretation is to be put 
upon this conclusion, as regards the form of the earth. 

(173.) Suppose we held in Olll' hands a model of 
the earth smoothly turned in wood, it would be, as 
already observed, so nearly spherical, that neither by 
the eye nor the touch, .unassisted by instruments, could 
we detect any deviation from that form. Suppose, 
too, we ,vere debarred from measuring directly across 
from surface to surface in different directions with any 
instrument, by which we might at once ascertain 
whether one diameter were longer than another; how, 
then, we may ask, are we to ascertain whether it is a. 
true sphere or not? It is clear that we have no re
source, but to endeavour to discover, by some nicer 

• Th_e firs_t three columns of this table are extracted from among the 
data g,".en m Professor's Airy's excellent paper " On .the Figure of the 
Earth," in the Ei1c)'clopa,dia ;ilfetropolitan11, 

J 
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means than simple inspection or feeling, whether the 
convex,ity of its surface is the same in every part; and 
if not, where it is greatest, and ,vhere least. Suppose, 
then, a thin plate of metal to be cut into a concavity at 
its edge, so as exactly to fit the surface at A: let this 

B 

now be removed from A, and applied successively to 
several other parts of the surface, taking care to 
keep its plane always on a great circle of the globe, as 
here represented. If, then, ,ve find any position, B, in 
·which the light can enter in the middle between the 
globe and plate, or any other, C, where the latter tilts 
by pressure, or admits the light under its edges, we are 
sure that the curvature of the surface at B is less~ and 
at C greater, than at A. 

( 174.) What we here do by the application of a metal 
plate of determinate length and curvature, we do on the 
earth by the measurement of a degree of variation in the 
altitude of the pole. Curvature of a surface is nothing 
but the continual deflection of its tangent from one fixed 
direction as we advance along it. When, in the same 
measu1·ed distance of advance, we find the tangent 
( which answers to our horizon) to have shifted its 
position with respect to a fixed direction in space, ( such 
as the a:lliis of the heavens, or the line joining the earth's 
centre and some given star,) 1no?'e in one part of the 
earth's meridian than in another, we conclude, of neces
sity, that the curvature of the surface at the former 
spot is greater than at the latter; and, vice versa, when, 
in order to produce the same <:hange of horizon with 



CHAP, III. MERIDIONAL SECTION OF THE EARTH. 115 

respect to the pole (suppose I 0), we require to travel 
over a longer measured space at one point than at an
other, we assign to that point a less curvature. Hence 
we conclude that the curvature of a me1·idional section 
of the ea1'tk is sensibly greater at the equator than 
towards the poles; or, in other words, that the earth is 
not spherical, but flattened at the poles, or, which comes 
to the same, protuberant at the equator. 

(175.) Let NAB DE F represent a meridional 
section of the earth, C its centre, and N J\., B D, GE, 

arcs of a meridian, each corresponding to one degree of 
difference of latitude, or to one degree of variation in 
the meridian altitude of a star, as referred to the horizon 
of a spectator travelling along the meridian. Let n N, 
a A, b B, dD, g G, e E, be the respective directions of the 
plumb-line at the stations N, A, B, D, G, E, of which 
we will suppose N to be at the pole and E at the equa
tor; then will the tangents to the surface at these 
points respectively be perpendicular to these directions; 
and, consequently, if each pair, viz. n N and a A, 

I 2 
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b B and d D, g G and e E, be prolonged till they iu
tersect each other ( at the points x, y, z ), the angles 
N x A, By D, G z E, will each be one degree, and, 
therefore, all equal ; so that the small curvilinear arcs 
NA, B D, GE, may be regarded as arcs of circles of one 
degree each, described about x, y, z, as centres. These 
are what in geometry are called centres of cu1·vatu1·e, 
and the radii x N or x A, y B or y D, z G or z E, 
represent radii of curvature, by which the curva
tures at those points are determined and measured. 
Now, as the arcs of different circles, which subtend 
equal angles at their respective centres, are in the direct 
proportion of their radii, and as the arc NA is greater 
than BD, and that again than GE, it follows that the 
radius N x must be greater than By, and By than E z. 
Thus it appears that the mutual intersections of the 
plumb-lines will not, as in the sphere, all coincide in 
one point C, the centre, but ,viB. be arranged along a 
certain curve, xyz (which will be rendered more evi
dent by considering a number of intermediate stations). 
To this curve geometers have given the name of the 
evolute of the curve N ABD'G E~ from whose centres of 
curvature it is constructed. 

(176.) In the flattening of a round figure at two 
opposite points, and its protuberance at points rectan
gularly situated to the former, ,ve recognize the dis
tinguishing feature of the elliptic form. Accordingly, 
the next and simplest supposition that ,ve can make 
respecting the nature of the meridian, since it is proved 
not to be a circle, is, that it is an ellipse, or nearly so, 
having N S, the axis of the earth, for its shorter, and 
E F, the equatorial diameter, for its longer axis; and 
th11t the form of the earth's surface is that which ,vould 
arise from making such a curve revolve about its shorter 
axis N S. This agrees ,vell with the general course 
of the increase of the degree in going from the equator 
to the pole. In the ellipse, the radius of curvature at 
E, the extremity of the longer axis is the least, and at 
th~t of the shorter axis, the greatest it admits, and the 
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form of its e1;olute agrees with that here represented.• 
Assuming, then, that it is an ellipse, the geometrical 
properties of that curve enable us to assign the pro
portion between the lengths of its a.xes ,vhich shall 
correspond to any proposed rate of variation in its curv
ature, as well as to fix upon their absolute lengths, cor
responding to any assigned length of the degree in a 
given latitude. \Vithout troubling the reader ,vith the 
investigation, (which may be found in any ,vork on the 
conic sections,) it will be sufficient to state that the 
lengths which agree on the ,vhole best ,vith the entire 
series of meridional arcs which have been satisfactorily 
measured, are as followt: -

Greater or equatorial diameter 
Lesser or polar diameter 
Difference of diameters, or} 

polar compression 

Feet. Miles. 
= 41,847,426 = 7925·648 
= 41,707,620 = 7899·170 

- 139,806 = 26·478 

The proportion of the di'umeters is very nearly that of 
298 : 299, and their difference :rh of the greater, or a 
very little greater than 'rtfo• 

(177.) Thus we see that the rough diameter of 8000 
miles we have hitherto used, is rather too great, the ex
cess being about I 00 miles, or 8'iJth part. \Ve consider 
it extremely improbable that an error to the extent of 
five miles can subsist in the diameters, or an uncertainity 
to that of a tenth of its whole quantity in the com
pression just stated. As convenient numbers to re
member, the reader may bear in mind, that in our 
latitude there are just as many thousands of feet in a 
degree of the meridian as there are days in the year 
(365): that, speaking loosely, a degree is about 70 
British statute miles, and a second about l 00 feet ; 
and that the equatorial circumference of the earth is· a 
little less than 25,000 miles (24,899). 

( 178.) The supposition of an elliptic form of the 
earth's section through the axis is recommended by its 

* The dotted lines are the portions of the evolute belonging to the othc.r 
quadrants. 

t see Profess. Airy•s Essay before cited. 
I 3 
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simplicity, and confirmed by comparing the numerical 
results we have just set down with those of actual mea- , 
surement. "\Vhen this comparison is executed, discord
ances, it is true, are observed, which, although still too 
great to be referred to error of measurement, are yet so 
small, compared to the errors which would result from 
the spherical hypothesis, as completely to justify our 
regarding the earth as an ellipsoid, and referring the 
observed deviations to either local or, if general, to com
paratively small causes. 

(179.) Now, it is highly satisfactory to find that 
the g,eneral elliptical figure thus practically proved to 
exist, is precisely what ought theoretically to result from 
the rotation of the earth on its axis. For, let us suppose 
the earth a sphere, at rest, of uniform materials through
out, and externally covered ·with an ocean of equal 
depth in every part. Under such circumstances it 
,vould obviously be in a state of equiUb1·ium ; and the 
·water on its surface ·would have no tendency to run 
one way or the other. Suppose, now, a quantity of its 
materials were taken from the polar regions, and piled 
up all around the equator, so as to produce that differ-
ence of the polar and equatorial diameters of 26 miles 
which ·we know to exist. It is not less evident that a 
mountain ridge or equatorial continent, only, woul.d be 
thus formed, fro1n which the ,vater would run do,vn to 
the excavated part at the poles. However solid matter 
might rest ,vhere it ,vas placed, the liquid part, at 
least, ·would not remain there, any more than if it were 
thrown on the side of a hill. The consequence, there
fore, would be the formation of two great polar seas, 
hem1ned in all'round by equator ial land. No·w, this is by 
no means the case in nature. The ocean occupies, in
differently, all latitudes, with no more partiality to the 
polar than to the eqµatorial. Since, then, as we see, the 
·water occupies an elevation above the centre no less 
than 13 miles greater at the equator than at the poles, 
and yet manifests no tendency to leave the former and 
run towards the latter~ it is evident that it must be 
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retained in that situation by some adequate power. No 
such power, however, would exist in the case we have 
supposed, ,vhich is therefore not conformable to nature. 
In other words, the spherical form is not the figu1·e of 
equilibrium; and therefm·e the earth is either not at rest, 
or is so internally constituted as to att1·act the water to 
its equatorial regions, and retain it there. For the latter 
supposition there is no p1·im6,facie ]Probability, nor any 
analogy to lead us to such an idea. The former is in 
accordance with all the phenomena of the apparent 
diurnal motion of the heavens; and, therefore, if it will 
furnish us with the powei- in question, we can have 
no hesitation in adopting it as the true one. 

(180.) No,v, every body knows that when a ,veight 
is whirled round, it acquires thereby a tendency to recede 
from the centre of its motion; which is called the cen
trifugal force. A stone whirled round in a sling is a 
common illustration; but a better, for our present pur

pose, will be a pail of water, suspend
ed by a cord, and made to spin 
round, while the cord hangs perpen
dicularly. The surface of the water, 
instead of remaining horizontal, ,vill 
become concave, as in the figure. 
The centrifugal force generates a 
tendency in all the water to leave 
the axis, and press towards the cir
cumference; it is, therefore, urged 
against the pail~ and forced up its 
sides, till the ex.cess of height, and 
consequent increase of pressure 
downwards, just counterbalances its 
centrifugal force, and a state of equi
librium is attained. The experi
ment is a very easy and instruc
tive one, and is admirably calculated 
to sho,v how the f01·m of equilibrium 
accommodates itself to varying cir
curnstances. If, for example, we 

I 4 
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allow the rotation to cease by degrees, as it becomes 
slower we shall see the concavity of the ivater regularly 
diminish; the elevated out,vard portion will descend, 
and the depressed central rise, ·while all the time a 
perfectly smooth surface is maintained, till the rotation 
is exhausted, when the water resumes its horizontal 
state. . 

( 181.) Suppose, then, a globe, of the size of the earth, 
at rest, and coverecl with a unifor1n ocean, ,vere to be 
set in rotation about a certain axis, at first very slowly, 
but by degrees more rapidly, till it turned round once in 
twenty-four hours; a centrifugal force ,vould be thus 
generated, whose general tendency would be to urge the 
·water at every point of the surface to recede from the 
axis. A rotation might, indeed, be conceived so swift 
as to flirt the whole ocean from the surface, like water 
from a mop. But this would require a far greater 
velocity than what we now speak of. In the case sup
posed, the weight of the ,vater would still keep it on the 
earth ; and the tendency to recede from the axis could 
only be satisfied, therefore, by the water leaving the 
poles, and flowing towards the equator ; there heaping 
itself up in a ridge, just as the water in our pail accu
mulates against the side ; and being retained in oppo
sition to its weight, or natural tendency towards the 
centre, by the pressure thus caused. This, however, 
could not take place without laying dry the polar por
tions of the land in the form of immensely protuberant 
continents; and the difference of our supposed cases, there
fore, is this:- in the former, a great equatorial conti
nent and polar seas w·oulJ be formed; in the latter, pro
tuberant land would appear at the poles, ancl a zone of 
ocean be disposed around the equator. This ,vould 
be the first or immediate effect. Let us now see what 
would afterwards happen, in the two cases, if things 
·were allowed to take their natural course. 

(182.) 'fhe sea is co,nstantly beating on the land, 
grinding it down, and scattering its worn off particles 
and frag1nents, in the state of mud and pebbles, over its 
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bed. Geological facts afford abundant proof that the 
existing continents have all of them undergone this pro
cess, even more than once, and been entirely torn in 
frag1nents, or reduced to powder, and submerged and 
reconstructed. Land, in this view of the subject, loses 
its attribute of fixity. As a mass it might hold to
gether in opposition to forces which the water freely 
obeys ; but in its state of successive or simulta
neous degraclation, ,vhen disseminated through the 
water, in the state of sand or mud, it is subject to 
all the impulses of that fluid. In the lapse of 
time, then, the protuberant land in both cases ·would 
be destroyed, and spread over the bottom of the ocean, 
filling up the lower parts, and tending continually 
to remodel the surface of the solid nucleus, in cor
respondence with the form of equilibriuni in both 
cases. Thus, after a sufficient lapse of time, in the 
case of an earth at rest, the equatorial continent, thus 
forcibly constructed, would again be levelled and trans
ferred to the polar excavations, and the spherical :figure 
be so at length restored. In that of an earth in rota
tion, the polar protuberances would gradually be cut 
down and disappear, being transferred to the equator 
(as being then the deepest sea), till the earth would 
assume by degrees the forin we observe it to have -
that of a flattened or oblate ellipsoid. 

(183.) '\Ve are far from meaning here to trace the 
process by which the earth really assumed its actual 
form; all we intend is, to show that this is the form to 
which, under the condition of a rotation on its axis, it 
must tend; and which it would attain, even if originally 
and (so to speak) perversely constituted otherwise. 

(184.) But, further, the dimensions of the earth 
and the time of its rotation being known, it is easy 
thence to calculate the exact amount of the centrifugal 
force•, which, at the equator, appears to be '1! ~-gth 
part of the force or weight by ,vhich all bodies, whether 
solid or liquid, tend to fall towards the earth. By this 

fr See Cab. Cyc., lliECll,\XIC:S, eh. viii, 



A TREATISE ON ASTRONOMY, CHAP, III. 

fraction of its weight, then, the sea at the equator is 
lightened, and thereby rendered susceptible of being 
suppo1-ted at a higher level, or more remote from the 
centre than at the poles, where no such counteracting 
force exists ; and ,vhere, in consequence, the water may 
be considered as specifically heavier. Taking this prin
ciple as a guide, and combining it with the laws of 
gravity (as developed by Ne,vton, and as hereafter to 
be 1nore fully explained), mathematicians have been 
enabled to investigate, a priori, what ,vould be the 
figure of equilibrium of such a body, constituted inter
nally as ,ve have reason to believe the earth to be ; 
covered wholly.or partially with a fluid; and revolving 
uniformly in t\venty-four hours; and the result of this 
enquiry is found to agree very satisfactorily with what 
experience sho,vs to be the case. From their investi
gations it appears that the form of equilibrium is, in 
fact, no other than an oblate ellipsoid, of a degree of 
ellipticity very nearly identical ,vith what is observed, 
and which would be no doubt accurately so, did we 
kno,v the internal constitution and materials of the 
earth. 

(185.) The confirmation thus incidentally furnished., 
of the hypothesis of the earth's rotation on its a.xis, 
cannot fail to strike the reader. A deviation of its 
figure from that of a sphere was not contemplated 
among the original reasons for adopting that hypothesis, 
which was assumed solely on account of the easy ex
planation it offers of the apparent diurnal motion of the 
heavens. Yet we see that, once admitted, it draws ,vith 
it, as a necessary consequence, this other remarkable 
phenomenon, of which no other satisfactory account 
could be rendered. Indeed, so direct is their connection, 
that the ellipticity of the earth's figure ,vas discovered 
and demonstrated by Newton to be a consequence of its 
rotation, and its amount actually calculated by him, 
long before any measurements had suggested such a 
conclusion. As we advance ·with ou_r subject, we shall 
find the same simple principle branching out into a 
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whole train of singular and important consequences, some 
obvious enough, others which at first seem entirely un
connected with it, and which, until traced by Newton 
up t-O this their origin, had ranked among the most 
insl!rutable arcana of astronomy, as ,veil as among its 
grandest phenomena. 

(186.) Of its more obvious consequences, we may 
here mention one which falls in naturally with our pre
sent subject. If the earth really revolve on its axis, 
this rotation must generate a centrifugal force (see art. 
184.), the effect of which must of course be to coun
teract a certain portion of the weight of every body 
situated at the equator, as compared with its weight at 
the poles, or in any intermediate latitudes. Now, this 
is fully confirmed by experience. There is actually 
observed to exist a difference in the gravity, or down
,vard tendency, of one and the same body, when con
veyed successively to stations in different latitudes. 
Experiments made with the greatest care, and in every 
accessible part of the globe, have fully demonstrated the 
fact of a regular and progressive increase in the weights 
of bodies corresponding to the increase of latitude, and 
fixed its amount and the law of its progression. From 
these it appears, that the extreme amount of this varia
tion of gravity, or the difference between the equatorial 
and polar weights of one and the same mass of matter, 
is I part in 1 94 of its whole weight, the rate of increase 
in travelling from the equator to the pole being as the 
square of the sine of the latitude. 

(187.) The reader will here naturally enquire, what 
is 1neant by speaking of the same body as having dif
ferent weights at different stations; and, how such a fact, 
if true, can be ascertained. YVhen ,ve weigh a body 
by a balance or a steelyard we do but counteract its 
weight by the equal weight of another body under the 
very same circumstances; and if both the body weighed 
and its counterpoise be removed to another station, 
their gravity, if changed at all, will be changed equally, 
so that they will still continue to counterbalance each. 



124 A TREATISE ON ASTRONOMY, CHAP. ill, 

other. A difference in the intensity of gravity could, 
therefore, never be detected by these means; nor is it in 
this sense that we assert that a body ,veighing 194 
pounds at the equator will weigh 195 at the pole. If 
counterbalanced in a scale or steelyard at the former 
station, an additional pound placed in one or other scale 
at the latter would inevitably sink the beam. 

o (188.) The meaning of the 
'!/ proposition may be thus ex-

-~- plained:-Conceive a weight 
a: suspended at the equator by 
a stringwithout ,veight passing 
over a pulley, A, and con-

/ ducted ( supposing such a thing 
• ~ E possible) over other pulleys, 

such as B, round the earth's 
convexity, till the other end 

hung down at the pole, and there sustained the 
,veight y. If, then, the weights x and y were such 
as, at any one station, equatorial or polar, would exactly 
counterpoise each other on a balance, or ,vhen suspended 
side by side over a single pulley, they would not coun
terbalance each other in this supposed situation, but the 
polar ,veight y would preponderate; and to restore the 
equipoise the weight X must be increased by n"4"th 
part of its quantity. 

(189.) The means by ,vhich this variation of gra
vity may be shown to exist, and its amount mea
sured, are twofold (like all estimations of mechanical 
power), statical and dynamical. The former consists in 
putting the gravity of a weight in equilibrium, not with 
that of another ,veight, but ,vith a natural power of a 
different kind not liable to be affected by local situation. 
Such a power is the elastic force of a spring. Let ABC 
be a strong support of brass standing on the foot AED 
cast in one piece ,vith it, into which is let a smooth 
plate of agate, D, which can be adjusted to perfect ho
rizontality by a level. At C let a spiral spring G 
be attached, which parries at its lower end a weight F, 
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polished and convex below. 'fhe length and strength 
of the spring must be so adjusted that the weight F 

B 

c. 

shall be sustained by it just to 
swing clear of oontact with the 
agate plate in the highest lati
tude at which it is intended to 
use the instrument. Then, if 
small weights be added cau. 
tiously, it may be made to de
scend till it just g1·azes the 
agate, a contact which can be 
made with the utmost imagin
able delicacy. Let these weights 
be noted ; the "'eight F detach
ed; the spring G carefully 
lifted off its hook, and secured, 
for travelling, from rust, strain, 
or disturbance, and the whole 
apparatus conveyed to a station 
in a lower latitude. It will tl1en 

be found, on remounting it, that, although loadea with 
the same additional weights as before, the weight F will 
no longer have power enough to stretch the spring to 
the extent required for producing a similar contact. 
1\Iorc ,veights will require to be added; and the addi
tional quantity necessary will, it is evident, measure the 
difference of gravity between the two stations, as exerted 
on the whole quantity of pendent matter,. i.e. the sum of 
the weight of F and half that of the spiral spring itself. 
Granting that a spiral spring can be constructed of such 
strength and dimensions that a weight of l 0,000 grains, 
including its own, shall produce an elongation of 10 
inches without permanently straining it~, one addi-

* \Vhether the process above described could ever be so far perfected and 
refined as to become a substitute for the use of the pendulum must depend 
on the degree of permanence and uniformity of action of springs, on the 
constancy or variability of the efl~ct of temperature, on their elastic force, 
on tbe possibility of transporting them, absolutely unaltered, from place to 
place, &c. The great advantages, however, which such an apparatus and 
mode of observation would possess, in point of convenience, cheapness, 
portability, and expedition, over the present laborious, tedious, and expen. 
sive process, render the attempt well worth making. 
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tional grain ·will produce a further extension of -nfooth 
of an inch, a quantity which cannot possibly be mis
taken in such a contact as that in question. Thus we 
should be provided with the means of measuring the 
power of gravity at any station to within TTiooth of 
its whole quantity. 

(190.) The other, or dynamical process, by which 
the force urging any given weight to the earth may be 
determined, consists in ascertaining the velocity im
parted by it to the weight when suffered to fall freely 
in a given time, as one second. This velocity cannot, 
indeed, be directly measured; but indirectly, the prin
ciples of mechanics furnish au easy and certain means 
of deducing it, and, consequently, the intensity of gra
vity, by observing the oscillations of a pendulum. It is 
proved in mechanics (see Cab. Cyc., l\-1EcHANICS, 216.), 
that, if one and the same pendulum be made to oscillate 
at different stations, or under the influence of different 
forces, and the numbers of oscillations made in the same 
time in each case be counted, the intensities of the 
forces will be to each other inversely as the squares of 

:., the numbers of oscillations made, and thus their pro
portion becomes known. For instance, it is found that, 
under the equator, a pendulum of a certain form and 
length makes 86,400 vibrations in a mean solar day; and 
that, when transported to London, the same pendulum 
makes 86,535 vibrations in the same time. IIence we 
conclude, that the intensity of the force urging the pen_ 
dulum downwards at the equator is to that a.t London 
as 86400 to 86535, or as 1 to 1 ·00315; orl in other 
words, that a mass of matter at the equator weighing 
10,000 pounds exerts the same pressure on the ground, 
the same effort to crush a body placed below it, that. 
10,031½ of the same pounds, transported to Londoni 
would exert there. 

(191.) Experiments of this kind have been made, 
as above stated, ,vith the utmost care and minutest pre
caution to ensure exactness in all accessible latitudes ; 
and their general and final result has been, to give Th 
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for the fraction expressing the difference of gravity at 
the equator and poles. Now, it will not fail to be no
ticed by the readei-, and will, probably, occur to him as 
an ob,jection against the explanation here given of the 
fact by the earth's rotation, that this differs materially 
from the fraction "'ini expressing the ,centrifugal force 
at the equator. The difference by which the former 
fraction exceeds the latter is m, a small quantity in 
itself, but still far too large, compared ,vith the others 
in question, not to be distinctly accounted for, and not 
to prove fatal to this explanation if it will not render a 
strict account -0f it. 

(192.) The mode in ·which this difference arises 
affords a curious and instructive example of the indirect 
influence which mechanical causes often exercise, and 
of which astronomy furnishes innumerable instances. 
The rotation of the earth gives rise to the centrifugal 
force; the centrifugal force produces an ellipticity in 
the form of the earth itself; and this very ellipticity of 
form modifies its power of attraction on bodies placed 
at its surface, and thus gives rise to the difference in 
question. flere, then, we have the same cause exer. 
cising at once a direct and an indirect influence. The 
amount of the former is easily calculated, that of the 
latter with far more difficulty, by an intricate and pro. 
found application of geometry, whose steps we cannot 
pretend to trace in a ,vork like the present, and can only 
state its nature and result. 

(193.) The weight of a body (considered as undi
minished by a centrifugal force) is the effect of the 
earth's attraction on it. This attraction, as Newton hac 
demonstrated, consists, not in a tendency of all matter 
to any one particular centre, but in a disposition of every 
particle of matter in the universe to press towards, and 
if not opposed to approach to, every other. The at. 
traction of the earth, then, on a body placed on its 
surface, is not a simple but a complex force, resulting 
from the separate attractions of all its parts. Now, it 
is evident, that if the earth were a perfect sphere) the 

• • 
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attraction exerted by it on a body any where placed on 
its surface, whether at its equator or pole, must be 
exactly alike,- for the sitnple reason of the exact sym
metry of the sphere in every direction. It is not less 
evident that, the earth being elliptical, and this sym
metry or similitude of all its parts not existing, the 
same result cannot be expected. A body placed at the 
equator, and a similar one at the pole of a flattened 
ellipsoid, stand in a different geometrical relation to the 
mass as a whole. This difference, without entering 
further into particulars, may be expected to draw with 
it a difference in its forces of attraction on the two 
bodies. Calculation confirms this idea. I t is a question 
of purely mathematical investigation, and has been ·treated 
with perfect clearness and precision by Newton, l\1ac
laurin, Clairaut, and many other eminent geometers; 
and the result of their investigations is to sho,v that, 
o,ving to the elliptic form of the earth alone, and in
dependent of the centrifugal force, its attraction ought 
to increase the ,veight of a body in going from the 
equator to the pole by almost exactly rl0 th part; ,vhich, 
together with 2{9 th due to the centrifugal force, make 
up the whole quantity, rnth, observed. 

( J 94.) Another great geographical phenomenon, which 
owes its existence to the earth's rotation, is that of 
the trade- ,vinds. These mighty currents in our at
mosphere, on ,vhich so important a part of navigation 
depends, arise from, 1st, the unequal exposure of the 
earth's surface to the sun's rays, by which it is unequally 
heated in different latitudes; and, Qdly, from that 
general law in the constitution of all fluids, in virtue of 
which they occupy a larger bulk, and become speci
fically lighter ·when hot than when cold. These 
causes, combined with the earth's rotation from west to 
east, afford an easy and satisfactory explanation of the 
magnificent phenomena in question. 

(195.) I t is a matter of observed fact, of which w·eshall 
give the explanation farther on, that the sun is constantly 
vertical over some one or other part of the earth between 

• 
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two parallels of latitude, called the tropics, respectively 
23½ 0 north, and as much south of the equator; and that 
the whole of that zone or belt of the earth's surface in
cluded between the tropics, and equally divided by the 
equator, is, in consequence of the great altitude attained 
by the sun in its diurnal course, maintained at a much 
higher te1nperature than those regions to the north and 
south which lie nearer the poles. No,v, the heat thus 
acquired by the earth's surface is communicated to the 
incumbent air, which is thereby expanded, and rendered 
specifically lighter than the air incumbent on the rest 
of the globe. It is, therefore, in obedience to the 
general la,vs of hydrostatics, displaced and buoyed up 
from the surface, and its place occupied by colder, and 
therefore heavier air, which glides in, on both sides, 
along the surface, from the regions beyond the tropics ; 
while the displaced air, thus raised above its due level, 
and unsustained by any lateral pressure, flows over, as 
it were, and forms an upper current in the contrary 
direction, or toward the poles; which, being cooled 
in its course, and also sucked down to supply the defi
ciency in the extra-tropical regions, keeps up thus a 
continual circulation. 

(196.) Since the earth revolves about an axis pass
ing through the poles, the equatorial portion of its 
surface has the greatest velocity of rotation, and all 
other parts less in the proportion of the radii of the 
circles of latitude to which they correspond. But as 
the air, when relatively and apparently at rest on any 
part of the earth's surface, is only so because in reality 
it participates in the motion of rotation proper to that 
part, it follows that when a mass of air near the poles 
is transferred to the region near the equator by any 
impulse urging it directly towards that circle, in every 
point of its progress towards its new situation it must 
be found deficient in rotatory velocity, and therefore 
unable to keep up with the speed of the new surface 
over which it is brought. Hence, the currents of air 
which set in towards the equator from the north and 

K 
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south must, as they glide along the surface, at the same 
time lag, or hang back, and drag itpon it in the di
rection opposite to the earth's rotation, i. e. from east 
to west. Thus these currents, which but for the ro
tation ,vould be simply northerly and southerly winds., 
acquih·e, from this cause, a 1·elative direction towards 
the west, and assume the cl1aracter of permanent north
easterly and south-easterly winds. 

( 197-) "\Vere any considerable mass of air to be 
suddenly transferred from beyond the tropics to the 
equator, the difference of the rotatory velocities proper 
to the two situations would be so great as to produce 
not merely a wind, but a tempest of the most destruc
tive violence. But this is not the case: the advance 
of the air from the north and south is gradual, and all the 
,vhile the earth is continually acting on, and by the fric
tion of its surface accelerating its rotatory velocity. Sup
posing its progress towards the equator to cease at any 
point, this cause would almost immediately commu
nicate to it the deficient motion of rotation, after which 
it would revolve quietly with the earth, and be at rela
tive rest. We have only to call to mind the compara
tive thinness of the coating which the atmosphere 
forms around the globe ( art. 34. ), and the immense 
mass of the latter, compared ,vith the former (which 
it exceeds at least l 00,000,000 times), to appreciate 
fully the absolute coinmand of any extensive territory 
of the earth over the atmosphere i~n1ediately incum
bent on it, in point of motion. 

(198.) It follows from this.., then, that as the winds 
on both sides approach the equator, their easterly tend
ency must diminish.;\(< The lengths of the diurnal cir
cles increase very slo,vly in the immediate vicinity of 
the equator, and for several degrees on either side of it 
hardly change at all. Thus the friction of the surface 
has xnore time to act in accelerating the velocity of the 

* See Cnptam Hall's " Fr~gments of Voyages and Travels," 2d series. 
vol. i. p. 162, where this is ,ecy di•tinctly, and, so fnr as I am _aware, for 
1bc first time, reasoned out. (A11tllor.) 
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air, bringing it towards a state of 1·elative rest, ~nd dimi- • 
nishing thereby the relative set of the currents from east to 
west, which, on the other hand, is feebly, and, at length, 
not at all reinforced by the cause which originally pro
duced it. Arrived, then, at the equator, the trades 
must be expected to lose their easterly character alto
gether. But not only this but the northern and southern 
currents here meeting and opposing, ·will mutually de
stroy each other, leaving only such preponderancy as 
may be due to a difference of local causes acting in the 
two hemispheres, - which in some regions around the 
equator may lie one way, in some another. 

(199-) 'fhe result, then, must l1e the production of 
two great tropical belts, in the northern of which a 
constant north-easterly and in the southern a south
easterly, wind must prevail, while the winds in the 
equatorial belt, which separates the tw·o former, should 
be co1nparatively calm and free from any steady pre
valence of easterly character. All these consequences 
are agreeable to observed fact, and the system of aerial 
currents above described constitutes in reality what is 
understood by the regular trade winds."" 

(200.) The constant friction thus produced between 
the earth and atmosphere in the regions near the equator 
must (it may be objected) by degrees reduce and at 
length destroy the rotation of the whole mass. The 
la,1•s of dynamics, however, render such a consequence, 
generally, impossible; and it is easy to see, in the pre
sent case, where and how the compensation takes place. 
The heated equatorial air, while it rises and flows over 
towards the poles, carries with it the rotatory velocity 
clue to its equatorial situation into a higher latitude, 
where the earth's surface bas less motion. Hence, as 
it travels northward or southward, it will gain conti
nually more and more on the surface of the earth in its 
diurnal motion, and assume constantly more and more 
a. wesle1'ly relative direction; and ,vhen at length it 
returns to the surface, in its circulation, which it must 

• See the work last cited. 
K2 
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do mote or less in all the interval between the tropics and 
the poles, it will act on it by its friction as a powerful 
south-west wind in the northern hemisphere, and a 
north-west in the southern, and restore to it the impulse 
taken up from it at the equator. "\,Ve have here the 
origin of the south-west and ·westerly gales so prevalent 
in our latitudes, and of the almost universal westerly 
winds in the North Atlantic, ·which are, in fact, nothing 
else than a part of the general system of the re-action 
of the trades, and of the process by which the equili
brium of the earth's motion is maintained under their 
action.• 

(201.) I n order to construct a map or model of the 
earth, and obtain a knowledge of the distribution of sea 
and land over its surface, the forms of the outlines of 
its continents and islands, the courses of its rivers and 
mountain chains, and the relative situations, with respect 
to each other, of those points ·which chiefly interest us, 
as centres of human habitation, or from other causes, it 
is necessary to possess the means of determining cor
rectly the situation of any proposed station on its sur
face. For this two elements require to be known, the 
latitude and longitude, the former assigning its distance 
from the poles or the equator, the latter, the meridian 
on which that distance is to be reckoned. To these, 
in strictness, should be added, its height above the sea 
level; but the consideration of this had better be deferred, 
to avoid complicating the subject. 

• A,s it is our object merely to illustrate the mode in which the earth's 
rotation affects the atmosphere on the great scale, we omit all consideration 
of local periodical winds, auch as monsoons, &c. 

It seems worth enquiry, whether hurricanes in tropical climates may not 
arise from portions of the upper currents prematurely diverted downwards 
before their relative velocity has been sufficiently reduced by friction on, 
and gradual mixing with, the lower strata; and so dashing upon the earth 
with that tremendous velocity which gives them their destructive cha. 
racter, and of which hardly any rational account has yet been given. Their 
course, generally speaking, is in opposition to the regular trade wind, as it 
ought to be, in conformity with this idea. (Young's Lectures, i. 704.) But 
it by no means follows that this must always be the case. In general, a 
rapid transfer, either way, in latitude, of any mass of air which local or 
temporary causes might carry above 1/,e immediate reach of thefrictio,i of 
the earth's surface, would give a fearful exaggeration to its velocity. 
>Vhcr-cver such a mass should strike the earth, a hurricane might arise; 
and should two such masses encounter in mid.air, a tornado of any degree 
of intensity on record might easily result from their combination.-.4111/iw. 
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(202.) The latitude of a station on a sphere 1\'ould be 
merely the length of an arc of the meridian, intercepted 
between the station and the nearest point of the equator, 
reduced into degrees. (See art. 86.) Btit as the earth 
is elliptic, this mode of conceiving latitudes becomes 
inapplicable, and we are compelled to resort for our 
definition of latitude to a generalization of that property, 
( art. 95,) ,vhich affords the readiest means of deter
mining it by observation, and which bas the advantage 
of being independent of the figure of the earth, whicl1, 
after all, is not e.1:actly an ellipsoid, or any known geo
metrical solid. The latitude of a station, then, is the 
altitude of the elevated pole, and is, therefore, astro
no1nically determined by those methods already ex
plained for ascertaining that important element. In 
consequence, it will be 1·emembered that, to make a 
perfectly correct map of the whole, or any part of the 
earth's surface, equal differences of latitude are not re
presented by exactly equal intervals of surface. 

(203.) 'fo determine the latitude of a station, then, 
is easy. It is otherwise with its longitude, whose ex
act determination is a matter of more difficulty. The 
reason is this: -as there are no meridians marked 
upon the earth, any more than paralle1s of latitude, we 
are obligecl in this case, as in the case of the latitude, 
to resort to marks external to the earth, i. e. to the 
heavenly boclies, for the objects of our measurement; 
but with this difference in the two cases- to observers 
situated at stations on the same meridian ( i. e. differing 
in latitude) the heavens present different aspects at all 
moments. The portions of them which become visible 
in a complete diurnal rotation are not the same, and 
stars which are common to both describe circles dif
ferently inclined to their horizons, and differently 
divided by them, and attain different altitudes. On the 
other hand, to observers situated on the same pa1·allel 
( i. e. differing only in longitude) the heavens present 
the same aspects. Their visible portions are the same; 
and the same stars describe circles equally inclined, and 

K 3 



134 .A TREATISE 0:-1 ASTRONO:UY, CBAP, III. 

similarly divided by their horizons, and attain the same 
altitudes. In the former case there is, in the latter 
there is not, any ihing in the appearance of the 
heavens, watched through a whole diurnal 1·otation~ 
,vhich indicates a difference of locality in the observer. 

(204.) But no two observers, at different points of 
the earth's surface, can have at the same instant the 
same celestial hemisphere visible. Suppose, to fix our 
ideas, an observer stationed at a given point of the 
equator, and that at the moment when he noticed some 
bright star to be in his zenith, and therefore on his me
ridian, he should be suddenly transported, in an instant 
of time, round one quarter of the globe in a weste1·ly 
direction, it is evident that he will no longer have the 
same star vertically above him : it will now appear to 
him to be just rising, and he will have to wait six hours 
before it again comes to his zenith, i. e. before the 
earth's rotation from west to east ca1·ries him back again 
to the line joining the star and the earth's centre from 
which he set out. 

( 205.) The difference of the cases, then, may be thus 
stated~ so as to afford a key to the astronomical solution of 
the problem of the longitude. In the case of stations dif
fering only in latitude, the same star comes to the meri
dian at the same time, but at different altitudes. In that 
of stations differing only in longitude, it comes to the me
ridian at the same altitude but at different tirnes. Sup
posing, then, that an observer is in possession of any 
means by which he can certainly ascertain the ti1ne of a 
kno,rn star's transit across his meridian, he knows his 
longitude; or if he knows the difference between its 
tinles of transit across his meridian and across that 
of any other station, he knows their difference of longi
tudes. For instance, iftbe same star pass the meridian of 
a :place A at a certain moment, and that of B exactly 
one hour of sidereal time, or one twenty-fourth part of 
the earth"s diurnal period, later, then the difference of 
longitudes between A and B is one hour of time or 15:>, 
and B is so much ,vest of A. 
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(206.) In order to a perfectly clear understanding 
of the principle on which the problem of finding the 
longitude by astronomical observations is resolved, the 
reader must learn to distinguish between time, in the 
.abstract, as common to the whole universe, and there
fore reckoned from an epoch independent of local situ
ation, and local time, which reckons, at each particular 
place, from an epoch, or initial instant, determined by 
local convenience. Of time reckoned in the former, 
01· abstract manner, we have an example in what we 
have before defined as equinoctial time, which dates 
from an epoch determined by the sun's motion among 
the stars. Of the lattEr, or local reckoning, we have 
instances in every sidereal clock in an observatory, and 
in every town clock for co1nmon use. Every astro
nomer regulates, or aims at regulating, his sidereal 
clock, so that it shall indicate 011 om 0\ when a cer
tain point in the heavens, called the equinox, is 
on the meridian of his station. This is the epoch of 
his sidereal time; which is, therefore, entirely a locai 
reckoning. It gives no information to say that an event 
happened at such and such an hour of sidereal time, 
unless we particularize the station to which the sidereal 
time meant appertains. Just so it is with mean or 
co1nmon time. This is also a local reckoning, having 
for its epoch mean noon, or the average of all the times 
throughout t11e year, when the sun is on the meridian 
of that pa,·ticular place to which it belongs; and, there
fore, in like manner, when we date any event by mean 
time, it is necessary to name the place, or particularize 
what mean tiitne we intend. On the other hand, a <late 
by equinoctial time is absolute, and requil'es no such 
explanatory aclcli tion. 

(207.) The astronomer sets and regulates his side
real clock by observing the meridian passages of the 
more conspicuous and well known stars. Each of these 
holds in the heavens a certain determinate and known 
place with respect to that imaginary point called the 
equinox, and by noting che tirnes of their passage in 

l{ 4 
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succession by his clock be knows ·when the equinox 
passed. At that moment his clock ought to have 1narked 
011 om os; and if it <lid not, he knows and can correct 
its error, and by the agreement or disagreement of the 
.errors assigned by each star he can ascertain ,vhether 
his clock is correctly regulated to go twenty-four hours 
in one diurnal period, and if not, can ascertain and 
allow for its rate. Thus, although his clock may not, and 
indeed cannot, either be set correctly, or go truly, yet 
by applying its error and rate ( as they are technically 
termed), he can correct its indications, and ascertain 
the exact sidereal times corresponding to them, and 
proper to his locality. This indispensable operation is 
called getting his local tirne. For simplicity of explan
ation, however, we shall suppose the clock a perfect in
strument; or, ·which comes to the same thing, its error 
and rate applied at every moment it is consulted, and in
.eluded in its indications. 

(208.) Suppose, 110,v, two observers, at distant sta
tions, A and B, each independently of the other, to 
set and regulate his clock to the true sidereal time of 
his station. It is evident that if one of these clocks 
could be taken up without deranging its going, and set 
down by the side of the other, they ,vould be found, on 
comparison, to differ by the exact difference· of their 
local epochs; that is, by the time occupied by the 
equinox, or by any star, in passing from the meridian 
of A to that of B : in other words, by their difference of 
longitude, expressed in sidereal hours, ·minutes, and se
conds. 

(.209.) A pendulum clock cannot be thus taken up 
and transported from place to place ,..,ithout derange
ment, but a chronometer may. Suppose, then, the 
observer at B to use a chronometer instead of a clock, 
he may, ·by bodily transfer of the instrument to the 
other station, procure a direct comparison of sidereal 
times, and thus obtain his longitude from A. And 
even if he employ a clock, yet by comparing it first ,vith 
a good chronometer, and then transferring the latter 
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instrument for comparison with the other clock, the 
same end will be accomplished, provided the going of 
the chronometer can be depended on. 

( 210.) "\Vere chronon1eters perfect, nothing more 
complete and convenient than this mode of ascertaining 
differences of longitude could be desired. An observer, 
provided ,vith such an instrument, and with a portable 
transit, or some equivalent 1nethod of determining the 
local time at any given station, might, by journeying 
from place to place, and observing the meridian pas
sages of stars at each, ( taking care not to alter his chro
nometer, or let it run down,) ascertain their differences 
of longitude with any required precision. In this case, 
the same tilne.keeper being used .at every station, if, at 
one of them, A, it mark true sidereal time, at any other, 
B, it ,vill be just so 1nuch sidereal time in error as the 
difference of longitudes of A ancl B is equivalent to: 
in other words, the longitude of B from A will appear 
as the error of the time-keeper on the local time of B. 
If he travel ·westward, then his chrono1neter will appear 
continually to gain, although it really goes correctly. 
Suppose, for instance, he set out from A, when the 
equinox was on the meridian, or his chronometer at Oh, 
and in twenty-four hours ( sid. time) had travelled 15° 
westward to B. At the moment of arrival there, his 
chronometer ·will again point to 011 ; but the equinox 
,vill be, not on his new meridian, but on that of A, and 
he must wait one hour more for its arrival at that of 
B. '\Vhen it does arrive there, then his watch will 
point not to OIi but to 1 h, and will therefore be 111 fast 
on the local time of B. If he travel eastward, the re
verse will happen. 

(211.) Suppose an observer no,v to set out from 
any station as above described, and constantly travelling 
westward to make, the tour of the globe, and return to 
the point he set out from. A singular consequence will 
happen : he will have lost a day in his reckoning of 
time. He will enter the day of his arrival in his diary, 
as ~Ionday, for instance, ,vhen, jn fact, it is Tuesday. 
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The reason is obvious. Days and nights are caused by 
the alternate appearance of the sun and stars, as the 
rotation of the earth carries the spectator round to ,·iev.r 
them in succession. So many turus as he makes round 
the centre, so many days and nights will he experience. 
But if he travel once round the globe in the direction 
of its motion, he will, on his arrival, have really made 
one turn mo1·e round its centre; and if in the opposite 
direction, one turn less than if he harl remained station
ary at one point of its surface: in the former case, then, 
he will have witnessed one alternation of day and night 
more, in the latter one less, than if he had trusted to the 
rotation of the earth alone to carry hi1n round. As the 
earth revolves from ,vest to east, it follows that a west
ward direction of his journey, by which he counteracts 
its rotation, will cause him to lose a day, and an east
ward direction, by which he conspires with it, to gain 
one. In the former case, all his days will be longer; 
in the latter, shorter than those of a stationary observer. 
This contingency has actually happened to circum
navigators. Ilence, also, it must necessarily happen that 
<listant settlements, on the same rnei·idian, ·will differ a 
day in their usual J'eckoning of time, according as they 
havE: been colonized by settlers arriving in an eastward 
or in a westward dircction,-a circumstance which may 
produce strange confusion when they come to commu
nicate with each other. The -0nly mode of correcting 
the ambiguity, and settling the disputes which such a 
difference may give rise to, consists in having recourse 
to the equinoctial date, which can never be ambiguous. 

(21 Q.) Unfortunately for geography and navigation, 
the chronometer, though greatly and indeed wonder
fully improved by the skill of modern artists, is yet far 
too imperfect an instrument to be relied on implicitly. 
However such an instrument may preserve its uni
formity of rate for a few hours, or even days, yet in 
long absences from home the chances of error and 
accident become so 1nultiplied, as to destroy all security 
of reliance on even the best. 1'o a certain extent this 
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1nay, indeed, be remedied by carrying out several, and 
using the,n as checks on each other ; but, besides the 
expense and trouble, this is only a palliation of the 
evil - the gl'eat and fundarnental,-as it is the only one 
to which the determination of longitudes by time-keepers 
is liable.-It becomes necessary, therefore, to resort to 
other 1ncans of communicating from one station to 
another a knowledge of its local time_. or of propagating 
from some principal station, as a centre, its local time 
as a universal standard ·with which the local time at any 
other, however situated, may be at once compared, and 
thus the lougitudes of all places be referred to the 
meridian of such central point. 

(213.) The simplest and most accurate method by 
which this object can be accomplished, when circum
stances admit of its adoption, is that by telegraphic 
signal. Let A and B be two observatories, 01· other 
stations, provided with accurate means of determining 
their 1·espective local tirnes, and let us first suppose them 
visible from each other. Their clocks being regulated, 
and their errors and rates ascertained and applied, let a 
signal be 1nade at A, of some sudden and definite kind, 
such as the flash of gunpowder, the explosion of a 
rocket, the sudden extinction of a bright light, or any 
other which admits of no mistake, and can be seen at 
great distances. The moment of the signal being made 
must be noted by each observer at bis respective clock 
or ·watch, as if it were the transit of a star, or any 
astrono1nical phenomenon, and the error and rate of the 
clock at each station being applied, the local time of the 
signal at eaeh is determined. Consequently, when the 
observers communicate their observations of the signal 
to each other, since ( owing to the ah11ost instantaneous 
transmission of light) it must have been seen at the same 
absolute instant by both, the difference of their local 
times, and therefore of their longitudes, becomes known, 
For exa1nple; at A the signal is observed to happen at 
5h om O• sid. thne at A, as obtained by applying the 
error and rate to the time shown by the clock at A. 
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,vhen the signal ,vas seen there. At B the same signal 
was seen at 5h 401 o•, sid. time at B, similarly deduced 
from the tilne noted by the clock at B, by applying its 
error and rate. Consequently; the difference of their 
local epochs is 4m 0', which iis also their difference of 
longitudes in time, or 1 ° O' 0" in hour angle. 

( 214.) The accuracy of the final determination 
may be increased by making and observing several 
signals at stated intervals, each of which affords a com
parison of times, and the mean of all which is, of course., 
1nore to be depended on than the result of any single 
comparison. By this means, the error introduced by 
the comparison of clocks may be regarded as altogether 
destroyed. 

(215.) The distances at ,vhich signals can be ren
dered visible must of course depend on the nature of 
the interposed country. Over sea the explosion of 
rockets may easily be seen at fifty or sixty miles; and 
in mounta.inous countries the flash of gunpowder in an 
open spoon may be seen, if a proper station be chosen 
for its exhibition, at much greater distances. The 
interval between the stations of observation may also be 
increased by causing the signals to be made not at one 
of them, but at an intermediate point; for, provided 
they are seen by both parties, it is a 1natter of indiffer
ence w·here they are exhibited. Still the interval which 
could be thus embraced ,vould be very limited, and the 
method in consequence of little use, but-for the following 
ingenious contrivance, by which it can be extended to 
any clistaµce, and carried over any tract of country, 
however difficult. 

(216.) This contrivance consists in establishing, be
tween the extreme stations, whose difference of longi
tude is to be ascertained, and at which the local times 
are observed, a chain of intermediate stations, alter
nately destined for signals and for observers. Thus, 
let A and Z be the extreme stations. At B let a signal 
station be established, at which rockets, &c. are fired at 
istated intervals. At C let an observer be placed, pro-
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vide(l with a chronotneter ; at D, another signal station; 
at E, another observer and chronometer ; and so on till 

A B C D E F 2 

the whole line is occupied by stations so arranged, that 
the signals at B can be seen from A and C ; those at 
D, from C and E; and so on. l\[atters being thus 
arranged, and the errors and rates of the clocks at A 
and Z ascertained by astronomical observation, let a 
signal be made at B, and observed at A and C, and 
the times noted. Thus the difference between A's 
clock and C's chronometer becomes kno,vn. After a 
short interval ( five minutes for instance) let a signal be 
made at D, and observed by C and E. Then will the 
difference between their respective clnonometers be <le
terinined ; and the difference between the fonner and 
the clock at A being already ascertained, the differen<'e 
between the clock A and chronometer E is therefore 
known. This, however, supposes that the intennediate 
chronometer C has kept true sidereal time, or at least 
a known rate, in the interval between the signals. Now 
this interval is purposely made so very shortJ that no 
instrument of any pretension to character can possibly 
produce an appreciable amount of error in its lapse. 
Thus the time propagated from A to C may be con
sidered as handecl over, without gain or loss (save from 
error of observation), to E. Similarl y, by the signal 
made at F, and observed ~t E antl Z, the time so trans
mitted to E is forwarded on to Z; and thus at length 
the clocks at A and Z are compared. The process may 
be repeated as often as is necessary to destroy error by 
a mean of results; and when the line of stations is 
numerous, by keeping up a succession of signals, so as 
to allow each observer to note alternately those on either 
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side, which is easily pre-arranged, many comparisons 
may be kept running along the line at once, by which 
time is saved, and other advantages obtained.• In 
important ca~es the process is usually repeated on seve
ral nights in succession. 

(217.) In place of artificial signals, natural ones, 
when they occur sufficiently definite for observation, 
may be equally employed. In a clear night the number 
of those singular meteors, called shooting stars, which 
may be observed, is usually very great; and as they are 
sudden in their appearance and disappearance, and from 
the great height at which they have been ascertained to 
take place are visible over extensive regions of the earth's 
surface, there is no doubt that they may be resorted to 
with advantage, by previous concert and agreement be
tween distant observers to ,vatch and note them.t 

(218.) Another species of natural signal, of still 
greater extent and universality (being visible at once 
over a ,vhole terrestrial hemisphere), is afforded by the 
eclipses of Jupiter's satellites, of which ,ve shall speak 
more at large when ,ve come to treat of those bodies. 
Every such eclipse is an event which possesses one 
great ad vantage in its applicability to the purpose in 
question, viz. that the time of its happening, at any 
fixed station, such as Greenwich, can be predicted from 
a long course of previous recorded observation and cal
culation thereon _founded, and that this prediction is 
sufficiently precise and certain, to stand in the place of 
a corresponding observation. So that an observer at 
any other station wherever, who shall have observed one 
or more of these eclipses, and ascertained his local time, 
instead of ·waiting for a communication with Greenwich, 
to inform him at what moment the eclipse took place 
there, may use the predicte1l Greenwich time instead, 
and thence, at once, and on the spot, determine his Ion-

• For a complete account of this method, and the mode of dcrlucing 
the most advantageous 1'esult from a combination (lf all the obsen·ations, 
see_ a paper on the difference of longitudes of Greenwicn and Paris, 
1'l111. Trans. 1826; by the authot of this vohnnc. 

t This idea was first suggested by the late. Dr. Maskelyne. 
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gitude. This mode of ascertaining longitudes is, how
ever, as will l1ereafter appear, not susceptible of great 
exactness, and should only be resorted to when others 
cannot be had. The nature of the observation also is 
such that it cannot be made at sea ; so that, however 
useful to the geographer, it is of no advantage to navi
gation. 

(219.) But such phenomena as these :ire of only 
occasional occurrence; and in their intervals, and when 
cut off from all communication with any fixed station, 
it is indispensable to possess some means of determining 
longitudes, on which not only the geographer may rely 
for a knowledge of the exact position of important sta
tions on land in remote regions, but on which the navi
gator can securely stake, at every instant of his ad
venturous course, the lives of himself and comrades, the 
interests of his country, and the fortunes of his em
ployers. Such a method is afforded by LuNAR On
SERv ATIONs. Though we have not yet introduced the 
reader to the phenomena of the moon's motion, this 
·will not prevent us from giving here the exposition of 
the principle of the lunar method; on the contrary, it 
,vill be highly advantageous to do so, since by this 
course we shall have to deal with the naked principle, 
apart from all the peculiar sources of difficulty with 
,vhich the lunar theory is encumbered, but which are, 
in fact, completely extraneous to the principle of its 
application to the problem of the longitudes, which is 
quite elementary. 

(220.) If there were in the heavens a clock fur
nished ·with a dial-plate and hands, which always 
marked Greenwich time, the longitude of any station 
,vould be at once determined, so soon as the local time 
was known, by comparing it with this clock. Now, 
the offices of the dial-plate and hands of a clock are 
these: ~the former carries a set of marks upon it, 
,vhose position is known; the latter, by passing over 
and among these marks, informs us, by the place it 
holds ,vith respect to them, what it is o'clock, or what 
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time has elapsed since a certain moment when it stood 
at one particular spot. 

(221.) In a clock the marks on the dial-plate are 
uniformly distributed all around the circumference of a. 
circle, whose centre is that on ,vhich the hands revolve 
with a uniform motion. But it is clear that we should, 
with equal certainty, though ,vith much more trouble, 
tell what o'clock it were, if the marks on the dial-plate 
,vere unequally distributed, - if the hands were ex
centric, and their motion not uniform, - provided 
,ve knew, 1st, the exact intervals round the circle at 
which the hour and minute marks were placed; which. 
,vould be the case if we had them all registered in a. 
table, from the results of previous careful measurement: 
-2dly, if ,ve kne,v the exact amount and direction of 
excent:ricity of the centre of motion of the hands ;-and,. 
3dly, if we were fully acquainted with all the mechanism 
which put the hands in motion, so as to be able to say 
at every instant what ,vere their velocity of movement, 
and so as to be able to calculate, without fear of error, 
How )IUCH time should correspond to so MUCII angular 
movement. 

(222.) The visible surface of the starry heavens is 
the dial-plate of our clock, the stars are the fixed 
marks distributed around its circuit, the moon is the 
moveable hand, which, with a motion that, superficially 
considered, seems uniform, but which, when carefully 
examined, is found to be far other,vise, and regulated 
by mechanical laws of astonishing complexity and in~ 
tricacy in result, though beautifully simple in principle 
and design, performs a monthly circuit among them, 
passing visibly over and hiding, or, as it is called, 
occulting, some, and gliding beside and between others ; 
ancl whose position among them can, at any moment 
when it is visible, be exactly measured by the help of a 
sextant, just as we might measure the place of our clock
hand among the marks on its dial.plate with a pair of 
compasses, and thence., from the known and calculated 
laws of its motion, deduce the time. That the moon 
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does so move among the stars, while the latter hold con
stantly, with respect to each other, tlle same relative 
position, the notice of a few nights) or even hours, 
,vill satisfy the co1nmencing student, and this is all 
that at present we require. 

(223.) There is only one ch-cull_lstance ,van ting to 
make our analogy complete. Suppose the hands of our 
clock, instead of moving quite close to the dial-plate, 
were considerably elevated above, or distant in front of 
it. Unless, then, in ,•iewing it, we kept our eye just in 
the line of their center, we should not see them exactly 
thrown or pi·o.fected upon their proper places on the 
dial. And if we were either unaware of this cause of 
optical change of place, this pa1·allax - or negligent in 
not taking it into account - we might make great mis
takes in reading the time, by referring the hand to the 
,vrong mark, or incorrectly appreciating its distance from 
the right. On the other hand, if we took care to note, 
in every case, when we had occasion to observe the thne, 
the exact position of the eye, there ,vould be no diffi
culty in ascertaining and allowing for the precise infiu_ 
ence of this cause of apparent displacement. Now, this 
is just what obtains with the apparent motion of the 
moon among the stars. The former ( as will appear) is 
comparatively near to the earth- the latter immensely 
distant; and in consequence of our not occupying 
the center of the earth, but being carried about on its 
surface, and constantly changing place, there arises a 
parallax, which displaces the moon apparently among 
the stars, and must be allowed for before we can tell the 
true place she would occupy if seen from the center. 

( 224.) Such a clock as ,ve have described might, 
no doubt, be considered a very bad one; but if it were 
our only one, and if incalculable interests were at stake on 
a perfect kno\vledge of time, we should justly regard it 
as most precious, and think no pains ill bestowed in 
studying the laws of its movements, or in facilitating 
the means of reading it correctly. Such, in the parallel 
,ve are drawing, is the lunar theory, whose object is to 

L 
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reduce to regularity, the indications of this strangely 
irregular-going clock, to enable us to predict,long before
hand, and with absolute certainty, whereabouts a1nong the 
stars, at every hour, minute, and second, in every day of 
every year, in Greenwich local time, the moon would be 
seen from the earth's center, and wilt be seen from every 
accessible point of its surface; and such is the lunar 
1netlzod of longitudes. The moon's apparent angular 
distances from all those principal and conspicuous stars 
which lie in its course, as seen from the earth's center, 
are computed and tabulated with the utmost care and 
precision in almanacks published under national control. 
No sooner does an observer, in any part of the globe, 
at sea or on land, measure its actual distance from any 
one of those standard stars ( ~vhose places in the heavens 
have been ascertained for the purpose with the most 
anxious sollicitude ), than he has, in fact, performed that 
comparison of his local time ,\·ith the local times of every 
observatory in the world, which enables him to ascertain 
bis difference of longitude from one or all of them. 

(.225.) The latitudes and longitudes of any number 
of points on the earth's surface may be ascertained by 
the methods above described; and by thus laying do,vn a 
sufficient number of principal points, and filling in the 
intermediate spaces by local surveys, might maps of 
counties be constructed, the outlines of continents and 
islands ascertained, the courses of rivers and mountain 
chains traced, and cities and towns referred to their 
proper localities. In practice, however, it is found 
simpller and easier to divide each particular nation into 
a series of great triangles, the angles of which are 
stations conspicuously visible from each other. Of 
these triangles, the angles only are measured by means 
of the theodolite, ,vith the exception of one side only of 
one triangle, which is called a base, and which is mea
sured with every refinement which ingenuity can de
vise or expense command. This base is of moderate 
extent, rarely surpassing six or seven miles, and pur
posely selected in a perfectly horizontal planeJ otherwise 
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conveniently adapt.ed for purposes of measurement. Its 
length between its two extreme points ( which are dots 
on plates of gold or platina let into massive blocks of 
stone, and which are, or at least ought to be, in all cases 
preserved with almost religious care, as monumental 
records of the highest importance), is then measured, 
,vith every precaution to ensure precision*, and its 
position with respect to the meridian, as well as the 
geographical positions of its extremities, carefully as
certained. 

(226.) 
triangles. 

1'he annexed figure represents such a chain of 
A B is the base, 0, C, stations visible fron1 

k.,-N 
\ 

\ 

both its extremities ( one of which, 0, we ,vill suppose 
to be a national observatory, with ,vhich it is a principal 
object that the base should be as closely and immediately 
connected as possible); and D, E, F, G, H, K, other 
stations, remarkable points in the county, by whose con
nection its whole surface may be covered, as it were, 
with a network of triangles. Now, it is evident that 
the angles of the triangle·A, B, C being observed, and 
one of its sides, A B, measured, the other two sides, 
A C, BC, may be calculated by the rules of trigono
metry; and thus each of the sides A C and B C becomes 
in its turn a base capable of being employed as known 
sides of other triangles. For instance, the angles of 
the triangles A C G and B C F being known by ob-

,. The greatest po,,sib/e error in the Irish base of between seven and eight 
1niles, near Lond,onderry, is supposed not to exceed two incllcs, 

L 2 
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servattion, and their sides AC and B C, we can thence 
calcu]atethelengthsAG, CG, andBF,CF. Again,CG 
ancl C F being known, and the included angle G CF, 
G F may be calculated, and so on. 'l'hus may all the 
stations be accurately determined and laid down, and as 
this process may be carried on to any extent, a map 
of the whole county may be thus constructed, and filled 
in to any degree of detail we please. 

(227.) Now, on this process there are two important 
remarks to be made. The first is, that it is necessary 
to be careful in the selection of stations, so as to form 
triangles free from any very great inequality in their 
angles. For instance, the triangle K B F ,vould be a 
very improper one to determine the situation of F from 
observations at B and I(, because the angle F being 
very a<:ute, a small error in the angle K would produce 
a great one in the place of F 11pon the line B F. Such 
ill-conditioned triangles, therefore, roust be avoided . 
.But if this be attended to, the accuracy of the deter-
1nination of the calculated sides will not be much short 
of that which would be obtained by actual measurement 
( were it practicable); and, therefore, as ·we recede from 
the base on all sides as a center, it ,vill speedily become 
practicable to use as bases, t11e sides of much la.rger 
triangles, such as G F, G H, H I(, &c. ; by which means 
the next step of the operation will come to be carried 
on on a much larger scale, and embrace far greater in
tervals, than it would have been saf~ to do (for the 
above 1·eason) in the immediate neighbourhood of the 
base. . Thus it becomes easy to divide the whole face 
of a country into great triangles of from SO to J 00 
miles in their sides ( according to the nature of the 
ground), which, being once ,.veil detennined, may be 
aftenvards, by a second series of subordinate operations, 
broken up into smaller ones, and these again into others 
of a still minuter order, till the final filling in is brought 
·within the limits of personal survey and draftsmanship, 
aucl till a map is constructed, with any required degree 
of detail. 
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(228.) The next remark we have to make is, that 
all the triangles in question are not, rigorously speak
ing, plane, but spherical.- existing on the surface of a 
sphere, or rather, to speak correctly, of an ellipsoid. In 
very small triangles, of six or seven miles in the side, 
this may be neglected, as the difference is imperceptible; 
but in the la-rger ones it must be taken into consider
ation. 

It is evident that, as every object used for pointing 
the telescope of a theodolite has some certain elevation, 
not only above the soil, but above the level of the sea, 
and as, moreover, these elevations differ in every in
stance, a reduction to the horizon of all the measured 
angles w·ould appear to be required. But, in fact, by 
the construction of the theodolite ( art. 155.) ,vhich is 
nothing more than an altitude and azimuth instrument, 
this 1·eduction is made in the very act of reading off the 

I! horizontal angles. Let E be 

\ 

,..,-' 'M. __ 0 the center of the earth; A, 
,,,,, __ --------- B, C, the places on its sphe-

A <- ---- N 1·icat surface, to which three 
stations, A, P, Q, in a coun
try are referred by radii E 
A, E BP, EC Q. If a the
odolite be stationed at A, the 
axis of its horizontal circle 
will 1ioint to E when truly 
adjusted, and its plane will be 
a tangent to the sphere at A, 
intersecting the radii E B P, 
E C Q, at J\1 and N, above 

E the spherical surface. The 
telescope of the theodolite, it is true, is pointed in suc
cession to P, and Q; but the readings off of its azimuth 
circle give-not the angle PA Q between the directions 
of the telescope, or between the objects P, Q, as seen 
from A; but the azimuthal angle 1'1 AN, which is the 
measure of the angle A of the spherical triangle B A C. 
Hence arises this remarkable circumstance,-that the 
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sun1 of the three observed angles of any of the great tri
angles in geodesical operations is always found to be 
rather ·moi·e than 180°: were the earth's surface a plane, 
it ought to be exactly 180°; and this excess, which is 
called the sphei·ical excess, is so far from being a proof 
of incorrectness in the ,vork, that it is essential to its 
accuracy, and offers at the same titne another palpable 
proof of the earth's sphericity. 

(229.) 'fhe true way, then, of conceiving the subject 
of a trigonometrical survey, ,vhen the spherical form of 
the earth is taken into consideration, is to 1·egard the 
network of triangles with which the country is covered, 
as the bases of an assemblage of pyramids converging to 
the center of the earth. The theodolite gives us the 
ti·ue measui·es of the angles included by the planes of 
these pyi·amids; and the surface of an imaginary sphere 
on the level of the sea jntersects them in an assemblag,e 
of spl1erical triangles, above ,vhose angles, in the radii 
lll'Olonged, the real stations of observation are raised, by 
the superficial inequalities of mountain and valley. The 
operose calculations of spherical trigonometry which this 
consideration would i;eem to render necessary for the 
reductions of a survey, are dispensed with in practice 
by a very simple and easy rule, called the 1·ule for the 
~phei·ical excess, which is to be found in most ,vorks on 
trigonometry.* If ·we would take into account the el
lipticity of the earth, it may also be done by appropriate 
proce.~ses of calculation, ,vhich, howevez:, are too ab
struse to dwell upon in a work like the present. 

(230.) \Vhatever process of calculation ,ve adopt, 
the result will· be a reduction to the level of the sea, of 
3ill the triangles, and the consequent determination of 
the geographical latitude ancl longitude of every station 
observed. Thus we are at length enabled to construct 
maps of countries ; to lay clo,vn the outlines of conti
nents and islands; the courses of rivers; the direction 
of mountain ridges, and the places of their principal 

,. Lardner's Trigonometry, prop. !)4. W oodhouse's ditto, p. HS. 1st 
edition. ' 
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summits; and all those details whicl1, as they belong to 
physical and statistical, rather than to astrono1nical 
geography, we need not here dilate on. A few words, 
however, will be necessary respecting maps, which are 
used as well in astronomy as in geography. 

(231.) A map is nothing more than a representation, 
upon-a plane, of some portion of the surface of a sphere, 
on which are traced the particulars intended to be ex
pressed, whether they be continuous outlines or points. 
Now, as a spherical surface* can by no contrivance be 
extended or projected into a plane, without undue en
largement or contraction of some parts in proportion to 
others; ancl as the system adopted in so extending or 
projecting it will decide what parts shall be enlarged or 
relatively contracted, and in what proportions; it follows, 
that when large portions of the sphere are to be mapped 
clown, a great difference in their representations may 
subsist, accord.ing to the system of projection adopted. 

( 232.) The projections chiefly used in maps, are 
the orthographic, stereographic, and Mei·cator' s. In the 
orthog1·aphic projection, every point of the hemisphere is 
referred to its diametral plane or base, by a perpendicular 
let fall on it, so that the representation of the hemi

sphere thus mapped on its 
base, is such as it would ac
tually appear to an eye placed 
at an infinite distance from it. 
It is obvious, from the an
nexed figure, that in this pro
jection only the central por

tions are represented of their true forms, ,vhile all the 
exterior is more and more distorted and crowded toge
ther as ,ve approach the edges of the map. Owing to 
this cause, the orthographic projection, though very 
good for small portions of the globe, is of little servil·e 
for large ones. 

(233.) The stereographic projection is in great mea-

,. "\,Ve here neglect the ellipticity of the earth, which, for such a purpose 
as map.making, is too trifling to have any material influence. 
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sure free from this defect. To understand this pro
jection, we must conceive an eye to be placecl at E, one 
extremity of a diameter, E CB, of the sphere, and to 
view the concave surface of the sphere, every point of 
whirh, as P, is referred to the diametral plane AD F, 

B 

E 

perpendicular to E B by the visual line P 1\,1 E. The 
stereographic projection of a sphere, then, is a true 
perspective representation of its concavity on a diametral 
plane ; and, as such, it possesses some singularly elegant 
geometrical properties, of which we shall state one or 
two of the principal. 

( 234.) And first, then, all circles on the sphere are re
presented by circles in the projection. Thus the circle 
X is projected into x. Only great circles passing through 
the vertex B are projected into straight lines traversing 
the center C : thus, BP A is projected into CA. 

2dly. Every very smal• triangle, G H I(, on the sphere, 
is represented by a similar triangle, 9 h k, in the pro
jection. This is a very valuable property, as it insures 
a general similarity of appearance in the map to the 
reality in all its parts, and enables us to project at least 
a hemisphere in a single map, without any violent dis
tortion of the configurations on the surface from their 
real forms. As in the orthographic projection, the bor-
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ders of the hemisphere are unduly crowded together; in 
the stereographic, their projected dimensions are, on the 
contrary, somewhat enlarged in receding from the center. 

(235.) Both these projections may be considered 
natu1·al ones, inasmuch as they are really perspective 
representations of the surface on a plane. l\,1ercator's 
is entirely an artificial one, representing the sphere as 
it cannot be seen from any one point, but as it might 
be seen by an eye carried successively over every part 
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of it. Jn it, the degrees of longitude, and those of lati
tude, bear always to each other their due proportion: 
the equator is conceived to be extended out into a 
straight line, and the meridians are straight lines at 
right angles to it, as in the figure. Altogether, the 
general character of maps on this projection is not very 
dissimilar to ,vhat would be produced by referring every 
point in the globe to a circumscribing cylinder, by lines 
drawn from the center, and then unrolling the cylinder 
into a plane, Like the stereographic projection, it gives 
a true representation, as to fonn, of every particular 
small part, but varies greatly in point of scale in its 
different regions ; the polar portions in particular being 
extravagantly enlarged; and the whole map, even of a 
single hemisphere, not being comprizable within any 

. finite limits. 
( 236.) "\Ve shall not, 

any geographical details ; 

• of course, enter here into 
but one result of maritime 
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discovery on the great scale is, so to speak, massi',;e 
enough to call for mention as an astronomical feature. 
\Vhen the continents and seas are laid down on a globe 
( and since the discovery of Australia we are sure that 
no very extensive tracts of land remain unknown, ex
cept perhaps at the south pole), ·we find that it is 
possible so to divide the globe into two hemispheres, 
that one shall contain nea1·ly all the land; the other 
being almost entirely sea. It is a fact, not a little 
interesting to Englishmen, and, combinecl ·with ou1· 
insular station in that great highway of nations, the 
Atlantic, not a little explanatory of our commercial emi
nence, that London occupies nearly the center of the 
terrestrial hemisphere. Astronomically speaking, the 
fact of this divisibility of the globe into an oceanic and 
a terrestrial hemisphere is important, as demonstrative 
of a ,vant of absolute equality in the density of the solid 
material of the two hemispheres. Considering the whole 
mass of land and water as in a state of equilib1·ium, it 
is evident that the half ,vhich protrudes must of ne
cessity be buoyant; not, of course, that we mean to 
assert it to be lighter than water, but, as compared witli 
the wllole globe, in a less deg1·ee heavie1· than that fluid. 
,v e leave to geologists to draw from these premises their 
own conclusions (and we think them obvious enough) 
as to the internal constitution of the globe, and the im
mediate nature of the forces wllich sustain its continents 
at their actual elevation; but in any future investigations 
which may have for their object to explain the local 
deviations of the intensity of gravity, from what the 
hypothesis of an exact elliptic figure would require, 
this, as a general fact, ought not to be lost sight of. 

(237.) Our knowledge of the surface of our globe 
is incomplete, unless it include the heights above the 
sea level of every part of the land, and the depression of 
the bed of the ocean below the surface over all its ex
tent. The latter· object is attainable ( ,vith ,vhatever 
difficulty and however slowly) by direct sounding; the 
former by two distinct methods: the one consisting in 
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trigonometrical measnre1nent of the differences of level 
of all the stations of a survey; the other, by the use of 
the barometer, the principle of which is, in fact, iden
tical with that of the sounding line. In both cases ,ve 
measure the distance of the point whose level we would 
know from the surface of an equilibrated ocean: only in 
the one case it is an ocean of water; in tl1e other, of air. 
In the one case ou1· souncling line is real and tangible; 
in the other, an imaginary one, measured by the length 
of the column of quicksilver the superincumbent air is 
capable of counterbalancing. 

(238.) Suppose that instead of air, the earth and 
ocean were covered with oil, and that human life could 
subsist under such circumstances. Let ABCDE be a 

G 

'""'"" 

D 
E 

continent, of which the portion ABC projects above the 
water, but is covered by the oil, ,vhich also floats at an 
uniform depth on the whole ocean. Then if we would know 
the depth of any point D below the sea level, we let 
down a plummet from F. But if we would know the 
height of B above the same level, we have only to send 
up a float from B to the surface of the oil ; and having 
done the sarne at C, a point at the sea level, the difference 
of the two float lines gives the height in question. 

(239.) No,.,, though the atinosphere differs from oil 
in not having a positive surface equally definite, and in 
not being capable of carrying up any float adequate 
to such an us.e, yet it possesses all the properties of a 
fluid really essential to the purpose in view, and this in 
particular,-that, over tl1e whole surface of the globe, 
its strata of e.qual density are parallel to the surface of 

• 
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equilibYiwn, or to what would l>e the surface of the sea, 
if prol-Onged under the continents, and therefore each 
or any of them has all the characters of a definite 
surface to measure from, provided it can be ascertained 
and identified. Now the height at which, at any station 
B, the mercury in a barometer is supported, informs 
us at once how much of the atmosphere is incumbent 
on B, or, in other words, in, what stratum of the 
general atmosphere (indicated by its density) B is 
situated: whence ,ve are enabled finally to conclude, by 
mechanical reasoning..,, at what height above the sea.. 
level that deg1·ee of density is to be found over the whole 
surface of the globe. Such is the principle of the appli
cation of the barometer to the measurement of heights. 
For details, the reader is referred to other works. t 

(240.) Possessed of a knowledge of the heights of 
stations above the sea, we may connect all stations at the 
same altitude by level lines, the lowest of ,vhich ,vill be 
the outline of the sea..coast; and the rest will mark out 
the successive coast.Jines which would take place were 
the sea to rise by regular and equal accessions of level 
over the ,vhole world, till the !highest mountains were 
submerged. The bottoms of valleys and the ridge• 
lines of hills are determined by their property of inter
secting all these level lines at right angles, and being, 
subject to that condition, the shortest and longest 
courses respectively which can be pursued from the 
summit to the sea. The former constitute the water
courses of a country; the latter divide it into drainage 
basins : and thus originate natu1·al districts of the most 
ineffaceable character, on which the distribution, limits, 
and peculiarities of human communities are in great 
measure dependent. 

* See Cab. Cycl. PNEU\IATtcs, art 143. 
t Biot, Astronomie Physique, vol. 3. '.For tables, sec the work of Biot 

cited. Also those of Ollmann, annually published by the French board ot 
longitudes in their Annuaire; and i\Ir. Baily's Collection of Astronomical 
Tables and Formulre. 



CHAP, IV. URANOGRAPllY. 157 

CHAP. IV. 

OF URANOGRAPHY. 

CONSTRUCTION O'F CELESTIAL MAPS AND GJ:.OBES llY OBSERV• 

ATIONS OF ltlGllT ASCENSION AND DECLINATION, - CELES'flAJ, 

OBJECTS DISTir-GUISHED INTO FIXED AND ERRATIC. - OF THE 

CONSTELLATIONS, - NATURAL REGIONS IN THE HEAVENS, -

THE ~ULKY WAY, -THE ZODIAC, - OF TKE ECLIPTIC, - CE• 

LESTIAL LATITUDES AND LONGITUDES, - PRECESSION or THE 

EQUINOXES, - NUTATION. -ABERRATION. -URANOOR.APBICAL 
l'ROBLEMS. 

(241.) TnE determination of the relative situations of 
objects in the heavens, and the construction of maps 
and globes which shall truly represent their mutual 
configurations, as well as of catalogues ,vhich sl1all pre
serve a more precise numerical record of the position of 
each, is a task at once simpler and less laborious than 
that by which the surface of the earth is mapped and 
measured. Every star in the great constellation which 
appears to revolve above us, constitutes, so to speak, ace
lestial station; and among these stations ,ve may, as upon 
the earth, triangulate, by measuring with proper instru
ments their angular distances from each other, which, 
cleared of the effect of refraction, are then in a state for 
laying <lo,vn on charts, as we would the towns and 
villages of a country: and this without moving from 
our place, at least for all the stars which rise above our 
horizon. 

(242.) Great exactness might, no doubt, be attained 
by this means, and excellent celestial charts constructed ; 
but there is a far simpler and easier, and, at the same 
time, infinitely more accurate course laid open to 
us, if we take advantage of the earth's rotation on its 
axis, and by observing each celestial object as it passes 
our meridian, refer it separately and independently to 
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the celestial equator, and thus ascertain its place on the 
surface of an imaginary sphere, which may be con
ceived to revolve with it, and on which it may be con
sidered as projected. 

( 243.) The right ascension and declination of a point 
in the heavens correspond to the longitude and latitude 
of a station on the earth ; and the place of a star on a 
celestial sphere is determined, when the former elements 
are known, just as that of a town on a map, by kno,v
ing the latter. The great advantages ·which the method 
of meridian observation possesses over that of trian
gulation from star to star, are, then, 1st, That in it 
every star is observed in that point of its diurnal course, 
when it is best seen and least displaced by refraction. 
2dly, That the instruments required ( the transit and 
mural circle) are the simplest and least liable to error 
or derangement of any used by astronomers. 3dly, 
That all the observations can be made systematically, in 
regular succession, and with equal advantages; there 
being here no question about advantageous or disad
vantageous triangles, &c. And, lastly, That, by adopting 
this course, the very quantities which we should other
wise have to calculate by long and tedious operations 
of spherical trigonometry, and which are essential to 
the formation of a catalogue, are made the objects 
of immediate measurement. It is almost needless to 
state, then, that this is the course adopted by astro
nomers. 

( 244.) To determine the right ascension of a celestial 
object, all that is necessary is to observe the moment of 
its meridian passage with a transit instrument, by a 
clock regulated to exact sidereal time, or reduced to 
such by applying its known error and i-ate. The rate 
may be obtained by i-epeated observations of the same 
star at its successive meridian passages. The error, 
h owever, requires a knowledge -0f the equinox, or initial 
point from which all right ascensions in the heavens 
reckon, as longitudes do on the earth from a first meri~ 
dian. 
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(245.) The nature of this point will be explained pre
sently; but for the purposes of uranography, in so far 
as they concern only the actual configurations of the 
stars inter se, a knowledge of the equinox is not neces
sary. The choice of the equinox, as a zero point of 
right ascensions, is purely artificial, and a matter of 
convenience : but as on the earth, any station ( as a 
national observatory) may be chosen for an origin of Ion .. 
gitudes; so in uranography, any conspicuous star may 
be selected as an initial point from which hour angles 
may be reckoned, and from which, by merely ob
serving differences or intervals of time, the situation of 
all others may be deduced. In practice, these inter
vals are affected by certain minute causes of inequality, 
which must be allowed for, and which will be explained 
in their proper places. 

(246.) The declinations of celestial objects are ob
tained, 1st, By observation of their meridian altitudes, 
,vith the mural circle, or other proper instruments. 
This requires a knowledge of the geographical latitude 
of the station of observation, which itself is only to be 
obtained by celestial observation. .2clly, And 1nore 
directly by observation of their pola1· distances on the 
mural circle, as explained in art. 136., ,vhich is inde
pendent of any previous determination of the latitude of 
the station ; neither, however, in this case, does ob
servation give directly and immediately the exact de
clinations. The observations require to be corrected, 
first for refraction, and moreover for those minute 
causes of inequality which have been just alluded to in 
the case of right ascensions. 

(247.) In this manner, then, may the places, one 
among the other, of all celestial objects be ascertained, 
and maps and globes constructed. Now here arises a 
very important question. E-J ow far are these places 
permanent? Do these stars and the greater luminaries 
of heaven preserve. for ever one invariable connection 
and relation of place inte1· se, as if they formed part of 
a solid though invisible firmament; and., like the great 
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natural land-marks on the earth, preserve immutably the 
sa1ne distances and bearings each from the other? If so, 
the most rational idea we could form of the universe 
,,oukl be that of an earth at absolute rest in the centre, 
and a hollow crystalline sphere circulating round it, and 
carrying sun, 1noon, and stars along in its diurnal 
motion. If not, ,ve must dismiss all such notions, 
and enquire individually into the distinct history of 
each object, with a view to discovering the laws of its 
peculiar motions, and whether any and what other con
nection subsists bet,veen them. 

(248.) So far is this, however, from being the case, 
that observations, even of the most cursory nature, are 
sufficient to show that some, at least, of the celestial 
bodies, and those the most conspicuoui;, are in a state 
of continual change of place among the rest. In the 
case of the moon, indeed, the change is so rapid and 
remarkable, that its alteration of situation with respect 
to such bright stars as may happen to be near it 1nay 
be noticed any fine night in a few hours; and if noticed 
on two succe~sive nights, cannot fail to strike the most 
careless observer. \l'itb the sun, too, the change of 
place among the stars is constant and rapid; though, 
from the invisibility of stars to the naked eye in the 
day-time, it is not so readily recognized, and requires 
either the use of telescopes and angular instruments to 
measure it, or a longer continuance of observation to be 
struck with it. Nevertheless, it is only necessary to ~all 
to mind its greater 1neridian altitude in summer than 
in winter, and the fact that the stars which come into 
view at hight vary with the season of the year, to per
ceive that a great change must have taken place in that 

• interval in its relative situation with respect to all the 
stars. Besides the sun and moon, too, there are several 
other bodies, called planets, ·which, for the most part~ 
appear to the naked eye only as the largest and most 
brilliant stars, and which offer the same phenomenon of 
a constant change of place among the stars; now ap
proaching, and now receding from, such of them as ,ve 
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may refer them to as marks ; and, some in longer, some 
in shorter periods, making, like the sun and moon, the 
complete tour of the heavens. 

(249,) These, however, are exceptions to the general 
rule. The innumerable multitude of the stars ,vhich 
are distributed over the vault of the heavens form a 
constellation, which preserves, not only to the eye of 
the casual observer, but to the nice examination of the 
astronomer, a uniformity of aspect which, when con
trasted with the perpetual change in the configurations 
of the sun, moon, and planets, may well be termed in
variable. It is not, indeed, that, by the refinement of 
exact measurements prosecuted from age to age, some 
small changes of apparent place, attributable to no 
illusion and to no te1·restrial cause, cannot be detected 
in some of them ;-such are called, in astronomy, the 
proper motions of the stars ;- but these are so excessively 
dow, that their accumulated amount ( even in those 
.stars for which they are greatest) has been insufficient, 
in the whole duration of astronomical history, to produce 
any obvious 01· material alteration in the appearance of 
the starry heavens. 

(250.) This circumstance, then, establishes a broad 
distinction of the heavenly bodies into two great classes; 
- the fixed, among which (unless in a course of ob
servations continued for many years) no cl1ange of 
mutual situation can be detected; and the erratic, or 
wandering-(which is implied in the word planet*)
including the sun, moon, and planets, as well as the 
singular class of bodies termed comets, in whose ap
parent places among the stars, and among each other, 
the observation of a few days, or even hours, is sufficient 
to exhibit an indisputable alteration. 

(251.) Uranography, then, as it concerns the fixed 
celestial bodies ( or, as they are usually ::alled, the fixed 
stars), is reduced to a simple marking down of· their 
relative places on a globe or on maps; to the insertion 
on that globe, in its due place in the great constellation 

* ID.a:~,,n;,, a wanderer .. 
111 
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of the stars, of the pole of the heavens, or the vanish
ing point of parallels to the earth's axis; and of the 
equator and place of the equinox : points and circles 
these, which, though artificial, and having reference en. 
tirely to our earth, and therefore subject to all changes 
(if any) to ,vhich the earth's axis may be liable, are 
yet so convenient in practice, that they have obtainecl 
an admission ( with some other circles and lines), sane. 
tioned by usage, in all globes and planispheres. The 
reader, however, will take care to keep them separate 
in his mind, and to familiarize himself ,vith the idea 
rather of two or more celestial globes, superposed ancl 
fitting on each other, on one of which-a. teal one
are inscribed the stars; on the others those imaginary 
points, lines, and circles which astronomers have devised 
for their own uses, and to aid their calculations ; and 
to accustom himself to conceive in the latter, or artificial, 
spheres a capability of being shifted in any manner upon 
the surface of the other; so that, should experience de
monstrate ( as it does) that these artificial points and 
lines are brought, by a slow motion of the earth's axis, 
01· by other secular variations ( as they are called), to 
coincide, at very distant intervals of time, with dif
ferent stars, he may not be unprepared for the change, 
and have no confusion to correct in his notions. 

(252.) Of course we do not here speak of those 
uncouth figures and outlines -0f men and monsters, 
which are usually scribbled over celestial globes and 
maps, and serve, in a rude and barbarous way, to enable 
us to talk of groups of stars, or districts in the heavens, 
by names w·hich, though absurd or puerile in their 
origin, have obtained a currency from which it would 
be difficult, and perhaps wrong, to dislodge them. In 
so far as they have really ( as some have) any slight 
resemblance to the figures called up in imagination by 
a view of the more splendid " constellations," they 
have a certain convenience; but as they are other. 
,vise entirely arbitrary, and correspond to no natu1·al 
:.ubdivisions or groupings of the stars, astronomers 
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treat them lightly, or altogether disregard them*, except 
for briefly narning remarkable stars, as a Leonis, f3 
Scorpii, &c. &c., by letters of the Greek alphabet 
attached to them, The reader ,vill find them on any 
celestial charts or globes, and may compare them with 
the heavens, and there learn for himself their position. 

(253.) There are not wanting, however, natu1·al dis
tricts in the heavens, which offer great peculiarities of 
character, and strike every observer : such is the milky 
way, that great lu1ninous band, which stretches, every 
evening, all across the sky, from horizon to horizon,. 
and which, when traced with diligence, and mapped 
clown, is found to form a zone completely encircling 
the whole sphete, almost in a great circle, which is neither 
an hour circle, nor coincident with any other of our 
astronomical gi·am1nata. I t is divided in one part of its 
course, sending off a kind of branch, which unites again 
with the main body, after remaining distinct for about 
150 degrees. This remarkable belt has maintained, 
from the earliest agei;, the same relative situation among 
the stars; ancJI, when examined through powerful tele
scopes, is found ( wonderful to relate ! ) to consi8t entirely 
of stars scattered by millions, like glittering dust, on 
the black ground of the general heavens. 

(254.) Another remarkable region in the heavens is 
the zodiac, not from any thing peculiar in its own con
stitution, but from its being the area within which the 
apparent motions of the sun, moon, and all the greater 
planets are confined. To trace the path of any one of 
these, it is only necessary to ascertain, by continued ob
servation, its places at successive epochs, and entering 
these upon our map or sphere in sufficient number to 
form a series, not too far disjoined, to connect them by 
lines from point to point, as we mark out the course of 

• This disregard is neither supercilious nor causeless. The constella. 
tions seem to have been almost purposely name<l an<I delineated to c:iuse as 
much coi;fusion and inco1wenience as possible. Innumerable snakes twine 
through long an<I contorted areas or the hea,.ens, where no memory can 
follow them; bears, lions an<I fishes, large and small, northern and southern, 
confuse all nomencla.ture, &c. A better system of constcllaticns might have 
been a mate.nal help as an artificial memory. 

l\I 2 
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a vessel at sea by mapping down its place from day to 
day. Now when this is done, it is found, first, that the 
apparent path, or track, of the sun on the surface of the 
heavens, is no other than an exact great circle of the 
sphere which is called the ecliptic, and which is in
clined to the equinoctial at an angle of about 23° 28~, 
intersecting it at two opposite points, called the equi
noctial points, or equinoxes, and wl1ich are distinguished 
from each other by the epithets vernal and autumnal ; 
the vernal being that at which the sun crosses the equi
noctial from south to north; the autumnal, when it quits 
the northern and enters the southern he1nisphere. Se
condly, that the moon and all the planets pursue paths 
which, in like manner, encircle the whole heavens, but 
are .not, like that of the sun, great circles exactly re
turning into themselves and bisecting the sphere, but 
rather spiral curves of much complexity, and described 
with very unequal velocities in their different parts. 
They have all, however, this in common, that the 
general direction of their motions is the same with that 
of the sun, viz. from west to east, that is to say, the con
trary to that in which both they and the stars appear to 
be carried by the diurnal motion of the heavens; and', 
moreover, that they never deviate far from the ecliptic 
on either side, crossing and recrossing it at regular and 
equal intervals of time, and confining themselves within 
a zone, or belt ( the zodiac already spoken of), extending 
9° on either side of the ecliptic. 

(255.) It would manifestly be useless to map down 
on globes or charts the apparent paths of any of those 
bodies which never retrace the same course, and which, 
therefore, demonstrably, must occupy at some one mo-
1nent or other of their history, every point in the area. 
of that zone of the heavens within which they are cir
cumscribed. The apparent complication of their move
ments arises ( that of the moon excepted) from our view. 
ingthemfrom a station which is itself in motion,and would 
disappear, could we shift our point of view and observe 
them, from the sun. O.n the other ban.d tbe apparent 
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motion of the sun is presented to us under its least in
volved form, and is studied, from the station ,ve occupy, 
to the greatest advantage. So that, independent of the 
iinportance of that luminary to us in other respects, it 
is by the investigation of tl1e laws of i~s motions in the 
first instance that we must rise to a knowledge of those 
of all the other bodies of our system. 

(256.) The ecliptic, which is its apparent path among 
tf1c stars, is traversed by it in the period called the 
sidereal year, which consists ot 365d 611 gm gs-6, 
reckoned in mean solar time, or 866d 6h gm 9•·6 reckon
ed in sidereal time. The reason of this difference ( and 
it is this which constitutes- the origin of the difference 
between solar and sidereal time) is, that as the sun's 
apparent annual motion among the stars is performed 
in a contrary direction to the apparent diurnal motion 
of both sun and stars, it comes to the same thing as if 
the diurnal motion of the sun were so much slower than 
that of the stars, or as if the sun lagged behind them in 
its daily course. ,vhere this has gone on for a whole 
year, the sun will have fallen behind the srars by a 
whole circumference of the heavens - or, in other words 
- in a year, the sun will have made fewer diurnal re
volutions, by one, than the stars. So that the same 
interval of time which is measured by 866d 6h, &c. 
of sidereal time, if reckoned in mean solar daysJ hours, 
&c. will be called 865d 6h, &c. Thus~ then, is the pro
portion between the mean solar and sidereal clay esta .. 
blished, which, reduced into a decimal fraction, is that 
of l ·00273791 to I. 'fhe measurement of time by 
these different standards may be compared to that of 
space by the standard feet, or ells of two different 
nations; the proportion of which, once settledJ can never 
become a source of error. 

(257.) The position of the ecliptic among the stars 
may, for our present purpose, be regarded as invariable. 
It is true that this is not strictly the case; and on com
paring together its position at present with that which 
it held at the most distant epoch at ,vhich we possess 

M 3 
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observations, we find evidences of a small change, ·which 
theory accounts for, and whose nature will be hereafter 
explained; but that change is so excessively slow, that 
for a great many successive years, or even for whole 
centuries, this circle may be regarded as holding the same 
position in the sidereal heavens. 

( 258.) The poles of the ecliptic, like those of any other 
great ciircle of the sphere, are opposite points on its 
surface, equidistant from the ecliptic in every direction. 
They are of .course not coincident with those of the 
equinoctial, but removed from it by an angular interval 
equal to the inclination of the ecliptic to the equinoctial 
( 2$0 28 '), ·which is called the obliquity of the ecliptic. 
In the annexed figure, if Pp represent the north and 
south poles (by which, when used without qualification 
we always mean the poles of the equinoctial), and 
E Q A V the equinoctial, V S A ,v the ecliptic, and 
l( Jc, its p9les - the spherical angle Q V S is the ob
liquity of the ecliptic, and is equal in angular measure 
to PK or SQ. If ,ve suppose the sun's apparent mo
tion to be in the direction V SAW, V will be the ver
nal and A the autumnal equinox. S and ,v, the two 
points at ,vhich the ecliptic is most distant from the 
equinoctial, are termed solstices, because, when arrived 
there, the sun ceases to recede from the equator, and 
(in that sense, so far as its motion in declination is con
cerned) to stand still in the heavens. S, the point where 
the sun has the greatest no1·the?'n declination, is called 
the summer solstice, and 1V, that where it is farthest 
south, the winter. These epithets obviously have their 
origin in the dependence of the seasons on the sun's 
declination, which will be explained in the next chapter. 
The circle E K P Q k p, which passes through the poles 
of the ecliptic and equinoctial, is called the solstitial 
colure; and a meridian <lra·wn through the equinoxes, 
P V p A, the equinoctial colure. 

(259-) Since the ecliptic holds a determinate situation 
in the starry heavens, it may be employed, like the equi
noctial, to refer the positions of the stars to, by circles 
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drawn through them from its poles, and therefore per
pendicular to it. Such circles are termed, in astronomy, 
circles of latitude - the distance of a star from the 
ecliptic, reckoned on the, circle of latitude passing 
through it, is called the latitude of the stars - and the 
arc of the ecliptic intercepted bet,veen the vernal equi
nox and this circle, its l<rngitude. I n the figure X is a 

p 

p 
star, PX R a circle of declination drawn thro11gh it, 
by which it is referred to the equinoctial, and K X T 
a circle of latitude referring it to the ecliptic- then, as 
V R is the right ascension, and RX the declination, of 
X, so also is V T its longitude, and T X its latitude. 
The use of the terms longitude and latitude, in this 
sense, seems to have originated in considering the 
ecliptic as forming a kind of natural equator to the 
heavens, as the terrestrial equator does to the earth -
the former holding an invariable position ,vith respect 
to the stars, as the latter does with respect to stations 
on the earth's surface. The force of this observation 
will presently become apparent. 

(260.) K nowing the right ascension and declination 
of an object, we may find its longitude and latitude, 
and vice vers/2. This is a problem of gr.eat use in 
physical astronomy - the following is its solution: -
In our last figure, E K P Q, the solstitial colure is of 

111 4 
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course 90° distant from V, the vernal equinox, ·which 
is one of its poles - so that V R ( the right ascension) 
being given, and also VE, the arc E R, and its measure, 
the spherical angle E P R, or If P X, is known. In 
the spherical triangle K PX, then, ,ve have given, 
1st, The side PI{, which, being the distance of the 
poles of the ecliptic and equinoctial, is equal to the 
obliquity of the ecliptic; 2d, The side PX, the pola1· 
distance, or the complement of the declination RX ; 
and, 3d, the included angle K P X ; and therefore, by 
spherical trigonometry, it is easy to find the other side 
K X, and the remaining angles. Now I{ X is the com
plement of the required latitude X T, and the angle 
P K X being known, and P K V being a right angle 
(because S V is 90°), the angle X K V becomes known. 
Now this is no other than the measure of the longitude 
VT of the object. The inverse problem is resolved 
by the same triangle, and by a process exactly similar. 

(261 .) 'fhe same course of observations by which the 
path of the sun among the fixed stars is traced, and the 
ecliptic marked out among them, determines, of course, 
the place of the equinox V upon. the starry sphere, at 
that time - a point of great importance in practical 
astronomy, as it is the origin or zero point of right 
ascension. Now, ,vhen this process is repeated at con
siderably distant intervals of time, a very 1·ernarkab]e 
phenomenon is observed; viz. that the equinox does not 
preserve a constant place among the stars, but shifts its 
position, travelling continually and regularly, although 
,v:ith extreme lowness, backwards, along the ecliptic, in 
the direction V W from east to ,vest, or the cont1·ary to 
that in which the sun appears to move in that circle. 
As the ecliptic and equinoctial are not vei·y much in
clined, this motion of the equinox from east to ,vest along 
the former, conspires ( speaking generally) ,vith the 
diurnal motion, and carries it, ,vith reference to that 
motion,. continually in advance upon the stars: hence it 
has acquired the name of the pl"ecessionof the equinoxes, 
because the place of the equinox among the stars, at 
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every subsequent moment, p1·ecedes ( with reference to 
the diurnal motion) that which is held the moment be
fore. 1'he amount of this motion by ·which the equinox 
travels back\vard, or retrogrades (as it is called), on the 
ecliptic, is o0 01 50"·10 per annum, an extremely mi
nute quantity, but which, by its continual accumulation 
from year to year, at last makes itself very palpable, 
and that in a way highly inconvenient to practical 
astronomers, by de~troying, in the lapse of a moderate 
number of years, the arrangement of their catalogues of 
stars, and making it necessary to reconstruct them. 
Since the formation of the earliest catalogue on record, 
the place of the equinox has retrograded already about 
30°. The period in which it performs a complete tour 
of the ecliptic, is 25,868 years. 

(262.) The immediate uranographical effect of the 
precession of the equinoxes is to produce a uniform 
inc1·ease of longitude in all the heavenly bodies, whether 
fixed or erratic. For the vernal equinox being the 
initial point of longitudes, as well as of right ascension, 
a retreat of this point on the ecliptic tells upon the 
longitudes of all alike, whether at rest or in motion, and 
produces, so far as its a1nount extends, the appearance 
of a motion in longitude common to all, as if the ,vhole 
heavens had a slo,v rotation round the poles of the 
ecliptic in the long period above mentioned, similar to 
what they have in twenty-four hours round those of the 
equinoctial. 

( 26S.) To form a just idea of this curious astronomical 
phenomenon, however, we must abandon, for a time, 
the consideration of the ecliptic, as tending to produce 
confusion in our ideas ; for this reason, that the stabi
lity of the ecliptic itself among the stars is (as already 
hinted, art. 257.) only approximate, and that in conse
quence its intersection ,vith the equinoctial is liable to a 
certain amount of change, arising from its fluctuation, 
·which mixes itself with what is due to the principal 
uranographical cause of the phenomenon. This cause 
will become at once apparent, if, instead of regarding 



170 A TREATISE ON ASTRONOJIIY. CHAP. IV. 

the equinox, ,ve fix our attention on the pole of the equi
noctial, or the vanishing point of the earth's axis. 

( 264.) The place of this point among the stars is easily 
determined at any epoch, by the most direct of all astro
nomical observations, - those with the mural circle. 
By this instrument ,ve are enabled to ascertain at every 
moment the exact distance of the polar point from any 
three or more stars, and therefore to lay it do,vn, by 
triangulating from these stars, ·with unerring precision, 
on a chart or globe, without the least reference to the 
position of the ecliptic, or to any other circle not natu
rally connected ,vith it. No,v, when this is done with 
proper diligence and exactness, i t results that, although 
for short intervals of time, such as a few days, the 
place of the pole may be regarded as not sensibly vari
able, yet in reality it is in a state of constant, although 
extremely slow motion; and, what is still more remark
able, this motion is not uniform, but compounded of 
one principal, uniform, or nearly uniform, part, and other 
smaller and subordinate periodical fluctuations : the 
former giving rise to the phenomena of precession; the 
latter to another distinct phenomenon called nutation. 
These two phenomena, it is true, belong, theoretically 
speaking, to one and the same general head, and are 
intimately connected together, forming part of a great 
and complicated chain of consequences flowing from the 
earth's rotation on its axis: but it will be of advantage 
to present clearness to consider them separately. 

(265.) It is found, then, that in virtue of the uniform 
part of the motion of the pole, it describes a circle in 
the heavens around the pole of the ecliptic as a centre, 
keeping constantly at the same distance of 23° 28' from 
it, in a direction from east to west, and with such a velo
city, that the annual angle described by it, in this its 
imaginary orbit, is 5011• I 0; so that the whole circle 
,vould be described by it in the .above-mentioned period 
of £5,868 years. It is easy to perceive how such a mo
tion of the pole will give rise to the retrograde motion of 
the equinoxes ; for in the figure, art. 259,, suppose the 
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pole P in the progress of its motion in the small circle 
P O Z round K to come to o. then, as the situation of 
the equinoctial E V Q is determined by that of the pole, 
this, it is evident, must cause a displacement of the 
equinoctial, which wUl take a new situation, E U Q, 90° 
distant in every part from the new position O of the pole. 
The point U, therefore, in which the displaced equi~ 
noctial will intersect the ecliptic, i. e. the displaced 
equinox, will lie on that side of V, its original position, 
towards which the motion of the pole is directed, or to 
the westward. 

( 266.) The precession of the equinoxes thus conceived, 
consists, then, in a real but very slo,v motion of the pole 
of the heavens among the stars, in a small circle round 
the pole of the ecliptic. Now this cannot happen with. 
out producing corresponding changes in the apparent 
diurnal motion of the sphere, and the aspect which the 
heavens must present at very remote periods of history. 
The pole is nothing more than the vanishing point of 
the earth's axis. As this point, then, has such a motion 
as described, it necessarily follows that the earth's axis 
must have a conical motion, in virtue of which it points 
successively to every part of the small circle in question. 
,v e may form the best idea of such a motion by no
ticing a child's peg-top, when it spins not upright, or 
that amusing toy the tc-to-tum, which, ,vhen delicately 
executed, and nicely balanced, becomes an elegant phi .. 
losophical instl"ument, and exhibits, in the most beautiful 
manner, the whole phenomenon, in a way calculated to. 
give at once a clear conception of it as a fact, and a con
siderable insight into its physical cause as a dynamical 
effect. The reader will take care not to confound the 
variation of the position of the earth's axis in space ,vith 
a mere shifting of the imaginary line about wl1ich it re
volves, in its interior. The whole earth participates in 
the motion, and goes along with the axis as if it were 
really a bar of iron driven through it. That such is 
the case is proved by the two great facts : 1 st, that the 
latitudes of places on the earth, or their geographical 
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situation with respect to the poles, have undergone no
perceptible change from the earliest ages. 2dly, that. 
the sea maintains its level, w·hich could not be the case 
if the motion of the axis ,vere not accompanied with a. 
motion of the whole mass of the earth. 

(267.) The visible effect of precession on the aspect 
of the heavens consists in the appa1·ent approach of 
some stars and constellations to the pole and recess of 
others. The bright star of the Lesser Bear, which we 
call the pole star, has not always been, nor will always 
continue to be, our cynosure : at the time of the con
struction of the earliest catalogues it was 12° front the 
pole -it is now only I O 24', and will approach yet 
nearer., to within half a degree, after which it will again 
recede, ancl slowly give place to others, which will suc
ceed it in its companionship to the pole. After a lapse 
of about 12,000 years, the star a Lyne, the brightest 
in the northern hemisphere, will occupy the remarkable 
situation of a pole star, approaching within about 5° 
of the pole. 

(268.) The nutation of the earth's axis is a small and 
slow subordinate gyratory movement, by which, if sub
sisting alone, the pole would 1lescribe among the stars, in 
a period of about nineteen years~ a minute ellipsis, having 
its longer axis equal to 18''·5, and its shorter to 13"·74; 
the longer being directed towards the pole of the ecliptic, 
and the shorter, of course, at right angles to it. The 
consequence of this real motion of the pole is an ap
pa1·ent approach and recess of all the stars in the hea
vens to the pole in the same period. Since, also, the 
place of the equinox on the ecliptic is determined by 
the place of the pole in the heavens, the same cause 
will give rise to a small alternate advance and recess of 
the equinoctial points, by which., in the same period; both 
the longitudes and the right ascensions of the stars will 
be also alternately increased and diminished. 

(269.) Both these motions, however, although here 
considered separately, subsist jointly; and since, while 
in virtue of the nutation, the pole is describing its little 



OHAP, IV, :NUTATION, 173 

ellipse of 18"·5 in diameter, it is carried by the greater 
and regularly progressive motion of precession over so 
much of its circle round the pole of the ecliptic as cor
responds to nineteen years,-that is to say, over an an
gle of nineteen times 50"·1 round the centre ( which, in 
a s1nall circle of 23° 281 in diameter, corresponds to 
61 20", as se,en from the centre of the sphere): the 
path which it ·will pursue in virtue of the two motions, 
subsisting jointly, will be neither an ellipse 11or an ex
act circle, but a gently undulated ring like that in the 
figure (where, however, the undulations are much ex
aggerated). (Seefig. to art. 272.) 

(270,) These movements of precession and 11utation 
are common to all the celestial bodies both fixed and 
erratic; and this circumstance makes it impossible to at
tribute them to anv other cause than a real motion of . 
the earth's axis, such as we have describ-ed. Did they 
only affect the stars, they might, with equal plausibility, 
be urged to arise from a real rotation of the starry hea
vens, as a solid shell round an axis passing through 
the poles of the ecliptic in 25,868 y-ears, and a real 
elliptic gyration of that axis in nineteen years: but 
since they also affect the sun, moon, and planets, 
which, having motions independent of the general 
body of the stars, cannot wiLhout extravagance be sup
posed attached to the celestial concave-:v-, this idea falls 
to the ground; and there only remains, then, a real 
motion in the earth by which they can be accounted 
for. It ,vill be shown in a subsequent chapter that 
they are necessary consequences of the rotation of the 
earth, combined with its elliptical figure, and the un
equal attraction of the sun and moon on its polar and 
equatorial regions. 

(271.) Uranographically considered, as affecting the 
apparent places of the stars, they are of the utmost 

"' This argument, cogent as it is, 11cquires aclclitional and decisive force 
from the law of nutation, which is dependent on the position, for the time, 
of the lunar orbit. If we attribute itto a real motion of the celestial sphere, 
we must ther maintain that sphere to be kept in a constant state of tremor 
by the motion of the moon ! 
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importance in practical astronomy. \Vhen we speak of 
the right ascension and declination of a celestial object, 
it becomes necessary to state ,vhat epoch we intend, and 
,vhet11er we mean, the mean right ascension-cleared, that 
is, of the periodical fluctuation in its amount, which 
arises from nutation, or the apparent right ascension, 
which, being reckoned from the actual place of the 
vernal equinox, is affected by the periodical advance 
and l'ecess of the equinoctial point thence produced -
and so of the other elements. It is the practice of 
astronomers to 1·educe, as it is termed, all their observ
ations, both of right ascension and declination, to some 
common and convenient epocl1-such as the beginning 
of the year for temporary purposes, or of the decade, 
or the century for more permanent uses, by subtracting 
from them the ,vhole effect of precession in the interval; 
and, moreover, to divest them of the influence of nu
tation by investigating and subducting the amount of 
change, both in right ascension and declination, due to 
the displacement of the pole from the centre to the 
circumference of the little ellipse above mentioned. 
1'his last process is technically termed correcting or 
equating the observation for nutation; by which latter 
,vord is always understood, in astronomy, the getting 
rid of a periodical cause of fluctuation, and presenting a 
result, not as it was observed, but as it would have 
been observed, had that cause of fluctuation had no ex~ 
istence. 

(272.) For these purposes, in the present case, very 
convenient formulre have been derived, and tables 
constructed. They are, however, of too technical 
a character for this work; ,ve shall, ho,vever, point 
out the manner in which the investigation is con
ducted. It has been shown in art. 260. by ,vhat means the 
right ascension and declination of an object are de-. 
rived from its longitude and latitude. Referring to the 
figure of that article, and supposing the triangle 
K PX orthographically projectecl on the plane of the 
ecliptic as in the annexed figU1·e: in the triangle K PX, 
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K P is the obliquity of the ecliptic, I( X the co-lati
tude ( or complement of latitude), and the angle P K X 
the co-longitude of the object X. These are the data 
of our question, of which the first is constant, and 
the two latter are varied by the effect of precession 
and nutation ; and their variations ( considering the 
minuteness of the latter effect generally, and the small 
number of years in comparison of the whole period 
of 25,868, for which we ever require to estimate 
the effect of the former,) arc of that order which may 
be regarded as infinitesimal in geo1netry, and treated as 
such without fear of error. The whole question, then, 
is reduced to this: - In a spherical triangle K PX, in 
which one side K X is constant, and an angle K, and 

adjacent side K P vary by given infinitesimal changes 
of the position of P : required the changes thence arising 
in the other side P X, and the angle I{ P X? This is a 
very si1nple and easy problem of spherical geometry, 
and being resolved, it gives at once the reductions we are 
seeking; for PX being the polar distance of the object, 
and the angle I( P X its right ascension plus 9.0°, their 
variations are the very quantities we seek. It only re-
1nains, then, to ex.press in proper form the amount of the 
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precession and nutation in longitude and latitude, ,vhen 
their a1nount in right ascension and declination will im
mediately be obtained. 

( 273.) The precession in latitude is zero, since the 
latitudes of objects are not changed by it : that in lon
gitude is a quantity proportional to the ti1ne at the rate 
of 50''·10 per annum. \Vith regard to the nutation in 
longitude and latitude, these are no other than the ab
scissa and ordinate of the little ellipse in which the 
pole 1noves. The law of its motion, however, therein, 
cannot be understood till the reader has been made ac
quainted with the principal features of the moon's mo
tion on which it depends. See Chap. XI. 

(274.) Another consequence of what has been shown 
respecting precession and nutation is, that side1·eal time, 
as astrono1ners use it, i. e. as reckoned from the transit 
of the equinoctial point, is, not a mean nr uniformly 
flowing quantity, being affected by nutation ; and, 
moreover, that so reckoned, even when cleared of the 
periodical fluctuation of nutation, it does not strictly 
correspond to the earth's diurnal rotation. As the sun 
loses one day in the year on the stars, by its direct mo
tion in longitude ; so the equinox gains one day in 
25,868 years on them by its i·etrogradation. "\Ve ought, 
therefore, as carefully to distinguish between mean and 
apparent sidereal as between 1nean and apparent solar 
time. 

(275.) Neither precEssion nor nutation change the 
apparent places of celestial objects inter se. We see 
them, so far as these causes go, as they are, though 
from a station more or less unstable, as we see distant 
land obj ects correctly formed, though appearing to rise 
and fall ·when viewed from the heaving deck of a ship 
in the .act of pitching and l'Olling. But there is an 
optical cause, independent of refraction or of perspective, 
·which displaces them one among the other, 3:nd causes 
us to view the heavens under an aspect always to a 
certain slight extent false; and ,vhose influence must be 
estimated and allowed for before we can obtain a p,recise 
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knowledge of the place of any object. This cause is 
what is called the aberration of light; a singular and 
surprising effect arising from this, that ·we occupy a 
station not at rest but in rapid motion; antl that the 
apparent directions of the rays of light are not the same 
to a spectator in motion as to one at rest. As the esti
mation of its effect belongs to uranography, we must 
explain it here, though, in so doing, we must antici
pate some of the results to be detailed in subsequent 
chapters. 

(276.) Suppose a shower of rain to fall perpen<licu_ 
lady in a dead. calm; a person exposed to the shower, 
who should stand quite still and upright, would receive 
the drops on his hat, which would thus shelter him, but 
if he ran forward in any direction they would strike him 
in the face. The effect would be the same as if he re
mained still, and a wind should arise of the same velo
city, and drift them against him. Suppose a ball let 
fall from a point A above a horizontal line E F, and 
that at B were placed to receive it the open mouth of 

A 

E 

an inclined hollow tube P Q; if the tube were held 
immoveable the ball would strike on its lower side, but if 
the tube were carried forward in the direction E F, 
,vith a velocity properly adjusted at every instant to 
that of the ball, while preserving its inclination to the 
horizon, so that when the ball in its natural descent 

N 
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reached C, the tube should have been carried into the 
position R S, it is evident that the ball would, through
out its whole descent, be found in the axis of the tube; 
and a spectator, referring to the tube the motion of the 
ball, and carried along with the former, unconscious of 
its motion, v,ould fancy that the ball had been moving 
in the inclined direction R S of the tube's axis. 

(277,) Our eyes and telescopes are such tubes. In 
whatever manner we consider light, ,vhether as an ad
vancing wave in a motionless ether, or a shower of 
atoms traversing space, if in the interval between the 
rays traversing the object glass of the one or the cornea 
of the other ( at which moment they acquire that con
vergence ,vhich directs them to a certain point in fixed 
space), the cross wires of the one or the retina of the 
other be slipped aside, the point of convergence ( which 
remains unchanged) will no longer correspond to the 
intersection of the wires or the central point of our 
visual area. The object then will appear <lisplaced; and 
the amount of this displacement is aber1·ation. 

(278.) The earth is moving through space with ave
locity ,of about 19 miles per second, in an elliptic path 
round the sun, and is therefore changing the direction 
of its motion at every instant. Light travels with 
a velocity of l 92,000 miles per second, which, although 
much greater than that of the earth, is yet not infi
nitely so. Time is occupied byit in traversing any space, 
and in that time the earth describes a space which is to 
the former as 19 to 192,000, or as the tangent of 20"· 5 
to radius. Suppose now A PS to represent a ray of light 
from a star at A, and let the tube P Q be that of a 
telescope so inclined forward that the focus fotmed by 
its object glass shall be 1·eceived upon its cross wire, 
it is evident from what has been said, that the inclin
ation of the tube must be such as to make P S : SQ : : 
velocity of light: velocity of the earth,:: tan. 20"·5: 1; 
and, therefore, the angle S P Q, or PS R, by which 
the axis of the telescope must deviate from the true 
direction of the star, must be 2011·5. 
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(279.) A similar reasoning will hold good when the 
direction of the earth's motion is not perpendicular to 

s the visual ray. If S B be 

r 

~ 
B 

the true direction of the 
visual ray, and AC the posi .. 
tion in which the telescope 
requires to be held in the 
apparent direction, we must 

A still have the proportion 
B C : B A : : velocity of 

light: velocity of the earth : : rad.: sine of 20"·5 (for in 
such small angles it matters not whether we use the sines 
or tangents). But we have, also, by trigonometry, BC: 
BA : : sine of BA C : sine of AC B or CB D, which 
last is the apparent displacement caused by aberration. 
Thus it ap1>ears that the sine of the aberration, or (since 
the angle is extremely small) the aberration itself, is 
proportional to the sine of the angle made by the earth's 
motion in space with the visual ray, and is therefore a 
maximum when the line of sight is perpendicular to 
the direction of the earth's motion. 

(280.) The uranographical effect of aberration, then, is 
to distort the aspect of the heavens, causing all the 
stars to crowd as it were directly towards that point in 
the heavens ·which is the vanishing point of all lines 
parallel to that in which the earth is for the moment 
moving. As the earth moves round the sun in the 
plane of the ecliptic, this point must lie in that plane, 
90° in advance of the earth's longituue, or 90° behind 
the sun's, and shifts of course continually, describing 
the circumference of the ecliptic in a year. It is easy 
to demonstrate that the effect on each particular star 
will be to make it apparently describe a small ellipse 
in the heavens, having for its centre the point in which 
the star would be seen if the earth were at rest. 

(281.) Aberration then affects the apparent right as
censions and. declinations of all the stars, and that by 
quantities easily calculable. The formulre most conve
nient for that purpose, and which, systematically embra,. 

N 2 • 
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cing at the same time the corrections for precession and 
nutation, enable the observer, with the utmost readiness, 
to disencumber his observations of right ascension and 
declination of their influence, have been constructed by 
Prof. Bessel, and tabulated in the appendix to the first 
volume of the Transactions of the Astronomical Society, 
,vhere they ,vill be found accompanied with an exten
sive catalogue of the places, for 1830, of the principal 
fixed stars, one of the most useful and best arranged 
works of the kind ,vhich has ever appeared. 

(282.) ,vhen the body from which the visual ray 
emanates is, itself, in motion, the best way of con
ceiving the effect of aberration (independently of theo
retical views respecting the nature of light) llf is as fol
lows. 'fhe ray by which we see any object is not that 
·which it emits at the moment we look at it, but that 
which it did emit some ti1ne before, viz. the time oc
cupied by light in traversing the interval which se
paratt>S it from us. The aberration of such a body 
then arising from the earth's velocity must be applied 
as a correction, not to the line joining the earth's place 
at the moment of obset\fation ,vith that occupied by 
the body at the same mornent, but at that antecedent 
instant when the ray quitted it. I-Ience it is easy to 
derive the rule given by astronomical writers for the 
case of a moving object. From the known laws of its 
niotion and the earth's, calculate its apparent or relative 
angula1· rnotion in the time taken by light to traverse its 
d_istance from the earth. This is its aberration, and its 
f>jfect is to displace it in a direction contrary to its 
apparent relative motion among the stars. 

vVe shall conclude this chapter with a few urano-

* The results of the undulatory and coTpuscular theorie~ of light, in 
the matter of aberration are, iu the main, the same. We say in the main. • 
There is, however, a minute difference even of numerical results. In the 
undulatory doctrine, the propagation of light takes place with equal velo
city ir, all directions whether the luminary be at rest or in motion. tn the 
corpuscular, with an excess of velocity in the direction of the motion over 
that in the contrary equal to twice the velocity of the body's motion. In 
the cases, then, of a body moving with equal velocity directly to and directly 
from the earth, the aberrations will be alike ,on the undulatory1 but different 
on the corpuscular hy1>othesis. The utmost difference wl11ch can arise 
from this cause in our svstcm cam1ot amount to above six thousandths of 
a ,econd. 
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graphical problems of frequent practical occurrence, 
which may be resolved by the rulei: of spherical tri
gonometry. 

(283.) Of the following five quantities, given any 
three, to find one or both the others. 

I st, The latitude of the place; 2d, the declination of 
an object; 3d, its hour angle east or west froin the 
meridian; 4th, its altitude; 5th, its azimuth. 

In the figure of art. 94, P is the pole, Z the zenith, 
and S the star; and the five quantities above mentioned, 
or their complements, constitute the sides and angles of 
the spherical triangle r Z S; P Z being the co-latitude, 
P S the co-declination or polar distance ; S P Z the 
hour angle; PS the co-altitude or zenith distance; and 
P Z S the azimuth. By the solution of this spherical 
triangle, then, all problems involving the relations be
tween these quantities may be resolved. 

(284.) For example, suppose the time of rising or 
setting of the sun or of a star were required, having 
given its right ascension and polar distance. The star 
rises when apparently on the horizon, or really about 
34' below it (owing to refraction), so that, at the mo
ment of its apparent rising, its zenith distance is 
90° 34' = Z S. Its polar distance P S being also 
given, and the co.latitude Z P of the place, we have 
given the three sides of the triangle, to find the hour 
angle Z P S, which, being known, is to be added to or 
subtracted from the star's right ascension, to give the 
sidereal time of setting or rising, which, if we please, 
may be converted into solar time by the proper rules 
and tables. 

(285.) As another example of the same triangle, we 
may propose to find the local sidereal time, and the 
latitude of the place of observation, by observing equal 
altitudes of the same star east and ·west of the mericlian, 
and noting the interval of the observations in sidereal 
time. 

'I'he hour angles corresponding to equal altitudes of 
a fixed star being equal, the hour angle east or west 

~ 3 
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will be measurecl by half the observed interval of the 
observations. In our triangle, then, we have given this 
hour angle Z P S, the polar distance P S of the star, 
and Z S, its co-altitude at the moment of observation. 
Hence ,ve may find P Z, the co-latitude of the place. 
l\1oreover, the hour angle of the star being known, and 
also its right ascension, the point of the equinoctial is 
known, which is on the meridian at the moment of ob
servation ; and, therefore, the local sidereal time at that 
moment. This is a very useful observation for de
termining the latitude and time at an unknown station. 

(286. ) It is often of use to know the situation of the 
ecliptic jn the visible heavens at any instant; that is to 
say, the points where it cuts the horizon, and the altitude 
of its highest point, or, as it is sometimes called, the 
nonagesimal point of the ecliptic, as well as the longitude 
of this point on the ecliptic itself from the equinox. 
These, and all questions referable to the same data and 
quresita, are resolved by the spherical triangle Z PE, 
formed by the zenith Z ( considered as the pole of the 
horizon), the pole of the equinoctial P, and the pole of 
the ecliptic E. The sidereal time being given, and also 

z 

the right ascension of the pole of the ecliptic (which is 
always the same, viz. 1 Sh om O•), the hour angle Z PE 
of that point is known. Then, in this triangle we have 
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given P Z, the co-latitude; PE, the polar distance of 
the pole of t11e ecliptic, 23° 28', and the angle Z PE; 
from which we may find, 1st, the side Z E, which is 
easily seen to be equal to the altitude of the nonagesimal 
point sought; and, .2dly, the angle P Z E, which is the 
azimuth of the pole of the ecliptic, and which, therefore, 
being added to and subtracted from 90°, gives the 
azimuths of the eastern and western intersections of the 
ecliptic with the horizon. Lastly, the longitude of the 
nonagesimal point may be had, by calculating in the 
same triangle the angle PEZ, ,vhich is its complement. 

( 287.) The angle of situation of a star is the angle in
cluded at the star between circles of latitude and of 
declination passing through it. To determine it in any 
proposed case, ,ve 1nust resolve the triangle PS E, in 
which are given PS, PE, and the angle S PE, which 
is the difference between the star's right ascension and 
18 hours; from which it is easy to find the angle PS E 
required. This angle is of use in many enquiries in 
physical astronomy. It is called in most books on 
astronomy the angle of position; but the latter ex
pression has become otherwise, and more conveniently, 
appropriated. 

(288.) From these instances, the manner of treating 
such questions in urauography as depend on spherical 
trigonometry will be evident, and will, for the most 
part, offer little difficulty, if the student will bear in 
mind, as a practical maxim, 1·ather to consider the poles 
of the great circles which his question 1·efers to, than the 
circles themselves. 

N 4 
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CHAP. V. 

OF THE SUN'S MOTION. 

APPARENT :l\lOTION OF THE SUN NOT UNIFORM. -ITS APP.ARENT 

DIAMETER ALSO VARIABLE. -VARIATION OF ITS DISTANCE 

CONCLUDED. -ITS AI'PARENT ORBIT AN ELLIPSE ABOUT THE 

FOCUS. - LAW OF THE ANGULAR VELOCITY. - EQUABLE DE

SCRIPTION OF AREAS, - PARALLAX OF THE SUN. - ITS 

DISTANCE AND MAGNITUDE, - COPERNICAN EXPLANATION 

OF THE SUN'S APPARENT M(YUON, - PARALLELIS~( OF THE 

EARTH'S. AXIS, -THE SEASONS, - HEAT RECEIVED FROM 

'nll/; SUN lN D1FF£R£NT PARTS OF THE OR»lT, 

(289.) IN the foregoing chapters, it has been shown 
that the apparent path of the sun is a great circle of 
the sphere, which it performs in a period of one 
sidereal year. From this it follo,vs, that the line joining 
the earth and sun lies constantly in one plane; and that, 
therefore, whatever be the real motion from which this 
apparent motion arises, it must be confined to one 
plane, \\•hich is called the plane of the ecliptic. 

(290.) ,ve have alreadyseen (art.118.) that the sun's 
motion in right ascension among the stars is not uniform. 
This is partly accounted for by the obliquity of the 
ecliptic, in consequence of which equal variations in 
longitude do not correspond to equal changes of right 
ascension. But if we observe the place of the sun 
daily throughout the year, by the transit and circle, 
and from these calculate the longitude for each day, it 
will still be found that, even in its own proper path, its 
apparent angular motion is far from uniform. The 
change of longitude in hventy-four mean solar hours 
ave,-ages 0° 59' 8"·33; but about the 31 st of De
cember it amounts to I O 11 9"··9, and about the 1st 
of July is only 0° 57' 11 "· 5. Such are the extreme 
limits, and such the mean value of the sun's apparent 
angular velocity in its annual orbit. 

(291.) This variation of its angular velocity is accom
paniecl with a corresponding change of its distance from 
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us. The change of distance is recognized by a variation 
observed to take place in its apparent diameter, when mea
sured at different seasons of the year, with an instrument 
adapted for that purpose, called the heliomete1· •, or, by 
calculating fro,m the time which its disk takes to traverse 
the meridian in the transit instrument. The greatest 
apparent diameter corresponds to the 31st of De
cember, or to the greatest angular velocity, and measures 
32' 35''·6; the least is 31' 31"·0, and corresponds to 
the 1st of July; at which epochs, as ,ve have seen, the 
angular motion is also at its extreme limit either ·way. 
Now, as we cannot suppose the sun to alter its real 
size periodically, the observed change of it:i apparent 
size can only arise from an actual change of distance. 
And the sines or tangents of such small arcs being pro
portional to the arcs themselves, its distances from us, 
at the above-named epoch, must be in the inverse pro
portion of the apparent diameters. It appears, therefore, 
that the greatest, the mean, and the least distances of 
the sun from us are in the respective proportions of the 
numbers 1·01679, 1·00000, and 0·98321; and that its 
apparent angular velocity diminishes as the distance in
creases, and vice versa. 

(292,) It follows from this, that the real orbit of the 
sun, as referred to the earth supposed at rest, is not a 
circle with the earth in the centre. The situation of 
the earth within it is excentric, the ea:centricity amount-

B 

ing to 0·01679 of the mean distance, which may be 
regarded as our unit of measure in this enquiry. But 
besides this, the f01·m of the orbit is not circular, but 

• 'H),10;,, the sun, and .£(,JT(U>', to measure. 
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elliptic. If from any point 0, taken to represent the 
earth, we ~lraw a line, 0 A, in some fixed direction, 
from which we then set off a series of angles, A O B, 
AO GJ &c. equal to the observed longitudes of the 
sun throughout the year, and in these respective direc
tions measure off from O the distances O A, 0 B, 0 C, 
&c. representing the distances deduced from tl1e ob
served diameter, ancl then connect all tl1e extremities 
A, B, C, &c. of these lines by a continuous curve, it is 
evident this will be a correct representation of the relative 
orbit of the sun about the earth. No,v, when this is done, 
a deviation from the circular figu1·e in the resulting 
curve becomes apparent ; it is found to be evidently 
longer than it is broad-that is to say, elliptic, and the 
point Oto occupy not the centre, but one of the foci of the 
ellipse. The graphical process here described is suffi
cient to point out the general figure of the curve in 
question ; but for the purposes of exact verification, it 
is necessary to recur to the properties of the ellipsell'<, 
and to express the distance of any one of its points in 
terms of the angular situation of that point with respect 
to the longer axis, or diameter of the ellipse. This, 
however, is readily done; and when numerically cal
culated, on the supposition of the excentricity being 
such as above stated, a perfect coincidence is found to 
subsist between the distances thus computed, and those 
Jerived from the measurement of the apparent diameter. 

( 293.) The mean distance of the earth and sun being 
taken for unity, the extremes are 1 ·01679 and 0·98321. 
But if we compare, in like manner, the mean or average 
angular velocity with the extremes, greatest and least, 
we shall find these to be in the proportions of 1 ·03386, 
1 ·00000, and 0·96614. The variation of the sun's 
angula1· velocity, then, is much greater in proportion than 
that of its distance - fully twice as great; and if ,ve 
examine its numerical expressions at different periods, 
comparing them with the mean value, and also with the 
corresponding distances, it will be found, that, by what" 

• Sec Conic Sections, by the R,cv. H.P. lumilton. 
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ever fraction of its mean value the distance exceeds the 
mean, the angular velocity ,vill fall short of its mean 
or average quantity by very nearly twice as great a 
fraction of the latter, and vice vel'$i1. Hence we are 
led to conclude that the angula1· velocity is in the in
verse proportion, not of the distance simply, but of its 
.vquare; so that, to compare the daily motion in longitude 
of the sun, at one point, A, of its path, with that at B, 
we must state the proportion thus :-

0 B 2 : 0 A 2 : : daily motion at A : daily motion 
at B. And this is found to be exactly verified in every 
part of the orbit. 

( 294.) Hence we deduce another r,emarkable conclu
sion -viz. tbat if the sun be supposed really to move 
around the circumference of this ellipse, its actual speed 
cannot be uniform, but must be greatest at its least dis
tance, ancl less at its greatest. For, were it uniform, 
the apparent angular velocity would be, of course, in
versely proportional to the distance; simply because 
the same linear change of place, being produced in the 
same time at different distances from the eye, must, by 
the laws of perspective, correspond to apparent angular 
displacements inversely as those distances. Since, then, 
observation indicates a more rapid law of variation in 
the angular velocities, it is evident that mere change of 
distance, una.ccompanied with a change of actual speed, 
is insufficient to account for it; and that the increased 
proximity of the sun to the earth must be accompanied 
with an actual increase of its real velocity of motion 
along its path. 

(295.) This elliptic fol'm of the sun's path, the excen
tric position of the earth within it, and the unequal 
speed with ,vhich it is actually trav,ersed by the sun 
itself, all tend to render the calculation of its longitude 
fron1 theory (i.e. from a knowledge of the causes and 
nature of its motion) difficult; and indeed impossible, so 
long as the law of its actual velocity continues unknown. 
'fhis law, however, is not immediately apparent. It 
does not come forward, as it were, and present itself at 
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once, like the elliptic form of the orbit, by a direct com
parison of angles and distances, but requires an attentive 
consideration of the whole series of observations regis
tered during an entire period. It was not, therefore, 
without much painful and laborious calculation, that it 
was discovered by Kepler ( who was also the first to 
ascertain the elliptic form of the orbit), and announced 
in the following terms :-Let a line be always supposed 
to connect the sun, supposed in motion, with the earth, 
supposed at rest; then, as the sun moves along its 
ellipse, this line ( which is called in astronomy the 
radius vector) ·will describe or sweep ove1· that portion 
of the ·whole a,·ea or surface of the ellipse which is 
included between its consecutive positions: and the 
motion of the sun will be such that equal areas a1·e thus 
swept ot>er by the revolving radius vector in equal times, 
in whatever part of the circumference of the ellipse the 
sun may be moving. 

( 296.) From this it necessarily follows, that in unequal 
times, the areas described must be proportional to the 
times. Thus, in the figure of art. 292. the time in 
which the sun moves from 1\. to B, is the time in which 
it moves from C to D, as the area of the elliptic sector 
A O B is to the area of the sector D O C. 

(297.) The circumstances of the sun's apparent annual 
motion may, therefore, be summed up as follows :-It 
is performed in an orbit lying in one plane passing 
through the earth's centre, called the plane of the eclip
tic, and whose projection on the heavens is the great 
circle so called. I n this plane, however, the actual 
path is not circular, but elliptical; having the earth, not 
in its centre, but in one focus. The excentricity of this 
ellipse is 0·01679, in parts of a unit equal to the mean 
distance, or half the longe,· diamete·r of the ellipse; and the 
motion of the sun in its circumference is &o regulated, 
that equal areas of the ellipse are passed over by the 
radius vector in equal times. 

(298.) What we h?.ve here stated supposes no knO\V

ledge of the iiun's actual distance from the e:irth, nor, 
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consequently, of the actual dimensions of its orbit, nor 
of tl1e body of the sun itself. To come to any conclu
sions on these points, ,ve must first consider by what 
means we can arrive at any knowledge of the distance 
of an object to which we have no access. No,v, it is 
obvious, that its pa1·allaa; alone can afford us any inform
ation on this subject. Parallax may be generally defined 
to be the change of apparent situation of an object aris
ing from a change of real situation of the observer. 
Suppose, then, P A B Q to repre.sent the earth, C its 

z 

:x: 

centre, and S the sun, and A, B two situations of a 
spectator, or, ,vhich comes to the same thing, the sta
tions of two spectators, both observing the sun S at the 
same instant. The spectator A will see it in the direc
tion AS a, and will refer it to a point a in the infinitely 
distant sphere of the fixed stars, while the spectator B 
will see it in the direction B Sb, and refer it to b. The 
angle included between these directions, or the measure 
of the celestial arc a b, by which it is displaced, is equal 
to the angle A SB; and if this angle be known, and the 
local situations of A and B, with the part of the earth's 
surface A B included between them, it is evident that 
the distance C S may be calculated. 

(299,) Parallax, however, in the astronomical accept
ation of the word, has a more technical meaning. It is 
restricted to the difference of apparent positions of any 
celestial object ,vhen viewed from a station on the sur
face of the earth, and from its cent1·e. The cent1·e of 
the earth is the general station to which all astronomical 
observations are referred: but, as we observe from the 
surface, a reduction to the cent1·e is needed ; and the 
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amount ,of this reduction is called parallax. Thus, the 
sun being seen from the earth's centre, in the direction 
C S, and from A on the surface in the direction A S, 
the angle AS C, included between these two directions, 
is the parallax at A, and similarly B SC is that at B. 

Parallax, in this sense, may be distinguished by the 
epithet diurnal, or geocentric, to discriminate it from 
the annual, or heliocent1·ic; of ,vhich more hereafter. 

( 300.) The reduction for parallax, then, in any pro
posed case, is obtained from the consideration of the 
triangle ACS, formed by the spectator, the centre of the 
earth, and the object observed; and since the side CA 
prolonged passes through the observer's zenith, it is 
evident that the e_ffect of parallax, in this its technical 
acceptation, is always to depress the object observed in a 
vei·tical circle. 'fo estimate the amount of this depres
sion, we have, by plane trigonometry, 
CS: CA:: sine of CAS = sine of ZAS: sine of A.SC. 

( 301.) The parallax, then, for objects equidistant from 
the earth, is proportional to the sines of their zenith dis
tances. It is, therefore, at its maximum when the body 
observed is in the horizon. In this situation it is called 
the horizontal parallax; and when this is known, since 
small arcs are proportional to their sines, the parallax at 
any given altitude is easily had by the following rule:-

Parallax = (horizontal parallax) x sine of zenith 
distance. 

The horizontal parallax is given by this proportion :
Distance of object : earth's radius : : rad. : sine of 

horizontal parallax. 
It is, therefore, known, when the proportion of the 

object's distance to the radius of the earth is known; 
and vice versa-if by any method of observation we can 
come at a knowledge of the horizontal parallax of an 
object, its distance, expressed in units equal to the earth's 
radius, becomes known. 

(302.) To apply this general reasoning to the case of 
the sun. Suppose two observers - one in the northern, 
the other in the southern hemisphere - at stations on the 
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same meridian, to observe on the same day the meridian 
altitudes of the sun's centre. Having thence derived 
the apparent zenith distances, and cleared them of the 
effects of refraction, if the distance of the sun were equal 
to that of the fixed stars, the sum of the zenith distances 
thus found would be precisely equal to the sum of the 
latitudes north and south of the places of observation. 
For the sum in question would then be equal to the 
angle Z C X, which is the meridional distance of the 
stations across the equator. But the effect of parallax 
being in both cases to increase the apparent zenith dis
tances, their observed sum will be greater than the sum 
of the latitudes, by the whole amount of the two paral
laxes, or by the angle A S B. This angle, then, is 
obtained by subducting the sum of the latitudes from 
that of the zenith distances ; and this once determined, 
the horizontal parallax is easily found, by dividing-the 
angle so determined by the sum of the sines of the two 
latitudes. 

(303.) If the two stations be not exactly on the same 
meridian (a condition very difficult to fulfil), the same 
process will apply, ifwe take care to allow for the change 
of the sun's actual zenith distance in the interval of 
time elapsing between its arrival on the meridians of the 
<itations. This change is readily ascertained, either from 
tables of the sun's n1otion, grounded on the experience 
of a long course of observations, or by actual observation 
of its meridional altitude on several days before and 
after that on which the observations for parallax are 
taken. Of course, the nearer the stations are to each 
other in longitude, the less is this interval of time ; 
and, consequently, the smaller the amount of this cor
rection; and, therefore, the less injurious to the accuracy 
of the final :result is any uncertainty in the daily change 
of zenith distance which may arise from imperfection 
in the solar tables, or in the observations made to deter
mine it. 

( 304.) The horizontal parallax of the sup. has been 
concluded from observations of thP nature above de-
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scribe<l, performed in i:tations the most re1note from each 
other in latitu<le, at which obserYatories have been in
stituted. It has also been deduced from other methods 
of a more refined nature, and susceptible of much 
greater exactness, to be hereafter describe<l. Its amount, 
so obtained, is about 8"·6. Minute as this quantity is, 
there can be no doubt that it is a tolerably correct ap
proximation to the truth; and in conformity ,vith it, 
,ve must admit the sun to be situated at a mean distance 
from us, of no less than 23,984 times the length of the 
earth's radius, or about 95,000,000 miles. 

(305.) That at so vast a distance the sun should ap
pear to us of the size it does, and should so powerfully 
influence our condition by its heat and light, requires us 
to form a very graud conception of its actual magnitude, 
and of the scale on which those important processes are 
carried on ,vithin it, by which it is enabled to keep up 
its liberal and unceasing supply of these elements. As 
to its actual magnitude we can be at no loss, knowing 
its distance, and the angles under which its diameter 
appears to us. An object, placed at the distance of 
95,000,000 miles, and subtending an angle of 821 811, 
must have a real diameter of 882,000 miles. Such, 
then, is the diameter of this stupendous globe. If we 
compare it with what ,ve have already ascertained of the 
dimensions of our own, we shall find that in linear 
magnitude it exceeds the earth in the proportion of 111 ½ 
to 1, and in bulk in that of 1,384,472 to I. 

(306.} It is hardly possible to avoid associating our 
conception of an object of definite globular figure, and 
of such enormous dimensions, with some corresponding 
attribute of massiveness and material solidity. That the 
sun is not a mere phantom, but a body having its own 
peculiar structure and economy, our telescopes distinctly 
inform us. They show us dark spots on its surface, 
which slowly change their places and forms, and by 
attending to w·hose situation, at different times, astrono
mers have ascertained that the sun revolves about an 
axis inclined at a constant angle of 82° 40' to the plane , 
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of the ct'li ptic, performing one rotation in a period of 
25 days and in the same direction 'With the diurnal ro
tation of the earth, i. e. from ,vest to east. I-Iere, then, 
we have an analogy ·with our own globe; the slower antl 
more n1ajestic movement only corresponding with the 
greater dimensions of the machinery, and impressing us . 
·with the prevalence of similar mechanical laws, and of, 
at least, su,ch a com1nunity of nature as the existence 
of inertia and obedience to force may argue. Now, 
in the exact proportion in which we invest our idea of 
this i1nmense bulk with the attribute of inertia, or 
,veight, it becomes difficult to conceive its circulation 
round so comparatively small a body as the earth, with
out, on the one hand, dragging it along, and displacing 
it, if bound to it by some invisible tie ; or, on the 
other hancl, if not so held to it, pursuing its course 
alone in space, and leaving the earth behind. If ,ve 
tie two stones together by a string, and fling them aloft, 
we sec them circulate about a point between them, which 
is their con1mon centre of gravity; but if one of them 
be greatly more ponderous than the other, this common 
centre will he proportionally hearer to that 011e, and 
even within its surface, so that the smaller one will 
circulate, in fact, about the larger, ,vhich will be corn. 
paratiYely but little disturbed from its place. 

( 307.) ,vhether the earth 1nove round the sun, the 
sun round the earth, or both round their common centre 
of gravity, will make no difference, so far as appearances 
are concerned, provided the stars be supposed sufficiently 
distant to undergo no sensible apparent pa1·allactic dis~ 
placement by the motion so attributed to the earth. 
\Vhether they are so or not must still be a matter of 
enquiry; and from the absence of any measureable 
amount of such displacement, we can conclude nothing 
but this, that the scale of the sitlereal universe is so 
great, that the mutual orbit of the earth and sun may 
be regarded as an imperceptible point in its compa
rison. Admitting, then, in conformity with the laws 
of dynamics, that two bodies connected with i.nd 

0 
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revolving about each other in free space do, in fact, 
revolve about their common centre of gravity, which 
remains immoveable by their mutual action, it becomes 
a matter of further enquiry, whereabouts between them 
this centre is situated. 1\1:echanics teaches us that its 
place will divide their mutual distance in the inverse 
ratio of their weights or masses ,., ; and calculations 
grounded on phenomena, of which an account will be 
given further on, inform us that this ratio, in the 
case of the sun and earth, is actually that of 354,936 
to 1,- the sun being, in that proportion, more pon
derous than the earth. From this it will follow that 
the common point about ,vhich they both circulate is 
only 267 miles from the sun's centre, or about n 1

00th 
part of its own diameter. 

(808.) Henceforward, then, in conformity with the 
above statements, and with the Copernican view of our 
system, we must learn to look upon the sun as the 
comparatively motionless centre about which the earth 
performs an annual elliptic orbit of the dimensions and 
excentricit.y, and ,vith a velocity regulated according to 
the la,v above assigned; the sun occupying one of the 
foci of the ellipse, and from that station quietly disse
minating on all sides its light and heat; ,vhile the earth, 
travelling round it, and presenting itself differently to it 
at different times of the year and day, passes through 
the varieties of day and night, summer and winter, ,vhich 
,ve enjoy. 

* See C~b. Cyc. l\1£c11 \NIC~, Centre of Gravity. 
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( 309.) In this annual motion of the earth, its axis 
preserves, at all times, the sa1ne direction as if the 
orbitual movement had •no existence; and is carried 
round parallel to itself, and pointing always to the 
same vanishing point in the sphere of the fixed stars. 
This it is ·which gives rise to the variety of seasons, as 
we shall now explain. In so doing, ,ve shall neglect 
(for a reason which will be presently explained) the 
ellipticity of the orbit, and suppose it a circle, with the 
sun in the centre. 

(310.) Let, then, S represent the sun, and A,B, C, D, 
four positions of the earth in its orbit 90° apart, viz. 
A that which it has on the 21 st of March, or at the time 
of the vernal equinox; B that of the 21st of June, or 
the summer solstice; C that of the 21st of September, 
or the autumnal equinox; and D that of the 21st of 
December, or the winter solstice. In each of these 
positions let P Q represent the axis of the earth, about 
,vhich its diurnal rotation is performed without inter
fering with its annual motion in its orbit. 'fhen, since 
the sun can only enlighten one half of the surface at 
once, viz. that turned towards it, the shaded portions 
of the globe in its several positions will represent the 
dark, and the bright, the enlightened halves of the 
earth's surface in these positions. Now, 1st, in tl1e 
position A, the sun is vertically over the intersection of 
the equinoctial FE and the ecliptic H G. It is, there
fore, in the equinox; and in this position the poles 
I>, Q, both fall on the extreme confines of the enlight
ened. side. In this position, therefore, it is day over 
half the northern and half the southern hemisphere at 
once; and as the earth revolves on its axis, every point 
of its surface describes half its diurnal course in light, 
and half in darkness; in other ,vords, the duration of 
day and night is here equal over the whole globe: 
hence the term equinox. The same holds good at the 
autumnal equinox on the position C. 

(SI I.) B is the position of the earth at the time of 
• o 2 
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the northern, -~umrner so1stice. Here the north pole P, 
and a considerab1e portion of the ,earth's surface in its 
neighbourhood, as far as B, are situated within the 
enlightehed half. As the earth turns on its axis in 
this position, therefore, the whole of that part re
mains constantly enlightened; therefore, at this point 
of its orbit, or at this season of the year, it is continual 
day at the north pole, and in all that region of the 
earth whicb encircles this pole as far as B-that is, to 
the distance of 23° 28' from the po1e, or within ,vhat 
is called, in geography, the a1·ctic ci?·cle. On the other 
hand, the opposite or south pole Q, ·with all the region 
comprised ,vithin the antarctic circle, as far as 23° 28' 
from the south pole, are immersed at this season in 
darkness, during the entire diurnal rotation, so that it 
is here continual night. 

( 312.) With ·regard to that portion of the surface 
comprehended between the arctic .and antarctic circles, 
it is no less evident that the nearer any point is to the 
north pole, the larger will be the portion of its diurnal 
course comprised within the bright, and the sn1aller 
within the dark hemisphere; that is to say, the longer 
will be its day, and the shorter its night. Every station 
north of the equator will have a day of more and a 
night of less than twelve hours' duration, and vice 
ve1·sd. All these phenomena are exactly inverted when 
the earth comes to the opposite po.int D of its orbit. 

(313.) Now, the temperature of any part of the earth's 
surface depends mainly, if not entirely, on its exposure 
to the sun's rays. Whenever the sun is above the horizon 
of any place, that place is receiving heat; when below, 
parting with it, by the process called radiation; and the 
,vhole quantities received and parted with in the year 
must ba1ance each other at every station, or the equi
librium of temperature would not be supported. When
ever, then, the sun remains more than twelve hours 
above the horizon of any place, :and less beneath, the 
general temperature of that place ,vill be above the 
average; ·when the reverse, below. As the earth, tben1 
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moves from A to B, the days growing longer, and the 
nights shorter, in the northern hemisphere, the tem
perature of every part of that hemisphere increases, and 
,,;e pass from spring to summer; while, at the same 
time, the reverse obtains in the southern hemisphere. 
As the earth passes fro1n B to C, the days and nights 
again approach to equality-the excess of temperature 
in the northern hemisphere above the mean state grows 
less, as ,veil as its defect in the southern ; and at the 
autumnal equinox C, the mean state is once more 
attained. l~rom thence to D, and, finally, round again 
to A, all the same phenomena, it is obvious, must again 
occur, but reversed, - it being now ,,;inter in the north
ern, and summer in the southern hemisphere. 

(314.) All this is exactly consonant to observed fact. 
The continual day,vithin the polar circles in summer, and 
night in ,vinter, the general increase of temperature and 
length of day as the sun approaches the elevated pole, 
and the reversal of the seasons in the northern and 
southern bemispheres, are all facts too well kno,vn to 
require further comment. The positions A, C of the 
earth correspond, as w·e l1ave said, to the equinoxes; 
those at 13, D to the solstices. This t~rm must be 
explained. If, at any point, X, of the orbit, we dra,v 
X P the earth's axis, and X S to the sun, it is evident 
that the angle P X S will be the sun's pola,· distance. 
Now, this angle is at its maximum in the position D, 
and at its minimum at B; being in the former case 
=90° +23° 28'=103° 28', and in the latter 90°-
23° 28'=66° 82'. At these points the sun ceases to 
approach to or to recede from the pole, and hence the 
name solstice. 

(815.) The elliptic form of the earth's orbit has but 
a very trifling share in producing the variation of tem
perature corresponding to the difference of seasons. This 
assertion may at first sight seem incompatible with what 
we know of the laws of the communication of heat 
from a luminary placed at a variable distance. Heat, 
like light, being equally dispersed from the sun in all 

0 8 
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directions, and being spread over the surface of a sphere 
continually enlarging as we recede from the centre, 
must, of course, diminish in intensity according to the 
inverse proportion of the surface of the sphere over 
,vhich it is spread; that is, in the inverse proportion of 
the square of the distance. But ,ve have seen ( art. 298.) 
that this is also the proportion in ,vhich the angular ve
lor:ity of the earth about the sun varies. Hence it ap
pears, that the momentary t1upply of heat received by the 
earth from the sun varies in the exact proportion of the 
angular velocity, i. e. of the momenta1·y increase of longi
tude: and from this it follows, that equal amounts of 
heat are received from the sun in passing over equal 
angles round it, in whatever part of the ellipse those 
angles may be situated. Let, then., S represent the sun; 

t: 

A Q :i.\1 P the earth's orbit; A its nearest point to the 
sun, or, as it is called, the perihelion of its orbit; 1\1 the 
farthest, or the aphelion; and therefore A S l\1 the axis 
of the ellipse. Kow, suppose the orbit divided into two 
segments by a straight line P S Q, drawn through the 
sun, and any ho,v situated as to direction; then, if ,ve 
suppose the earth to circulate in the clirection PA Q i\lI P_. 
it will have passed over 180° of longitude in moving 
from P to Q, and as many in moving from Q to P. It 
appears, therefore, from what has been shown, that the 
supplies of heat received from the sun will be equal in 
the two segments, in whatever direction the line PS Q 
be drawn. They v,ill, indeed, be clescrihcd in u1:equal 
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times; that in which the perihelion A lies in a shorter, 
and the other in a longer, in proportion to their unequal 
area : but the greater proximity of the sun in the smaller 
segment compensates exactly for its more rapid de
scription, and thus an equilibrium of heat is, as it were, 
maintained. "\Vere it not for this, the excentricity of 
the orbit would materially influence the transition of 
seasons. The fluctuation of distance amounts to nearly 
-:i'zyth of its mean quantity, and, consequently, the fluctu
ation in the sun's direct heating po,ver to double this, or 
-nth of the whole. No,v, the perihelion of the orbit is 
situated nearly at the place of the northern winter sol
stice; so that, were it not for the compensation we have 
just described, the effect would be to exaggerate the dif
ference of summer and winter in the southern hemi
sphere, and to moderate it in the northern ; thus pro
ducing a more violent alternation of climate in the one 
hemisphere, and an approach to perpetual spring in the 
other. As it is, ho,vever, no such inequality subsists, 
but an equal and impartial distribution of heat and 
light is accorded to both. ,t. 

(316.) The great key to simplicity of conception in 
astronomy, and, indeed, in all sciences ,vhere motion is 
concerned, consists in contemplating every movement as 
referred to points which are either permanently fixed, 
or so nearly so, as that their motions shall be too small to 
interfere materially with ancl confuse our notions. In . 
the choice of these primary points of reference, too, we 
must endeavour, as far as possible, to select such as have 
simple and symmetrical geometrical relations of situa
tion with respect to the curves described by the moving 
parts of the system, and which are thereby fitted to per
form the office of natural centi·es-advantageous sta
tions for the eye of reason and theory. Having learned 
to attribute an orbitual motion to the earth, it loses this 
advantage, which is transferred to the sun, as the fixed 
centre about which its orbit is performed. Precisely as, 

• See Geological Tran$aCtions, 1832, "On the Astronomical Causes which 
may inftuence Geological Phenomena," -by the author of this work. 
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,vhen embarrassed by the earth's diurnal motion, ·we 
have learned to transfer, in imagination, our station of 
observation from its surfase to its centre, by t11e appli
cation of the diumal parallax; so, when we come to en
qnire into the movements of the planets, ,ve shall find 
ourselves continually embarrassed by the orbitual mo
tion of our point of view, unless, by the consideration of 
the annual 01· heliocentric pa1·allax, as it may he termed, 
,ve consent to refer all our observations on them to the 
centre of the sun, or rather to the common centre of gravity 
of the sun, and the other bodies which are connected ,vith 
it in our system. Hence arises the distinction between 
the geocent?•ic and heliocentric place of an object. The 
for1ner refers its situation in space to an imaginary 
sphere of infinite radius, having the centre of the earth 
for its centre- the latter to one concentric with the sun. 
Thus, ·when ,ve speak of the lieliocentric longitudes and 
latitudes of objects, we suppose the spectator situated in 
the sun, and referring them, by circles perpendicular to 
the plane of the ecliptic, to the great circle marked out 
in the heavens by the infinite prolongation of that 
plane. 

(317.) The point in the imaginary concave of an in
finite heaven, to which a spectator in the sun refers 
the earth, must, of course, be diametrically opposite to 
that to which a spectator on the earth refers the sun's 
centre; consequently, the heliocentric latitude of the 
earth is always nothing, and its heliocentric longitude 
always equal to the sun's geocentric longitude + 180°. 
The heliocentric equinoxes and solstices are, therefore, 
the same as the geocentric; and to conceive them, ·we 
have only to imagine a plane passing through the sun's 
centre, parallel to the earth's equator, and prolonged in
finitely on all sides. 'fhe line of intersection of this 
plane and the plane of the ecliptic is the line of equi
noxes, and the solstices are 90° distant fro1n it. 

(318.) The position of the longer axis of the earth's 
orbit is a point of great importance. In the figure 
( art. 315.} let E C L I be the ecliptic, E the vernal 
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equinox, L the autumnal (1. e. the points to which the 
earih is 1·e.ferred j'rom the .~un when its heliocentric lon
gitudes are 0° and 180° 1·espectively). Supposing the 
earth's 1notion to be perfor1ned in the tlirection EC LI, 
the angle ES A, or the longitude of the perihelion, in 
the year l800 was 99° 30' 5' : ,..,e say in the year 1800, 
because, in point of fact, by the operation of causes 
hereafter to be explained, its position is subject to an 
extremely slow variation of about 12" per annum to 
the eastward, and which, in the progress of an im
mensely long period-of no less than 20,984 years -
carries the axis AS M of the orbit completely round the 
whole circumference of the ecliptic. But this 1notion 
must be <lisregarded for the present, as well as many 
other minute deviations, to be brought into vie,v when 
they can be better understood. 

( 319.) 1Vere the earth's orbit a circle, described with 
a unifonn velocity about the sun p[aced in its centre, 
nothing could be easier than to calculate its position at 
any time, u•ith respect to the line of equinoxes, or its 
longitude, for we should only have to reduce to num
bers the 11roportion followihg; viz. One yeat : the time 
elapsed : : 360° : the arc of longitude passed over. 
The longitude so calculated is called in astrono1ny the 
mf'an longitude of the earth. But since the earth's 
orbit is neither circular, nor uniformly described, this 
rule will not give us the true place in the orbit at any 
proposed moment. Nevertheless, :as the excentricity 
ancl deviation from a circle are small, the t1·ue pletce 
,vill never deviate very far from that so determined 
( which, for distinction's sake, is called the mean place), 
and the former may at aU times be calculated from the 
latter, by applying to it a correction or equation (as it is 
termed), ,vh ose amount is never very great, and whose 
computation is a question of pure geometry, depending 
on the equable description of areas by the earth about 
the sun. For since, in the elliptic motion, according to 
l(epler's law above stated, areas not angles are de
scribed uniformly, the proportion must now be stated 
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thus ; One year : the time elapsed : : the whole area of 
the ellipse : the area of the sector swept over by the 
radius vector in that time. This area, therefore, be
comes known, and it is then, as a.hove observed, a pro
blem of pure geometry to ascertain the angle about the 
sun (AS P,fig. art. 315.), ,vhich corresponds to any pro
posed fractional area. of the whole ellipse supposetl. to 
be contained in the sector A P S. Suppose we set out 
from A the perihelion, then ,vill the angle A S P at first 
increase more rapidly than the mean longitude, and 
,viil, therefore, during the whole semi-revolution from 
A to 1\,1, exceed it in arnount; or, in other words, the 
true place will be in advance of the mean: at 1\,1, one 
half the year ,vill have elapsed, and one half the orbit 
have been described, ,vhether it be circular or elliptic. 
flere, then, the ·mean and true places coincide; but in 
all the other half of the orbit, fi·om 1\1 to A, the true 
place will fall short of the mean, since at M the angular 
motion is slo"·est, ancl the true place from this point 
begins to lag behind the mean - to make up with it, 
however, as it approaches A, where it once more over
takes it. 

(320.) The quantity by which the t1·ue longitude of 
the earth differs from the mean longitude is called the 
equation of the centre, and is additive during all the 
half-year in ,vhich the earth passes from A to l\I, be
ginning at 0° O' O", increasing to a maximu1n, and 
again diminishing to zero at M; after which it becomes 
subtractive, attains a maximum of subtractive mag
nitude bet\veen M ancl A, and again diminishes to 0 
at A. Its maximum, both additive and subtractive, is 
1 ° 55' 33"·3. 

(3.21.) By applying, then, to the earth's mean lon
gitude, the equation of the centre corresponding to any 
given tiine at which '"'e would ascertain its place, the 
true longitude becomes known; ancl since the sun is 
always seen from the earth in 180° more longitude 
than the earth from the sun, in this way also the sun's. 
true place in the ecliptic becomes known. The cal-
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culation of the equation of the centre is performed by 
a table constructed for that purpose, to be found in all 
" Solar Tables." 

(3'22.) 'fhc maximum value of the equation of the 
centre depends only on the ellipticity of the orbit, and 
1nay be expressed in terms of the excentricity. Vice 
versl.i, therefore, if the former quantity can be ascer
tained by observation, the latter may be derived from 
it; because, whenever the Ia,v, or numerical connection, 
between two quantities is known, the one can always be 
determined from the other. No,..,., by assiduous ob
servation of the sun's transits over the meridian, " 'e 
can ascertain, for every day, its exact tight ascension, 
and thence conclude its longitude ( art. 260. ). After 
this, it is easy to assign the angle by which this ob
served longitu.cle exceeds or falls short of the mean; and 
the greatest amount of this excess or defect which occurs 
in the whole year, is the maximum equation of the 
centre. This, as a means of ascertaining the excen
tricity of the orbit, is a far more easy and accurate me
thod than that of concluding its distance by measuring 
its apparent diameter. The results of the two methods 
coincide, however, perfectly. 

(323.) ]f the ecliptic coincided with the equinoctial, 
the effect of the equation of the centre, by disturbing 
the uniformity of the sun's apparent motion in longi
tude, would cause an inequality in its time of coming 
on the meridian on successive days. 1Vhen the sun's 
centre comes to the meridian, it is apparent noon, and 
if its motion in longitude ,vere uniform, and the ecliptic 
coincident with the equinoctial, this would always coin
cide with mean noon, or the stroke of 12 on a ,veil-re
gulated solar clock. But, independent of the want of 
uniformity in its motion, the obliquity of the ecliptic 
gives rise to another inequality in this respect; in con
sequence of which, the sun, even supposing its motion 
in the ecliptic unifonn, would yet alternately, in its 
time of attaining the n1eridian, anticipate and fall short 
of the mean noon as shown by the clock. For the 



A TREATISE ON ASTRONOl\lY. CRAP. V. 

right ascension of a celestial object, forming a side of a 
right-angled spherical triangle, of ,vhich its longitude 
is the hypothenuse, it is clear that the uniform increase 
of the latter must necessitate a. deviation from uni
formity in the increase of the former. 

(324.) These two causes, then, acting conjointly, pro
duce, in fact, a very considerable fluctuation in the time 
as shown per clock, when the sun really attains the 
meridian. It a1nounts, in fact, to upwards of half an 
hour; apparent noon sometimes taking place as much 
as 16 I min. befo1·e 1nean noon, and at others as much as 
14½ min. after. This difference between apparent and 
mean noon is called the equation of tirne, and is calcu
lated and inserted in ephemerides for every clay of the 
year, under that title; or else, which comes to the same 
thing, the moment, in mean time, of the sun's culmina
tion for each day, is set down as an astronomical phe
nomenon to be observed. 

(325.) As the sun, in its apparent annual course, is 
carried along the ecliptic, its declination is continually 
varying between the extreme limits of 23° 28' 40" 
north, and as much south, which it attains at the sol
stices. It is consequently always vertical over some part 
or other of that zone or belt of the earth's surface ,-vhich 
lies between the north and south parallels of23° 28' 40". 
1'hese parallels are called in geography the tropics; 
the northern one that of Cancer, and the southern of 
Capricorn_; because the sun, at the respective solstices, 
is situated in the division, or signs of the ecliptic so <le
nominated. Of these signs there are twelve, each oc
cupying 30° of its circumference. They commence at 
the vernal equinox, and are named in order-Aries, 
Taurus, Gemini, Cancer, Leo, Virgo, Libra, Scorpio, 
Sagittarius, Capricornus, Aquarius, Pisces. They are 
denoted also by the following symbols : - <'(', ~ , :a, 
~, Q., '11J2, ,£:., lll, t, vf, =, 1f. The ecliptic it
self is also divided into signs, degrees, and minutes, 
&c. thus, 5s 27° 0' corresponds to 177° 0'; but this 
is beginning to be disused. 
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( 326,) \Vhen the sun is in either tropic, it enlightens, 
as we have seen, the pole on that side the equator, and 
shines over or beyond it to the extent of 23° 28' 40". 
'fhe parallels of latitude, at this distance from either 
pole, are called the polar circles, and are distinguished 
from each other by the names arctic and antarctic. 'fhe 
regions witltln these circles are sometimes termed frigid 
zones, while the belt between the tropics is called the 
torrid zone~ and the immediate belts temperate zones. 
These last, however, are merely names giYen for the sake 
naming; as, in fact, owing to the different distribution 
of land and sea in the two hemispheres, zones of climate 
are not co-terminal with zones of latitude. 

(327.) Our seasons are determined by the apparent 
passages of the sun across the equinoctial, and its alter
nate arrival in the northern and southern hemisphere. 
1Vere the equinox invariable, this would happen at in
tervals pre,cisely equal to the duration of the sidereal 
year; but, in fact, owing to the slow conical motion of 
the earth's axis described in art. Q64, the equinox re
treats on the ecliptic, and 11ieets the advancing sun sorne
what before the whole sidereal circuit is completed. 'l'he 
annual retreat of the equinox is 5011·1, and this arc is 
described by the sun in the ecliptic in 20' 19·'·9. By 
so 111uch shorter, then, is the periodical return of our 
seasons than the true sidereal revolution of the earth 
round the sun. As the latter period, or sidereal year, is 
equal to 3 65d 611 gm gs ·6, it follows, then, that the 
former must be only 365d 5h 48'" 49$ ·7; and this is 
·what is meant by the tropical year. 

( 328.) We have already 1nentioned that the longer 
axis of the ellipse described by the earth has a slow mo
tion of 11 "·8 per annum in advance. From this it re. 
sults, that when the earth, setting out from the perihelion, 
has co1nplet.ed one sidereal period, the perihelion will 
have moved forward by 11'' ·8, which arc must be de
scribed before it can again reach the perihelion. In so 
doing, it occupies 4' 39''·7, and this must therefore be 
added to the sidereal period, to give the interval between 



A TREATI SE ON ASTRONOMY. CHAP. V. 

two consecutive returns to the perihelion. This inter
val, then, is 365d 611 13m 49s ·3 *, and is what is called 
the anomalistic yea1·. All these periods have their uses 
in astronomy ; but that in which mankind in general are 
most interested is the t1·opical year, on which the return 
of the seasons depends, and which we thus perceive to 
be a compound phenomenon, depending chiefly and di
rectly on the annual revolution of the earth round the 
sun, but subordinately also, and indirectly, on its rotation 
round its own axis, which is what occasions the preces
sion of the equinoxes ; thus affording an instructive ex
ample of the way in which a motion, once admitted in 
any part of our system, may be traced in its influence 
on others ,vith which at first sight it could not possibly 
be supposed to have any thing to do. 

( 3Qg.) As a rough consideration of the appearance of 
the earth points out the general roundness of its form, and 
more exact enquiry has led us first to the discovery of its 
elliptic figure, and, in the further progress of refinement, 
to the perception of minuter local deviations from that 
figure; so, in investigating the solar motions, the first 
notion we obtain is that of an orbit, generally speaking, 
round, and not far from a circle, ,vhich, on more care
ful and exact examination, proves to be an ellipse of small 
excentricity, and described in conformity ,vith certain 
laws, as above stated. Still minuter enquiry, however, 
detects yet smaller deviations again from this form and 
from these laws, of which we have a specimen in the 
slo,v motion of the axis of the orbit spoken of in art. 
318. ; and which are generally comprehended under the 
name of perturbations and secular inequalities. Of these 
deviations, and their causes, we shall speak hereafter at 
length. I t is the triumph of physical astronomy to 
have rendered a complete account. of them all, and to 
have left nothing unexplained, either in the motions of 
the sun or in those of any other of the bodies of our 
system. .But the nature of this explanation cannot be 

• These numbers, as well as all the other numerical data of our system, 
are taken from Jlfr. Baily's Astronomical Table.; and Fonnula?, unless tbo 
contrary is expressed. 
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understood till ,ve have developed the law of gravita
tion, and carried it into its more direct consequences. 
This will be the object of our three following chapters; 
in which ,ve shall take advantage of the proximity of the 
moon, and its immediate connection ,vith and depend
ence on tbe earth, to render it, as it were, a step
ping-stone to the general explanation of the planetary 
movements. 

( 330.) 1Ve shall conclude this by describing what is 
known of the physical constitution of the sun. 

1'Vhen viewed through powerful telescopes, provided 
with coloured glasses, to take off the heat, which would 
otherwise injure our eyes, it is observed to have fre
quently large and perfectly black spots upon it, sur
rounded with a kind of border, less completely dark, 
called a penumbra. Some of these are represented at 
a, b, c, plate iii. fig. 21, in the plate at the end of this 
volume. They are, however, not permanent. ,vhen 
watched from day to day, or even from hour to hour, 
they appear to enlarge or contract, to change their 
forms, and at length to disappear altogether, or to break 
out anew in parts of the surface where none were before. 
In such cases of disappearance, the central dark spot 
always contracts into a point, and vanishes before the 
border. Occasionally they break up, or divide into two 
or more, and in those offer every evidence of that ex
treme mobility which belongs only to the fluid state, 
and of that excessively violent agitation which seems 
only compatible with the atmospheric or gaseous state 
of 1natter. The scale on ,vhich their movements take 
place is immense. A single sec0nd of angular measure, 
as seen from the earth, corresponds on the sun's disc to 
465 miles ; and a circle of this diameter ( containing 
therefore nearly 220,000 square miles) is the least 
space which can be distinctly discerned on the sun as a 
visible area. Spots have been observed, however, whose 
linear diameter has been upwards of 45,000 miles• ; 

* Mayer, Obs. llfar. 15. 17:,8. " Jngens macula in sole conspicicbatur, 
cujus diameter =,i~ diam. soli1." 
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and even, if sorne records are to be trusted, of very 
much greater extent. That such a spot should close up 
in six weeks' time (for they hardly ever last longer), its 
borders must approach at the rate of more than 1000 
miles a <lay. 

i\1any other circumstances tend to corroborate this 
view of the subject. 1'he part of the sun's disc not 
occupied by spots is far from uniformly bright. Its 
ground is finely mottled with an appearance of minute, 
dark dots, or po1'es, which, when attentively watched, 
are found to be in a constant state of change. There 
is nothing which represents so faithfully this appear
ance as the slow subsidence of some flocculent chemical 
precipitates in a transparent fluid, when viewed perpen
dicularly from above: so faithfully, indeed, that it is 
hardly possible not to be impressed with the idea of a 
lurninous mediu1n intermixed, but not confounded, with 
a transparent and non-luminous atmosphere, either float
ing as clouds in our air, or pervading it in vast sheets 
and columns like flame, or the streamers of our northern 
lights. 

( 33 l.) Lastly, in the neighbourhood of great spots, 
or extensive groups of them, large spaces of the surface 
are often observed to be covered with strongly marked 
curved, or branching streaks, 1nore luminous than the rest, 
called faculce, and among these, if not already existing, 
spots frequently break out. They may, perhaps, be re
garded ,vith most probability, as the ridges of immense 
,vaves in the luminous regions of the sun's atmosphere, 
indicative of violent agitation in their neighbourhood. 

( 3 ·{2.) But what are the spots? lWany fanciful no
tions ha.ve been broached on this subject, but only one 
seems to have any degree of physical probability, viz. 
that they are the dark, or at least comparatively 
dark, solicl body of the sun itse1f, laid bare to our 
view by those immense fluctuations in the luminous 
regions of its atmosphere, to which it appears to be sub
ject. Respecting the manner in which this disclosure 
takes place, different ideas again have been advocated. 

• 
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Lalande ( art. 3240.) suggests, that eminences in the na
ture of mountains are actually laid bare, and project above 
the luminous ocean, appearing black above it, while 
their shoaling declivities produce the penumbrre, where 
the luminous fluid is less deep. A fatal objection to 
this theory is the pe,fectly uniform shade of the pen
umbra and its sharp termination, both inwards, ,vhere 
it joins the spot, and out,vards, where it borders on the 
bright surface. A more probable view has been taken 
by Sir )Villiam Herschel*, who considers the luminous 
strata of the atmosphere to be sustained far above the 
level of the solid body by a transparent elastic medium, 
carrying on its upper surface (01· 1·ather, to avoid the 
former objection, at some considerably lowe1· level within 
its depth,) a cloudy stratum which, being strongly illu
minated from above, reflects a considerable portion of the 
light to our eyes, and forms a penumbra, while the solid 
body, shaded by the clouds, reflects none. The tem
porary removal of both the strata, but 1nore of the upper 
than the lo,ver, he supposes effected by powerful upward 
currents of the atmosphere, arising, perhaps, from spi
racles in the body, or from local agitations. See fig. 1. d, 
Plate III. 

( 333.) The region of the spots is confined within 
about 30° of the sun's equator, and, from their motion 
on the surface, carefully rneasured with micro1neters, is 
ascertained the position of the equator, ,vhich is a plane 
inclined 7° 20' to the ecliptic, and intersecting it in a 
line ,vhose direction makes an angle of 80° 211 with t.hat 
of the equinoxes. It has been also noticed, (not, we 
think, without great need of further confirmation,) that 
extinct spots have again broken out, after long intervals 
of time, on the same identical points of the sun's globe. 
Our knowledge of the period of its rotation ( which, 
according to Delambre' s calculations, is 25d·0l 154, but, 
according to others, materially different,) can hardly be 
regarded as sufficiently precise to establish a point of so 
much nicety. • 

• Phil Trans. 1801. 
p 
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(334.) That the temperature at the visible surface of 
the sun cannot be otherwise than very elevated, much 
more so than any artificial heat produced in our furnaces, 
or by chemical or galvanic processes, we have ihdications 
of several distinct kinds: 1st, From the law of decrease of 
radiant heat and light, which, being inversely as the 
squares of the distances, it follows, that the heat received 
on a given area exposed at the distance of the ea:rtb, 
and on an equal area at the visible surface of the sun, 
must be in the proportion of the area of the sky occupied 
by the sun's apparent disc to the whole hemisphere, or 
as I to about 300000. A far less intensity of solar 
radiation, collected in the focus of a burning glass, suf
fices to dissipate gold and platina in vapour. ~dly, From 
the facility with which the calorific rays of the sun 
traverse glass, a property ,vhich is found to belong to 
the heat of artificial fires in the direct proportion of their 
intensity."' Sdly, From the fact, that the most vivid 
flames disappear, and the most intensely ignited solids 
appear only as black spots on the disk of the sun when 
held' between it ancl the eye. t From this last remark 
it follows, that the body of the sun, however dark it may 
appear when seen through its spots, may, nevertheless, 
be in a state of most intense ignition. It does not, 
however, follow of necessity that it must be so. The 
contrary is at least physically possible. A pe,fectly re
flective canopy would effectually defend it from the ra_ 
diation of the luminous regions above its atmosphere, 
and no heat ,vould be conducted downwards through a 
gaseous medium increasing rapidly in density. That 
the penumbra! clouds are highly reflective, the fact of 
their visibility in such a situation can leave no doubt. 

• By direct measurement with the actinometer, an instrument I have 
Jong employed in such enquiries, and whose icidications are liable to none 
of those iourc-es of fallacy which beset the usual modes of estimation, I find 
that out of 1000 calorific solar rays, 816 penetrate a sheet of plate glass 0·12 
inch thick; and that of 1000 rays which have p,assed through one such plate, 
859 arc capable of passing through another. -Autl1or. 

t The ball of ignited quicklime, in lieutenant Drummond's oxy.hydrogen 
lamp, gives the ne3rest imitation of the solar splendour which has yet been 
l'roduccd. The appearance of this against the sun was however as described 
man imperfect trinl at which i was present. The experiment ought to 
be repeated under favourable circumstances. -Autlwr. 



CHAP. V. ACTION OF THE SUN'S R AYS ON THE EARTH. 211 

(335.) This immense escape of heat by radiation, we 
may also remark, will fully explain the constant state of 
tumultuous agitation in which the fluids composing the 
visible surface are maintained, and the continual gene
ration and filling in of the pores, without having recourse 
to internal causes. The mode of action here alluded to 
is perfectly represented to the eye in the disturbed sub
sidence of a precipitate, as described in art . .'330., when 
the fluid from which it subsides is warm, and losing 
heat from its surface. 

( 336.) The sun's rays are the ultimate source of almost 
every motion which takes place on the surface of the earth. 
By its heat are produced all winds, and those disturbances 
in the electric equilibrium of the atmosphere which give 
rise to the phenomena of terrestrial magnetism. By 
their vivifying action vegetables are elaborated from 
inorganic matter, and become, in their turn, the sup
port of animals and of man, and the sources of those 
great deposits of dynamical efficiency which are laid up 
for human use in our coal strata. By them the waters 
of the sea are made to circulate in vapour through the 
air, and irrigate the land, producing springs and rh·ers. 
By them are produced all disturbances of the chemical 
equilibrium of the elements of nature, which, by a series 
of compositions and decompositions, give rise to ne,v 
products, and originate a transfer of materials. Even 
the slo,v degradation of the solid constituents af the 
surface, in ,vhich its chief geological changes consist, and 
their diffusion among the waters of the ocean, are entirely 
due to the abrasion of the wind and tain, and the al. 
ternate action of the seasons; and when ,ve consider 
the immense transfer of matter so produced, the increase 
of pressure over large spaces in the bed of the ocean, 
and diminution over corresponding portions of the land, 
,ve are not at a loss to perceive ho,v the elastic power of 
subterranean fires, thus repressed on the one hand and 
relieved on the other, may break forth in points when the 
resistance is barely adequate to their retention, and thus 

p 2 
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bring the phenomena of even volcanic activity under the 
general la,v of solar influence. 

(337.) The great mystery, however, is to conceive 
how so enormous a conflagration (if such it be) can be 
kept up. Every discovery in chemical science here 
leaves us completely at a loss, or rather, seems to remove 
farther the prospect of probable explanation. If con
jecture might be hazarded, we should look rather to the 
kno,vn possibility of an indefinite generation of heat by 
friction, or to its excitement by the electric discharge, 
than to any actual combustion of ponderable fuel, ,vhether 
solid or gaseous, for the origin of the solar radiation. ~ 

"' Electricity traversing excessively rarefied air or vapours, gives out 
ligilt, and, douhtless, also heat. llfay not a continual current of electric 
matter be con£tantly circulating in tht: sun's immediate neighbourhood, or 
traversing the planetary spaces, and exciting, in the upper regions of itll 
atmosphere, tl1ose phenomena of which, on however diminutive a scale, we 
have yet an unequivocal mar,ifestation in our aurora borealis. The pos
sible analo1,,y of the solar light to that of the aurora has been distinctly 
insisted c>n by my ]father, in his paper already cited. It would be a highly 
curious suhject of experimental enquiry, how far a mere reduplication of 
sheets of flame, at a distance one behind the other (by which their /i~l,t 
might be brought to any required intensity), would communicate to the 
heat of the resulting compound ray the penet1·ating character which dis
tinguishes the solar calorific rays. 'Ne may also observe, that the tran
quillity (If the sun's polar, as com1>ared with its equatorial regions (if its 
spots be really atmospheric), cannot be accounted for by its rotation on its 
axis only. but must arise from some cause external to the sun, as we see the 
belts of Jupiter and Saturn, and our trade-wjnds, arise from a cause, ex
ternal to these planets, combining itself with their rotation, which altme 
can produce no motions when once the form of equilibrium is attained. 

The prismatic analysis of the solar heam exhibits in the spectrum a 
serie; of "fixed lines," totally unlike those which belong to the light of 
any known terrestrial flame. This may hereafter lead us to a clearer 
insight into its origin. But, before we can draw any conclusions from such 
an indication, we must recollect, that previous to reaching us it has under. 
gone the whole absorptive action of our atmosphere, as well as of the sun',;. 
Of the latter we know nothing, and may conjecture every thing ; but of 
the blue colour of the former we arc sure; and if this be an inherent 
(i. e. an absorptive) colour, the air must be expected to act on the spectrum 
after the analogy of other coloured media, which often (and es;,cci<t/Jy ligltt 
blue media) leave unabsorbed 1)()rtions sepa~ated by dark mtervals. It 
deserves enquiry, therefore, whether ~ome or all the fixed lines observed 
by Wollaston and Fraunholer may not have their origin in our own 
atmosphere. Experiments made on lofty mountains, or the cars of bal
loons, on the one hand, and on the other with reflected beams which 
have been made to traverse several miles of additional air near the surface, 
would decide this point. The absorptive effect of the sun's atmosphere, 
and possibly also of the medium surrounding it (whatever it be), which 
resists the motions of comets, cannot be thus climinatt!d.-.du/hor. 
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CHAP. VI. 

OF THE MOON, -ITS SIDEREAL PERIOD, - ITS APPARF.NT DIA

)IETER. - ITS PARALLAX, DISTANCE, AND REAL DIAMETER, -

FIRST APl'llOXD1ATION TO IT$ ORBIT, -AN ELLIPSE ABOUT 

THE EAltTH IN THE FOCUS, - ITS ECCE:<TRICITY AND IN

CLINATION. - MOTION OF THE NODES OF IT$ OltlllT. - OC

CULTATIONS, -SOf,Alt ECL1PSJ;:$. -PHASES OF THE )[OON, -

ITS SYNODICAL PERIOD, - LUNAR ECLIPSES, - MO'l'ION OF 

THE Al'SIDES OF ITS ORBIT, - PHYSlCAL COKSTJTUTJCN OF THE 

llOON. - ITS MOUNTAINS. - AT)10SPUE.RE. - ROTATION ON 

AX(S, - LlllRATION,- APl'EARANCE OF THE EAltTH FROM IT, 

( 338.) TnE moon, like the sun, appears to advance among 
the stars with a movement contrary to the general 
diurnal motion of the heavens, but much more rapid, so 
as to be very readily perceived ( as we have before ob
served) by a fe,v hours' cursory attention on any moon
light night. By this continual advance, which, though 
sometimes quicker, sometimes slower, is never inter
mitted or reversed, it makes the tour of the heavens in 
a mean or average period of 27d 7h 43m l l 5 ·5, returning, 
in that time, to a position among the stars nearly coin
cident ,vith that it had before, and ,vhich would be 
exactly so, but for causes presently to be stated. 

(339.) The moon, then, like the sun, apparently de
scribes an orbit round the earth, and this orbit cannot 
be ve1·y different from a circle, because the apparent 
angular diameter of the full moon is not liable to any 
great extent of variation. 

(340.) The distance of the moon from the earth is 
concluded from its horizontal parallax, ,vhich may be 
found either directly, by observations at remote geo
graphical statio1's, exactly sirnilar to those described in 
art. 302., i n the case of the sun, or by means of the phe
nomena called occultations (art. 346.), from which also 
its apparent diameter is most readily and correctly found. 

P R 
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From such observations it results that the mean or 
average distance of the center of the moon from that of 
the earth is 59·9643 of the earth's equatorial radii, or 
about 237000 miles. This distance, great as it is, 'is 
little more than one fourth of the diameter of the sun's 
body, so that the globe of the sun would nearly twice 
include the ,vhole orbit of the moon ; a consideration 
,vonderfully calculated to raise our ideas of that stu
pendous luminary ! 

(341.) The distance of the moon's center from an ob
server at any station on the earth's surface, compared 
with its apparent angular diameter as measured from 
that station, will give its real or linear diameter. Now, 
the former distance is easily calculated "'hen the distance 
from the eartl1's center is kno·wn, and the apparent 
zenith distance of the moon also determined by observ
ation; for if we turn to the figure of art. 298., and sup
pose S the moon, A the station, and C the earth's 
center, the distance S C, and the earth's radius CA, two 
sides of the triangle A C S are given, and the angle 
C A S, which is the supplement of Z A S, the observed 
zenith ~istancc, whence it is easy to find A S, the moon's 
distance from A. From such observations a1'd calcula
tions it results, that the real diameter of the moon is 2160 
miles, or about 0·2729 of that of the earth, whence it 
follows that, the bulk of the latter being considered as 1, 
that of the former will be 0·0204, or about 4\i--

( 342.) By a series of observations, such as described in 
art. 340., if continued during one or more revolutions of 
the moon, its real distance may be ascertained at every 
point of its orbit; and if at the same time its apparent 
places in the heavens be observed, and reduced by means 
of its parallax to the earth's center, their angular inter
vals will become known, so that the path of the moon 
may then be laid down on a chart supposed to represent 
the plane in ,vhich its orbit lies, just as was explained 
in the case of the solar ellipse ( art. 292. ). Now, when 
this is done, it is found that, neglecting certain ,small 

, ( though very perceptible) deviations ( of which a satisfac-
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tory account ,vill hereafter be rendered), the form of the 
apparent orbit, like that of the sun., is elliptic, but con
siderably more eccentric, the eccentricity amounting 
to 0·05484 of the mean distance, or the major semi-axis 
of the ellipse, and the earth's center being situated in 
its focus. 

( 848.) The plane in ,vhich this orbit lies is not the 
ecliptic, ho,vever, but is inclined to it at an angle 
of 5° 8' 48", which is called the inclination of the lunar 
orbit, and intersects it in two opposite points, ·which are 
called its nodes-the ascending node being that in ,vhich 
the moon passes from the soutl1ern side of the ecliptic 
to the northern, and the descending the reverse. 'fhe 
points of the orbit at which the moon is uearest to, .and 
farthest from, the earth, are called respectively its perigee 
and apogee, and the line joining them and the earth the 
line of apsides. 

(344.) '"fhere are, however, several remarkable cir
cumstances which interrupt the closeness of the analogy, 
which cannot fail to strike the reac1er, between the mo
tion of the moon around the earth, and of the earth 
round the sun. In the latter case, the ellipse described 
ren1ains, during a great many 1·evolutions, unaltered in 
its position and dimensions; or, at least, the changes 
which it undergoes are not perceptiBle but in a course of 
very nice observations, ·which have disclosed, it is true, 
the existence of "perturbations," but of so minute an 
order, that, in ordinary parlance, and for common pur
poses, we may leave them unconsidered. But this can
not be done in the case of the moon. Even in a single 
revolution, its deviation from a pei-fect ellipse is very 
sensible. It does not return to the same exact position 
among the stars from which it set out, thereby indi
cating a continual change in the plane of its orbit. And, 
in effect, if ,ve trace by observation, from month to 
month, the point where it traverses the ecliptic, we shall 
find that the nodes of its orbit are in a continual state of 
retreat upon the ecliptic. Suppos,e O to be the earth, 
and A b a d that portion of the plane of the ecliptic 

P4 
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which is intersected by the moon, in its alternate pas
sages through it, from south to north, and vice versa; 
and let A B C D E F be a portion of the moon's 
orbit, embracing a complete sidereal revolution. Sup. 

D 

'.D 

pose it to set out from the ascending node, A; then, if 
the orbit lay all in one plane, passing through 0, it 
would have a, the opposite point in the ecliptic, for its 
descending node; after passing ·which, it ,vould again 
ascend at A.. But, in fact, its real path carries it not 
to a, but along a certain curve, A B C, to C, a point 
in the ,ecliptic less than 180° distant from A; so that 
the angle A O C, or the arc of longitude described be
tween the ascending and the descending node, is some
·what less than 180°. It then pursues its course below 
the ecliptic, along the curve C D E, and rises again 
above it, not at the point c, diametrically opposite to C, 
but at a point E, less advanced in longitude. On the 
whole, then, the arc described in longitude between two 
consecutive passages from south to north, through the 
plane of the ecliptic, falls short of 360° by the angle 
A O E; or, in other words, the ascending node appears 
to have retreated in one lunation, on the plane of the 
ecliptic by that amount. To complete a sidereal revo
lution, then, it must still go on to describe an arc, A F, 
on its orbit, ·which will no longer, however, bring it 
exactly back to A, but to a point somewhat above it, or 
having north latitude. 

(345.) The actual amount of this retreat of the moon's 
node is about 3' 10''·64 pe1· diem, on an average, and in 
a period of 6793·39 mean solar days, or about 18·6 
years, the ascending node is carried round in a direction 
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contrary to the moon's motion in its orbit ( or from 
east to west) over a whole circumference of the eclip
tic. Of course, in the middle of this period the po
sition of the orbit must have been precisely reversed 
from what it was at the beginning. Its apparent 
path, then, ·will lie among totally different stars and 
constellations at different parts of this period; and, this 
kind of spiral revolution being continually kept up, it 
,vill, at one time or other, cover with its disc every 
point of the heavens within that limit of latitude or dis
tance from the ecliptic which its inclination permits; 
that is to say, a belt or zone of the heavens, of 10° 18' 
in breadth, having the ecliptic for its middle line. 
Nevertheless, it still remains true that the actual place 
of the moon, in consequence of this motion, deviates in 
a single revolution very little from what it would be were 
the nodes at rest. Supposing the moon to set out from 
its node A, its latitude, when it comes to F, having com
pleted a revolution in longitude, will not exceed 8'; and 
it must be borne in mind that it is to account for, and 
represent geometrically, a deviation of this small order, 
that the motion of the nodes is devised. 

(846.) Now, as the moon is at a very moderate dis
tance from us ( astronomically speaking), and is in fact 
our nearest neighbour, while the sun and stars are in 
comparison immensely beyond it, it must of necessity 
happen, that at one time or other it must pass over and 
occult or eclipse every star and planet within the zone 
above described ( and, as seen from the surface of 
earth, even somewhat beyond it, by reason of paral
lax, which may throw it apparently nearly a degree 
either way from its place as seen from the center, ac
cording to the observer's station). Nor is the sun itself 
exempt from being thus hidden, whenever any part of 
the moon's disc, in this her tortuous course, comes to 
overlap any part of the space occupied in the heavens by 
that luminary. On these occasions is exhibited the most 
striking and impressive of all the occasional phenomena of 
astronomy, an eclipse of the sun, in which a greater or less 
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portion, or even in some rare conjunctures the ,vhole, of 
its disc is obscured, and, as it were, obliterated, by the 
superposition of that of the moon, which appears upon 
it as a circularly-terminated black spot, producing a 
temporary diminution of daylight, or even nocturnal 
darkness, so that the stars appear 'as if at midnight. In 
other cases, ,vhen, at the moment that the moon is cen
trally superposed on the sun, it so happens that her dis
tance from the earth is such as to render her angular 
diameter less than the sun's, the very singular phe
nomenon of an annular solar eclipse takes place, when 
the edge of the sun appears for a few minutes as a nar
row ring of light, projecting on all sides beyond the dark 
circle occupied by the moon in its center. 

(347.) A solar eclipse can only happen when the sun 
and moon are in conjunction, that is to say, have the 
sarne, or nearly the same, position in the heavens, or the 
same longitude. It ,vill presently be seen that this con
dition can only be fulfilled at the time of a new moon, 
though it by no means follows, that at every conjunction 
there must be an eclipse of the sun. If the lunar orbit 
coincided with the ecliptic, this would be the case, but as 
it is inclined to it at an angle of up,vards of 5°, it is evident 
that the coujunction, or equality of longitudes, roa,Y take 
place ·when the moon is in the part of her orbit too re. 
mote from the ecliptic to permit the discs to meet and 
overlap. It is easy, however, to assign the limits within 
which an eclipse is possible. To this end ,ve must con
sider, that~ by the effect of parallax, the moon's appa
rent edge may be thrown in any direction, according to 
a spectator's geographical station, by any amount not 
exceeding the horizontal parallax. Now, this comes to 
the same ( so far as the possibility of an eclipse is con
cerned) as if the apparent diameter of the moon, seen 
from the earth's center, were dilated by twice its hori
zontal parallax ; for if, ·when so dilated, it can touch or 
overlap the sun, there must be an eclipse at some part or 
other of the earth's surface. If, then, at the moment of 
the nearest conjunction, the geocentric distance of the 
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centers of the two luminaries do not exceed the sum of 
their semidiamet.ers and of the moon's horizontal parallax, 
there will be an eclipse. This sum is, at its maximum, 
about 1 ° 84' ~7'1• In the spherical triangle SN M, then, 
in which Sis the sun's center, 1"1 the moon's, SN the eclip
tic, MN the moon's orbit, and N the node, we may suppose 
the angle N S l\if a right angle, .S l\lI = 1 ° 34' 27'', and 
the angle J.\,l N S = 5° 8' 48", the inclination of the orbit. 

Hence we calculate SN, which comes out 16° 58'. If, 
then, at the mo1nent of the new moon, the moon's node 
is farther fxom the sun in longitude than this limit, 
there can be no eclipse; if within, there may, and pro
bably will, at some part or other of the earth. To ascer
tain precisely whether there will or not, and, if there be, 
ho,v great will be the part eclipsed, the solar and lunar 
tables must be consulted, the place of the node and the 
semidiameters exactly ascertained, and the local paral
lax, and apparent augmentation of the moon's diameter 
due to the difference of her distance from the observer 
and from the center of the earth (,vhich may amount 
to a sixtieth part of her horizontal diameter), determined; 
after which it is easy, from the above considerations, to 
calculate the amount overlapped of the two discs, and 
their moment of contact. 

( 348.) The calculation of the occultation of a star 
depends on similar considerations. An occultation is 
possible, when the moon's course, as seen from the 
earth's center, carries her within a distance from the 
star equal to the sum of her semidiameter and horizon
tal parallax; ancl it will happen at any particular spot, 
when her apparent path, as seen from that spot, carries 



220 A TREATISE ON ASTRONOMY. CHAP. VJ. 

her center ,vithin a distance equal to the sum of her 
augmented semidiameter and actual parallax. The de
tails of these calculations, which are somewhat trouble
some, must be sought elsewhere.• 

( 849.) The phenomenon of a solar eclipse and of an 
occultation are highly interesting and instructive in a 
physical point of view. They teach us that the moon 
is an opaque body, terminated by a real and sharply de
fined surface intercepting light like a solid. They prove 
to us, also, that at those times ,.,.hen we cannot cee the 
moon, she really exists, and pursues her course, and that 
·when we see her only as a crescent, ho,vever narrow, 
the whole globular body is the1·e? filling up the deficient 
outline, though unseen. For occultations take place 
indifferently at the dark and bright, the visible and 
invisible outline, whichever happens to be towards the 
direction in which the moon is moving; ,vith this only 
difference, that a star occulted by the bright limb, if the 
phenomenon be ,vatched with a telescope, gives notice, 
by its gradual approach to the visible edge, when to 
expect its disappearance, while, if occulted at the dark 
limb, if the moon, at least, be mortt than a fe,v days 
old, it is, as it were, extinguished in mid-air, ,vithout 
notice or visible cause for its disappearance, which, as 
it happens instantaneously, and without the slightest 
previous diminution of its light, is always surprising; 
and, if the star be a large and bright one, even startling 
from its suddenness. T he re-appearance of the star, 
too, ,vhen the moon has passed over it, takes place in 
those cases when the bright side of the moon is fore
most, not at the concave outline of the crescent, but 
at the invisible outline of the complete circle, and is 
scarcely less surprising, from its suddenness, than its dis
appearance in the other case. t 

* Woodhouse·s Astronomy, vol. i. See also Trans. Ast. Soc. vol. i. p. 325. 
t There is an optical iUusion of a very strange and unaccountable nature 

which has often been remarked in occultations. The stnr appears to ad. 
vance actually upon and within the edge of the disc before it disappears, 
ancl that sometimes to a considerable depth. I have never myself witnessed 
this singular effect, but it rests on most unequivocal testimony, I h!ve 
called it an optical illusion; but it is barely possible that a star may shme 
on such occasions through deep fissures in the substance of the moon. The 
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( 350.) 'I'he existence of the complete circle of the 
disc, even ,vhen the moon is not full, does not, however, 
rest only on the evidence of occultations and eclipses. It 
may be seen, ,vhen the moon is crescent or waning, a 
fe,v days before and after the new moon, with the naked 
eye, as a pale round body, to which the crescent seems 
attached, and son1ewhat projecting beyond its outline 
( ,vhich is an optical illusion arising from the greater in
tensity of its light). The cause of this appearance will 
presently be explained. l\1eanwhile the fact is suffi
cient to sho,v that the moon is not inherently luminous 
like the sun, but that her light is of an adventitious n'l
ture. And its crescent form, increasing regularly from 
a narro,v semicircular line to a co•nplete circular disc, 
corresponds to the appearance a. globe ,vould present, 
one hemisphere of which was black, the other ,vhite, 
when differently turned towards the eye, so as to pre
sent a greater or less portion of each. The obvious con. 
clusion from this is, that the 1noon is such a globe, one 
half of which is brightened by the rays of some lumi
nary sufficiently distant to enlighten the complete hemi
sphere, and sufficiently intense to give it the degree 
of splendour we see. Now, the sun alone is competent 
to such an effect. Its distance and light suffice; and, 
moreover, it is invariably observed that, ,vhen a cres
cent, the bright edge is towa,·ds the sun, and that in 
proportion as the moon in her monthly course becomes 
more and more distant from the sun, the breadth of the 
crescent increases, and vice versa. 

(351.) The sun's distance being 28984 radii of the 
earth, and the moon's only 60, the former is nearly 
400 times the latter. Lines, therefore, drawn from 
the sun to every part of the 1noon's orbit may be re-

occultations of close double stars ought to be narrowly watched, to see whe
ther bot!, _individuals are thus projected, as well as for other purposes con
nected with their theory. I will only hint at one, viz. that a double star, 
too close to be seen divided with any tclescop•, may yet be detected to be 
double by the mode of' its disappearance. Should a considerable star, for in
stance, mst_ead ot undergoing instantaneous anJcornplete extinction, go out 
by two d,st111ct steps, following close upon each other; first losing a portion, 
then the whole remainder of its light, we may be sure it is a double star, 
though we cannot see the individuals separately. - Author. 
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garded as parallel. Suppose, no\v, 0 to be the earth, 
A B C ID, &c. various positions of the moon in its orbit, 
and S the sun, at the vast distance above stated; as is 
shown, then, in the figure, the hemisphere of the lunar 
globe turned towards it ( on the right) will be bright, the 
opposite dark, wherever it may stand in its orbit. Now,in 
the position A, when in conjunction with the sun, the dark 
part is entirely turned towards 0, and the bright from it. 
In this case, then, the moon is not seen, it is new moon. 
When the moon has come to C, half the bright and half 

the dark hemisphere are presented to 0, and the same 
in the opposite situation G: these are the first and 
third quarters of the moon. Lastly, when at E, the 
\vl1ole bright face is towards the earth, the ,vhole dark 
side from it, and it is then seen ,vholly bright or full 
moon. In the intermediate positions B D F H, the por
tions of the bright face presented to O ·will be at first 
less than half the visible surface, then greater, and 
finally less again, till it vanishes altogether, as it comes 
round again to A. 

(352.) 'fhese monthly changes of appearance, or 
phases, as they are called, arise, then, from the moon, 
an opaque body, being illuminated on one side by the sun, 
and reflecting from it, in all directions, a portion of the 
light so received. Nor let it be thought surprising that 
a solid substance thus illuminated should appear to shine 
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and again illuminate the earth. It is no more than a 
white cloud does standing off upon the clear blue sky. 
By day, the moon can hardly be distinguished in bright
ness from such a cloud ; ancl, in the dusk of evening, 
clouds catching the last rays of the sun appear with a 
dazzling splendour, not inferior to the seeming bright
ness of the moon at night. That the earth sends also 
such a light to the moon, only probably more powerful 
by reason of its greater apparent size•, is agreeable to 
optical principles, and explains the. appearance of the 
dark portion of the young moon completing its crescent 
(art. 350.). For, when the moon is nearly new to the 
earth, the latter ( so to speak) is nearly full to the 
former; it then illuminates its dark half by strong 
eartk-light; and it is a portion of this, reflected back 
again, which makes it visible to us in the t,vilight sky. 
As the moon gains age, the earth offers it a less portion 
of its bright side, and the phenomenon in question dies 
away. 

(353.) The lunar month is determined by the recur
rence of its. phases: it reckons from new moon to ne,v 
moon; that is, from leaving its conjunction with the 
sun to its return to conjunction. If the sun stood still, 
like a fixed star, the interval between two conjunctions 
would be the same as the period of the moon's sidereal 
revolution ( art. 338.) ; but, as the sun apparently ad
vances in the heavens in the same direction ,vith the 
moon, only slower, the latter has more than a complete 
sidereal period to perform to come up ,vith the sun 
again, and will require for it a longer time, ,vhich is the 
lunar rnonth, or, as it is generally termed in astronomy, 
a synodical period. The difference is easily calculated 
by considering that the superfluous arc ( ,vhatever it be) 
is described by the sun with his velocity of 0°·98565 
per diem, in the same time that the moon describes that 
arc plus a complete revolution, ,vith her velocity of 

• The apparent diameter of the Il)O<>n is S2' from the earth ; that of the 
earth fCCn from the moon is twice her horizontal parallax, or 10 W. 
The apparent surfaces, therefore, are as (114)2 : (32)2, or as 13 : l nearly . 

• 
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13°·17640 per diem; and, the times of description being 
identical, the spaces are to each other in the proportion 
of the velocities.• From these data a slight knowledge 
of arithmetic will suffice to derive the arc in question, 
and the time of its description by the moon; which, 
being the excess of the synodic over the sidereal period, 
the former ,vill be had, and will appear to be 29d 12h 
44m 2S•87, 

(354.) Supposing the position of the nodes of the 
moon's orbit to permit it, ,vhen the moon stands at A 
( or at the new moon), it will intercept a part or the 
whole of the sun's rays, and cause a solar eclipse. On 
the other hand, when at E ( or at the full moon), the 
earth O will intercept the rays of the sun, and cast a 
shadow on the ,moon, thereby causing a lunar eclipse. 
And this is perfectly consonant to fact, such eclipses 
never happening but at the exact time of the full moon. 
But, what is still more remarkable, as confirmatory of 
the position of the earth's sphericity, this shado,v, 
which ,ve plainly see to enter upon and, as it were, eat 
away the disc of the moon, is always terminated by a 
circular outline, though, from the greater size of the 
circle, it is only partially seen at any one time. Now, 
a body which always casts a circular shado,v must itself 
be spherical. 

( 355.) Eclipses of the sun are best understood by 
regardiing the sun and moon as two independent lumi
naries, each moving according to known laws, and 
viewed from the earth; but it is also instructive to con
sider eclipses generally as arising from the shadow of one 
body thrown on another by a luminary much la1'9er than 
either. Suppose, then, A B to represent the sun, and 
CD a spherical body, whether earth or moon, illu
minated by it. If ,ve join and prolong AC, B D; since 
A B is greater than CD, these lines will meet in a point 

* Let V ::nd v be the mean angular velocities, z the superfluous arc; then 
V: v: : 1 + z: z; and V-v: v: : 1: z, whence.dsfound, and:!: ::the time of 
• • tl 
describing z, or lhe dil!'erence of the sidereal and synodical periods. V..'e 
shall have occasion for tbis_again. 
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E, more or less distant from the body C D, according to 
its size, and within the space C ED (which represents 

E 

a cone, since C D and A B are spheres), there will be 
a total shadow. This shadow is called the urnb1·a, and 
a spectator situated within it ean see no part of the sun's 
disc. J3eyond the umbra are two diverging spaces ( or 
rather, a portion of a single conical space, having K for 
its vertex), where if a spectator be situated, as at M, 
he will see a portion only (A O N P) of the sun's 
surface, the rest (B O N P) being obscured by the 
earth. He v.ill, therefore, 1·eceive only partial sunshine; 
and the more, the nearer he is to t11e exterior borders 
of that cone which is called the penunib1·a. Beyoncl 
this he will see the whole sun, and be in full illumination. 
All these circumstances may be perfectly well shown 
by holding a small globe up in the sun, and receiving 
its shadow at different distances on a sheet of paper. 

(356.) In a lunar eclipse (represented in the upper fi_ 
gure ), the moon is seen to enter the penumbi·a first, and, by 
degrees, get involved in the umbi·a, the former surround
ing the latter like a haze. Owing to the great size of the 
earth, the cone of its umbra always projects far beyond 
the moon ; so that, if, at the time of the eclipse, the 
moon's path be properly directed, it is sure to pass 
through the umb1·a. This is not, however, the case in 
solar eclipses. It so happens, from the adjustment of 
the size and distance of the moon, that the extremity of 

Q 
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her iimb1·a ahvays falls near the earth, but sometimes 
attains and sometimes falls short of its surface. In the 
former case ( represented in the lo,ver figure), a black spot., 
surrounded by a fainter shadow, is formed, beyond wl1ich 
there is no eclipse on any part of the earth, but within 
which there may be either a total or partial one, as the 
spectator is within the umbra or penumbra. ,vhen the 
apex of the umbra falls on the 1urface, the moon at that 
point w·ill appear, for an insta11 t, to just cover the sun; 
but, when it falls short, there ,vill be no total eclipse on 
any part of the earth ; but a spectator, situated in or near 
the prolongation of the axis of the cone, will see the 
,vhole of the moon on the sun, although not large enough 
to cover it, i. e. he will witness an annular eclipse. 

(357.) Owing to a remarkable enough adjustment of 
the periods in which the moon's synodical revolution, 
and that of her nodes, are performed, eclipses return 
after a certain period, very nearly in the same order and 
of the same magnitude. For 223 of the moon's mean 
synodical revolutions, or lunati()ns, as they are called, 
,vill be found to occupy 6585·32 days, and nineteen 
complete synodical revolutions of the node to occupy 
6585·78. The difference in the mean position of the 
node, then, at the beginning and end of 223 lunations, 
is nearly insensible; so that a recurrence of all eclipses 
within that interval must take place. Accordingly, this 
period of 223 lunations, or eighteen years and ten 
days, is a very important one in the calculation of 
eclipses. It is supposed to have been known to the 
Chaldeans, under the name of the saros; the regular 
return of eclipses having been kno,vn as a physical fact 
for ages before their exact tl1eory ,vas understood. 

( 358.) T he commencement, duration, and magnitude 
of a lunar eclipse are much more easily calculated than 
those of a solar, being independent of the position of the 
spectator on the earth's surface, and the same as if 
viewed from its center. The common center of the 
u1nbra and penumbra lies always in the ecliptic, at a 
point opposite to the sun., and the path described by the 
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moon in passing through it is its true orbit, .as it stands 
at the moment of the full 1noon. In this orbit, its po
sition, at every instant, is known from the lunar tables 
and ephemeris; and all ,ve have, therefore, to ascertain,is, 
the 1noment when the distance between the moon's center 
ancl the center of the shadow is exactly equal to the 
su1n of the semidiameters of the moon and penu1nbra, 
or of the moon and ttrn/Jra, to know when it enters upon 
ancl leaves the1n respectively. 

(359.) The dimensions of the shadow, at the place 
where it crosses the moon's path, require us to know 
the distances of the sun and moon at the time. 'fhese 
are variable; but are calculated and set down, as ·well as 
their semidia1neters, for every day, in the ephe1neris, so 
that none of the data are wanting. The sun's distance 
is easily calculated from its elliptic orbit; but the moon's 
is a 1natter of more difficulty, for a reason we will now· 
explain. 

(360.) The moon's orbit, as we have before hinted, 
is not, strictly speaking, an ellipse returning into itself, 
by reason of the variation of the plane in which it lies, 
and the motion of its nodes. But even laying aside this 
consideration, the axis of the ellipse is itself constantly 
changing its direction in space, as has been already 
stated of the solar ellipse, but much more rapiclly; 
making a complete revolution, in the same direction 
with the moon's own motion, in 3232·5753 mean solar 
days, or about nine years, being about 3° of angular 
motion in a whole revolution of the moon. This is 
the phenomenon known by the name of the revolution 
of the moon's apsides. Its cause will be hereafter 
explained. Its immediate effect is to produce a variation 
in the moon's distance from the earth, which is not 
included in the laws of exact elliptic motion. In a single 
revolution of the moon, this variation of distance is tri
fling; but in the course of many it becomes considerable, as 
is easily seen, if ,ve consider that in four yeai:s and a half 
&he position of the axis will be completely reversed, and 

Q 2 
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the apogee of the moon will occur ·where the perigee 
occurred before. 

( 361,) The best way to form a distinct conception of 
the moon's motion is to regard it as describing an ellipse 
about tbe earth in the focus, and, at the same time, to 
regard this ellipse itself to be in a twofold state of re
volution; 1st, in its own plane> by a continual advance 
of its axis in that plane; and .2dly, by a continual 
tilting motion of the plane itself, exactly similar to, but 
much more rapid than, that of the earth's equator pro
duced by the conical motion of its axis described in 
art. 266. 

( 362.) The physical constitution of the moon is better 
known tto us than that of any otiher heavenly body. By 
the aid of telescopes, w·e discern inequalities in its surface 
\vhich can be no other than mountains and valleys,-for 
this plain reason, that we see the shadows cast by the 
former in the exact proportion as to length which they 
ought to have, when we take into account the inclination 
of the sun's rays to that part of the moon's surface on 
which they stand. 'fhe convex outline of the limb turned 
towards the sun is always circular, and very nearly 
smooth ; but the opposite border of the enlightened part, 
which (were the moon a perfect sphere) ought to be an 
exact and sharply defined ellipse, is always observed to 
be extremely ragged, and indented with deep recesses and 
prominent points. The mountains near this edge cast 
long black shadows, as they should evidently do, when 
we consider that the sun is in the act of rising or setting 
to the parts of the moon so circumstanced. But as the 
enlightened edge advances beyond them, i. e. as the sun 
to them gains altitude, their shadows shorten; and at 
the full moon, when all the light falls in our line of 
sight, no shadows are seen on any part of her surface. 
From micrometrical measures of the lengths of the 
shadows of many of the more conspicuous mountains, 
taken under the most favour.able circumstances, the 
heights of many of them have been calculated,-the 
bighest bei.-ig ab?ut I! English rniles in perpendicular 
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altitude. The existence of such mountains is corro
borated by their appearance as small points or islands of 
light beyond the extreme edge of tl1e enlightened part, 
which are their tops catching the sun-beams before the 
intermediate plain, and ,vhich, as the light advances, 
at length connect themselves with it, and appear as pro
minences from the general edge. 

( 863.) 'I'he generality of the lunar mountains present 
a striking uniformity and singularity of aspect. They 
are wonderfully numerous, occupying by far the larger 
portion of the surface, and almost universally of an ex
actly circular or cup-shaped form, foreshortened, how
ever, into ellipses towards the limb; but the larger 
have for the most part flat bottoms ,vithin, from which 
rises centrally a small, steep, conical hill. They offer, 
in short, in its highest perfection, the true volcanic 
character, a:s it 1nay be seen in the crater of Vesuvius, 
ancl in a map of the volcanic districts of the Campi 
Phlegrrei oJf< or the Puy de Dome. And in some of the 
principal ones, decisive marks of volcanic stratification, 
arising from successive deposits of ejected matter, may 
be clearly traced with powerful telescopes. t ,vhat is, 
moreover, extremely singular in the geology of the moon 
is, that although nothing having the character of seas 
can be traced, (for the dusky spots ,vhich are commonly 
called seas, when closely examined, present appearances 
incompatible with the supposition of deep water,) yet 
there are large regions perfectly level, and apparently 
of a decided alluvial character. 

( 364.) The moon has no clouds, nor any other indi
cations of an atmosphere. vVere there any, it could not 
fail to be perceived in the occultations of stars and the 
phrenomena of solar eclipses. Hence its climate must 
be very extraordinary; the alternation being that of 
unmitigated and burning sunshine fiercer than an equa
torial noon, continued for a whole fortnight, and the 

• Sec Breisla'k's map of the environs of Naples, and Desmarest's of Au-
ft~& • 

t From my own observations.-Aut/tor. 
Q 3 
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keenest severity of frost, far exceeding that of our polar 
winters, for an equal time. Such a disposition of things 
must produce a constant transfer of whatever moisture 
may exist on its surface, from the point beneath the sun 
to that opposite, by distillation fn vacuo after the man
ner of the little instrument callecl a cryophoru.~. The 
consequence must be absolute aridity below the vertical 
sun, constant accretion of hoar frost in the opposite re
gion, and, perhaps, a narrow zone of running water at 
the borders of the enlightenerl hemisphere. It is pos
sible, then, that evaporation on the one hand, and con
densation on the other, may to a. certain extent preserve 
an equilibrium of temperature, and mitigate the extreme 
severity of both climates. 

(365.) A circle of one second in diameter, as seen 
from the earth, on the surface of the moon, contains 
about a square mile. Telescopes, therefore, must yet 
be greatly improved, before we could expect to see signs 
of inhabitants, as manifested by edifices or by changes 
on the surface of the soil. It should, 110\vever, be ob
served, that, owing to the small density of the materials 
of the moon, and the comparatively feeble gravitation of 
bodies on her surface, muscular force woulcl there go six 
times as far in overcoming the '1-veight of materials as on 
the earth. O,ving to the w·ant of air, however, it seems 
impossible that any form of life analogous to those on 
earth can subsist there. No appearance indicating 
vegetation, or the slightest variation of surface which 
can fairly be ascribed to change of season, can any where 
be discerned. 

( 366.) The lunar summer and winter arise, in fact, 
from the rotation of the moon on its own axis, the 
periocl of ,vhich rotation is exactly equal to its sidereal 
revolution about the earth, and is perfor1ned in a plane 
I O 30' 11,, inclined to the ecliptic, and therefore nearly 
coincident ,vith her own orbit. This is the cause ,vhy 
we always see the same face of the moon, and have no 
kno\vletlge of the other side. This temarkable coin
cidence of two periods, which at first sight ·would seem 
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perfectly distinct, is said to be a consequence of the 
general laws to be explained hereafter. 

(367.) The 1noon's rotation on her axis is uniform; 
but since her motion in her orbit (like that of the sun) 
is not so, ,ve are enabled to look a fe,v degi·ees round 
the equatorial parts of her visible border, on the eastern 
or western side, according to circumstances; or, in other 
words, the line joining the centers of the earth and moon 
fluctuates a little in its position, from its mean or aver
age intersection with her surface, to the east or west
·ward. And, 1noreover, since the axis about which she 
revolves i!l not exactly perpendicular to her orbit, her 
poles come alternately into vic,v for a small !lpace at 
the edges of her disc. 1'hese phenomena are known by 
the name of librations. In consequence of these two 
distinct kine.ls of libration, the same identical point of 
the moon's surface is not always the center of her disc, 
and we therefore get sight of a zone of a few degrees 
in breadth on all sides of the border, beyond an exact 
hemisphere. 

( 368.) If there be inhabitants in the moon, the earth 
must present to them the extraordinary appearance of a 
moon of nearly ~0 in diameter, exhibiting the same 
phases as ,ve see the moon to do, but immoveably fixed 
in their sky, ( or, at least, changing its apparent place 
only by the small amount of the libration,) w·hile the 
stars must seem to pass slowly beside and behind it. It 
will appear clouded with variable spots, and belted with 
equatorial and tropical zones corresponding to our trade
·winds; and it may be doubted whether, in their per
•petual change, the outlines of our continents anll seas 
can ever be clearly discerned. 

Q4 
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... 

CHAP. VII. 

OF TERRESTRIAL GR.AVITY.-0]1' TJIE LAW 011' UNIVERSAL GRA

VlTATJON,-PATHS OF PROJF.CTII,ES; APl',\JU;NT-REAL,-THE 

MOON RETAIN.El) IN HER ORBIT BY GRAVITY, - ITS LAW OF 

JHMINUTION. - LAW$ OF ELLIPTIC MOTION, - OitBIT OF THE 

EARTH ROUNI) THE SUN IN ACCORDANCE WITH THESE LAWS. 

- MASSES OF TSE ll:ARTH ANO SUK CO~ll'ARED. - DENSITY 

OF Tll:E SUN. - FORCE OP GRAVITY AT ITS SURF ACE. - l)IS

TURBING EFFECT OF THE SUN ON TU.E l\IOON'S MOTION. 

(369.) TaE reader has now been made acquainted with 
the chief phenomena of the motions of the earth in its 
orbit round the sun, and of the moon about the earth. 
- '\Ve come next to speak of the physical cause which 
maintains and perpetuates these motions, and causes the 
massive bodies so revolving to deviate continually from 
the directions they would naturally seek to follow, 
in pursu.ance of the first law of motion•, and bend their 
courses into curves concave to their centers. 

(370.) '\Vhatever attempts may have been made by 
metaphysical writers to reason away the connection of 
cause and effect, and fritter it down into the unsatis
factory relation of habitual sequence t, it is certain that 
the conception of some more real and intimate connec
tion is quite as strongly impresser! upon the human 
mind as that of the existence of an external ,vorld, -
the vindication of whose reality has (strange to say) 
been regarded as an achievement of no common merit 
in the annals of this branch of pl1ilosophy. It is our 
own immediate consciousness of effort, ,vhen we exert 

* See Cab. Cyc. MECHANICS, chap. iii. 
t See B,·own " On Cause and Elfect," - a work of great acuteness and 

subtlety of reasoning on some points, but in which the whole train of ar
gument is vitiated by one enormous oversight; the omission, namely, of 
a ,tistinct mul immediate perso11atco11scious11ess of causl'ltwn in his enumer
ation of that sequence of eve11ts, by which the volition of the mind is made 
~ terminate in the motion of ,naterial objects. I mean the consciousness 
1>f effort, as a thing entirely distinct from mrro desire or volition on the 
one hand, and from mere spasmodic contrac11on of muscles on the other. 
Brown, Sd edit. Edin. 1818, p. 47 .. -.J.uthOT. 
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force to put matter in motion, or to oppose and neu
tralize force, which gives us this internal conviction of 
power and causation so far as it refers to the material 
world, and compels us to believe that ,vhenever we see 
material objects put in motion from a state of rest, or 
deflected from their rectilinear patlhs, and changed in 
their velocities if already in motion, it is in conse
quence of such an EFFORT soniehow exerted, though 
not accompanied ,vith our consciousness. That such 
an effort should be exertecl with success through an 
interposed space, is no more difficult to conceive, than 
that our hand should communicate motion to a stone, 
·with which it is demonstrably not in contact. 

( 371.) All bodies with which ,ve are acquainted, 
when raised into the air and quietly abandoned, descend 
to the earth's surface in lines perpendicular to it. 'fhey 
are therefore urged thereto by a force or effort, the 
direct or indirect result of a consciousness and a will 
existing somewhere, though beyond our power to trace, 
,vhich force we term gravity; and whose tendency or di
rection, as universal experience teaches, is to,\•ar<ls the 
earth's Center; or rather, to speak strictly, with reference 
to its spheroidal figure, perpendicular to the surface of 
still water. But if we cast a body obliquely into the air, 
this tendency, though not extinguished or diminished, 
is materially modified in its ultimate effect. The upward 
impetus ,ve give the stone is, it is true, after a time 
destroyed, and a downward one communicated to it, 
which ultimately brings it to the surface, where it is 
opposed in its further progress, and brought to rest. 
But all the while it has been continually deflected or 
bent asid.e from its rectilinear progress, and made to 
describe a curved line concave to the earth's center; 
and having a highest point, verte:v, or apogee, just as the 
moon has in its orbit, where the direction of its motion 
is perpendicular to the radius. 

(372.) "\-Vhen the stone which we fling obliquely up
w·ards meets and is stopped in its descent by the earth's 
surface, its motion is not towards the center, but inclined 
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to the earth's radius at the same angle as when it quitted 
our hand. As we are sure that, if not stopped by the 
resistance of the earth, it woulcl continue to descend, and 
that obliquely, what presumption, we may ask, is there 
that it would ever reach the center, to which its motion, 
in no pa1·t of its visible com·se, ·was ever directed ? \l'11at 
reason have we to believe that it might not rather circu
late round it, as the moon does round the earth, return
ing again to the point it set out from, after completing 
an elliptic orbit of which tbe center occupies the lower 
focus? And if so, is it not reasonable to imagine that 
the same force of gravity 1nay ( since we know that it 
is exerted at all accessible heights above the surface, 
and even in the highest regions o~ the atmosphere) ex
tend as far as 60 radii of the earth, or to the moon? 
and may not this be the power,-for some power there 
must be,-which deflects her at every instant from the 
tangent of her orbit, and keeps her in the elliptic path. 
,vl1ich experience teaches us she actually pursues ? 

( 373.) If a stone bewhirledroundattheendof a string~ 
it will stretch the string by a centrifugal force~, ·which, 
if the speed of rotation be sufficiently increased, will at 
length break the string, and let the stone escape. Ho,v
ever strong the string, it may, by a sufficient rotatory 
velocity of the stone, be brouglht to the utmost tension 
it will bear without breaking; and if we know what 
weight it is capable of carrying, the velocity necessary 
for this purpose is easily calculated. Suppose, no,v, a 
string to connect the eai:th's center, with a ,veight at its 
surface, ·whose strength should be just sufficient to sustain 
that weight suspended from it. Let us, however, for a 
moment imagine gravity to have no existence, and that 
the weight is made to revolve ,vith the tirniting velocity 
which that string can barely counteract : then will its 
tension be just equal to the weight of the revolving body; 
and any po,ver which should continually urge the body 
towards the center with a. force equal to its weight 
,vou1d perform the office, and might supply the place of 

• See Cab. Cyc. l\lEcBAN1cs, chap. viii. 
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the string, if divided. Divide it then, and in its place 
let gravity act, and the body will circulate as before ; its 
tendency to t11e center, or its iveight, being just balanced 
by its centrifugal force. }{no,ving the radius of the 
earth, we can calculate the periodical time in which a 
body so balanced must circulate to keep it up; and this 
appears to be I h 23'" 22s. 

( 37 4•.) If we make the same calculation for a body at 
the distance of the moon, supposiTJg it.-; weight or gravity 
the .~aine as at the earth'~, su1face, we shall find the period 
requiretl to be 1011 45111 Sos. The actual periocl of the 
moon's revolution, however, is 27d 711 43m; and hence 
it is clear that the moon's velocity is not nearly suf
ficient to sustain it against such a po,ver, supposing 
it to revolve in a circle, or neglecting (for the present) 
the slight ellipticity of its orbit. In order that a body 
at the distance of the moon ( or the moon itself) should 
be capable of keeping its distance f rom the earth by 
the outward effort of its centrifugal force, ·while yet 
its time of revolution should be what the moon's ac
tually is, it will appear ( on executing the calculation 
from the principles laid down in Cab. Cyc. l\-1EcIIANics) 
that grctvity, instead of being as intense as at the 
surface, would require to be very nearly 3600 times 
less energetic; or, in other words, that its intensity 
is so enfeebletl by the remoteness of the body on which 
it acts, as to be capable of producing in it, in the same 
time, only :ro\nl th part of the motion which it ,vould 
impart to the same mass of matter at the earth's surface. 

( 375.) 'fhe distance of the 1noon fro1n the earth's 
center is somewhat less than sixty times the distance from 
the center to the surface, and 3600 : I : : 60 2 : I 2; so 
that the proportion in ·which ,ve must admit the earth's 
gravity to be enfeebled at the moon's distance, if it be 
really the force ,mich retains the 1uoon in her orbit, 
must be ( at least in this particular instance) that of the 
squares of the distances at which it is compared. Now, 
in such a diminution of energy with increase of distance, 
there is nothing p1'i1ncl facie inadmissible. E manations 
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from a center, such as light and heat, do really diminish 
in intensity by increase of distance, and in this identical 
proportion ; and though we cannot certainly argue much 
from this analogy, yet we do see that the power of 
magnetic and electric attractions and repulsions is ac
tually enfeebled by distance, and much more rapidly 
than in the simple proportion of the increasecl distances. 
The argument, therefore, stands thus : - On the one 
hand, Gravity is a real power, of whose agency we have 
daily experience. "\Ve know that it extends to the ' 
greatest accessible heights, and far beyond ; and "·e see 
no reason for dra,ving a line at any particular height, 
and there asserting that it must cease entirely; though 
,ve have analogies to lead us to suppose its energy may 
diminish rapidly as we ascend to great heights from the 
surface, such as that of the 1noon. On the other hand, 
we are sure the 1noon is urged towards the earth by 
sonie pO'l\'er which-retains her in her orbit, ancl that the 
intensity of this power is such as would correspond to a. 
diminished gravity, in the prO}>Ortion,-otherwise not 
improbable,-of the squares of the distances. If gravity 
be not that po,ver, there must exist some other; and, 
besides this, gravity must cease at some inferior level, 
or the nature of the moon must be different from that 
of ponder able matter; - for if not, it would be urged by 
both po,vers, and therefore too niuch urged, and forced 
inwards from her path. 

( 376.) It is on such an argument that K ewton is un
derstood to have rested, in the first instance, and pro
visionally, his law of uniYersal gravitation, ,vhicb may 
be thus abstractly stated: - "Every particle of matter 
in the universe attracts every other particle, with a force 
directly proportioned to the mass of the attracting 
particle, and inversely to the square of the distance 
between them." In this abstract and general form, 
however, the proposition is not applic>able to the case 
before us. The earth and moon are not mere particles, 
but great spherical bodies, and to such the general law 
does not immediately apply; and, before we can make 
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it applicable, it beco1nes necessary to enquire what will 
be the force with which a congeries of particles, con
stituting a solid 1nass of any assigned figure, will attract 
another such collection of material atoms. This problem 
is one purely dynamical, and, in its general form, is of 
extreme difficulty. Fortunately, however, for human 
knowledge, ,vhen the attracting and attracted bodies are 
spheres, it admits of an easy and direct solution. Newton 
himself has shown (Princip. b. i. prop. 75.) that, in that 
case, the attraction is precisely the same as if the whole 
matter of each sphere were collected into its center, and 
the spheres were single particles there placed; so that, 
in this case, the general law applies in its strict wording. 
The effect of the trifling deviation of the earth from a 
spherical form is of too minute an order to need 
attention at present. It is, however, perceptible, and 
1nay be hereafter noticed. 

( 377.) '1'he next step in the X e"~tonian argument is 
one which divests the law of gravitation of its provisional 
character, as derived from a loose and superficial con
sideration of the lunar orbit as a circle described with 
an average or mean velocity, and elevates it to the rank 
of a general and primordial relation, by proving its ap
plicability to the state of existing nature in all its detail 
of circumstances. This step consists in demonstrating, 
as he has done"' ( Princip. i.17., i. 75 . ), that, under the in
fluence of such an attractive force mutually urging two 
spherical gravitating bodies towards each other, they 
will each, when moving in each other's neighbourhood, 
be deflected into an orbit concave towards the other, 
and describe, one about the other regarded as fixed, or 
both round their co1nmon center of gravity, curYes 
whose for1ns are limited to those figures known 1n 

geometry by the general name of conic sections. I t 

. • "·e refer for these fundamental propositions, as a point of duty, to the 
1m~ortal work in which they were first propounded. It is impossible for 
u~ m. tlu, volume to go into the.e in,·e,tigations: ~ven did our limits per
mit, nwould be utterly inconsistent with our plan; a general idea, however, 
of their conduct will be given in the next chapter. 
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will depend, he shows, in any assigned case, upon the 
particular circumstances of velocity, distance, and di
rection, which of these curves shall be described, -
whether an ellipse, a circle, a parabola, or an hyper
bola; but one or other it must be; and any one of any 
degree of eccentricity it may be, according to the cir
cumstances of the case; and, in all cases, the point to 
,vhich the motion is referred, whether it be the center 
of one of the spheres, or their common center of gravity, 
,vill of necessity be the focus of the conic section described. 
He shows, fu1-thermorc ( Princip. i. I.), that, in every 
case, the an9ula1· velocit,IJ with ,vhich the line joining 
their centers moves, must be inversely proportional to 
the square of their mutual distance, and that equal areas 
of the curves described will be swept over by their line 
of junction in equal times. 

(378.) All this is in conformity ·with what we have 
stated of the solar and lunar movements. Their orbits 
are ellipses, but of different degrees of eccentricity; 
and this circumstance already indicates the general ap
plicability of the principles in question. 

(379.) But here we have already, by a natural and 
ready implication ( such is always the progress of gene
ralisation), taken a further and most important step, 
almost unperceived. ,v e have extended the action of 
gravity to the case of the earth and sun, to a distance 
immensely greater than that of the moon, and to a 
body apparently quite of a different nature from either. 
Are we justified in this? or, at all events, are there no 
modifications introduced by the change of data, if not 
into the general expression, at least into the particular 
interpretation, of the law of gravitation? No,v, the 
moment ,ve come to numbers, an obvious incongruity 
strikes us. '\.Vhen we calculate, as above, from the 
known distance of the sun ( art. 304.), and from the 
period in. which the earth circulates about it ( art. 327. ), 
what must be the centrifugal force of the latter by 
which the sun's attraction is balanced, ( and which, there
fore, becomes an exact measure of the sun's attractive 
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energy as exerted on the earth,) ·we find it to be im., 
rnensely greater than ,voulcl suffice to counteract the 
earth's attraction on an equal body at that distance
greater in the high proportion of 3549SG to 1. It is 
clear, then, that if the earth be retainecl in its orbit 
about the sun by solar attraction, confonnable in its 
rate of di1ninution with the general law, this force must 
be no less than 354936 times more intense than what 
the earth would be capable of exerting, cr.etei·is pa1·ibus, 
at an equal distance. 

(380.) '\Vhat, then, are we to understand from this 
result? Simply tbis,-tbat the sun attracts as a col
lection of 354936 earths occupying its place would do, 
or, in other words, that the sun contains 354936 times 
the mass or quantity of ponderable matter that the 
earth consists of. Nor let this conclusion startle us. 
"\Ve have only to recall what has been already shown in 
art. 305. of the gigantic di1nensions of this magni
ficent body, to perceive that, in assigning to it so vast 
a 1nass, we are not outstepping a reasonable proportion. 
In fact, when we come to compare its 1nass "'ith its 
bulk, ,ve find its density• to be less than that of the 
earth, being no more than 0·2543. So that it must 
consist, in reality, of far lighter materials, especially 
when we consider the force under which its central 
parts must be condensed. This consideration renders 
it highly probable that an intense heat prevails in its 
interior, by which its elasticity is reinforced, and ren
dered capable of resisting this almost inconceivable 
pressure without collapsing into smaller dimensions. 

( 381.) This ,vill be more distinctly appreciated, if 
,ve estiplate, as we are now prepared to do, the intensity 
of gravity at the sun's surface. 

The attraction of a sphere being the same ( art. 376.) 
as if its whole mass were collected in its center, will, of 
course, be proportional to the mass directly, and the 

* The density of a material body is as the mass directly, and the volume 
• I . h d ·t f0. d 't f "' .. 3~4~36 . 1 . 0-ne,o. l inverse y. ence ens, yo . ens, Yo w .. l:i•u72• . • -=-.., • • 
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square of the distance inversely; and, in this case, the 
distance is the. radius of the sphere. Hence we con
clude"', that the intensities of solar and terrestrial gra
vity at the surfaces of the two globes are in the propor
tions of 27·9 to 1. A pound of terrestrial matter at the 
sun's surface, then, would exert a pressure equal to what 
27·9 such pounds would do at the earth's. An ordinary 
man, for example, would not only be unable to sustain 
his own ,veight on the sun, but would literally be crushed 
to atoms under the load. t 

(382.) Henceforward, then, we must consent to 
dismiss all idea of the earth's ,iinmobility, and transfer 
that attribute to the sun, ,vhose ponderous mass is cal
culated to exhaust the feeble attractions of such com
parative atoms as the earth and moon, without being 
perceptibly dragged from its pi.ace. Their center of 
gravity lies, as we have already hinted, almost close to 
the center of the solar globe, at an interval quite im
perceptible from our distance; and whether we regard 
the earth's orbit as being performed about the one or 
the other center makes no appreciable difference in any 
one phenomenon of astronomy. 

(383.) It is in consequence of the mutual gravi
tation of all the several parts of matter, which the New
tonian la\v supposes, that the earth and moon, while in 
the act of revolving, monthly, in their mutual orbits 
about their common center of gravity, yet continue to 
circulate, without parting company, in a greater annual 
orbit round the sun. "\Ve may conceive this motion by 
connecting two unequal balls by a stick, which, at their 
center of gravity, is tied by a long string, and whirled 
round. Their joint systems ,vill circulate as one body 
about the common center to which the string is attached) 
while yet they may go on circulating round each other 
in subordinate gyrations, as if the stick were quite free 

' • Solar gravity: terrestrial : : 354936 
• : __!,_2 : : !!1·9 : l • the re-

• (◄ 10000) • (•OOO) ' • 
spective radii of the sun and earth being 440000, and 4000 miles. 

t A mass weighing 12 stone or liO lbs. on the earth, would produce a 
pressure of 4600 lb$. oo the sun. 
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from any such tie, and merely hurled through the air. 
If the earth alone, and not the 1noon, gravitated to the 
sunJ it would be dragged away, and leave the moon be
hind - and vice v1rrsa; but, acting on both, they con
tinue together under its attraction, just as the loose parts 
of the earth's surface continue to rest upon it. It is, 
then, in strictness, not the earth or the 1noon ,vhich 
describes an ellipse around the sun, but their common 
center of gravity. The effect is to produce a small, 
but very perceptible, 1nontbly equation in the sun's ap
parent motion as seen from the earth, which is always 
taken into account in calculating the sun's place. 

( 384.) And here, i. e. in the attraction of the sun, 
we have the key to all those differences from an exact 
elliptic movement of the moon in her monthly orbit, 
which we have already noticed (arts. 344. 860.), viz. 
to the retrograde revolution of her nodes ; to the direct 
circulation of the axis of her ellipse; and to all the 
other deviations from the laws of elliptic motion at 
,vhich ,ve have further hinted. If the moon simply 
revolved about the earth under the influence of its 
gravity, none of these phenomena ,vould take place. Its 
orbit v1ould be a perfect ellipse, returning into itself, and 
always lying in one and the same plane: that it is not 
so, is a proof that some cause distu1·bs it, and interferes 
,vith the earth's attraction ; and this cause is no other 
than the sun's attraction - or rather, that part of it 
,vhich is not equally exerted on the earth. 

(385.) Suppose two stones, side by side, or other
,vise situated with respect to each other, to be let fall 
together ; then, as gravity accelerates them equally, 
they ,vill retain their relative positions, ancl fall to
gether as if they formed one mass. But suppose 
gravity to be rather more intensely exerted on one than 
the other; then would that one be rather more acceler
ated in its fall, and ,voulcl gradually leave the other; 
and thus a 1·elati ve motion between them ,vould arise 
from the difference of actionJ ho,vever slight. 

R 
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(886.) The sun is about 400 times more remote 
than the moon; and, in consequence, while the moon 
describes her monthly orbit rou11d the earth, her distance 
from the sun is alternately ~ t -oth part greater and as 
much less than the earth's. Small as this is, it is yet 
sufficient to produce a perceptible excess of attractive 
tendency of the moon towards the sun, above that of 

N0M~. - -------------:.@ 
X S 

the earth ,vhen in the nearer point of her orbit, lVf, and 
a corresponding defect on the opposite part, N ; and, in 
the intermediate positions, not only ,vill a difference of 

.fo1·ces subsist, but a difference of directions also; since, 
however small the lunar orbit 1\1 N, it is not a point, 
and, therefore,' the lines drawn from the sun S to its se
veral parts cannot be regarded as strictly parallel. If, as 
,ve have already seen, the force of the sun were equally 
exerted, and in parallel directions on both,no disturbance 
of their relative situations would take place; but from 
the non-verification of these conditions arises a dis
tu1·bing force, oblique to the line joining the moon and 
earth, which in sorne situations acts to accele1·ate, in 
others to 1·eta1·d, her elliptic orbitual motion; in some 
to dra,v the earth from the moon, in others the moon 
from the earth. Again, the lunar orbit, though very 
nearly, is yet not quite coincident with the plane of the 
ecliptic; and hence the action of the sun, which is very 
nearly parallel to the last-mentioned plane, tends to 
dra,v her somewhat out of the plane of her orbit, and 
does actually do so - producing the revolution of her 
nodes, and other phenomena less striking. We are 
not yet prepared to go into the subject of these per
tu1·bations, as they are called; but they are introduced 
to the reader's notice as early as possible, for the pur
pose of re-assuring his mind, should doubts have arisen 
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as to the logieal correctness of our argument, in conse
quence of our temporary neglect of them ,vhile working 
our \vay up,,vard to the law of gravity from a gene1·al 
consideration of the moon's orbit. 

CHAP. VIII. 

OF THE SOLAR SYSTEM. 

Al'PARENT MOTIONS Of' THE PLANETS, -THEIR, STATIONS AND 

RETROGRADATIONS, -TUE SUN '.l'IIEIR NATU!lAL CENTER. 01" 

MOTION, - INFERIOR. PLANETS, -'.l'HEIR. PHASES, PERIODS, 

ETC. -DIMENSIONS AND FOR..l! OF THEIR. ORBITS,-TRANSITS 

ACROSS THE SUN,-SUPERIOR. P!.ANETS, -THElll DISTANCES, 

PERIODS, ETC',- KEP!,E&'S I.AWS ANn THEIR. INTERPRETATION, 

- ELLIPTIC ET.E~IENTS OF A PLANET'S OR.BIT.- ITS UEI.10-

CENTlllC AND GEOCJ;!N'rltlC l'LACE.-Bona's I.AW OF PLANETARY 

DISTANCES,-THl! FOUR. ULTRA-ZODIACAL l'LANETS.-PHYSICAL 

PECULIARtTlES OllSERVABLE IN EACII OF THE PLANETS, 

(387.) TnE sun and moon are not the only celestial 
objects which appear to have a motion independent of 
that by ,vhich the great constellation of the heavens is 
daily carried round the earth. Among the sta,-s there 
are several,-and those among the brightest and most 
conspicuous,-which, when attentively ·watched from 
night to night, are found to change their relative situ
ations among the rest; some rapidly, others much 
more slowly. These are called planets. Four of them, 
-Venus, l\:Iars, Jupiter, and Saturn, -are remark
ably large and brilliant; another, i.\:Iercury, is also visible 
to the naked eye as a large star, but, for a reason which 
,vill presently appear, is seldom conspicuous; a fifth, 
Uranus, is barely discernible without a telescope; audfour 
others,- Ceres, Pallas, Vesta, and Juno,- are never 
visible to the naked eye. Besides these ten, others yet 
undiscovered may exist; and it is extremely probable 
that such is the case, - the multitude of telescopic stars 

R 2 
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being so great that only a small fraction of their num
ber has been sufficiently noticed to ascertain whether 
they retain the same places or not, and the five last
mentioned planets having all been discovered ,vithin 
half a century from the present time. 

( 388.) The apparent motions of the planets are much 
more irregular than those of the sun or moon. Gene
rally speaking, and cornparing their places at distant 
times, they all advance, though with very different 
average or mean velocities, in the same direction as 
those luminaries, i. e. in opposition to the apparent 
diurnal motion, or from west to east: all of them 1nake 
the entire tour of the heavens, though under very dif
ferent circumstances; and all of them, ,vith the excep
tion of the four telescopic planets,-Ceres, Pallas, Juno, 
and Vesta ( which may therefore be termed itlt1·a-zo
diacal),-are confined in their visible paths within very 
narrow limits on either side the ecliptic, and perform 
their movements within that zone of the heavens ,ve 
have called, above, the Zodiac ( art. 25 4. ). 

( 389.) The obvious conclusion from this is, that what
ever be, other,vise, the nature and la,v of their motions, 
they are all performed nearly in the plane of the ecliptic, 
-that plane, namely, in which our own 1notion about 
the sun is performed. Hence it follows, that ,ve see 
their evolutions, not in plan, but in section; their real 
angular movements and linear distances being all fore
shortened and confounded undistinguishably, while only 
their deviations from the ecliptic appear of their natural 
magnitude, unuiroinished by the effect of perspective. 

( 390.) 'l'he apparent motions of the sun and moon, 
though not uniform, do not deviate very greatly from 
uniformity; a moderate acceleration and retardation, 
accountable for by the ellipticity of their orbits, being 
all that is re1narked. But the case is widely different 
with the planets: sometimes they advance rapidly ; 
then relax in their apparent speed-come to a moment
ary stop; and then actually reverse their motion, and 
run back upon their former course, with a rapidity at 
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first increasing, then diminishing, till the reversed or 
retrograde motion ceases altogether. Another station, or 
moment of apparent rest or indecision, no,v takes place; 
after which the movement is again reversed, and re
sumes its original direct character. On the w11ole, 
J1owever, the amount of direct motion more than com
pensates the retrograde ; and by the excess of the former 
over the latter, the gradual advance of the planet from 
west to east is maintained. 1'hus, supposing the Zodiac 
to be unfolded into a plane surface, ( or represented as 
in Mercator's projection, art. 234., taking the ecliptic 
E C for its ground line,) the track of a planet, when 
mapped down by observation from <lay to day, will offer 

_P 

n.c 
N s 

the appearance P Q R S, &c. ; the motion fron1 P to Q 
being direct, at Q stationary, from Q to R retrograde, 
at R again stationary, from R to S direct, ancl so on. 

( 391.) In the midst of the irregularity and fluctuation 
of this motion, one remarkable feature of uniformity is 
observed. "'\Vhenever the planet cros~es the ecliptic, as 
at N in the figure, it is said (like the moon) to be in 
its node; and as the earth necessarily lies in the plane of 
the ecliptic, the planet cannot be appa1·ently or urano
graphically situated in the celestial circle so called, with
out being really and locally situated in that plane. The 
visible passage of a planet through its node, then, is a 
phenomenon indicative of a circun1stance in its real mo
tion quite independent of the station from which w~ vie,v 
it. Now, it is easy to ascertain, by observation, when a 
planet passes from the north to the -south side of the 
ecliptic: we have only to convert its right ascensions 
and declinations into longitudes and latitudes, and the 
change from north to south latitude on t,vo successh·e 
days will advertise us on what day the transition took 
place; while a simple proportion, gro~nded on the ob
servecl state of its motion in latitude in the interval, 

R 3 
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will suffice to fix .the precise hour and minute of its 
arrival on the ecliptic. Now, this being done for several 
transitions from side to side of the ecliptic, and their 
dates thereby fixed, we find, universally, that the in
terval of time elapsing between the successive passages 
of each planet through the same node ( whether it be the 
ascending or the descending) is always alike, whether 
the planet at the moment of such passage be direct or 
retrograde, swift or slow, in its apparent movement. 

(392.) Here, then, we have a circumstance ·which, 
while it shows that the motions of the planets are in fact 
subject to certain laws and fixed periods, may lead us 
very naturally to suspect that the apparent irregularities 
and complexities of their movements may be owing to 
our not seeing them from their natural center ( art. 316. ), 
and from our mixing up with their own proper motions 
movements of a parallactic kind, due to our o,vn change 
of place, in virtue of the orbitual motion of the earth 
about the sun. 

(393.) If ,ve abandon the earth as a center of the pla
netary motions, it cannot admit 6f a moment's hesitation 
where we should place that center with the greatest 
probability of truth. It must surely be the sun ,vhicli 
is entitled to the first trial, as a station to which to refer 
them. If it be not connected with them by any phy
sical relation, it at least possesses the advantage, w·hich 
the earth does not, of comparative immobility. But 
after ,vhat has been shown in art. 880., of the immense 
mass of that luminary, and of the office it performs to 
us as a quiescent center of our orbitual motion, nothing 
can be more natural than to suppose it may perform the 
same to other globes ,vhich, like the earth, may be re
volving round it; and these globes may be visible to us 
by its light 1·eflected from them, as the moon is. No,v 
there al'e many facts which give a strong support to the 
idea that the planets are in this predicament. 

( 894.) In the first place, the planets really are great 
globes, of a Eize commensutate with the earth, and 
several of them much greater. When examined through 
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po,verful telescopes, they are seen to be round bodies, of 
sensible and even of considerable apparent diameter, 
ancl offering distinct and characteristic peculiarities, 
·which show them to be solid masses, each possess
ing its individual structure and mechanism; and that, 
in one instance at least, an exceedingly artificial and com
plex one. (See the representations of Jupiter, Saturn, 
and l\1ars, in Plate I.) That their (listances from us are 
great, much greater than that of the moon, and so1ne of 
them even greater than that of the sun, ,ve infer from 
the smallness of their diurnal parallax, which, even for 
the nearest of them, when most favourably situated, 
does not exceed a few seconds, and for the 1nore re1note 
ones is almost imperceptible. Fro1n the comparison of 
the diurnal parallax of a celestial body, ,vith its appa
rent semicliameter, ,ve can at once estimate its real 
size. For the parallax is, in fact, nothing else than the 
apparent semidiameter of the earth as seen from the body 
in question ( art. 298, et seq.); and, the intervening dis
tance being the same, the real diameters must be to each 
other in the proportion of the apparent ones. \Vithout 
going into particulars, it ,vill suffice to state it as a ge
neral result of that comparison, that the planets are all 
of them incomparably smaller than the sun, but some of 
them as large as the earth, and others much greater. 

( 895.) The next fact respecting them is, that their 
distances from us, as estimated from the measurement 
of their angular cliarneters, are in a continual state of 
change, periodically increasing and decreasing ,vithin 
certain limits, but by no means corresponding with the 
supposition of regular circular or elliptic orbits described 
by them about the earth as a center or focus, but main
taining a constant and obvious relation to their apparent 
angular distances or elongations from the sun. For ex
ample; the apparent diameter of 1\1:ars is greater ,vhen 
in opposition (as it is called) to the sun, i. e. when in 
the opposite part of the ecliptic, or when it comes on 
the meridian at midnight,- being then about 18", 
-but diminishes rapidly from that a1nount to about 

a4 
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4", which is its apparent diameter ,vhen in con
jitnction, or when seen in nearly the same dil-ection as 
that luminary. This, and facts of a similar character, 
observed with respect to the apparent diameters of the 
other planets, clearly point out the sun as having more 
than an accidental relation to their movements. 

( 896.) Lastly, certain of the planets, ,vhen viewed 
through telescopes, exhibit the appearance of phases 
like those of the n1oon. This proves that they are 
opaque bodies, shining only by reflected light, which 
can be no other than the sun's; not only because there 
is no other source of light external to them sufficiently 
y,o,verful~ but because the appearance and succession 
of the phase!' themselves are (like their visible diame
ters) intimately connected v,ith their elongations from 
the sun, as will presently be sho\.vn. 

( 397-) Accordingly, it is found, that, when we refer 
the planetary movements to the sun as a center, all that 
apparent irregularity which they offer when viewed 
from the earth disappears at once, and resolves itself 
into one simple and general law, of which the earth's 
motion, as explained in a former chapter, is only a par
ticular case. In order to show how this happens, let us 
take the case of a single planet, which we will sup
pose to revolve round the sun, in a plane nearly, but 
not quite, coincident with the ecliptic, but passing 
through the sun, and of course intersecting the eclip
tic in a fixed line, ,vhich is the line of the planet's 
nodes. This line must of course divide its orbit into 
two segments; and it is evident that, so long as the cir
cumstances of the planet's motion remain .otherw·ise 
unchanged, the tin1es of describing these segments must 
remain the same. The interval, then, between the 
planet's quitting either node, and returning to the same 
node again, must be that in which it describes one com
plete revolution round the sun, or its periodic time ; and 
thus ,ve are furnished ·with a direct method of ascer
taining the periodic time of each planet. 

( 398.) We have said ( art. 388.) that the planets make 
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the entire tour of the heavens under very different cir
cumstances. This must be explained. Two of them 
-1\,1ercury ancl Venus-perform this circuit evident
ly as attendants upon the sun, from ,vhose vicinity they 
never depart beyond a certain limit. They are seen 
sometimes to the east, sometimes to the west of it. In 
the former case they appear conspicuous over the west
ern horizon, just after sunset, and are called evening 
stars : Venus, especially, appears occasionally in this 
situation with a dazzling lustre; and in favourable cir
cumstances may be observed to cast a pretty strong 
shadow·. !lr- "'\Vhen they happen to be to the west of the 
sun, they rise before that luminary in the morning: and 
appear over the eastern horizon as morning stars : they 
do not, however, attain the same elongation from the 
sun. l\Jercury never attains a greater angular distance 
from it than about 29°, ,vhile Venus extends her ex
cursions on either side to about 47°. '\-Vhen they have 
receded from the sun, eastwa1·d, to their respective dis
tances, they remain for a time, as it were, i1nmovable 
with 1·espect to it, ancl are carried along with it in the 
ecliptic with a motion equal to its own; but presently 
they begin to approach it, or, which comes to the same, 
their motion in longitude diminishes, and the sun gains 
upon them. As this approach goes on, their conti
nuance above the horizon after sunset becomes daily 
shorter, till at length they set before the darkness has 
become sufficient to allow of their being seen. For a 
time, then, they are not seen at all, unless qn very rare 
occasions, ,vhen they are to be observed passing across 
the sun's disc as small, rou_nd, well-defined black spots 
totally different in appearance from the solar spots 
(art. 330.). 'fhese pheno1nena are emphatically called 
transits of the respective planets across the sun, and 
take place '"hen the earth happens to be passing the 
line of their nodes while they are in that part of their 

• It must be. thrown upon a white ground. An open window in a white. 
washed room is the best cxµosure. In this situation, I hnvc observed no 
only the shadow, but the diffracted fringes edging its outline. -Author . .. 
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orbits, just as in the account ·we have given ( art. 
355.) of a solar eclipse. After having thus continued 
invisible for a time, ho,vever, they begin to appear on the 
other side of the sun, at first sho·wing themselves only for 
a few minutes before sunrise, and gradually longer and 
longer as they recede from him. At this time their 
motion in longitude is rapidly retrograde. Before they 
attain their greatest elongation, however, they become 
stationary in the heavens; but their recess from the sun. 
is still maintained by the advance of that luminary along 
the ecliptic, which continues to leave them behind, until, 
having reversed their motion, and become again di1·ect,. 
they acquire sufficient speed to commence overtaking 
him-at which 1noment they have their greatest weste,·n 
elongation; and thus is a kind of oscillatory movement 
kept up, ,vhile the general advance along the ecliptic 
goes on. 

(399,) Suppose P Q to be the ecliptic, and ABD the 
orbit of one of these planets, (for instance, i\.:[ercury,) 
seen almost edgewise by an eye situated very nearly in 
its plane; S, the sun, its Center; and A, B, D, S suc
cessive positions of the planet, of ·which B and S are in 
the nodes. If, then, the sun S stood apparently still 
in the ecliptic, the planets ·would simply a1)pear to oscil
late back,vards and forwards from A to D, alternately 
passing before and behind the sun; and, if the eye hap
pened to lie exactly in the plane of the orbit, t1·ansiting 
his disc in the former case, and being covered by it in 
the latter. But as the sun is not so stationary, but ap
parently carried along the ecliptic P Q, let it be sup
posed to move over the spaces ST, TU, UV, while the 
planet in each case executes one quarter of its period. 
Then will its orbit be apparently carried along ,vith the 
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sun, into the successive positions represented in the 
figure ; ancl ,vhile its real motion round the sun brings 
it into the respective points B, D, S, A, its apparent 
movement in the heavens will seem to have been along 
the v.ravy or zigzag line AN HK. In this, its mo
tion in longitude will have been direct in the parts AN, 
N H, and retrograde in the parts H n I(; while at 
the turns of the zigzag, at H, I{, it ,vill have been 
stationary. 

( 400.) The only two planets-Mercury and Venus
whose evolutions are such as above described, are called 
inferior planets ; their points of farthest recess from the 
sun are called ( as above) their greatest eastern and ,vestern 
elongations; and their points of nearest approach to it, 
their inferior and superio1· conjunctions, - the former 
when the planet passes bet,veen the earth and the sun, 
the latter ·when behind the sun. 

( 401.) In art. 398. we have traced the apparent path 
of an inferior planet, by considering its orbit in section, 
or as viewed from a point in the plane of the ecliptic. 
Let us now· contemplate it in plan, or as viewed from a 
station above that plane, and projected on it. Suppose, 
then, S to represent the sun, a b c d the orbit of Mer
cury, and A BCD a part of that of the earth-the 

E 

direction of the circulation 
being the same in both, viz. 
that of the arrow. When the 

8 
planet stands at a, let the 
earth be situated at A, in the 
direction of a tangent, a A, to 

µ~--7C its orbit; then it is evident 
that it will appear at its g1·eatest 
elongation from the sun,-the 
angle a A S, which measures 
their apparent interval as seen 

from A, being then greater than in any other situation 
of a upon its own circle. 

( 402.) Now, this angle being known by observation, 
,ve are hereby furnished with a ready means of ascer. 
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taining, at least approximately, the distance of the 
planet from the sun, or the radius of its orbit, supposed 
a circle. For the triangle S A a is right-angled at a, 
and consequently we have S a : SA : : sin. S A a : 
radius, by which proportion the radii S a, S A of the 
two orbits are directly compared. If the orbits ·were 
both exact circles, this would of course be a perfectly 
rigorous mode of proceeding: but ( as is proved by the 
inequality of the resulting values of S a obtained at 
different times) this is not the case; and it becomes 
necessary to ad1nit an excentricity of position, and a de
viation from the exact circular form in both orbits, to 
account for this difference. Neglecting, ~owever, at 
present this inequality, a mean or average value of 
S a may,. at least, be obtained from the frequent re
petition of this process in all varieties of situation of 
the two bodies. The calculations being performed, it is 
concludecl that the mean distance of ~1ercury from the 
sun is about 36000000 miles; and that of Venus, 
similarly derived, about 68000000; the radius of the 
earth's orbit being 95000000. 

( 4,03.) The sidereal periods of the planets may be ob
tained ( as before observed), with a considerable approach 
to accuracy, by observing their passages through the nodes 
of their orbits; and, indeed, when a certain very minute 
motion of these nodes (similar to that of the moon's 
nodes, but incomparably slower,) is allowed for, with a 
precision only limited by the imperfection of the ap
propriate observations. By such observation, so cor
rected, it appears that the sidereal period of Mercury is 
87d 23h 15m 43-gs ; and that of ,, enus, 224d 1611 

49m 8-os. These periods, however, are widely different 
from the intervals at which the successive appearances 
of the two planets at their eastern ancl western elonga
tions from the sun are observed to happen. l\Iercury is 
seen at its greatest splendour as an evening star, at 
average intervals of about 116, and V cnus at intervals of 
about .584 days. The difference between the sidereal and 
synodical revolutions (art.353.) accounts for this. Refer-
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ring again to the figure of art. 401., if the earth stood still 
at A, while the planet advanced in its orbit, tlie lapse of a 
sidereal period, which should bring it round again to a, 
,vould also reproduce a similar elongation from the sun. 
But, mean,vhile, the earth has advanced in its orbit in 
the same direction towards E, and therefore the next 
greatest elongation on the same side of the sun will 
happen-not in the position a A of the two bodies, 
but in some more advanced position, e E. The deter
mination of this position depends on a calculation ex
actly similar to what has been explained in the article 
referred to; ancl we need, therefore, only h@re state the 
resulting synodical revolutions of the two planets, ,vhich 
come out respectively 115·877d, and 583·920d. 

( 404.) In this interval, the planet will have described 
a whole revolution plus the arc a e, and the earth only 
the arc ACE of its orbit. During its lapse, the in
ferio1· conjunction will happen when the earth has a 
certain intennediate situation, B, and the planet has 
reachedb, a point bet,veen the sun and earth. The greatest 
elongation on the opposite side of the sun will happen 
,vl1en tl1e earth has come to C, and the planet to c, 
,vhere the line of junction C c is .a tangent to the in
terior circle on the opposite side from M. Lastly, the 
superior conjunction will happen when the earth arrives 
at D, and the planet at d in the same line prolonged on 
the other si.de of the sun. The intervals at which these 
pheno1nena happen may easily be computed fro1n a 
knowledge of the synodical periods and the radii of the 
orbits. 

( 405.) The circumferences of circles are in the pro
portion of their radii. If, then, ,ve calculate the cir
cumferences of tl1e orbits of l\lercury and Venus, and 
the earth, and compare them with the times in ,vhich 
their revolutions are performed, we shall find that the 
actual velocities with which they move in their orbits 
differ greatly; that of ~1ercury being about 109400 miles 
per hour, of Venus 80060 and of the earth 68080. 
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From this it follows, that at the inferior conjunction, or 
at b, either planet is moving in the sarne direction as 
the earth, but with a greater velocity ; it will, there
fore, leave the earth behind it; and the apparent motion 
of the planet viewed from the earth, will be as if the 
planet stood still, and the earth moved in a contrary 
direction from what it really does. In this situation, 
then, the apparent motion of the planet must be con
trary to the apparent motion of the sun; and, there
fore, retrograde. On the other hand, at the superior 
conjunction, the real motion of the planet being in the 
opposite direction to that of the earth, the relative 
motion will be the same as if the planet stood still, 
and the earth advanced with their united velocities in 
its own proper direction. Jn this situation, then, the 
apparent motion will be direct. .Both these results are 
in accordance with observed fact. 

( 406.) The stationary points may be determined by 
the following consideration. At a or c, the points of 
greatest elongation, the motion of the planet is directly 
to or from the earth, or al-Ong their line of junction, 
,vhile that of the earth is nearly perpendicular to it. 
Here, then, the apparent motion must be direct. At b, 
the inferior conjunction, ,ve have seen that it must be 
retrograde, owing to the planet's motion (which is there, 
as ,vell as the earth's, petpendicula1· to the line of junc
tion,) surpassing the earth's. Hence, the stationary 
points ought to lie, as it is founcl by observation they 
do, between a and b, or c and b, viz. in such a po
sition that the obliquity of the planet's motion with 
respect to the line of junction shaU just compensate for 
the excess of its velocity, and cause an equal advance of 
each extremity of that line, by the motion of the planet 
at one end, and of the earth at the other: so that, for 
an instant of time, the whole line shall move parallel to 
itself. The question thus proposecl is purely geometrical, 
and its so1ution on the supposition of circular orbits is 
easy; but when we regard them as otherwise than cir-
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cles (which they really are), it becomes somewhat com
plex-too much so to be here entered upon. It will 
suffice to state the results which experience verifies, and 
which assigns the stationary points of Mercury at 
from 15° to 20° of elongation from the sun, accord. 
ing to circurnstances; and of Venus, at an elongation 
never varying 1nuch from 29°. The former con. 
tinues to retrograde during about 22 days; the latter, 
about 42. 

( 407.) We have said that some of the planets exhi. 
bit phases like the n1oon. This is the case ,vith both 
J.\,Iercury and Venus ; and is readily explained by a 
consideration of their orbits, such as we have above 
supposecl them. In fact, it requires little 1nore than 

mere inspection of the figure annexed, to show, that to a 
spectator situatecl on the earth E, an inferior planet, 
illuminated by the sun, and therefore bright on the 
side next to him, and dark on that turned from him, 
will appear full at the superior conjunction A ; gibbous 
( i. e. more than half full, like the moon between the 
first and second quarter,) between that point and the 
points B C of its greate~t elongation; half.mooned at 
these points; and crescent-shaped, or horned, between 
these ancl the inferior conjunction D. As it approaches 
this point, the crescent ought to thin off till it vanishes 
altogether, rendering the planet invisible, unless in those 
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cases where it t1·ansits the sun's disc, and appears on it 
as a black spot. All these phenomena are exactly con
formable to observation ; and, ·what is not a little satis
factory, they were predicted as necessary consequences 
of the Copernican theory before the invention of the 
telescope.• 

( 408.) The variation in brightness of Venus in differ
ent parts of its apparent orbit is very remarkable. This 
arises from two causes: 1st, the varying proportion of 
its visible illuminated area to its ·whole disc; and, 2dly, 
the varying angular diameter, or whole apparent mag
nitude of the disc itself. As it approaches its in
ferior conjunction from its greater elongation, the 
l1alf-1noon becomes a crescent, which thins off; but this 
is more than compensated, for some time, by the in
creasing apparent magnitude, in consequence of its 
diminishing distance. 'Thus the total light received 
from it goes on increasing, till at length it attains a 
maximum, which takes place when the planet's elonga
tion is about 40°. 

( 409,) 1'he transits of Venus are of very rare oc. 
currence, taking place alternately at intervals of 8 and 
113 years, or thereabouts. As ast:ronomical phenomena, 
they are, ho,vever, extremely impoTtant; since they afford 
the best aincl most exact means we :possess of ascertaining 
the sun's distance, or its parallax. "\Vithout going into 
the niceties of calculation of this proble1n, which, owing 
to the great multitude of circumstances to be attended 
to, are extremely intricate, ,ve shall here explain its 
principle, which, in the abstract, is very sirnple and 
obvious. Let E be the earth, V \r enus, and S the sun, 
and CD the portion of Venus's relative orbit ,vhich she 
describes ,vhile in the act of transiting the sun's disc. 
Suppose A B two spectators at opposite extremities of 
that tliameter of the earth which is perpendicular to the 
ecliptic, a11cl, to avoid complicating the case, let us lay 

,. Sec F.ss.,Y o~ TUE STUDY OF NATURAr. P111Losornv, Cab. Cyclo. Vol. 
Xl V. p. 2ti9. 
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out of consideration the earth's rotation, and suppose 
A, B, to retain that situation during the whole time of 

the transit. Then, at any moment when the spectator 
at A sees the center of Venus projected at a on the sun's 
disc, he at B will see it projected at b. If then one or 
other spectator could suddenly transport himself from 
A to B, be ·would see Venus suddenly displaced on the 
disc from a to b; and if he had any means of noting 
accurately the place of the points on the disc, either by 
micrometrical measures from its edge, or by other means, 
he might ascertain the angular measure of a b as seen 
from the earth. Now, since A,, a, B V b, are straight 
lines, and therefore make equal angles on each side V, a b 
will be to A B as the distance of Venus from the sun is to 
its distance from the earth, or as 68 to 27, or nearly as 
2½ to 1: a b, therefore, occupies on the sun's disc a space 
2½ times as great as the earth's diameter; and its an
gular measure is therefore equal to about 2½ times the 
earth's apparent diameter at the distance of the sun, or 
(which is the same thing) to five times the sun's hori
zontal parallax ( art. 298. ). Any error, therefore, which 
may be ·committed in measuring a b, ,vill entail only 
one fifth of that error on the horizontal parallax con
cluded from it. 

( 410.) The thing to be ascertained, therefore, is, 
in fact, neither more nor less than the breadth of tbe 
zone P QR S, p qr s., included between the extreme ap
parent paths of the center of Venus across the sun's 
disc, from its entry on one side to its quitting it on the 
other. The whole business of the observers at A, B, 
therefore., resolves itself into this;-to ascertain, with all 

s 
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possible care and precision, each at his own station, 
this path, - where it enters, ,vhere it quits, and what 
segment of the sun's disc it cuts oft: Now, one of 
the most exact ways in which ( conjoined with careful 
micro1netric measures) this can be done, is by 
noting the time occupied in the whole transit: for the 
relative angular motion of Venus being, in fact, very 
precisely known from the tables of her motion, and the 
apparent path being very nearly a straight line, these times 
give us a measure (on a very enla1·ged scale) of the 
lengths of the chords of the segments cut off; and the 
sun's diameter being known also ·with great precision, 
their versed sines, and therefore their difference, or 
the breadth of the zone required, becomes knolvn. To 
obtain these times correctly, each observer must ascer
tain the instants of i'ngress and egress of the centm· 
To do this, he must note, 1st, the instant ·when the 
first visible impression or notch on the edge of the disc 
at P is produced, or the first exte1'nal contact; 2dly, 
when the planet is just ·wholly immersed, and the 
broken eclge of the disc just closes again at Q, or the 
first inte1'nal contact; and, lastly, he must make the 
same observations at the egress at ll, S. The mean of 
the internal and external contacts gives the entry and 
egress of the planet's center. 

( 411.) The modifications introduced into this 
process by the earth's rotation on its axis, and by other 
geographical stations of the observers thereon than here 
supposed, are similar in their principles to those ·which 
enter into the calculation of a solar eclipse, or the occult
ation of a star by the moon, only more refined. Any 
consideration of them, however, here, ,vould lead us too 
far; but in the view ,ve have taken of the subject, it 
affords an admirable example of the way in ,vhich mi
nute elements in astronomy may beco1ne magnified in 
their effects, and, by being made subject to measurement 
on a gr,eatly enlarged scale, or by substituting the 
measure of time for space, may be ascertained with a 
degree of precision adequate to every purpose, by only 
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,vatching favourable opportunities, and taking advantage 
oi nicely adjusted combinations of circumstance. So 
impottant has this observation appeared to astronon1ers, 
that at the last transit of Venus, in 1769, expeditions 
,vere fitted out, on the most efficient scale, by the Bri
tish, French, Russian, and other govern1nents, to the 
remotest corners of the globe, for the express purpose 
of performing it. The celebrated expedition of Captain 
Cook to Otaheite was one of them. The general re
sult of all the observations made on this most me
morable occasion gives 811 ·5776 for the sun's horizontal 
parallax. 

( 412.) The orbit of l\1ercury is very elliptical, 
the excentricity being nearly one fourth of the mean 
distance. This appears from the inequality of the 
greatest elongations from the sun, as observed at dif
ferent times, and which vary between the limits 16° J 21 
and 28° 48', and, from exact measures of such elong
ations, it is not difficult to show that the orbit of Venus 
also is slightly excentric, ancl that both these planets, in 
fact, describe ellipses, having the sun in their common 
focus. 

(413.) Let us now consider the superior planets, or 
those whose orbits enclose on all si<les that of the earth. 
That they do so is lJrovecl by several circumstances : -
1st, They are not, like the inferior planets, confined to 
certain limits of elongation from the sun, but appear at 
all distances from it, even in the opposite quarter of 
the heavens, or, as it is called, in opposition; which could 
not happen, did not the earth at such times place itself 
between them and the sun: 2dly, They never appear 
horned, like Venus or Mercury, nor even sen1ilunar. 
'l'hose, on the contrary, ·which, from the minuteness of 
their parallax, we conclude to be the most distant from 
us, viz. Jupiter, Saturn, and Uranus, never appear other
wise than :round; a sufficient proof, of itself, that we see 
them always in a direction not very remote from that 
in ·which the sun's rays illuminate them; and that, 
therefore, ,ve occupy a station which is_never very widely 

s 2 
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removed from the center of their orbits, or, in other 
words, that the earth's orbit is entirely enclosed within 
theirs, and of comparatively small diameter. One only 
of them, Mars, exhibits any perceptible phase, and in 
its deficiency from a circular outline, never surpasses 
a moderately gibbous appearance,-the enlightened por
tion of the disc being never less than seven-eighths of,the 
whole. To understand this, we need only cast our eyes 
on the annexed figure, in ·which E is the earth, at its 

6 

M., 

apparent greatest elongation from the 
sun S, as seen from Mars, M. In this 
position, tl1e angle S M E, included be-

E tween the lines S M and E M, is at its 
maximum; and, therefore, in this state 
of things, a spectator on the earth is 
enabled to see a greater portion of the 
dark hemisphere of Mars than in any 
other situation. The extent of the phase, 
then, or greatest observable degree of 
gibbosity, affords a measure-a sure, 
although a coarse and rude one-of the 
angle SM E, and therefore of the pro
portion of the distance S M, of Mars, 
to S E, that of the earth from the 
sun, by ,vhich it appears that the 

diameter of the orbit of Mars cannot be less than 
l ½ that of the earth's. The phases of Jupiter, 
Saturn, and Uranus being imperceptible, it follows that 
their orbits must include not only that of the earth, but 
of Mars also. 

( 414.) All the superior planets are retrograde in their 
apparent motions when in opposition, and for some 
time before and after; but they differ greatly from each 
other, both in the extent of their arc of retrogradation, 
in the duration of their retrograde movement, and in 
its rapidity when swiftest. It is more extensive and 
rapid in the case of Mars than of Jupiter, of Jupiter 
than of Saturn, and of that planet than Uranus. The 
angular velocity with which a planet appears to retro-
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grade is easily ascertained by observing its apparent 
place in the heavens from day to day; and from such 
observations, made about the time of opposition, it is • 
easy to conclude the relative magnitudes of their orbits 
as compared with the earth's, supposing their periodic 
times known. For, from these, their mean angular 
velocities are known also, being inversely as the times. 
Suppose, then, E e to be a very small portion of the 
earth's orbit, and ):11n a corresponding portion of that 

of a superior planet, described on the day of opposition, 
about the sun S, on wbich day the three bodies lie in 
one straight line S E i\:1 X. Then the angles E S e and 
l1S mare given. Now, if e rn be joined and prolonged to 
meet S i\I continued in X, the angle e X E, which is 
equ3l to the alternate angle X e y, is evidently the retro
gradation of J\'Iars on that day, and is, therefore, also 
given. Ee, therefore, and the angle EX e, being given 
in the rigbt-angled triangle E e X, the side E X is 
easily calculated, and thus S X becomes known. Con
sequently, in the triangle S 1n X, we have given the 
side S X and the two angles 1n S X and m X S, whence 
the other sides, S 111, ni X, are easily determined. Now, 
S 111 is no other than the radius of the orbit of the su
perior planet required, which in this calculation is 
supposed circular as ,vell as that of the earth; a suppo
sition not exact, but sufficiently so to afford a satisfac
tory approxi1nation to the dimensions of its orbit, and 
,vhich, if the process be often repeated, in every variety 
of situation at which the opposition can occur, will 
ultimately afford an average or mean value of its dia. 
meter fully to be depended upon. 

(415.) 'fo apply this principle, however, to practice, 
it is necessary to know the periodic tilnes of the several 
planets. 'fhese may be obtained directly, as has been 
already stated, by observing the intervals of their pas. 

s 3 
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i.ages through the ecliptic ; but, owing to the very 
s1nall inclination of the orbits of some of them to its 
plane, they cross it so obliquely that the precise mo
ment of their arrival on it is not ascertainable, unless 
by very nice observations. A better method consists in 
determining, from the observations of several successive 
days, the exact moments of their arriving in opposition 
with the sun, the criterion of which is a difference of 
longitudes between the sun and planet of exactly 180°. 
The interval between successive oppositions thus ob
tained is nearly one synodical period ; and ·would be 
exactly so, were the planet's orbit and that of the 
earth both ,circles, and unifonnly described; but as that 
is found not to be the case ( and the criterion is, the 
inequality of successive synodical revolutions so ob
served), the average of a great number, taken in all 
varieties of situation in which the oppositions occur, 
will be freed from the elliptic inequality, and may be 
taken as a 1nean synodical period. From this, by the 
considerations employed in art. 853., and by the process 
of calculation indicatecl in the note to that ai-ticle, the 
sidereal periods are readily obtained. The accuracy 
of this determination will, of course, be greatly increased 
by embracing a long interval between the extreme ob
servations employed. In point of fact, that interval 
extends to nearly 2000 years in the cases of the planets 
known to the ancients, who have recorded their observ
ations of them in a manner sufficiently careful to be 
made use of. Their periods 1nay, therefore, be re
garded as ascertained with the utmost exactness. 'fheir 
numerical values ,rill be found stated, as ,vell as the 
mean distances, and all the other elen1ents of the planet
ary orbits, in the synoptic table at the end of the 
volume, to which (to avoid repetition) the reader is 
once for all referred. 

( 416.) In casting our eyes down the list of the pla. 
netary distances, and comparing them with the periodic 
times, we cannot but be struck with a certain correspond
ence. 'fhe greater the distance, or the larger the orbit, 
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evidently the longer the period. The order of the pla
nets, beginning from the sun, is the same, ,vhether ,ve 
arrange them according to their distances, or to the 
time they occupy in completing their revolutions; and 
is as follows :-Mercury, Venus, Earth, M.ars,-the 
four ultra-zodiacal planets,-Jupiter, Saturn, and Ura
nus. Nevertheless, when we come to examine the num
bers expressing them, ,ve find that the relation between 
the two series is not that of simple proportional increase. 
The periods increase more than in proportion to the diS
tances. Thus, the period of Mercury is about 88 days, 
and that of d1e Earth 365-being in proportion as 1 
to 4·15, while their distances are in the less proportion 
of I to 2·56; and a similar remark holds good in every 
instance. Still, the ratio of increase of the times is not 
so rapid as that of the squares of the distances. The 
square of 2·56 is 6.5536, which is considerably greater 
than 4·15. An intermediate rate of increase, bet,veen 
the simple proportion of the distances and that of their 
squares, is therefore clearly pointed out by the sequence 
of the numbers ; but it required no ordinary penetration 
in the illustrious Kepler, backedl by uncommon perse
verance and industry, at a period when the data them
selves were involved in obscurity, and when the pro
cesses of trigonometry and of numerical calculation ,vere 
encumbered with difficulties, of which the more recent 
invention of logarithmic tables has happily left us no 
conception, to perceive and demonstrate the real law of 
their connection. This connection is expressed in the 
following proposition :-" The squares of the periodic 
times of any two planets are to each other, in the same 
proportion as the cubes of their mean distances from the 
sun." 'I'ake, for example, the earth and lVIars*, whose 
periods a.re in the proportion of S65!'l564 to 6869796, 
and whose distances from the sun is that of 100000 to 

,. The exvression of this law of Kepler requires a slight modification 
when we come to the extreme nicety of numerical calculation, for the 
greater planets, due to the influence of their masses. This correction is 
imperceptible for the earth and llfars. 

& 4 
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152369; and it will be found, by any one who will 
take the trouble to go through the calculation, that-
( 3652564 )2 : (6869796)'l:: (100000)3 : (152369)3. 

( 417.) Of all the laws to ,vhich induction from pure 
observation has ever conducted man, this third law ( as 
it is called) of Kepler may justly be regarded as the 
most remarkable, and the most pregnant with import
ant consequences. 1Vhen ·we contemplate the consti
tuents of the planetary system from the point of view 
which this relation affords us, it is no longer mere ana. 
logy which strikes us-no longer a general resemblance 
among them, as individuals independent of each other, 
and circulating about the sun, each according to its own 
peculiar nature, and connected witb it by its own pecu
liar tie. The resemblance is no"; perceived to be a true 
family likeness; they are bound up in one chain-in
terwoven in one web of mutual relation and harmonious 
agreement-subjected to one pcrvadi1Jg influence, ,vhich 
extends from the center to the farthest limits of that 
great system, of ,vhich all of them, the earth included, 
must henceforth be regarded as members. 

( 418.) The laws of elliptic motion about the sun as a 
focus, and of the equable description of areas by lines 
joining the sun and planets, were originally established 
by Kepler, from a consideration of the observed motions 
of Mars; and were by him extended, analogically, to all 
the other planets. I-lowever :precarious such an exten
sion might then have appeared, modern astronomy has 
completely verified it as a matter of fact, by the general 
coincidence of its results with entire series of observ
ations of the apparent places of the planets. 'fhese are 
found to accord satisfactorily with the assumption of a 
particular ellipse for each planet, ·whose rnagnitude, de. 
gree of excentricity, and situation in space, are nume
Yically assigned in the synoptic table before referred to. 
It is true, that when observations are carried to a high 
degree of precision, and when each planet is traced 
through many successive revolutions, and its history 
carried back, by the aid of calculations founded on these 
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data, for many centuries, ,ve .learn to regard the laws of 
Kepler as only fo·st app1·oximations to the much more 
complicated ones which actually prevail; and that to 
bring remote observations into rigorous and mathematical 
accordance with each other, and at the same time to re
tain the extremely convenient nomenclature and relations 
of the ELLIPTIC SYSTEM, it becomes necessary to modify, 
to a certain extent, our verbal expression of the la,vs, and 
to regard the numerical data or elliptic elements of the 
planetary orbits as not absolutely permanent, but subject 
to a series of extremely slow and almost imperceptible 
changes. These changes may be neglected when we con
sider only a few revolutions; but going on from century 
to century, and continually accumulating, they at length 
produce considerable departures in the orbits from their 
original state. Their explanation will form the subject 
of a subsequent chapter; but for the present we must 
lay them out of consideration, as of an order too minute 
to affect the general conclusions ,vith which we are now 
concerned. By what means astronomers are enabled to 
compare the results of the elliptic theory with observ
ation, and thus satisfy themselves of its accordance with 
nature, wi11 be explained presently. 

( 419.) It will first, however, be prop.er to point out 
what particular theoretical conclusion is involved in 
each of the three laws of lCepler, considered as satis
factorily established,-what indication each of them, 
separately, affords of the mechanical forces prevalent in 
our system, and the mode in which its parts are con
nected, - and bow) when thus considered, they consti
tute the basis on which the Newtonian explanation of 
the mechanism of the heavens is main] y supported. 
To begin with the first law, that of the equable descrip
tion of areas. - Since the planets move in curvilinear 
paths, they must (if they be bodies obeying the laws of 
dyna1nics) be deflected from their otherwise natural rec
tilinear progress by f01·ce. And from this law, taken as 
a matter of observed fact, it follows, that the di1·ectio» 
of such force, at every point of the orbit of each planetl 
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always passes through the sun. No matter from ·what 
ultimate cause the power which is called gravitation 
originates,-be it a virtue lodged in the sun as its recep
tacle, or be it pressure from without, or the resultant of 
many pressures or sollicitations of unkno·wn fluids, mag
netic or electric ethers, or impulses,-still, ·when finally 
brought under our contemplation, and summed up into a 
single resu]tant energy-its di?·ection is,f1·oni every point 
on all sides, towards tlU3 sun's cente1·. As an abstract dy
namical proposition, the reader will find it demonstrated 
by Newton, in the 1st proposition of the Ptincipia, with 
an elementary simplicity to which we really· could add 
nothing but obscurity by amplification, that any body, 
urged towards a certain central point by a force con
tinually directed thereto, and thereby deflected into a 
curvilinear path, will describe about that center equal 
areas in equal times; and vice versa, that such equable 
description of areas is itself the essential criterion of 
a continual direction of the acting force towards the 
center to ,11hich this character belongs. The first la,v 
of l(epler,. then, gives us no information as to the 
nature or intensity of the force urging the planets to 
the sun; t11e only conclusion it involves, is that it does 
so urge them. It is a prc·perty of orbitual rotation 
under the influence of central forces generally, and, as 
such, ,ve daily see it exemplified in a thousand familiar 
instances. A simple experimental illustration of it is 
to tie a bullet to a thin string, and, l1aving whirled it 
round with a moderate velocity in a vertical plane, to 
dra,v the end of the string through a small ritig, or allow 
it to coil itself round the finger, or a cylindrical rod 
held very firmly in a horizontal position. The bullet 
,vill then approach the center of motion in a spiral line; 
and the increase not only of its angular but of its linear 
velocity, and the rapid diminution of its periodic titne 
,vhen near the center, will express, more clearly than 
any ·words, the compensation by which its uniform 
description of areas is maintained under a constantly 
diminishing distance. I f the motion be l"eversed, and 
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the thread allowed to uncoil, beginning ·with a rapid 
impulse, the velocity will diminish by the same degrees 
as it before increased. The increasing rapidity of a 
dancer's pirouette, as he draws in his limbs and straight
ens his whole person, so as to bring every part of his 
frame as near as possible to the axis of his motion, is 
another instance where the connection of the observed 
effect with the central force exerted, though equally 
real, is much less obvious. 

(420.) The second law of l(epler, or that ,vhich 
asserts that the planets describe ellipses about the sun 
as their focus, involves, as a consequence, the law of 
solar gravitation ( so be it allo,ved to call the force, 
whatever it be, which urges them towards the sun) as 
exerted on each individual planet, apart from all con
nection v.rith the rest. A straight line, dynamically 
speaking, is the only path which can be pursued by a 
body absolutely free, and under the action of no external 
force. All deflection into a curve is evidence of the 
exertion of a force ; and the greater the deflection in 
equal times, the more intense the force. Deflection 
from a straight line is only another word for cu1·vature 
of path; and as a circle is characterized by the uni
formity of its curvature in all its parts-so is every 
other curve ( as an ellipse) characterized by the parti
cular law which regulates the increase and diminution 
of its curvature as we advance along its circumference. 
The deflecting force, then, which continually bends a 
moving body into a curve, may be ascertained, provided 
its direction, in the first place, and, secondly, the law 
of curvature of the curve itself, be known. Both these 
enter as elements into the expression of the force. A 
body may describe, for instance, an ellipse, under a 
great variety of dispositions of the acting forces: it 
may glide along it, for example, as a bead upon a 
polished wire, bent into an elliptic form ; in which case 
the acting force is always perpendicular to the wire, 
and the velocity is uniform. In this case the fo1·ce is 
directed to no fixed center, and there is no equable de-
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scription ,. of areas at all. Or it may describe it as we 
may see done, if ·we suspend a ball by a very long 
string, and, drawing it a little aside from the perpen
dicular, throw it round with a gentle impulse. In this 
case the acting force is directed to the center of the 
ellipse, about which areas are described equably, and to 
which a force prop01·tional to the distance ( the decom
posed result of terrestrial gravity) perpetually urges it. 
'fhis is at once a very easy experiment, and a very 
instructive one, and we shall again refer to it. In 
the case before us, of an ellipse described by the action 
of a force directed to the focus, the steps of the investi
gation of the law of force are these: 1st, The law of 
the areas determines the actual velocity of the revolving 
body at every point, or the space really run over by it in 
a given minute portion of time ; 2(lly, The lav, of curv
ature of the ellipse determines the linear amount of 
deflection from the tangent in the di1·ection of the focus, 
,vhich corresponds to that space so run over; 3dly, 
and lastly, The laws of accelerated motion declare that 
the intensity of the acting force causing such deflection 
in its own direction, is measured by or proportional 
to the amount of that deflection, and may therefore be 
calculated in any particular position, or generally ex
pressed by geometrical or algebraic symbols, as a law 
independent of particular positions, when that deflection 
is so calculated or expressed. "\i\T e have here the spirit 
of the process by which Newton has resolved this inter
esting problem. For its geometrical detail, ,ve must 
refer to tbe Sd section of his Principia. ,v e know of 
no artificial 1node of i1nitating this species of elliptic 
motion; though a rude approximation to it-enough, 
however, to give a conception of the alternate approach 
and recess of the revolving body to and from the focus, 
and the variation of its velocity-may be had by sus
pending .a small steel bead to a nne and very Jong silk 
fibre, and setting it to revolve in a small orbit round the 
pole of a powerful cylindrical m9.gnet, held upright, and 
vertically under the point of suspension. 
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(421.) The third law of l{epler, which connects the 
distances and periods of the planets by a general rule, 
bears with it, as its theoretical interpretation, this im
portant consequence, viz. that it is one and the same 
force, modified only by distance from the sun, which 
retains all the planets in their orbits about it. That 
the attraction of the sun (if such it be) is exerted upon 
all the bodies of our system indifferently, without regard 
to the peculiar materials of which they may consist, in 
the exact proportion of their inertire, or quantities of 
matter ; that it is not, therefore, of the nature of the 
elective attractions of chemistry, or of magnetic action, 
which is po'\\rerless on other substances than iron and 
some one or two more, but is of a more universal cha
racter, and extends equally to all the material consti
tuents of our system, and ( as we shall hereafter see 
abundant reason to admit) to those of other systems 
than our own. This law, important and general as it is, 
results, as the simplest of corollaries, from the relations 
established by Newton in the section of the Principia 
referred to (Prop. xv.), from ,vhich proposition it results, 
that if the earth were taken from its actual orbit, and 
launched ane,v in space at the place, in the direction, 
and with the velocity of any of the other planets, it 
would describe the very same orbit, and in the same 
period, 1,vhich that planet actually does, a very minute 
correction of the period only excepted, arising from the 
difference between the mass of the earth and that of the 
planet. Small as the planets are co1npared to the sun, 
some of them are not, as the earth is, mere atoms in the 
comparison. The strict ,vording of Kepler's law, as 
Newton has proved in his fifty-ninth proposition, is ap
plicable only to the case of planets ,vhose proportion to 
the central body is absolutely inappreciable. When this 
is not the case, the periodic time is shortened in the 
proportion of the square root of the number expressing 
the sun's mass or inertia, to that of the sum of the 
numbers expressing the masses of the sun and planet; 
and in general, whatever be the masses of two bodies 
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revolving round each other under the influence of the 
Newtonian law of gravity, the square of their periodic 
time will be expressed by a fraction whose numera
tor is the cube of their mean distance, i. e. the greater 
semi-axis of their elliptic orbit, and tvhose denominator 
is the sum of their masses. When one of the masses 
is incomparably greater than the other, this resolves itself 
into l{epler's law; but ,vhen this is not the case, the 
proposition thus generalized stands in lieu of that law. 
In the system of the sun and planets, however, the nu
merical con·ection thus introduced into the results of 
Kepler's law is too small to be of any importanr.e, 
the mass of the largest of the planets (Jupiter) being 
much less than a thousandth part of that of the sun. 
1-Ve shall presently, however, perceive all the import
ance of this generalization, when ,'l"e come to speak of 
the satellites. 

( 422.) It will first, however, be proper to explain by 
what process of calculation the expression of a planet's 
elliptic orbit by its elements can be compared with ob
scrvationJ and how ,ve can satisfy ourselves that the 
numerical data contained in a table of such elernents 
for the ,vhole system does really exhibit a true picture 
of it, and afford the means of determining its state at 
every instant of time, by the mere application of Kep
ler's laws. Now, for each planet, it is necessary for this 
purpose to know, l st, the magnitude and form of its 
ellipse ; 2dly, the situation of this ellipse in space, 
,vith respect to the ecliptic, and to a fixed line drawn 
therein; Sclly, the local situation of the planet in its 
ellipse at some known epoch, and its periodic time 
or mean angular velocity, or, as it is called, its mean 
motion. 

( 423.) The magnitude and form of an ellipse are de
tennined by its greatest length and least breadth, or its 
two principal axes ; but for astronomical uses it is pre
ferable to use the semi-axis major ( or half the greatest 
length), and the excentricity or distance of the focus 
from the center, which last is usually estimated in parts 



ClI.AP. vnr. ELEMENTS OF A PLANET'S ORBIT. 271 

of the former. Thus, an ellipse, whose length is 10 
and breadth 8 parts of any scale, has for its major 
semi-axis 5, and for its excentricity 3 such parts; but 
,vhen estimated in parts of the semi-axis, regarded as a 
unit, the excentricity is expressed by the fraction ¾· 

( 424.) The ecliptic is the plane to which an inhabit4 
ant of the earth most naturally refers the rest of the 
solar system, as a sort of ground-plane; and the axis 
of its erbit might be taken for a line of departure in 
that plane or origin of angular 1·eckoning. "\Vere the 
axis fixed, this would be the best possible origin of 
longitudes; but as it has a motion ( though an exces .. 
sively slo,v one), there is, in fact, no advantage in 1·ec
koning from the axis more than from the line of the 
equinoxes, and asti·onomers therefore prefer the latter, 
taking account of its variation by the effect of preces
sion, and restoring it, by calculation at every instant, to a 
fixed position. Now, to determine the situation of the el
lipse described by a planet with respect to this plane, three 
elements require to be known : - lst, the inclination of 
the plane of the planet's orbit to the plane of the ecliptic; 
2dly, the line in which these two planes intersect each 
other, ,vhich of necessity passes through the sun, and 
whose position ,vith respect to the line of the equinoxes 
is therefo1·e given by stating its longitude. This line is 
called the line of the nodes. "\Vhen the planet is in this 
line, in the act of passing from the south to the north 
side of the ecliptic, it is in its ascending node, and its 
longitude at that moment is the element called the 
longitude of the node. 'fhese two data determine the 
situation of the plane of the orbit; and there only re
mains, for the complete determination of the situation 
of the planet's ellipse, to know how it is placed in that 
plane, which (since its focus is necessarily in the sun) 
is ascertained by stating the longitude of its pe1·ihelion, 
or the place which the extremity of the axis nearest 
the sun -Occupies, ,vhen orthographically projected on 
the ecliptic. , 

( 425.) The dimensions and situation of the planet's 
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orbit thus determinerl, it only remains, for a complete 
acquaintance ,vith its history, to determine the circum
stances of its motion in the orbit so precisely fixed. 
Now, for this purpose, all that is needed is to kno,v the 
moment of time ·when it is either at the perihelion, or 
at any other precisely determined point of its orbit, and 
its whole period; for these being kno,vn, the law of the 
areas determines the place at every other instant. This 
moment is called ( when the perihelion is the point 
chosen) the pm·ihelion passage, or, ,vhen some point 
of the orbit is fixed upon, without special reference to 
the perihelion, the epoch. 

( 426.) 'l'hus, then, ,ve have seven particulars or ele
ments, which must be numerically stated, before ,ve can 
reduce to calculation the state of the system at any given 
moment. But, these kno,vn, it is easy to ascertain the 
apparent positions of each planet, as it would be seen 
from the sun, or is seen from tl1e earth at any time. 
The former is called the heliocent1·ic, the latter the 
9eocent1·ic, place of the planet. 

(427.) To commence with 
the heliocentric places. Let 

r• S represent the sun; A P N 
<y> the orbit of the planet, being 

an ellipse, having the sun S in 
its focus, and A for its peri

helion ; and let p a N r represent the projection 
of the orbit on the plane of the ecliptic, intersecting 
the line of equinoxes S cy, in <y>, which, therefore, 
is the origin of longitudes. Then will S N be the 
line of nodes ; and if we suppose B to lie on the south, 
and A on the north side of the ecliptic,and the direc
t ion of the planet's motion to be from B to A, N will 
be the ascending node, and th<:? angle <y> S N the 
longitude of the node. In like manner, if P be the 
place of the planet at any time, and if it and the 
perihelion A be projected on the ecliptic, upon the 
points p a, the angles <y, S p, CV' S a, will be the 
respective heliocentric l?ngitudes of the planet and of 
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the perihelion, the former of ,vhich is to be determined, 
and the latter is one of the given elements. Lastly, the 
angle p S P is the heliocentric latitude of the planet, 
:which is also required to be known. 

( 428.) Now, the time being given, and also the mo
ment of the planet's passing the perihelion, the interval, 
or the time of describing the porti,on A P of the orbit, 
is given, and the periodical time, and the whole area of 
the ellipse being known, the la,v of proportionality of 
areas to the times of their description gives the magni
tude of the area A S P. From this it is a problem of 
pure geomet1·y to determine the corresponding angle 
A S P, which is callecl the planet's true anonialy. This 
problem is of the kind called transcendental, and has 
been resolved by a great variety of processes, some more, 
some less intricate. It offers, however, no peculiar dif
ficulty, and is practically resolved ·with great facility by 
the help of tables constructed for the purpose, adapted 
to the case of each particular planet.* 

( 429.) The true anomaly thus obtained, the planet's 
angular distance frorn the node, or the angle N S P, is 
to be found. Now, the longitudes of the perihelion and 
node being respectively CV' a and CV' N, ,vhich are given, 
their difference a N is also given, and the angle N of 
the spherical right-angled triangle A N a, being the in
clination of the plane of the orbit to the ecliptic, is 
known. Hence we calculate the arc N A, or the angle 
N S A, which, added to A S P, gives the angle N S P 
required. And from this, regarded as the measure of 

,. It will readily be understood, that, except in the case of uniform cir. 
cular motion, an equable description of areas about any center is incom
patible with a.n equable description of angles. The object of the prol)lem 
m the text is to pass from the a,·ea, supposed known, to the a11gle, supposed 
unknown: in other words, to derive the true amount of angular motion 
from the perihelion, or the true a1wmaly from what is technically called 
the mean anomaly, that is, the mean angular motion which would have 
been performed had the motion ;,. anp,le l,een uniform instead of the mo. 
tion in a1"ea. It happens, fortunately, that this is the simplest of all pro. 
blcms of the transcendental kind, an,l can be resolved, in the most difficult 
case, by the rule of" false position," or trial .and error, in a very few mi .. 
nutes. Nay, it may even be resolved instantly on inspection by a $imple 
and easily constructed piece of mechanism, of which the reader may see a 
desc~iption in the Cambridge Philosophical Transaclions, vol. iv. p. 425., by 
the author of thil. work. 

T 
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the arc N P," forming the hypothenuse of the right
angled spherical triangle P N p, whose angle N, as 
before, is known, it is easy to obtain the other two sides, 
Np and. Pp. The latter, being the measure of the 
angle p S P, expresses the planet's heliocentric latitude; 
the former measures the angle N S p, or the planet's 
distance in longitude from its node, which, added to the 
known angle CV' S N, the longitude of the node, gives 
the heliocentric longitude. This process, however cir
cuitous it may appear, when once well understood, may 
be gone through numerically, by the aid of the usual 
logarithmic and trigonometrical tables, in little more time 
than it ,'Vill have taken the reader to peruse its descrip
tion. 

( 430.) The geocentric differs from the heliocentric 
place of a planet by reason of that parallactic change of 
apparent situation which arises from the earth's motion 
in its orbit. Were the planets' distance as vast as those 
of the stars, the earth's orbitual motion would be insen
sible ,vhen viewed from them, and they would alw·ays 
appear to us to hold the same relative situations among 
the fixed stars, as if vie,ved from the sun, i. e. they 
would then be seen in their heliocentric places. 'fhe 
difference, then, between the heliocentric and geocentric 
places of a planet is, in fact, the same thing with its 
parallax arising from the earth's removal from the center 
of the system and its annual motion. It follows from 
this, that the first step towards a knowledge of its 
amount, and the consequent determination of the ap
parent place of each planet, as referred from the earth 
to the sphere of the fixed stars, must be to ascertain 
the proportion of its linear distances from the earth and 
from the sun, as compared with the earth's distance from 
the sun., and the angular positions of all three with 
respect to each other. 

( 431.) Suppose, therefore, S to represent the sun, E 
the earth, and P the planet; S ry, the line of equinoxes, 
cy, E the earth's orbit, and Pp a perpendicular let fall 
from the planet on the ecliptic. 'fhen will the angle 
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S PE (according to the general notion of parallax con
veyed in art. 69.) represent the parallax of the planet 

P arising from the change of 
station from S to E, E P will 

1 7' be the apparent direction of 
the planet seen from E ; and 
if S Q be drawn parallel to 

ry, E p, the angle 'Y" S Q will 
be the geocentric longitude of the planet, while 'Y" 
SE represents the heliocentric longitude of the earth, 
and 'Y" S p that of the planet. The former of these, 
CV' SE, is given by the solar tables; the latt.er, er S p 
is found by the process above described ( art. 429, ~
l\1oreover, S P is the radius vector of the planet's orbit, 
and SE that of the earth's, both of ,vhich are deter
mined from the known dimensions of their respective 
ellipses, and the places of the bodies in them at the 
assigned time. Lastly, the angle PS p is the planet's 
heliocentric latitude. 

( 432.) Our object, then, is, from all these data, to 
determine the angle ¥ SQ and PE p, which is the 
geocentric latitude. The process, then, ·will stand as 
;follows: - lst, In the triangle S Pp, right-angled at P, 
given S P, and the angle PS p (the planet's radius vector 
and heliocentric latitude), findS p, and Pp; 2dly, In the 
triangle SE p, given S p (just found), SE (the earth's 
radius vector), and the angle ES p ( the difference of 
heliocentric longitudes of the earth and planet), find the 
angle S p E, and the side E p. The former being equal 
to the alternate angle p S Q, is the parallactic removal of 
the planet in longitude, which, added to or S p, gives its 
heliocentric longitude. The latter, E p ( which is called 
the cu1·tate distance of the planet from the earth, gives 
at once the geocentric latitude, by means of the right
angled triangle P E p, of which E p and Pp are known 
sides, and the angle PE p is the longitude sought. 

( 483.) The calculations required fo1· these purposes 
are nothing but the most ordinary processes of plane 
trigonometry ; and, though some,vhat tedious, are nei

T ~ 
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ther intl"icate nor difficult. ,vhen executed, ho,vever, 
they afford us the means of comparing the places of the 
planets actually observed with the elliptic theory, with 
the utmost ex"actness, and thus putting it to the severest 
trial; and it is upon the testimony of such computa
tions, so brought into comparison with observed facts, 
that we declare that theory to be a true representation 
of nature. 

( 434.) The planets l\liercury, Venus, l\1ars, Jupiter, 
and Saturn, have been known from the earliest ages in 
which astronomy has been cultivated. Uranus ,va$ disco
vered by Sir 1V. Herschel in 1781, wlarch 13.,in the course 
of a revie,v of the heavens, in which every star visible in 
a telescope of a certain power was brought under close 
examination, when the new planet was immediately de
tected by its disc, under a high magnifying power. It 
has since been ascertained to have been observed on 
many previous occasions, with telescopes of insufficient 
power to show its disc, and even entered in catalogues 
as a star; and some of the observations which have been 
so recorded have been used to irnprove and extend 
our kno,vledge of its orbit. The discovery of the 
ultra-zodiacal planets dates from the first day of 1801, 
·when Ceres was discovered by Piazzi, at Palermo ; 
a discovery speedily followed by those of Juno by 
professor Harding, of Gottingen ; and of Pallas and 
Vesta, by Dr. Olbers, of Bremen. It is extremely re
markable that this important addition to our system had 
been in some sort surmised as a thing not unlikely, on 
the ground that the intervals between the planetary 
orbits go on doubling as we recede from the sun, or 
nearly so. Thus, the interval bet,veen the orbits of the 
earth and Venus is nearly twice that between those of 
Venus and Mercury ; that between the orbits of l\1ars 
and the earth nearly twice that between the earth and 
Venus; and so on. 'fhe interval between the orbits of , 
Jupiter and Mars, however, is too great, and ,vould 
form an exception to this la·w, which is, however, again 
resumed in the case of the three remoter planets. It 
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was, therefore, thrown out, by the late professor Bode of 
.Berlin, as a possible surmise, that a planet might exist 
between l\.'lars and Jupiter; ancl it may easily be ima
gined ,vhat was the astonishment of astronomers to find 
four, revolving in orbits tolerably well corresponding with 
the law in question. No account, a priori, or from theory, 
can be given of this singular progression, which is not, 
like Kepler's laws, strictly exact in its numerical veri
:fication; but the circumstances we have just mentioned 
lead to a strong belief that it is something beyond a 
mere accidental coincidence, and belongs to the essential 
structure of the system. It has been conjectured that 
the ultra-zodiacal planets are fragments of some greater 
planet, ,vhich formerly circulated in that interval, but 
has been blown to atoms by an explosion ; and that 
Inore such fragments exist, and may be hereafter dis
covered. This may serve as a specimen of the dreams 
in which astronomers, like other speculators, occasion
ally and harmlessly indulge. 

( 435.) \Ve shall devote the rest of this chapter to an 
account of the physical peculiarities and probable con
dition of the several planets, so far as the former are 
known by observation, or the latter rest on pro
bable grounds of conjecture. In this, three features 
principally strike us, as necessarily productive of ex
traorclinary diversity in the provisions by which, if they 
be, like our earth, inhabited, animal life 1nust be support
ed. 1'here are, first, the difference in their respective 
supplies of light and heat from the sun; secontlly, the 
difference in the intensities of the gravitating forces 
·which must subsist at their surfaces, or the different 
l"atios which, on their several globes, the inerti~ of 
bodies must bear to their weights; and, thirdly, the dif
ference in the nature of the materials of which, from 
'\'hat we 1,now of their mean density, ,ve have every 
teason to believe they consist. The intensity of solar 
.radiation is nearly seven times greater on ~1Iercury than 
on the earth, and on Uranus 330 times less; the pro~ 
portion between the two extremes being that of up-

• T 3 
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,varcls of ~000 to one. Let any one figure to himself 
the condition of our globe, ·were the sun to be septupled, 
to say nothing of the greater ratio ! or ,vere it dimi
nished to a seventh, or to a SOOth. of its actual power ! 
Again, the intensity of gravity, or its efficacy in coun
teracting muscular power and repressing animal ac
tivity on Jupiter is nearly three times that on the 
Earth, on Mars not more than one third, on the i\1oon 
one sixth, and on the four smaller planets proba
bly not more than one twentieth ; giving a scale of 
which the extremes are in the proportion of sixty to 
one. Lastly, the density of Saturn hardly exceeds one 
eighth of the mean density of the earth, so that it must 
consist of materials not much heavier than cork. No,v, 
under the various combinations of elements so import
ant to life as these, ,vhat i1nmense diversity must we not 
admit in the conditions of that great problem, the main
tenance of animal and intellectual existence and happi
ness, ,vhich seems, so far as we can judge by ,vhat ,ve 
see around us in our own planet, and by the way in 
,vhich every corner of it is crowded with living beings, 
to form an unceasing and worthy object for the exercise 
of the Benevolence and Wisdom ,vhich presides over all! 

( 436.) Quitting, however, the region of mere specu
lation, we will now show what information the telescope 
affords us of the actual condition of the several planets 
within its reach. Of l\ilercury we can see little more 
than that it is round, and exhibits phases. It is too 
small, and too much lost in the constant neighbourhood 
of the Sun, to allow us to make out more of its nature. 
The real diameter of 1"Iercury is about 3200 miles : 
its apparent diameter varies from 5 11 to 1211• Nor does 
Venus offer any remarkable peculiarities: although its 
real diameter is 7800 miles, and although it occasionally 
attains the considerable apparent diameter of 61 11, which 
is larger than that of any other planet, it is yet the most 
difficult of them all to define with telescopes. The in
tense lustre of its illuminated part dazzles the sight, and 
exaggerates every imperfection of the telescope; yet we 
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see clearly that its surface is not n1ottled over with per
manent spots like the moon ; we perceive in it neither 
mountains nor shadows, but a uniform brightness, ~n 
which sometimes ,ve may, indeed., fancy obscurer por
tions, but. can seldom or never rest fully satisfied of the 
fact. It is from some observations of this kind that 
both Venus and l\Iercury have been concluded to re
volve on their axes in about the same time as the 
Earth. The most natural conclusion, from the very 
rare appearance and want of permanence in the spots, 
is, that we do not see, as in the Moon, the real surface 
of these planets, but only their atmospheres, much 
loaded ,vith clouds, and which may serve to mitigate 
the otherwise intense glare of their sunshine. 

( 437.) The case is very different with Mars. In this 
planet we discern, with perfect distinctness, the outlines 
of w11at may be continents and seas. (See Plate I. 
fig. i., which represents Mars in its gibbous state, as seen 
on the 16th of August, 1830, in the Q0-feet reflector at 
Slough.) Of these, the former are distinguished by 
that rudely colour ,vhich characterizes the light of this 
planet (which al ways appears red and fiery), and in
dicates, no doubt, an ochrey tinge in the general soil, 
like what the red sandstone districts on the Earth may 
possibly offer to the inhabitants of l\'Iars, only more 
decided. Contrasted with this (by a general law in 
optics), the seas, as ,ve may call them, appear greenish.• 
These spots, however, are not always to be seen equally 
distinct, though, when seen, they offer always the same 
appearance. This may arise from the planet not being 
entirely destitute of atmosphere and clouds t; and what 
adds greatly to the probability of this is the appearance 
of brilliant white spots at its poles, - one of ,v.hich ap
pears in our figure, -which have been conjectured with 
a great deal of probability to be snow ; as they <lisap-

" I have noticed the phamomena described in the text on many occasio1Js, 
but never more distinct than on the occasion when the drawing was made 
from which the figure in Plate J. is engraved_ - Autltor. 

t It has been surmised to have a very extensive atmosphere, but on no 
mfficient or even plausible grounds. 
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pear ,vhen they have been long exposed to the sun, 
and are greatest when just emerging from the long 
night of their polar winter. By watching the spots 
during a whole night, and on successive nights, it is 
found that l\fars has a rotation on an axis inclined about 
30° 18' to the ecliptic, and in a period of 24h 39m 21 s 

in the same direction as the earth's, or from ,vest to 
east. The greatest and least apparent diameters of 1\'Iars 
are 4" and 18", and its real diameter about 4100 miles. 

(438.) "\,Ve come no,v to a much more magnificent 
planet, Jupiter, the largest of them all, being in dia
meter no less than 87,000 miles, and in bulk exceeding 
that of the Earth nearly 1300 times. It is, moreover, 
dignified by the attendance of four moons, satellites, or 
seconda1·y planets, as they are called, which constantly 
accompany and revolve about it, as the moon does round 
the earth, and in the same direction, forming with their 
principal, or p1·imary, a beautiful miniature system, 
entirely analogous to that greater one of which their 
central body is itself a member, obeying the same la,vs, 
and exemplifying, in the most striking and instructive 
manner, the prevalence of the gravitating power as the 
ruling principle of their motions : of these, however. 
,ve shall speak more at large in the next chapter. 

( 439.) The disc of Jupiter is always observed to be 
crossed in one certain direction by dark bands or belts, 
presenting the appearance, in Plate I. fig. 2., which 
represents this planet as seen on the 23d of September, 
1832, in the 20-feet 1·eflector at Slough. These belts 
are, however, by no 1neans alike at all times; they vary 
in breadth and in situation on the disc ( though never 
in their general direction). They have even been seen 
broken up, and distributed over the ,vhole face of the 
planet; but this phrenon1enon is extremely rare. Branches 
running out from them, and subdivisions, as repre
sented in the figure, as well as evident dark spots, like 
strings of clouds, are by no 1neans uncommon ; and 
from these, attentively ,vatched, it is concluded that 
this planet revolves in the surprisingly short period of 
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911 55m 50• (sid. time), on an axis perpendicular to the 
direction of the belts. Now, it is very remarkable, and 
forms a most satisfactory comment on the reasoning by 
which the spheroidal figure of the earth has been 
deduced from its diurnal rotation, that the outline of 
Jupiter's disc is evidently not circular, but elliptic, being 
considerably flattened in the direction of its axis of 
rotation. This appearance is no optical illusion, but is 
authenticated by micrometrical measures, which assign 
107 to 100 for the proportion of the equatorial and 
polar diameters. And to confirm, in the strongest man
ner, tl1e truth of those principles on which our former 
conclusions have been founded, and fully to authorize 
their extension to this remote system, it appears, on 
calculation, that this is really tl1e degree of oblateness 
which corresponds, on those principles, to the dimen
sions of Jupiter, and to the time of his rotation. 

( 440.) The parallelism of the belts to the equator of 
Jupiter, their occasional variations, and the appearances 
of spots seen upon them, render it extremely probable 
that they subsist in the atmosphere of the planet, form
ing tracts of comparatively clear sky, determined by 
currents analogous to our (trade-w·inds, but of a much 
more steady ancl decided character, as might indeed be 
expected from the immense velocity of its rotation. 
That it is the comparatively darker body of the planet 
which appears in the belts is evident from this, -
that they do not come up in all their strength to the 
edge of the disc, but fade away gradually before they 
reach it. (See Plate I. fig. 2.) The apparent diameter 
of Jupiter varies from 3011 to 4611• 

(441.) A still more wonderful, and, as it may be 
termed, elaborately artificial mechanism, is displayed in 
Saturn, the next in order of remoteness to Jupiter, to 
,vhich it is not much inferior in magnitude, being about 
79,000 miles in diameter, nearly l 000 times exceeding 
the earth in bulk, and subtending an apparent angu
lar diameter at the earth, of about 16". ·This stu
pendous globe, besides being attended by no less than 
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seven satellites, or moons, is surrounded ,vith two broad, 
flat, extremely thin rings, concentric ,vith the planet 
and with each other ; both lying in one plane, and se
parated by a very narro,v interval from each other 
throughout their whole circumference, as they are from 
the planet by a 1nuch wider. Tihe dimensions of this 
extraordinary appendage are as follows -!!- : -

l\'.files. 
Exterior diameter of exterior ring = 176418. 
Interior ditto = 155272. 
Exterior diameter of interior ring = 151690. 
Interior ditto = 117339. 
Equatorial diameter of the body - 79160. 
Interval between the planet and interior ring = 19090. 
Interval of the rings - 1791. 
Thickness of the rings not exceeding - 100. 

The figure (fig. 3. Plate I.) represents Saturn sur
rounded by its l'ings, and having its body striped with 
dark belts, somewhat similar, but broader and less 
strongly marked than those of Jupiter, and owing, 
doubtless, to a similar cause. That the ring is a solid 
opake substance is shown by its throwing its shadow on 
the body of the planet, on the side nearest the sun, and 
on the other side receiving that of the body, as shown 
in the figure. From the parallelism of the belts with 
the plane of the ring, it may be conjectured that the axis 
of rotation of the planet is perpendicular to that plane ; 
and this conjecture is confirmed by the occasional ap
pearance of extensive dusky spots on its surface, which, 
when watched, like the spots on l\,1ars or Jupiter, in
dicate a rotation in I Oh 29m I 7s about an axis so 
situated. 

( 442.) The axis of rotation, like that of the earth, 
preserves its parallelism to itself during the motion of 
the planet in its orbit; and the san1e is also the case 
with the :ring, whose plane is constantly inclined at the 

* These dimensions arc calculated from Prof. Struvc's micrometric mea.. 
sures, !\fem. Art. Soc. iii. SOL with the exception of the thickness of the 
ring, which is co11cluded from my own observations, during its gradual 
extinction now in 11rogrcss, 'l'he interval of the rings here stated is pos
sibly somewhat too small. 
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same, or very nearly the same, angle to that of the 
orbit, ancll, therefore, to the ecliptic, viz. Q8° 40'; and 
intersects the latter plane in a'line, ,vhich makes an angle 
with the line of equinoxes of 170°. So that the 
nodes of the ring lie in 170° and 350° of longitude. 
'\Vheneveir, then, the planet happens to be situated in 
one or other of these longitudes, as at A Il, the plane 
of the ring passes through the sun, which then illumin
ates only the edge of it; and as, at the same moment, 
owing to the smallness of the earth's orbit, E, con1pared 
with that of Saturn, the earth is necessarily not far out 
of that plane, and must, at all events, pass through it 
a little before or after that moment, it only then appears 
to us as a very fine straight line, drawn across the disc, 
and projecting out on each side,-indeed, so very thin 
is the ring, as to be quite invisible, in this situation, to 
any but telescopes of extraordinary power. This remark
able phrenomenon takes place at intervals of 15 years, but 
the disappearance of the ring is generally double, the 
earth passing twice through its plane before it is carried 
past our orbit by the slow motion of Saturn. This second 
disappearance is now in progress"'. As the planet, how
ever, recedes from these points of its orbit, the line of 
sight becomes gradually more and more inclined to the 
plane of the ring, which, according to the la,vs of per
spective, appears to open out into an ellipse ,vhich at
tains its greatest breadth when the planet is 9()0 from 
either node, as at CD. Supposing the upper part of 
the figure to be north, and the lower south of the 
ecliptic, the north side only of the ring will be seen 
when the planet lies in the semicircle AC B, and the 
southern only when in AD B. At the time of the 
greatest opening, the longer diameter is almost exactly 
double the shorter. 

( 443.) It will naturally be asked how so stupendous 
an arch, if composetl of solid and ponderous materials, 

* The dis.appearance of the rings is complete, when observed with a 
reflector eighteen inches in aperture, and twenty feet in focal length. 
April 29, 1833. - Author. 
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can be sustained without collapsing and falling in upon 
the planet ? The ans,ver to this is to be found in 
a swift rotation of the ·ring in its own plane, ,vhich 
observation has detected, owing to some portions of the 
ring being a little less bright than others, and assigned 
its period at J Qh Qgm 17s, ,vbich, from ,vhat we kno,v 
of its dimensions, and of the force of gravity in the 
Saturnian system, is very nearly the periodic time of a 
satellite revolving at the same distance as the middle of 
its breadth. It is the centrifugal force, then, arising 
from this rotation, which sustains it; and, although no 
observation nice enough to exhibit a difference of periods 
between the outer ancl inner rings have hitherto been 
made, it is more than probable that such a difference 
does subsist as to place each independently of the 
other in a similar state of equilibrium. 

(444.) Although the rings are, as we have said, very 
nearly concentric with the body of Saturn, yet recent 
micrometrical measurements of extreme delicacy have 
demonstrated that the coincidence is not mathematically 
exact, but that the center of gravity of the rings oscil~ 
lates round that of the body describing a very minute 
orbit, probably under la,vs of much complexity. Trifling 
as this remark may appear, it is of the utmost im~ 
portance to the stability of the system of the rings. 
Supposing them n1athematically perfect in their circular 
form, and exactly concentric with the planet, it is de
monstrable that they would form (in spite of their cen
trifugal force) a system in a state of unstable equilibriu1n, 
which the slightest extel'nal pow·er would subvert -
not by causing a rupture in the substance of the rings 
- but by precipitating them, unbroken, on the sur
face of the planet. For the attraction of such a ring 
or rings on a point or sphere excentrically situate with
in them, is not the same in all cllrections, but tends to 
draw the point or sphere tow.ards the nearest part of the 
ring, or away from the center. Hence, "supposing the 
body to become, from any cause, ever so little excentric 
to the ring, the tendency of their mutual gravity is, 
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not to correct but to increase this excentricity, and to 
bring the nearest parts of them together. (See Chap. XI .) 
Now, external powers, capable of producing such ex. 
centricity, exist in the attractions of the satellites, as 
will be shown in Chap. XI. ; and in order that the 
system may be stable, and possess within itself a 
power of i-esisting the first inroads of such a tend
ency, while yet nascent and feeble, and opposing 
them by an opposite or 1naintaining power, it has 
been shown that it is sufficient to admit the rings 
to be loaded in some part of their circu1nference, either 
by s01ne minute inequality of thickness, or by s01ne 
portious being denser than others. Such a load would 
give to the whole ring to which it ,vas attached some
what of the character of a heavy and sluggish satellite, 
1naintaining itself in an orbit with a certain energy 
sufficient to overcome minute causes of disturbance, and 
establish an average bearing on its center. But even 
without supposing the existence of any such load, -
of which, after all, we have no proof, - and granting, 
therefore, in its full extent, the general instability of 
the equilibrium, we think we perceive, in the periodi
city of all the causes of disturbance, a sufficient gua
rantee of its preservation. :E-lowever homely be the 
illustration., we can conceive nothing more apt in every 
way to give a general conception of this maintenance 
of equilibrium under a constant tendency to subversion, 
than the mode in which a practised hand will sustain 
a long pole in a perpendicular position resting on the 
finger by a continual and almost imperceptible vari
ation of the point of support. Be that, however, 
as it may, the observed oscillation of the centers of 
the rings about that of the planet is in itself the 
evidence of a perpetual contest between conservative 
and destructive powers - both extremely feeble, but 
so antagonizing one another as to prevent the latter 
from ever acquiring an uncontrollable ascendancy, and 
rushing to a catastrophe. 

( 445.) This is also the place to observe, that, as the 
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smallest difference of velocity between the body and 
rings must infallibly precipitate the latter on the 
former, never more to separate, (for they would, once 
in contact, have attained a position of stable equili/J1'iu11i, 
and be held together ever after by an immense force;) 
it follows, either that their motions in their common 
orbit round the sun must have been adjusted to each 
other by an external power, with. the minutest precision, 
or that the rings must have been formed about the 
planet ·while subject to their common orbitual motion, 
and under the full and free influence of all the acting 
forces. 

( 446.) The rings of Saturn must present a magni
ficent spectacle from those regions of the planet which 
lie above their enlightened sides, as vast arches spanning 
the sky from horizon to horizon, and holding an in
variable situation among the stars. On the other hand, 
in the regions beneath the dark side, a solar eclipse of 
iifteen years in duration, under their shado,v, must 
afford ( to our ideas) an inhospitable asylum to animated 
beings, ill compensated by the faint light of the satellites. 
But we shall do wrong to judge of the fitness or un
fitness of their condition from what ,ve see around us, 
when, perhaps, the very combinations which convey to 
our minds only images of horror, may be in reality 
theatres of the most striking and glorious displays of 
beneficent contrivance. 

( 447.) Of Uranus we see nothing but a small round 
uniformly illuminated disc, ,vithout rings, belts, or 
cliscernible spots. Its apparent diameter is about 4", 
from which it never varies much, owing to the smallness 
of our orbit in comparison of its own. Its real diameter 
is about 85,000 miles, and its bulk 80 times that of 
the earth. It is attended by satellites - two at least, 
probably five or six - whose orbits ( as will be seen in 
the next chapter) offer remarkable peculiarities. 

( 448.) If the immense distance of Uranus precludes 
all hope of coming at much knowledge of its physical 
state, the minuteness of the four ultra-zodiacal planets 
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is no less a bar to any enquiry into theirs. One of 
them, Pallas, is said to have somewhat of a nebulous 
or hazy appearance, indicative of an extensive and 
vaporous atmosphere, little repressed and condensed by 
the inadequate gravity of so small a mass. No doubt 
the most remarkable of their peculiarities must lie in 
this condition of their state. A man placed on one of 
them would spring with ease 60 feet high, and sustain 
no greater shock in his descent than he does on the earth 
from leaping a yard. On such planets giants might exist; 
and those enorrnous animals, which on earth require 
the buoyant power of water to counteract their weight, 
might there be denizens of the land. But of such 
speculation there is no end. 

( 449.) We shall close this chapter with an illustra
tion calculated to convey to the minds of our readers a 
general impression of the relative magnitudes and dis
tances of the parts of our system. Choose any well 
levelled field or bowling green. On it place a globe, 
tw·o feet in diameter ; this will represent the Sun; 
Mercury will be represented by a grain of mustard seedJ 
on the circumference of a circle 164 feet in diameter 
for its orbit; Venus a pea, on a circle 284 feet in 
diameter ; the Earth also a pea, on a circle of 430 feet; 
Mars a rather large pin's head, on a circle of 654 feet; 
Juno, Ceres, Vesta, and Pallas, grains of sand, in orbits 
of from 1000 to 1200 feet; Jupiter a moderate-sized 
orange, in a circle nearly half a mile across; Saturn a 
small orange, on a circle of four.fifths of a mile; and 
Uranus a full sized cherry, or srnall plum, upon the 
circumference of a circle more than a mile and a half 
in diameter. As to getting correct notions on this 
subject by drawing circles on paper? or, still worse, from 
those very childish toys called orreries, it is out of the 
question. To imitate the motions of the planets, in the 
above mentioned orbits, l\-1ercury must describe its own 
diameter in 41 seconds; Venus, in 401 14s ; the Earth, 
in "'t minutes • l\1ars in 401 48• • Jupiter in 2h 56m • , J , , , 
Saturn, in 3" 13rn; and Uranus, in 2h 1611'. 



A TREATlSE ON ASTRONOMY, CHAP, IX, 

CHAP. IX. 

OF THE SATELLITES, 

OF '£HE :\100N, AS A SATELLITE OF Tl:IE EARTH, - GENERAL 

PROXIMITY OF SATELLI'rES TO THEIR l'RD1ARIES, AND 

CONSEQUENT SUBORDINATION OF THJ;:IR MO'r!0;-1$. -l\1ASSRS 

OF THE PRUIAlllES CONCLUDED FROM THE PERIODS OF THE111 

SATELLITES, - MAINTKNANCE OF KEPJ,Ell'S LAWS IN THE 

SECONDARY SYSTE)fS. - OF JUPITER'S SATELLITES, - THEIR. 

ECLIPSES, ETC, - VELOCITY OF LIGHT DISCOVERED BY THEIR 

ll!EANS, -SA'£ELLITES OP SATURN- OP UJlANUS, 

( 450.) IN the annual circuit of the earth about the sun, 
it is constantly attended by its satellite, the moon, which 
revolves roun<l it, or rather both round their com1non 
center of gravity; ,vhile this center, strictly speaking, 
and not either of the two boclies thus connecte<l, moves 
in an elliptic orbit, undisturbed by their mutual action, 
just as the center of gravity of a large ancl small stone 
tie<l together ancl flung into the air describes a parabola 
as if it ,vere a real material substance uncler the earth's 
attraction, while the stones circulate round it or round 
each other, as we choose to conceive the matter. 

( 451 .) If we trace, therefore, the 1·eal curve actually 
described by either the moon's or earth's centers, in 
virtue of this compound motion, it will appear to be, 
not an exact ellipse, but an undulated curve, like that 
represented in the figure to article 272., only that the 
number of undulations in a whole revolution is but 13, 
and their actual deviation from the general ellipse, 
which serves them as a central line, is co1nparatively 
very much smaller-so much so, indeed, that every 
part of the curve described by either the earth or moon 
is concave towards the sun. The excursions of the 
earth on either side of the ellipse, indeed, are so very 
small as to be hardly appreciable. In fact, the center 
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of gravity of the earth and moon lies always within the 
surface of the earth, so that the monthly orbit described 
by the earth's center about the common center of gravity 
is comprehended within a space less than the size of 
the earth itself. The effect is, nevertheless, sensible, in 
producing an apparent monthly displacement of the sun 
in longitude, of a parallactic kind, ·which is called the 
menstrual equation; whose greatest amount is, however, 
less than the sun's horizontal parallax, or than 8·6". 

( 452.) The moon, as ,ve have seen, is about 60 radii of 
the earth distant from the center of the latter. Its 
proximity, therefore, to its center of attraction, thus 
estimated, is much greater than that of the planets to 
the sun; of which Mercury, the nearest, is 84, and 
Uranus 2026 solar radii from its center. It is o,ving 
to this proximity that the moon remains attached to 
the earth as a satellite. Were it much farther, the 
feebleness of its gravity to,vards the earth would be in
adequate to produce that alternate acceleration and 
retardation in its motion about the sun, which divests it 
of the character of an independent planet, and keeps its 
movements subordinate to those of the earth. The one 
would outrun, or be left behind the other, in their 
revolutions round the sun (by reason of Kepler's third 
law), according to the relative dimensions of their 
heliocentric orbits, after which the whole influence of 
the earth would be confined to producing some con
siderable periodical disturbance in the moon's motion, as 
it passed or was passed by it in each synodical revo
lution. 

( 453.) At the distance at which the moon really is 
from us, its gravity towards the earth is actually less 
than towards the sun. That this is the case, appears 
sufficiently from what ,ve have already stated, that the 
moon's 1·eal path, even when between the earth and sun, 
is concave towa1·ds the latte1·. But it will appear still 
more clearly if, from the known periodic times• in which 

"' 1;'1. anc:t r rll(lii of two orbit-s (supposed circular), P and p the pCll'iodic 

u 
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the earth completes its annual and the moon its monthly 
orbit, and from the dimensions of those orbits, ,ve cal
culate the amount of deflection, in either, from their 
tangents, in equal very minute portions of time, as one 
second. These are the versed sinei: of the arcs described 
in that time in the two orbits, and these are the mea
sures of the acting forces which produce those deflec
tions. If we execute the numerical calculation in the 
case before us, ,ve sl1all find 2·209: l for the propor
'tion in which the intensity of the force which retains the 
earth in its Ol'bit round the sun actually exceeds that 
by which the moon is retained in its orbit about the 
earth. 

( 454.) N o,v the sun is 400 times more remote from 
the earth than the moon is. And, as gravity increases 
as the squares of the distances decrease, it must follolv 
that, at equal distances, the intensity of solar ·would ex
ceed that of terrestrial gravity in the above proportion, 
augmented in the further ratio of the square of 400 
to 1 ; that is, in the proportion of 354986 to 1; and 
therefore, if 1ve grant that the intensity of the gravi
tating energy is commensurate with the mass or inertia 
of the attracting body, we are compelled to admit the 
mass of t11e earth to be no more than 3 6 ,? 113 6 of that 
of the sun. 

( 4,55.) The argument is, in fact, nothing more than a 
recapitulation of what has been adduced in Chap. VII. 
( art. 380.) But it is here re-introduced, in order to sho,v 
how the mass of a planet which is attended by one or 
more satellites can be as it ,vere weighed against the 
sun, provided we have learned from observation the 
dimensions of the orbits described by the planet about 
the sun, and by the satellites about the planet, and also 

times; then the arcs in question (A ancl a ) are to each other as ~ to~ ; 

and since the versecl sines are as the squares of the arcs directly an/the 
R ,-

radii inverselv, these arc to each other as p• to ~; and in this ratio • • p• 
arc the forces acting on the re,·olving bodies in either case . • 
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the periods in which these orbits are respectively de
scribed. It is by this method that the masses of 
Jupiter, Saturn, and Uranus have been ascertained. 
(See Synoptic Table.) 

( 456.) Jupiter, as already stated, is attended by four 
satellites, Saturn by seven; and Uranus, certainly by two, 
and perhaps by six. These, with their respective p1·i
maries (as the central planets are called), form in each 
case miniature systems, entirely analogous, in the general 
laws by which their motions are governed, to the great 
system in vJhich the sun acts the part of the primary, 
and the planets of its satellites. In each of these sys
tems the laws of l{epler are obeyed, in the sense, that 
is to say, in which they are obeyed in the planetary 
system-approximately, and without prejudice to the 
effects of mutual perturbation, of extraneous interference, 
if any, and of that small but not imperceptible correction 
·which arises from the elliptic form of the central body. 
Their orbits are circles or ellipses of very moderate 
eccentricity, the primary occupying one focus. About 
this they describe areas very nearly proportional to the 
times; and the squares of the periodical times of all the 
satellites belonging to each planet are in proportion to 
each other as the cubes of their distances. The tables at 
the end of the volume exhibit a synoptic view of the dis
tances and periods in these several systems, so far as they 
are at present known; and to all of the1n it will be ob
served that the same remark respecting their proximity to 
their primaries holds good, as in the case of the moon, 
with a similar reason for such close connection. 

( 457.) Of these systems, however, the only one which 
has been studied with great attention is that of Jupiter; 
partly on account of the conspicuous brilliancy of its 
four attendants, which are large enough to offer visible 
and measurable discs in telescopes of great power ; but 
more for the sake of their eclipses, which, as they 
happen very frequently, and are easily observed, afford 
signals of considerable use for the determination of ter
restrial longitudes ( art. 218. ). This method, indeed> 

u ~ 

• 
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until thrown into the back ground by the greater 
facility and exactness now attainable by lunar observ
ations (art. 219.), was the best, or rather the only one 
which could be relied on for great distances and long 
intervals. 

( 458.) The satellites of Jupiter revolve from west to 
east (following the analogy of tlhe planets and moon), in 
planes very nearly, although not exactly, coincident with 
that of the equator of the planet, or paraUel to its belts. 
This latter plane is inclined 3° 5' 80" to the orbit of 
the planet, and is therefore butt little different from the 
plane of the ecliptic. Accordingly, we see their orbits 
projected very nearly into straight lines, in which they 
appear to oscillate to ancl fro, sometimes passing before 
Jupiter, and casting shadows on his disc, ( which are 
very visible in good telescopes, like small round ink 
spots,) and sometimes disappearing behind the body, or 
being eclipsed in its shadow at a distance from it. It 
is by tl1ese eclipses that w·e are furnished with accurate 
clata for the construction of tables of the satellites• 
motions, as well as with signals for determining differ
ences of longitude. 

( 459.) The eclipses of the satellites, in their general 
conception, are perfectly analogous to those of the 
moon, but in their detail they differ in several parti
culars. Owing to the much greater distance of Jupiter 
from the sun, and its greater magnitude, the cone of its 
shadow or umbra (art. 855.) is greatly more elongated, 
and of far greater dimension, than that of the earth. 
The satellites are, moreover, much less in proportion to 
their primary, their orbits less inclined to its ecliptic, 
and of (comparatively) smaller dimensions, than is the 
case ,vith the moon. Owing to these causes, the three 
interior satellites of Jupiter pass through the shadow, 
and are totally eclipsed, every revolution ; and the 
fourth, though, from the greater inclination of its orbit, 
it sometimes escapes eclipse, and may occasionally graze 
as it ,vere the border of the shadow, and suffer partial 
eclipse, yet this is comparatively rare, and, or<linatily 
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speaking, its eclipses happen, like those of the rest, earh 
revolution. 

( 460.) These eclipses, moreover, are not seen, as is the 
case with those of the moon, from the center of their 
motion, but fi-om a remote station, and one whose situ
ation ·with respect to the line of shado,v is variable. 
This, of coui-se, makes no difference in the times of the 
eclipses, but a very great one in their visibility, and in 
their apparent situations with respect to the planet at 
the moments of their entering and quitting the shadow. 

l, 

a 

( 461.) Suppose S to be the sun, E the earth in its orbit 
E F G I{, J Jupiter, and a b the orbit of one of its 
satellites. The cone of the shadow, then, will have its 
vertex at X, a point far beyond the orbits of all the 
satellites; and the penumbra, owing to the great distance 
of the sun, and the consequent smallness of the angle 
its disc subtends at Jupiter, will hardly extend, ,vitbin 
the limits of the satellites' orbits, to ·any perceptible 
distance beyond the shadow,- for which reaSon it is not 
represented in the figure. A satellite revolving from 
,vest to east ( in the direction of the arrows) will be 
eclipsed when it enters the shadow at a, but not sud
denly, because, like the moon, it has a considerable 
diameter seen from the planet; so that the time elapsing 
from the first perceptible loss of light to its total ex
tinction ,vill be that which it occupies in describing 
about Jupiter an angle equal to its apparent diameter 
as seen from the center of the planet, or rather some-

u 3 
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what more, by reason of the penumbra; and the same 
remark applies to its emergence at b. Now, o,ving to 
the difference of telescopes and of eyes, it is not possible 
to assign the precise moment of incipient obscuration, or 
of total extinction at a, nor that of the first glimpse of 
light falling on the satellite at b, or the complete re
covery of its light. The observation of an eclipse, then, 
in which only the immersion, or only the emersion, is 
seen, is incomplete, and inadequate to afford any precise 
information, theoretical or practical. But, if both the 
immersion and emersion can be observed with the same 
telesoop(), and by the same pe1·son, the interval of the 
times ·will give the duration, and their mean the exact 
middle of the eclipse, ,vhen the satellite is in the line 
S J X, i. e. the true moment of its opposition to the 
sun. Such observations, and such only, are of use for 
determining the periods and other particulars of the 
motions of the satellites, and for affording data of any 
material use for the calculation of terrestrial longitudes. 
The intervals of the eclipses, it ,vill be observed, give 
the synodic periods of the satellites' revolutions; from 
which their sidereal periods must be concluded by the 
method in art. 358. (note.) 

( 462.) It is evident, from a mere inspection of our 
figure, that the eclipses take place to the west of the 
planet, when the earth is situated to the ,vest of the 
line S J, i. e. before the opposition of J upiter; and to 
the east, when in the other half of its orbit, or after 
the opposition. When the earth approaches the op
position, the visual line becomes more and more nearly 
coincident with the direction of the shadow, and the 
apparent place where the eclipses happen will be con'
tinuall y nearer and nearer to the body of the planet. 
When the earth comes to F, a point determined by 
drawing b F to touch the body of the planet, the 
emersi,ons will cease to be visible, and ,vill thenceforth, 
to an equal distance on the other side of the opposition, 
happen behind the disc of the planet. When the earth 
arrives at G ( or H ) the immersion ( or emersion) will 
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happen at the very edge of the visible disc, and ,vhen be
tween G and H ( a very small space) the satellites will 
pass uneclipsed behind the limb of the planet. 

( 463.) "\.Vhen the satellite comes to 1n, its shadow ,vill 
be thrown on Jupiter, and will appear to move across 
it as a black spot till the satellite comes to n. But 
the satellite itself will 11ot appear to enter on the disc 
till it comes up to the line drawn from E to the eastern 
edge of the disc, and will not leave it till it attains a 
similar line drawn to the ,vestern edge. It appears 
then that the shadow will precede the satellite in its 
progress over the disc before the opposition, and vice 
versa. In these transits of the satellites, which, with 
very powerful telescopes, 1nay be observed with great 
precision, it frequently happens that the ·satellite itself 
is discernible on the disc as a bright spot if projecte<. 
on a dark belt; but occasionally also as a dark spot 
of smaller dimensions than the shado·w. This curious 
fact ( observed by Schroeter and Harding) has lccl to a 
conclusion that certain of the satellites have occasion
ally on thei1• o,vn bodies, or in their atmospheres, obscure 
spots of great extent. "'' e say of great extent; for the 
satellites of Jupiter, small as they appear to us, are 
really bodies of considerable size, as the following com
parative table will show." 

lllean apparent Diameter in !\Jass. t diameter. miles. 

Jupiter 8811·327 87000 1 ·0000000 
1st satellite l ·105 2508 0·0000173 
2d - 0·911 2068 0·0000232 
3d - l ·488 3377 0·0000885 
4th - l ·273 2890 0·0000427 

( 464.) An extremely singular relation subsists be
tween the mean angular velocities or 11iean motions (as 
they are termed) of the three first satellites of Juviter. 

• Struve, Mem. Ast. Soc. iii. 301. t Laplace, Mee. Col. !iv. viii. § <;n. 
u 4 
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If the mean angular velocity of the first satellite be 
added to twice that of the third, the sum will equal 
three times that of the second. From this relation it 
follows, that if from the mean longitude of the 'first 
added to twice that of the third, be subducted three 
times that of the second, the remainder will ahvays be 
the same, or constant, and observation informs us that 
this constant is 180°, or two right angles; so that, the 
situations of any two of them being given, that of the 
third may be found. It has been attempted to account 
for this remarkable fact, on the theory of gravity by their 
mutual action. One curious consequence is, that these 
three satellites cannot be all eclipsed at once; for, in con
sequence of the last-mentioned relation, when the second 
and third lie in the same direction from the centre, the 
first must lie on the opposite; and therefore, when the 
first is eclipsed, the other two 1nust lie between the 
sun and planet, throwing its shado,v on the disc, and 
vice versa. One instance only ( so far as we are aware) 
is on record ,vhen Jupiter has been seen without satel
lite.s; viz. by Molyneux, Nov. 2. ( old style) I 681. * 

( 465.) The discovery of Jupiter's satellites by Galileo, 
one of the first-fruits of the invention of the telescope, 
forms one of the most memorable epochs in the history 
of astronomy. The first astronomical solution of the 
great problem of " the longitude" - the most impor
tant for the interests of mankind which has ever been 
brought under the dominion of strict scientific principles, 
dates immediately from their discovery. The final and 
conclusive establishment of the Copernican system of 
astronomy may also be considered as referable to the 
discovery and study of this exquisite miniature system, 
in which the laws of the planetary motions, as ascer
tained by Kepler, and especially that which connects 
their periods and distances, \\'ere speedily traced, and 
found to be satisfactorily maintained. And (as if t<> 
accumulate historical interest on this point) it is to the 
observation of their eclipses that ,ve owe the grand dis-

* Molyneux, Optics, p. Zll. 



CHAP, IX, SUCCESSIVE TRANSMISSION OF LIGHT, 297 

covery of the aberration of light, and the consequent 
determination of the enormous velocity of that wonder
ful element. This we must explain now at large. 

( 466.) The earth's orbit being concentric ,vith that 
of Jupiter :and interior to it (see fig. art. 460.), their 
mutual distance is continually varying, the variation 
extending from the sum to the difference of the radii of 
the two orbits, and the difference of the greater and 
least distances being equal to a diameter of the earth's 
orbit. Now, it was observed by Roemer, (a Danish 
astronomer, in 1675,) on comparing together observ
ations of eclipses of the satellites during many succes9 

sive years, that the eclipses at and about the opposition 
of Jupiter ( or its nearest point to the earth) took place 
too soon-sooner, that is, than, by ,calculation from an 
average, he expected them ; ·whereas those which hap
pened when the earth ·was in the part of its orbit most 
remote from Jupiter were always too late. Connecting 
the observed error in their computed times with the 
variation of distance, he concluded, that, to make the 
calculation on an average period correspond with fact, 
an allowance in respect of time behoved to be made 
proportional to the excess or defect of Jupiter's distance 
from the earth above or belo,v its average amount, and 
such that a difference of distance of one diameter of 
the earth's orbit should correspond to 16m 26•·6 of 
time allowed. Speculating on the probable physical 
cause, he ·was naturally led to think of the gradual instead 
of an instantaneous propagation of light. This ex
plained every particular of the observed phenomenon, 
but the velocity required (192000 miles per second) 
was so great as to startle many, and, at all events, to 
require confirmation. This has been afforded since, 
and of the most unequivocal kind, by Bradley's dis
covery of the aberration of light (art. 275.). The 
velocity of light deduced from this last phrenomenon 
differs by less than one eightieth of its amount from 
that calculated from the eclipses, and even this differ-
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ence will no doubt be destroyed by nicer and more 
rigorously reduced observations. 

( 467.) The orbits of Jupiter's satellites are but 
little eccentric, those of the two interior, indeed, have 
no perceptible eccentricity; their mutual action pro
duces in them perturbations analogous to those of the 
planets about the sun, and ,vhich have been diligently 
investigated by Laplace and othe1·s. By assiduous ob
servation it has been ascertained that they are subject 
to marked fluctuations in respect of brightness, and that 
these fluctuations happen periodically, according to 
their position with respect to the sun. Fro1n this it 
has been concluded, apparently ·with reason, that they 
turn on their axes, like our moon, in periods equal to 
their respective sidereal revolutions about their primary. 

( 468.) The satellites of Saturn have been much less 
studied than those of Jupiter. The most distant is by 
far the largest, and is probably not much inferior to 
l\1ars in size. Its orbit is also materially inclined to 
the plane of the ring, with which those of all the rest 
nearly coincide. It is the only one of the number 
,vhose theory has been at all enquired into, further than 
suffices to verify Kepler's law of the periodic times, 
which holds good, mutatis rnutandis, and under the 
requisite reservations, in this as in the system of Jupiter. 
It exhibits, like those of Jupiter, periodic defalcations 
of light, which prove its revolution on its axis in the 
time of a sidereal revolution about Saturn. The next 
in order (proceeding in,varcls) is tolerably conspicuous ; 
the three next very minute, and requiring pretty power
ful telescopes to see them; while the two interior satel
lites, w·hich just skirt the edge of the ring, and move 
exactly in its plane, have never been discerned but with 
the most powerful telescopes which human art has yet 
constructed, and then only under peculiar circumstances. 
At the time of the disappearance of the ring ( to ordi
nary telescopes) they have been seen~ threading like beads 

. * By my Father, in 1789, with a reflecting telescope {our feet in aperture. 



CHAP, IX, SATELLITES OF URANUS, :zgg 

the almost infinitely thin fibre of light to which it is then 
reduced, and for a short time advancing off it at either 
end, speedily to return, and hastening to their habitual 
concealment. Owing to the obliquity of the ring, and 
of the orbits of the satellites to Saturn's ecliptic, there 
are no eclipses of the satellites ( the interior ones ex
cepted) until near the time when the ring is seen 
edgewise. 

( 469.) With the exception of the two interior satel
lites of Saturn, the attendants of Uranus are the most 
difficult objects to obtain a sight of, of any in our 
system. Two undoubtedly exist, and four more have 
been suspected. These two, however, offer remarkable 
and, indeedJ quite unexpected and unexampled pecu
liarities. Contrary to the unbroken analogy of the 
·whole planetary system-whether of primaries or se
condaries-the planes of their orbits are nearly per
pendicula1· to the ecliptic, being inclined no less than 
78° 581 to that plane, and in these orbits their motions 
are retrograde; that is to say, their positions, when pro
jected on the ecliptic, instead of advancing from west to 
east round the center of their primary, as is the case 
·with every other planet and satelliteJ move in the oppo
site direction. Their orbits are nearly or quite circular, 
and they do not appear to have any sensible, or, at 
least, any rapid motion of nodes, or to have undergone 
any material change of inclination, in the course, at 
least, of half a revolution of their primary round the 
sun.* 

* These anomalous peculiarities, which seem to occur at the extreme 
limits of our system, as if to prepare us for further departure from all its 
analogies, in other systems which may yet be disclosed to us, have hitherto 
rested on the sole testimony of their discoverer, who alone had ever ob
tained a view of them. I am happy to he able, from my own observations 
from 1828 to tine present time, to confirm in the amplest manner my 
Father's re~ults. -Autlwr. 

• 
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CHAP. X. 

OF COlIETS. 

GA.RAT NUl.\lBER. OF R.l!CORDED COMETS. -THI! NUMBER. OF UN• 

RECORDED PROBABLY MUCH GR:EATER. -DESCRIPTION OF A 

COllET. -CQl!ET$ WITHQIJT TAILS. - INCREA$E AND DECAY OF 

THllIB. TAILS. -THEIR. MOTIONS. - SUBJECT TO THE GF.NERAL 

• LAWS OF PLANE'rARY ll1OT1ON.-ELEMENTS OF THEIR, OR.BITS, 

-PElUODIC RETURN OF CERTAIN CO)lETS. - RALLEY'S, -

ENCKE'S.-Jl!ELA's, - Dn{ENSIONS OF COMETS. -THEIR. RE

SISTANCJ-: llY THE l!THER., GRADUAL DECAY, AND POSSIBLE 

DISPERSION nr SPACE. 

( 470.) 'l'nE extraordinary aspect of comets, their rapid 
and seemingly irregular motions, the unexpected man
ner in ,vhich they often burst upon us, and the imposing 
magnitudes ·which they occasionally assume, have in all 
ages rendered them objects of astonishment, not unmixed 
with superstitious dread to the uninstructed, and an 
enigma to those most conversant ,vith the wonders of 
creation .and the operations of natural causes. Even 
now, that ,ve have ceased to regard their movements as 
irregular, or as governed by other laws than those which 
retain the planets in their orbi~ 'their intimate nature, 
and the offices they perform in the economy of our 
system, are as much unknown as ever. No rational 
or even plausible account has yet been rendered of those 
immensely voluminous appendages ,vhich they bear about 
with them, and which are known by the name of their 
tails, ( though improperly, since they often precede them 
in their motions,) any more than of several other singu
larities which they present. 

( 471.) The number of comets which have been astro
nomically observed, or of which notices have been recorded 
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in history, is very great, amounting to several hundreds*; 
and when ·we consider that in the earlier ages of astro
nomy, and indeed in more recent times, before the inven
tion of the telescope, only large and conspicuous ones 
were noticed ; and that, since due attention has been paid 
to the subject, scarcely a year bas passed without the 
observation of one or two of these bodies, and that some
times two and even three have appeared at once; it will 
be easily supposed that their actual number must be at 
least many thousands. l\1ultitudes, indeed, must escape 
all observation, by reason of their paths traversing only 
that part of the heavens which is above the horizon in the 
daytime. Comets so circumstanced can only become 
visible by the rare coincidence of a total eclipse of the • 
sun,-a coincidence which happened, as related by Seneca, 
60 years before Christ, when a large comet was actu-
ally observed very near the sun. Several, however, 
stand on record as having been bright enough to be 
seen in the daytime, even at noon and in bright sun-
shine. Such were the comets of 1402 and 1532, and 
that ,vhich appeared a little before the assassination of 
Ciesar, and. was (afterwards) supposed to have pre-
dicted his death. 

( 472.) That feelings of awe and astonishment should 
be excited by the sudden and unexpected appearance of 
a great comet, is no way surprising ; being, in fact, ac
cording to the accounts we have of such events, one of 
the most brilliant and imposing of all natural phieno
mena. Comets consist for the most part of a large 
and splendid but ill defined nebulous mass of light, called 
the head, which is usually much brighter towards its 
center, and offers the appearance of a vivid nucleus, like 
a star or planet. From the head, and in a direction oppo
site to that in which the sun is situated from the comet, 

• See catalogues in the Almagest of Riccioli ; Pingr~•s Cometographia; 
Dclambrc's Astron. vol. iii.; .'\.dtroncmischc Abhandlungen, No. J. (which 
contains the elements or all the orbits of comets which have been computed 
to the tim~ of its publication, 1823) ; also, a catalogu~ now in progres~ by 
the Rev. 1. J. Hussey. Lond. & :E!d. Plul. Ma)!:. vol. 11. No. 9. et seq. m a 
list cited by Lalande from tile 1st vol. of tile fables de Ilerlin, 700 comets 
are enumerated 



302 A TREATISE ON ASTRONOJIIY, CHAP, X, 

appear to diverge two streams of light, which grow 
broader and more diffused at a distance from the head, 
and ,vhich sometimes close in and unite at a little distance 
behind it., sometimes continue distinct for a great part of 
their course ; producing an effect like that of the trains 
left by some bright meteors, or like the diverging fire 
of a sky-rocket ( only without sparks or perceptible 
motion). This is the tail. This magnificent appendage 
attains occasionally an immense apparent length. Aris
totle relates of the tail of the comet of 371 A, c., that it 
occupied a third of the hemisphere, or 60°; that of A. D, 

I 618 is stated to have been attended by a train no less 
than 104° in length. The comet of 1680, the most ce
lebrated of modern times, and on many accounts the 
most remarkable of all, ·with a head not exceeding in 
brightness a star of the second magnitude, covered with 
its tail an extent of more than 70° of the heavens, or, 
as some accounts state, 90°. The figure (fig. 2., 
Plate II.) is a very correct representation of the comet of 
1819-by no means one of the most considerable, but 
the latest which bas been conspicuous to the naked eye. 

( 47 S.) The tail is, however, by no means an invariable 
appendage of comets. Many of the brightest have been 
observed to have short and feeble tails, and not a few have 
been entirely without them. Those of 1585 and 1763 
offered no vestig.e of a tail; and Cassini describes the 
comet of 1682 as being as round and as bright as Ju
piter. On the other hand, instances are not wanting of 
comets furnished ,vith many tails or strean1s of diverging 
light. 'fhat of 1744 had no less than six, spread out 
like an immense fan, extending to a distance of nearly 
30° in length. The tails of comets, too, are often curved, 
bending, in general, towards the :region ,vhich the comet 
has left, as if moving somewhat more slo,vly, or as if 
resisted in their course. 

( 4 7 4.) The smaller comets, such as are visible only in 
telescopes, or with difficulty by the naked eye, and which 
are by far the most numerous, offer very frequently no 
appearance of a tail, and appear only as round or some-
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what oval vaporous masses, more dense towards the center, 
where, however, they appear to have no distinct nucleus, 
or any thing which see1ns entitlecl to be considered as a 
solid body. Stars of the smalltst magnitudes remain dis
tinctly visible, though covered by ,vhat appears to be the 
densest portion of their substance ; although the same 
stars would be completely obliterated by a moderate fog, 
extending only a few yards from the surface of the 
earth. And since it is an observed fact, that even those 
larger comets which have presented the appearance of a 
nucleus have yet exhibited no phases, though ,ve cannot 
doubt that they shine by the reflected solar light, it follows 
that even these can only be regarded as great masses 
of thin vapour, susceptible of being penetrated through 
their whole substance by the sunbea1ns, and reflecting 
them alike from their interior parts and from their sur
faces. Nor will any one regard this explanation as 
forced, or feel disposed to resort to a phosphorescent 
quality in the comet itself, to account for the phreno
mena in question, when we consider (what will be 
hereafter shown) the enormous magnitude of the space 
thus illuminated, and the extremely small mass which 
there is ground to attribute to these bodies. It will then 
be evident that the n1ost unsubstantial clouds which float 
in the highest regions of our atmosphere, and seem at 
sunset to be drenched in light, and to glow throughout 
their whole depth as if in actual ignition, without any 
shadow 01· dark side, must be looked upon as dense and 
massive bodies compared with the filrny and all but 
spiritual texture of a comet. Accordingly, ,vbenever 
powerful telescopes have been turned on these bodies, 
they have not failed to dispel the illusion which attri
butes solidity to that more condensed part of the head, 
which appears to the naked eye as a nucleus; though 
it is true that in some, a very minute stellar point has 
been seen, indicating the existence of a solid body. 

( 47 5.) It is in all probability to the feeble coercion of 
the elastic power of their gaseous parts, by the gravitation 
of so small a central mass, that ,ve must attribute this 
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extraordinarydevelopement of the atmospheres of comets. 
If the earth, retaining its present size, were reduced, by 
any internal change ( as by hollowing out its central 
parts) to one thousandth part of its actual mass, its 
coercive po,ver over the ·atmosphere would be dimi
nished in the same proportion, and in consequence the 
latter ·would expand to a thousand times its actual bulk; 
and indeed much rnore, owing to the still farther dimi
nution of gravity, by the recess of the upper parts from 
the center. 

( 476.) That the luminous part of a comet is something 
in the nature of a smoke, fog, or cloud, suspended in a 
transparent atmospher~, is evident from a fact which has 
been often noticed, viz.-that the portion of the tail 
where it comes up to, and surrounds the head, is yet 
separated from it by an interval less luminous, as if sus
tained and kept off from contact by a transparent stratum, 
as ,ve often see one layer of clouds laid over another 
,vith a considerable clear space between. These, and most 
of the other facts observed in the history of comets, 
appear to indicate that the structure of a comet, as seen 
in section in the direction of its length, must be that of 
a hollow· envelope, of a parabolic form, enclosing near its 
vertex the nucleus and head, something as represented 
in the annexed figure. This would account for the ap-

parent division of the tail into two principal lateral 
branches, the envelope being oblique to the line of sight 
at its borders, and therefore a greater depth of illu
minated matter being there ex posed to the eye. In 
all probability, ho,vever, they admit great varieties of 
structure, and among them may very possibly be bodies 
of widely different physical constitution . 

• 
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( 477.) We come now to speak of the motions of co
mets. These are apparently most irregular and capricious. 
Sometimes they remain in sight for only a few days, at 
others for many months; some 1nove witlt extreme 
slowness, others with extraordinary velocity ; while 
not unfrequently, the two extremes of apparent speed 
are exhibited by the same comet in different parts of its 
course. Tbe comet of 1472 described an arc of the 
heavens of 120° in extent in a single day. Some pursue 
a direct, some a retrograde, and others a tortuous and 
very irregular course ; nor do they confine themselves, 
like the planets, within any certain region of the heavens, 
but traverse indifferently every part. 'fheir variations 
in apparent size, during the time they continue visible, 
are no less remarkable than those of their velocity : 
sometimes they make their first appearance as faint and 
slow moving objects, ,vith little or no tail ; but by de
grees accelerate, enlarge, and throw out from them this 
appendage, ,vhich increases in length and brightness till 
( as always happens in such cases) they approach the sun, 
and are lost in his beams. After a time they again 
emerge, on the other side, receding from the sun with a 
velocity at first rapid, but gradually decaying. It is 
after thus passing the sun, and not till then, that they 
shine forth in all their splendour, and that their tails 
acquire their greatest length and developement; thus 
indicating plainly the action of the sun's rays as the ex
citing cause of that extraordinary emanation. As they 
continue to recede from the sun, their motion diminishes 
and the tail dies away, or is absorbed into the head, 
,vhich itself grows continually feebler, and is at length 
altogether lost sight of, in by far the greater number of 
cases never to be seen more. 

( 478.) Without the clue furnished by the theory of 
gravitation, the enigma of these seemingly irregular and 
capricious movements might have remained for ever un
resolved. But Newton, having demonstrated the pos
sibility of any conic section ,vhatever being described 
about the sun, by a body revoh•ing under the dominion 

X 
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of that law, immediately perceived the applicability of 
the general proposition to the case of cometary orbits : 
and the great comet of 1680, one of the most remark
able on record, both for the immense length of its tail 
and for the excessive closeness of its approach to the 
sun ( within one sixth of the diameter of that luminary), 
afforded him an excellent opportunity for the trial of 
his theory. The success of the attempt was complete. 
He ascertained that this comet described about the sun 
as its focus an elliptic orbit of so great an excentricity 
as to be undistinguishable from a parabola, ( which is 
the extreme, or limiting form of the ellipse when the 
axis becomes infinite,) and that in this orbit the areas 
described about the sun were, as in the planetary ellipses, 
proportional to the times. The representation of the 
apparent motions of this comet by such an orbit, 
throughout its whole observed course, ·was found to be 
as complete as those of the motions of the planets 
in their nearly circular paths. From that time it be
came a received truth, that the motions of comets are 
regulated by the same general laws as those of the 
planets, - the difference of the cases consisting only in 
the extravagant elongation of their ellipses, and in the 
absence of any limit to the inclinations of their planes 
to that of the ecliptic, - or any general coincidence in 
the direction of their motions from ,vest to east, rather 
than from east to west, like what is observed among the 
planets. 

(479-) It is a problem of pure geometry, from the 
general laws of elliptic or parabolic motion, to find the 
situation and dimensions of the ellipse or parabola ·which 
shall represent the motion of any given comet. In ge
neral, three complete observations of its right ascension 
and declination, with the times at which they ,vere 
made, suffice for the solution of this problem, (which is, 
however, a very difficult one,) and for the determination 
of the elements of the orbit. 1'hese consist, mutatis 
rnutandis, of the same data as are required for the com
putation of the motion of a planet; and, once deter-
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mined, it becomes very easy to compare them with the 
,vhole observed course of the comet, by a process ex
actly similar to that of art. 426., and thus at once to 
ascertain their correctness, and to put to the severest 
trial the truth of those general laws on which all such 
calculations are founded. 

( 480.) For the most part, it is found that the motions 
of comets may be sufficiently well represented by para
bolic orbits,-that is to say, ellipses whose axes are of 
infinite length, or, at least, so very long that no appre
ciable error in the calculation of their motions, during all 
the time they continue visible, ,vould be incurred by 
supposing them actually infinite. The parabola is that 
conic section which is the limit between the ellipse 
on the one hand, which returns into itself, and the 
hyperbola on the other, which runs out to infinity. 
A comet, therefore, which should describe an elliptic 
path, however long its axis, must have visited the sun 
before, and must again return ( unless disturbed) in some 
determinate period, - but should its orbit be of the hy
perbolic character, when once it had passed its peri~ 
helion, it could never more return within the sphere of 
our observation, but must run off to visit other systems, 
or be lost in the immensity of space. A very few comets 
have been ascertained to move in hyperbolas, but many 
more in ellipses. T~ese then, in so far as their orbits 
can remain unaltered by the attractions of the planets, 
must be regarded as pern1anent members of our system. 

(481.) The most remarkable of these is the comet of 
H alley, so called from the celebrated Edmund Halley, 
·who, on calculating its elements from its perihelion pas
sage in 1682, when it appeared in great splendour, witlr 
a tail 30° in length, ,vas led to conclude its identity with 
the great comets of 1581 and 1607, whose elements he 
had also ascertained. The intervals of these successive 
apparitions being 75 and 76 years, Halley ,vas encou
raged to p1·edict its re-appearance about the year 1759, 
So remarkable a prediction could not fail to attract the 
attention of all astronomers, and, as the time approached, 
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it became extremely interesting to know whether the 
attractions of the larger planets might uot materially in
terfere ·with its orbitual motion. 'Jhe computation of 
their influence from the Newtonian la,v of gravity, a 
most difficult and intricate piece of calculation, was un
dertaken and accomplished by Clairaut, who found that 
the action of Saturn ,vould retard its return by 100 
days, and that of Jupiter by no less than 518, making 
in all 618 days, by ,vhich the expected return would 
happen later than on the supposition of its retaining au 
unaltered period,-and that, in short, the time of the 
expected perihelion passage would take place within a 
month, one ,vay or other, of the middle of April, 1759. 
- It actually happened on the 12th of March in that 
year. Its next return to the perihelion has been calcu
lated by Messrs. Damoiseau and Pontecoulant, and 
fixed by the former on the fourth, and by the latter on 
the seve11th of November, 1835, about a month or six 
,veeks before which time it may be expected to become 
visible in our hemisphere; and, as it ,vill approach 
pretty near the earth, ,vill very probably exhibit a bril
liant appearance, though, to judge from the successive 
degradations of its apparent size and the length of its 
tail in its several returns since its first appearances on 
record, (in 1305, 1456, &c.) we a.re not.now to expect any 
of those vast and awful phrenomena which threw our re
mote ancestors of the middle ages into agonies of supersti
tious terror, and caused public prayers to be put up in the 
churches against the comet and its malignant agencies. 

( 482.) More recently, two comets have been especially 
identified as having performed several revolutions about 
the sun, and as having been not only observed and re
corded in preceding revolutions, without knowledge of 
this remarkable peculiarity, but have had already several 
times their returns predicted, and have scrupulously 
kept to their appointments. The first of these is the 
comet of Encke, so called from Professor Encke, of Ber
lin, who first ascertained its periodical return. It re
volves in an ellipse of great exoontricity, inclined at an 

• 
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angle of about 13° 22' to the plane of the ecliptic, and 
in the short period of 1207 days, or about 3¼ years. 
This remarkable discovery was made on the occasion of 
its fourth recorded appearance, in 1819. From the ellipse 
then calculated by Encke, its return in 1822 was pre
dicted by him, and observed at Paramatta, in Ne,v South 
1·Vales, by l\,l. Riimker, being invisible in Europe: since 
,vhich it has been re-predicted, and re-observed in all the 
principal observatories, both in the northern and southern 
hemispheres, in 1825, 1828, and 1832. Its next re
turn will be in 1835. 

( 483.) On comparing the intervals between the suc
cessive perihelion passages of this comet, after allowing 
in the most careful and exact manner for all the dis
turbances due to the actions of the planets, a very sin
gular fact has come to light, viz. that the periods are 
continually diminishing, or, in other ,vords, the mean 
distance from the sun, or the major axis of the ellipse, 
d,vindling by slow but regular degrees. This is evi
dently the effect wh'ich woulcl be produced by a resist
ance experienced by the comet from a very rare ethereal 
medium pervacling the regions in ,vhich it moves; for 
such resistance, by diTninishing its actual velocity, ,vould 
diminish also its centrifugal force, and thus give the sun 
more po,ver over it to draw it nearer. Accordingly (no 
other mode of accounting for the phrenomenon in 
question appearing), this is the solution proposed by 
Encke, and generally received. It "'ill, therefore, pro
bably fall ultimately into the sun, should it not first be 
dissipated altogether, -a thing no \vay improbable, 
when the lightness of its materials is considered, and 
,vhich seems authorised by the observed fact of its having 
been less and less conspicuous at each re-appearance. 

( 484.) The other comet of short pei-iod which has 
lately been discovered is that of Biela, so called from 
l\I. Biela, of Josephstadt, who first arrived at this in
teresting conclusion. I t is identical with comets which 
appeared in 1789, 1795, &c., and describes its mode~ 
rately excentric ellipse about the sun in 6¾ years; and 
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the last apparition having taken place according to the 
prediction in 1832, the next ·will be in 1838. It is 
a small insignificant comet, without a tail, or any ap
pearance of a solid nucleus ·whatever. Its orbit, by 
a remarkable coincidence, very nearly intersects that of 
the earth ; and had the latter, at the time of its passage 
in 1832, been a month in advance of its actual place, it 
,vould have passed through the comet, - a singular ren
contre, perhaps not unattended with danger.• 

( 485.) Comets in passing among and near the planets 
are materially drawn aside from their courses, and in 
some cases have their orbits entirely changed. This 
is rema1·kably the case with Jupiter, which seems by 
some strange fatality to be constantly in their way, 
and to serve as a perpetual stumbling block to them. 
In the case of the remarkable comet of l 770, which 
,vas found by Lexell to revolve in a moderate ellipse in 
the period of about 5 years, and ,vhose return " 'as pre
dicted by him accordingly, the prediction was tlis
appointed by the comet actually getting entanglecl 
among the satellites of Jupiter, and being com
pletely thrown out of its 01·bit by the attraction of that 
planet, and forced into a much larger ellipse. By this 
extraordinary rencontre, the m(}tions of the satellites suf
fe1·ed not the least pe1·ceptible de1·angement,-a sufficient 
proof of the smallness of the comet's mass. 

( 486.) It remains to say a few words on the actual 
dimensions of comets. The calculation of the diameters 
of their heads, and the lengths and breadths of their tails., 

* Should calculation establish the fact of a resistance experienced also 
by this comet, the subject of periodical comets will assume an extraordinary 
degree of interest. Jt cannot be doubted tbat many more will be discovered, 
and by their resistance questions will come to be decided, such as the 
following : - \Vhat is the law of density of the resisting medium which 
surrounds the sun? Is it at rest or in motion~ lf the latter, in what di
rection does it move? Circularly round the sun, or traversing space? U" 
circularly in what plane? It is obvious that a circular or vorticose motion 
of the ether would accelerate some comt'fs and ,·etard others, according 
as their r,evolution was, relative to such motion, direct or retrograde. Sup.
posing the neighbourhood of the sun to be filled with a material fluid, it is 
not conceivable that the circulation of the planets in it for ages should noit 
have impressed upon it some degree of rotation in their own direction. 
And this may preserve them from tile extreme effects of accumulated rc
iistance. -Author. 
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offers not the slightest difficulty when once the elements 
of their orbits are known, for by these we know their real 
distances from the earth at any time, and the true direc
tion of the tail, which we see only foreshortened. Now 
calculations instituted on these principles lead to the 
surprising fact, that the comets are by far the most 
voluminous bodies in om· system. The following are 
the dimensions of some of those which have been made 
the subjects of such enquiry. 

( 487.) The tail of the great comet of I 680, imme
diately after its perihelion passage, "'as found by New
ton to have been no less than .20000000 of leagues in 
length, and to have occupied only two days in its emis
sion from the comet's body! a decisive proof this of its 
being darted forth by so1ne active force, the origin of 
which, to judge from the direction of the tail, must be 
sought in the sun itself. Its greatest length amounted 
to 41000000 leagues, a length much exceeding the 
·whole interval between the sun and earth. The tail of 
the comet of I 769 extended 16000000 leagues, and 
that of the great comet of 1811, 86000000. The 
portion of the head of this last comprised within the 
transparent atmospheric envelope ,vhich separated it 
from the tail was 180000 leagues in diameter. It is 
hardly conceivable that matter once projected to such 
enormous distances should ever be collected again by 
the feeble attraction of such a body as a comet - a 
consideration ,vhich accounts for the rapid progres
sive diminution of the tails of such as l1ave been fre
quently obse1·ved. 

( 488.) A singular circumstance has been remarked 
respecting the change of dimensions of the comet of 
Encke in its progress to and retreat from the sun: viz. 
that the real diameter of the visible nebulosity under
goes a rapid contraction as it approaches, and an equally 
rapid dilatation as it recedes from the sun. 1\,1. V alz, 
who, among others, had noticed this fact, has accounted 
for it by supposing a real compression or condensation 
of volume, owing to the pressure of an ethereal medium 
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growing more dense in the sun's neighbourhood. It is 
very possible, however, that tl1e change may consist in no 
real expansion or condensation of volume (further than 
is due to the convergence or divergence of the different 
parabolas described by each of its molecules to or from 
a common vertex), but may rather indicate the alternate 
conversion of evaporable materials in the upper 1·egions 
of a transparent atmosphere, into the states of visible 
cloud and invisible gas, by the 1nere effects of heat and 
cold. But it is time to quit a subject so mysterious, 
and open to such endless speculation. 
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( 489.) IN the progress of this ,vork, we have more 
than once called the reader's attention to the existence 
of inequalities in the lunar and planetary motions not 
included in the expression of Kepler's laws, but in some 
sort supplementary to them, and of an order so far 
subordinate to those leading features of the celestial 
move1nents, as to require, for their detection, nicer ob
servations, a.nd longer continued comparison between 
facts and theories, than suffice for the establishment and 
verification of the elliptic theory. These inequalities 
a.re known, in physical astronomy, by the name of per
turbations, They arise, in the case of the primary 
planets, from the mutual gravitations of these planets 
towards each other, which derange their elliptic motions 
round the sun; and in that of the secondaries, partly 
from the mutual gravitation of the secondaries of the 
same syste1n similarly deranging their elliptic motions 
round their common primary, and partly from the un
equal attraction of the sun on them and on their pri
mary. 'fhese perturbations, although small, and, in 
most instances, insensible in short intervals of time, 
yet, ,vben accumulated, as some of them may become, 
in the lapse of ages, alter very greatly the original 
elliptic relations, so as to render the same elements of 
the planetary orbits, ,vhich at one epoch represented 
perfectly ·well their movements, inadequate and unsatis
factory after long intervals of time. 

( 490.) '\-Vben Newton first reasoned his way fro1n 
the broad features of the celestial motions, up to the 
law of universal gravitation, as affecting all matter, and 
rendering every particle in the universe subject to the 
influence of every other, he ·was not unaware of the 
modifications which this generalization would induce 
into the results of a more partial and limited appli
cation of the same law to the revolutions of the planets 
about the sun, ancl the satellites about their prin1aries, 
as their only centers of attraction. So far from it, that 
his extraordinary sagacity enabled him to perceive very 
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distinctly ho,v several of the most important of the 
lunar inequalities take their origin, in this more general 
Yvay of conceiving the agency of the attractive po,ver, 
especially the retrograde motion of the nodes, and the 
direct revolution of the apsides of her orbit. And if 
he did not extend his investigations to the mutual per
turbations of the planets, it was not for want of per
ceiving that such perturbations must exist, and ,night 
go the length of producing great derangements from the 
actual state of the system, but o,ving to the then unde
veloped state of the practical part of astronomy, which 
had not yet attained the precision requisite to make 
such an attempt inviting, or indeed feasible. ,vhat 
Newton left undone, however, his successors have ac
complished ; and, at this clay, there is not a single 
perturbation, great or small, which observation has ever 
detected, which has not been traced up to its origin in 
the mutual gravitation of the parts of our system, and 
been minutely accounted for, in its numerical amount 
and value, by strict calculation on Newton's principles. 

( 4•9 l.) Calculations of this nature require a very 
high analysis for their successful performance, such as is 
far beyond the scope and object of this ,vork to attempt 
exhibiting. The reader who ,vould master them must 
prepare himself for the undertaking by an extensive 
course of preparatory study, and must ascend by steps 
·which we must not here even digress to point out. It 
will be our object, in this chapter, ho,vever, to give some 
general insight into the nature ancl manner of operation 
of the acting forces, and to point out what are the cir
cumstances which, in some cases, give them a high 
degree of efficiency-a sort of Jju?·chase on the balance 
of the system; while, in othel's, ,vith no less amount 
of intensity, their effective agency in producing exten
sive an<l lasting changes is compensated or rendered 
abortive ; as ,veII as to explain the nature of those ad
mirable results respecting the stability of our system, to 
which the researches of geometers have conducted them; 
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and which~ under the form of mathematical theorems of 
great beauty, simplicity, and elegance, involve the his
tory of the past and future state of the planetary orbits 
during ages, of which, contemplating the subject in this 
point of view, we neither perceive the beginning nor the 
end. 

( 492.) 1V ere there no other bodies in the universe 
but the sun and one planet, the latter ,vould describe an 
exact ellipse about the former ( or both round their 
common centers of gravity), and continue to perform its 
l"evolutions in one and the same oribit for ever ; but the 
moment ,ve add to our combination a third body, the 
attraction of this will draw both the former bodies out 
of their mutual orbits, and, by acting on them un
equally, will disturb their relation to each other, and put 
an end to the rigorous and mathematical exactness of 
their elliptic motions, either about one another or about 
a fixed point in space. From this way of propounding 
the subject, we see that it is not the whole attraction of 
the newly introduced body which produces perturbation, 
but the difference of its attractions on the two originally 
present. 

( 493.) Compared to the sun, all the planets are of 
extreme minuteness; the mass of Jupiter, the greatest 
of them atl, being not more than one 1300th part that 
of the sun. 'fheir attractions on each other, therefore, 
are all very feeble, compared with the presiding central 
power, and the effects of their disturbing forces are 
proportionally minute. In the case of the secondaries, 
the chief agent by which their motions are deranged is 
the sun itself, ,vhose mass is indeed great, but whose 
disturbing influence is immensely diminished by their 
near proximity to their primaries, compared to their 
distances from the sun, which renders the difference of 
attractions on both extremely small, compared to the 
whole amount. In this case, the greatest part of the 
sun's attraction, viz. that which is co1nmon to bot!}, is 
exerted to retain both primary and secondary in their 
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common orbit about itself, and prevent their parting 
company. The small overplus of force only acts as a 
disturbing power. 'fhe mean value of this overplus, 
in the case of the moon disturbed by the sun, is calcu
lated by Newton to amount to no higher a fraction 
than onfooo of gravity at the earth's surface, or 1-/ro of 
the principal force which retains the moon in its orbit. 

( 494,) From this extreme minuteness of the inten
sities of the disturbing, compared to the principal 
forces, and the consequent smallness of their momenta1·y 
effects, it happens that we can estimate each of these 
effects separately, as if the others did not take place, 
·without fear of inducing error in our conclusions be
yond the limits necessarily incident to a first approxi. 
mation. It is a principle in mechanics, immediately 
flowing from the primary relations between forces and 
the motions they produce, that when a number of very 
minute forces act at once on a system, their joint effect 
is the sum or aggregate of their separate effects, at least 
,vithin such limits, that the original relation of the 
parts of the system shall not have been materially 
changed by their action. Such effects supervening on 
the greater movements due to the action of the primary 
forces may be compared to the small ripp1ings caused 
by a thousand varying breezes on the broad and re
gular s,vell of a deep and rolliug ocean, which run on 
as if the surface ·were a plane, and ~ross in all di
rections, without interfering, each as if the other hacl 
no existence. It is only ,vhen their effects become 
accumulated in lapse of time, so as to alter the pri
mary relations or data of the system that it becomes 
necessary to have especial regard to the changes cor
respondingly introduced into the estimation of their 
momentary efficiency, by w·hich the 1·ate of the subse
quent changes is affected, and periou.s or cycles of 
immense length take their origin. From this consi
deration arise some of the most curious theories of 
physical astronomy. 
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(495.) Hence it is evident, that in estimating the 
disturbing influence of several bodies forming a system, 
in which one has a remarkable preponderance over all the 
rest, we need not embarrass ourselves with combinations 
of the disturbing powers one among another, unless 
·where immensely long periods are concerned; such as 
consist of many thousands of revolutions of the bodies 
in question about their common centers. So that, in 
effect, the problem of the investigation of the pertul"b
ations of a system, however numerous, constituted as 
ours is, reduces itself to that of a system of three bodies : 
a predominant central body, a disturbing, and a dis
turbed; the two latter of which may exchange deno
minations, according as the motions of the one or the 
other are the subject of enquiry. 

( 496.) The intensity of the disturbing force is con
tinually varying, according to the relative situation of 
the disturbing and disturbed body ,vith respect to the 
sun. If the attraction of the disturbing body 1\1, on 
the central body S, and the disturbed body P, (by 
which designations, for brevity, ,ve shall hereafter indi
cate them,) were equal, and acted in parallel lines, 
,vhatever might otherwise be its law of variation, there 
,vould be no deviation caused in the elliptic motion of P 
about S, or of each about the other. The case woulcl 
be strictly that of art. 385.; the attraction of l\'1, so cir
cumstanced, being at every mo1nent exactly analogous 
in its effe..:ts to terrestrial gravity, which acts in parallel 
lines, and is equally intense on all bodies, great and 
small. But this is not the case of nature. , Vhatever 
is stated in the subsequent article to that last cited, of 
the disturbing effect of the sun and moon, is, mutatis 
mutandis, applicable to every case of perturbation ; and 
it must be now our business to enter, somewhat more 
in detail, into the general heads of the subject there 
merely hinted at. 

(497-) We shall begin ,vith that part of ,the dis
turbing force which tends to dra,v the disturbed body 
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out of the plane in ,vhich its orbit would be performed 
if undisturbed, and, by so doing, causes it to describe a 
curve, of which no two adjacent portions lie in one 
plane, or, as it is called in geometry, a curve of double 
curvature. Suppose, then, A P N to be the orbit which 
P ,vould describe about S, if undisturbed, and suppose 
it to arrive at P, at any instant of time, and to be 
about to describe in the next instant the undisturbed 
arc Pp, which, prolonged in the direction of its tan
gent Pp R, will intersect the plane of the orbit l\i L of 
the dist111rbing body, somewhere in the line of nodes 
S L, suppose in R. This ,vould be the case if l\i ex
erted no disturbing power. But suppose it to do so, 
then, sin-ce it draws both Sand P towards it, in directions 
not coincident with the plane of P's orbit, it ,vill cause 
them both, in the next instant of ti1ne, to quit that 
plane, but unequally : - first, because it does not draw 
them both in parallel lines ; secondly, because they, 
being unequally distant from M, are unequally attracted. 
by it, by reason of the general law of gravitation. 
Now, it is by the difference of the xnotions tbus gene
rated that the relative orbit of P about S is changed ; 
so that, if ,ve continue to refer its motion to S as a 
fixed center, the disturbing part of the impulse which 
it receives from 1\1 will impel it to deviate from the 
plane P SN, and describe in the next instant of time, 
not the arc Pp, but an arc P q, lying either above or 
below Pp, according to the preponderance of the forces 
exerted by M on P and S. 

( 498.) The disturbing 
force acts in the plane of the 
triangle S P ~1, and may be 
considered as resolved into 
two; one of which urges P 
to or from S, or along the 
line S P, and, therefore, in
creases or diminishes, in so 
far as it is effective, the di-

\ 
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rect attraction of S or P ; the ot11er along a line 
PI{, parallel to S 1\1, and which may be regarded 
as either pulling P in the direction P I(, or pushing 
it in a contrary direction; these terms being well un~ 
derstood to have only a relative meaning as referring 
to a supposed fixity of S, and transfer of the whole 
effective power to P. The former of these forces, 
acting always in the plane of P's motion, cannot tend 
to urge it out of that plane: the latter only is so 
effective, and that not wholly; another 1·esolution of 
forces being needed to estimate its effective part. But 
with this we shall not concern ourselves, the object here 
proposed being only to explain the manner in ,vhich the 
motion of the nodes arises, and not to estimate its 
amount. 

(4•99-) In the situation, or configuration, as it is 
termed, represented in the figure, the force, in the di
rection PK, is a pulling force ; and as P I<, being pa
rallel to S .i\f, lies below the plane of P' s orbit ( taking 
that of M's orbit for a ground plane), it is clear that the 
disturbed arc P q, described in the next moment by P, 
must lie below Pp. ,¥hen prolonged, therefore, to in
tersect the plane of l\fs orbit, it will meet it in a point 
1·, behind R, and the line S 1·, which will be the line of 
intersection of the plane S P q, (no,v, for an instant, 
that of P's disturbed motion,) or its new line of podes, 
,vill fall behind S R, the undisturbed line of nodes ; that 
is to say, the line of nodes will have ret1·ograded by the 
angle R S 1·, the motions of P and M being regarded as 
direct. 

( 500.) Suppose, now, M to lie to the left instead of 
the right of the line of nodes, P retaining its situation, 
then ,vill the disturbing force, in the direction P I<, tend 
to 1·aise P out of its orbit, to throw P q above Pp, and 
1· in advance of R. In this configuration, then, the 
node will advanee ; but so soon as P passes the 
node, and comes to the lower side of l\1's orbit, although 
the same disposition of the forces will subsist, and P q 
will, in consequence, continue to lie above Pp, yet, in 
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this case, the little arc P q will have to be p1·olonged back.. 
wards to meet our g1·ound plane, and, ,vhen so prolonged, 
will lie below the similar prolongation of Pp, so that, 
in this case again, the node will retrograde. 

( 50 I.) Thus we see that the effect of the disturbing 
force, in die different states of configuration which the 
bodies ]? and 1\1 may assume with respect to the node, 
is to keep the line of nodes in a continual state of flue
tuation to and fro _; and it will depend on the excess of 
cases favourable to its advance over those which favour 
its recess, in an average of all the possible configurations, 
whether, on the whole, an advance or recess of the node 
shall take place. 

(502.) If the orbit of M be very large compared 
,vith that of P, so large that M P may, ,vithout material 
error, be regarded as parallel to 1\1 S, wl1ich is the case 
,vith the moon's orbit disturbed by the sun, it will be 
very readily seen, on an examination of all the possible 
varieties of configu1·ation, and having due regard to the 
direction of the disturbing force, that during every 
single complete revolution of P~ the cases favourable to 
a retrograde motion of the node preponderate over those 
of a contrary tendency, the retrogradation taking place 
over a larger extent of the whole orbit, and being at the 
same time inore rapid, o,ving to a more intense and 
favourable action of the force than the recess. Hence 
it follows that, on the whole, during every revolution of 
the moon about the earth, the nodes of her orbit 1·ecede 
on the ecliptic, conformable to experience, with a velo
city varying from lunation to lunation. The amount of 
this ret.rogradation, when calculated, as it may be, by 
an exact estimation of all the acting forces, is found 
to coincide with perfect precision with that immediately 
derived from observation, so that not a doubt can sub• 
sist as to this being the real process by which so re
markable an effect is produced. 

( 503.) 1'heoretically speaking, ,ve cannot estimate 
correctly _the :recess of the intersection of the moon's 
orbit ,vith the ecliptic, from a mere consideration of 
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the disturbance of one of these planes. It is a com
pound phrenomenon; both planes· are in motion with 
respect to an i1naginary fixed ecliptic, and, to obtain the 
co1npound effect, we 1nust also regarcl the earth as dis
turbed in its relative orbit about the sun by the moon. 
But, on account of the excessive distance of the sun, the 
intensity of the moon's attraction on it is quite evanes
cent, compared with its attraction on the earth ; so that 
the pei·turbatilJe effect in this case, wbich is the differ
ence of the 1noon's attraction on the sun ancl earth, is 
equal to the whole attraction of the moon on the earth. 
The effect of this is to produce a monthly displacement 
of the center on either side of the ecliptic, whose amount 
is easily calcu1ated by regarding their common center of 
gravity as lying strictly in the ecliptic. From this it 
appears, that the displacement in question cannot ex
ceed a small fraction of the earth's radius in its whole 
amount; and, therefore, that its momentary variation, 
on which the motion of the node of the ecliptic on the 
moon's orbit depends, rnust be utterly insensible. 

( 504.) It is otheiwise with the mutual action of the 
planets. In this case, both the orbits of the disturbed 
and disturbing planet must be regarded as in motion. 
Precisely on tbe above stated principles it may be shown, 
that the effect of each planet's attraction on the orbit 
of every other, is to cause a retrogradation of the 
node of the one orbit on the other in certain configur
ations, and a recess in others, terminating, like that of 
the moon, on the average of many revolutions in a re
gular retrogradation of the node of each orbit on eve1·y 
other. But since this is the case with every pair into 
,vhich the planets can be combined, the motion ulti
mately arising from their joint action on any cne orbit, 
taking into tl1e account the different situations of all 
their planes, becomes a singular and complicated pha?
nomenon, whose law cannot be very easily expressed in 
,vords, though reducible to strict numerical statement, 
and being in fact a mere geometrical result of what is 
above stated. 

y 
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( 505.) The nodes of all the planetary orbits on the 
true ecliptic then are retrograde, although (which is a 
mostmaterial circumstance) they are not all so on a fixed 
plane, such as we may conceive to exist in the planetary 
system, and to be a plane of reference unaffected by their 
mutual disturbances. It is, however, to the ecliptic, that 
we are under the necessity of referring their movements 
from our station in the system; and if we would trans
fer our ideas to a fixed plane, it becomes necessary to 
take account of the variation of the ecliptic itself, pro
duced by the joint action of all the planets. 

( 506.) Owing to the smallness of the masses of the 
planets, and their great ilistances from each other, the 
revolutions of their nodes are excessively slo,v, being in 
every case less than a single degree per century, and in 
most cases not amounting to half that quantity. So far 
as the physical condition of each planet is concerned, it 
is evident that the position of their nodes can be of little 
importance. It is otherwise ·with the mutual inclina
tions of their orbits, with respect to each other, and to 
the equator of each. A variation in the position of the 
ecliptic, for instance, by which its pole should shift its 
distance f1·om the pole of the equator, would disturb our 
seasons. Should the plane of the earth's orbit, for in
stanceJ ever be so changed as to bring the ecliptic to 
coincide with the equator, ,ve should have perpetual 
spring over all the ,vorld; and, on the other hand, should 
it coincide with a meridian, the extremes of summer 
aud winter would become intolerable. The enquiry, 
then, of the variations of inclination of the planetary 
orbits inte1· se, is one of much higher practical interest 
than those of their nodes. • 

(507.) Referring to the figure of art. 498., it is evi. 
dent that the plane S P q, in which the disturbed body 
moves during an instant of time from its quitting P, is 
differently inclined to the orbit of 1\1, or to a fixed 
plane, from the original or undisturbed plane PS p. The 
difference of absolute position of these two planes in space 
is the angle made between the planes PS R and P Sr, 
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and is therefore calculable by spherical trigonometry, 
when the angle R Sr or the momentary recess of the 
node is known, and also the inclination of the planes of 
the orbits to each other. We perceive, tl1en, that between 
the momentary change of inclination, and the momen
tary recess of the node there exists an intimate relation, 
and that the research of the one is in fact bound up in 
that of the other. 'l'his may be, perhaps, made clearer, 
by considering the orbit of 1\,1 to be not merely an ima
ginary line, but an actual circular or elliptic hoop of 
some rigid material, without inertia, on which, as on a 
wire, the body P may slide as a bead. It is evident 
that the position of this hoop will be determined at any 
instant, by its inclination to the ground plane to which 
it is referred, and by the place of its intersection there
·with, or node. It will also be determined by the mo
mentary direction of P's motion, which (having no 
inertia) it must obey ; ancl any change by ,vhich P 
should, in the next instant, alter its orbit, would be 
equivalent to a shifting, bodily, of the whole hoop, 
changing at once its inclination and nodes. 

(508.) One immediate conclusion from what has 
been pointed out above, is that where the orbits, as in 
the case of the planetary system and the moon, are 
slightly inclined to one another, the momentary variations 
of the inclination are of an order much inferior in mag
nitude to those in the place of the node. This is evi
dent on a mere inspection of our figure, the angle R P r 
being, by reason of the small inclination of the planes 
S P R and R S 1·, necessarily much smaller than the 
angle R Sr. In proportion as the planes of the orbits 
are brought to coincidence, a very trifling angular 
movement of Pp about P S as an axis will make a 
great variation in the situation of the point r, where its 
prolongation intersects the ground plane. 

(509.) 'fo pass from the momentary changes which 
take place in the relations of nature to the accumulated 
effects produced in considerable lapses of time by the 
continued action of the same causes, under circumstances 

Y2 
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varied by these very effects, is the business of the in~ 
tegral calculus. Without going into any calculations, 
however, it will be easy for us to trace, by a fe,v cases, 
the varying influence of rlifferences of position of tbe 
disturbing and disturbed body with respect to each other 
and to the node, and from these to demonstrate the two 
leading features in this theory - the periodic nature of 
the change and i-e-establishment of the original inclina
tions, and the small limits within which these changes 
are confined. 

u A 

(510.) Case 1. -When the disturbing body l\i is 
situated in a • direction 'perpendicular t.o the line of 
nodes, or the nodes are in quad1·atu1·e with it: 1\1 being 
the disturbing body, and SN the line of nodes, the dis
turbing force will act at P, in the <lirection P K; being 
a pulling force when P is in any pa1·t of the semi
circle H A N, and a pushing force in the ·whole of tbe 
opposite semicircle. And it is easily seen that this force 
is greatest at A and B, and evanescent at H and N. 
Hence; in the whole semicircle H A, P q will lie belo,v 
Pp, and being produced backwards in the quadrant 
H A, and forwards in A N, '"ill meet the circle Sb N a 
in the plane of M's orbit, in points behind the nodes 
S N, the nodas being retrograde in both cases. But the 
new inclination of the disturbed orbit is, in the former 
case, P ::c A, ,vhich is less than P H a; and in the latter, 
Py a~ which is greater than P N a. In the other semi
circle the direction of the dist\lrbing force is changed; 
but that of the motion, with respect to the plane -0f 
M's orbit, being also in eacb quadrant reversed, t]1e 
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same variations of node and inclination will be caused. 
In this situation of l\,f, then, the nodes recede during 
every part of the revolution of P, but the inclination 
diminishes throughout the quadrant S A, increases again 
by the same identical degrees in the quadrant AN, de
creases throughout the quadrant Nb, and is finally 
restored to its pristine value at S. On the average of a 
revolution of P, supposing :i.v1 unmoved, the nodes ,vill 
have retrograded with their utmost speed, but the in
clination will remain unaltered. 

( 51 I.) Case 2. - Suppose the disturbing body now 
to be fixed in the line of nodes, or the nodes to be in 
syzygy, as in the annexed figure. In this situation 
the direction of the disturbing force, which is always 
parallel to S 1\1, lies constantly in the plane of P's orbit, 
and therefore produces neither variation of inclination 
nor motion of nodes. 

(512.) Case 3. - Let us take now an intermediate 
situation of 1\1, and indicating by the arrows the direc
tions of the disturbing forces ( which are pulling ones 
throughout all the sen1i-orbit which lies towards 1\1, and 
pushing in the opposite,) it will readily appear that the 
reasoning of art. 510. will hold good in all that part 
of the orbit which lies between T and N, and between 
v· and II, but that the effect will be reversed by the 
reversal of the direction of the motion with respect to 
the plane of M's orbit, in the inter~·als H T and NV. 
In these portions, however, the disturbing force is 

y 3 
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feebler than in the others, being evanescent in the line 
of quadratures T V, and increasing to its maximum 

•r 

M 

V 

in the syzygies a b. The nodes then will recede ra
pidly in the former intervals, and advance feebly in 
the latter ; but since, as H approaches to a, the disturb
ing force, by acting obliquely to the plane of P's orbit, 
is again diininished in efficacy, still, on the average of a 
whole revolution, the nodes recede. On the other hand, 
the inclination will now· diminish during the motion of 
P from T to c, a point 90° distant from the node, while 
it increases not only during its whole motion over the 
quadrant c N, but also in the rest of its half revolution 
N V, and so for the other half. There will, therefore, 
be an uncompensated increase of inclination in this po
sition of 1\1, on the average of a ,vhole revolution. 

( 513.) But this increase is converted into diminu
tion ,vhen the line of nodes stands on the other side of 
S ivf, or in the quadrants V b, 'f a ; and still regarding 
M as fixed, and supposing that the change of circum
stances arises not from the motion of J\,f but from that 
of the node, it is evident that so soon as the line of 
nodes in its retrograde motion has got past a, the cir
cumstances will be all exactly reversed, and the inclin
ation will again be augmented in each revolution by the 
very same steps taken in reverse order by ,vhich it 
before diminished. On the average, therefore, of .A 

WHOLE REVOLUTION OF THE NODE, the inclination will 
be restored to its original state. Jn fact, so far as the 
mean or average effect on the inclination is concerned~ 



CHAP. XI. STABILITY OF THE I NCLINATI ONS. 327 

instead of supposing Ivl fixed in one position, we might 
conceive it at every instant divided into four equal parts, 
and placed at equal angles on either side of the line of 
nodes, in ,vhich case it is evident that the effect of two 
of the parts would be to precisely annihilate that of the 
others in each revolution of P. 

( 514.) In ,vhat is said, we have supposed M at rest; 
but the same conclusion, as to the mean and final results, 
holds good if it be supposed in motion : for in the 
course of a revolution of the nodes, which, owing to the 
extreme smallness of their motion, in the case of the 
planets, is of iinmense length, amounting, in most cases, 
to several hundred centuries, and in that of the moon 
is not less than 237 lunations, the disturbing body M 
is presented by its own 171otion, over and over again, in 
every variety of situation to the line of nodes. Before 
the node can have materially changed its position, l\-1 has 
performed a complete revolution, and is restored to its 
place; so that, in fact ( that small difference excepted 
which arises from the recess of the node in one synod
ical revolution of M), we may regard it as occupying at 
every instant every point of its orbit, or rather as having 
its mass distributed uniformly like a solid ring over its 
,vhole circumference. Thus the compensation which 
,ve have sho,vn would take place in a whole revolution 
of the node, does, in fact, take place in every synodic 
period of M, that minute difference only excepted which 
is due to the cause just mentioned. This difference, 
then, and not the whole disturbing effect of M, is what 
produces the effective variation of the inclinations, whe
ther of the lunar or planetary orbits; an<l this difference, 
,vhiah remains uncompensated by the 1notion of ~1, is in 
its turn compensated by the motion of the node during 
its ,vhole revolution. 

(515.) It is clear, therefore, that the total variation of 
the planetary inclinations must be comprised within very 
narrow limits indeed. Geometers have accordingly de
monstrated, by an accurate analysis of all the circum
stances, an ell an exact estimation of the acting forces, 

y 4 
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that such is the case; and this is "'hat is meant by 
asserting the stability of the planetary system as to the 
mutual inclinations of its orbits. By the researches of 
Lagrange ( of whose analytical .conduct it is impossible 
here to give any idea), the following elegant theorem has 
been demonstrated: -

" If the mass of eve1'y planet be multiplied by the 
squa1·e 1·oot of the majoi· axis of its 01·bit, and the prodiwt 
by the squai·e of the tangent of its inclination to a fixed 
plane, the sum of all these pi·oducts will be constantly the 
same under the influence of thei1· 111utual att1·action." 
If the present situation of the plane of the ecliptic be 
taken for that nxed plane ( the ecliptic itself being va
riable like the other orbits), it is found that this sum is 
actually very sma11 : it 1nust, therefore,. always remain 
so. This remarkable theorem alone, then, would gua-
1·antee the stability of the orbits of the greater planets; 
but from ,vhat has above been shown, of the tendency 
of each planet to work out a compensation on every 
other, it is evident that the minor ones are not excluded , 
from this beneficial arrangement. 

(516.) l\1canwhile, there is no doubt that the plane 
of the ecliptic does actually vary by the actions of the 
planets. The.amount of this variation is about 48" per 
century, and has long been recognized by astronomers, 
by an increase of the latitudes of all the stars in certain 
situations, and their diminution in the opposite regions. 
Its effect is to bring the ecliptic by so much per annum 
nearer to coincidence with the equator; but from ·what 
we have above seen, this diminution of the obliquity of 
the ecliptic will not go on beyond certain very moderate 
limits, after which (although in an immense period of 
ages, being a compound cycle resulting from the joint 
action of all the planets,) it will again increase, and thus 
oscillate backward and forward about a mean position, 
the extent of its deviation to one side and the other being 
less than 1 ° 21 '. 

( 5 l 7.) One effect of this variation of the plane of the 
ecliptic,-that which causes its nodes on a fixed plane 
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to change, -is mixed up ·with the precession of the 
equinoxes (art. 261.), and undistinguishable from it, ex
cept in theory. This last-mentioned plucnomenon is, 
however, due to another cause, analogous, it is true, in a 
general point of view to those above considered, but 
singularly rnodifiecl by the circu1nstances under ,vhich 
it is produced. \Ve shall endeavour to render these 
modifications intelligible, as far as they can be made so, 
without the intervention of analytical formulre. 

(518.) The precession of the equinoxes, as we have 
shown in art. 266., consists in a continual retrograda
tion of the node of the earth's equator on the ecliptic, 
and is, therefore, obviously an effect so far analogous to 
the general phrenomenon of the retrogradation of the 
nodes of the orbits on each other. 'fhe immense dis
tance of the planets, ho,vever, corn pared with the size 
of the earth, ahd the smallness of their masses com
pared to that of the sun, puts their action out of the 
question in the enquiry of its cause, and we must, 
therefore, look to the massive though distant sun, and 
to our near though minute neighbour, the moon, for its 
explanation. This will, accordingly, be found in their 
disturbing action on the redundant matter accumulated 
on the equator of the earth, by ,vhich its figure is ren
dered spheroidal, combined ,vith the earth's rotation on 
its axis. It is to the sagacity of Newton that we owe 
the discovery of this singular mode of action. 

(519.) Suppose in our figures (arts. 509, 510, 511.) 
that instea(l of one body, P, revolving round S, there 
were a succession of particles not col1erent, but forming 
a kind of fluid ring, free to change its form by any force 
applied. Then, ,vhile this ring revolved round S in its 
own plane, under the disturbing influence of the distant 
body 1\1, (,vhich now represents the moon or the sun, 
as P does one of the particles of the earth's equator,) 
two things ·would happen: - lst, Its figure would be 
bent out of a plane into an undulated form, those parts 
of it within the arcs V c and 1' d (fig. art. 511.) being 
rendered more inclined to the plane of M's orbit, and 
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those ,vi thin the arcs c T, d V, less so than they would 
otherwise be. 2dly, The nodes of this ring, regarded 
as a whole, ,vithout respect to its change of figure, 
,vould retreat upon that plane. 

( 520.) But suppose this ring, instead of consisting 
of discrete molecules free to move independently, to be 
rigid and incapable of such flexure, like the hcop we 
have supposed in art. 507., then it is evident that the 
effort of those parts of it which tend to become more 
inclined will act through the medium of the ring itself 
( as a mechanical engine or lever) to counteract the 
effort of those which have at the same instant a contrary 
tendency. In so far only, then, as there exists an excess 
on the one or the other side will the inclination change, 
an average being struck at every moment of the ring's 
motion ; just as was shown to happen in the view ,ve 
have taken of the inclinations, in every complete revo
lution of a single disturbed body, under the influence of 
a fixed disturbing one. 

( 521.) Meanwhile, however, the nodes of the rigid 
ring will retrograde, the general or average tendency of 
the nodes of every molecule being to do so. Here, as 
in the other case, a stn1ggle ,vill take place by the 
counteracting efforts of the molecules contrarily dis
posed, propagated through the solid substance of the 
ring; and thus, at every instant of time, an average 
will be struck, which average being identical in its na
ture with that effected in the complete revolution of a 
single disturbed body, will, in every case, be in favour 
of a recess of the node, save only when the disturbing 
body, be it sun or moon, is situated in the plane of the 
earth's equator, or in the case of the fig. art. 510. 

( 522.) 'fhis reasoning is evidently independent of any 
consideration of the cause which maintains the rotation 
of the ring ; whether the particles be small satellites 
retainecl in circular orbits under the equilibrated action 
of attractive and centrifugal forces, or whether they be 
small masses conceived as attached to a set of imaginary 
spokes as of a wheel, centering in S, and free only to 
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shift their planes by a motion of those spokes perpen
dicular to the plane of the ,vheel. This makes no 
difference in the gene1'al effect; though the different 
velocities of rotation, which may be impressed on such 
a system, may and will have a very great influence 
both on the absolute and relative magnitudes of the 
two effects in question-the motion of the nodes and 
change of inclination. This will be easily understood, 
if ,ve suppose the ring without a rotatory motion, in 
which extreme case it is obvious, that so long as l\,l re
mained fixed there ,vould take place no recess of nodes 
at all, but only a tendency of the ring to tilt it& plane 
round a diameter perpendicular to the position of M, 
bringing it towards the line SM. 

(523.) The motion of such a ring, then, as ,ve have 
been considering, would imitate, so far as the recess of 
the nodes goes, the precession of the equinoxes, only 
that its nodes would retrograde far more rapidly than 
the observed precession, which is excessively slo,v. But 
no,v conceive this ring to be loaded ,vith a spherical 
mass enormously heavier than itself, placed concentri
cally within it, and cohering firmly to it, but indifferent, 
or very nearly so, to any such cause of motion; and 
suppose, moreover, that instead of one such ring there 
are a vast multitude heaped together around the equator 
of such a globe, so as to form an elliptical protube
rance, enveloping it like a shell on all sides, but whose 
mass, taken together, should form but a very minute 
fraction of the whole spheroid. We have now before 
us a tolerable representation of the case of nature~ ; and 

* That a perfect sphere would be so inert and indifferent as to a revoJu. 
tion of the nodes of its equator under the influence of a distant attracting 
body appears from this,-that the direction of the resulLant attraction of 
such a body, or of that single force which, opposed, would neutralize and 
destroy its whole action, is necessarily in a line passing through the center 
of the sphe1·e, and, therefore, can have no tendency to turn the sphere one 
way or other. It may be objectecl by the reader, that the whole sohercmay 
be conceived as consisting of rings parallel to irs equator, of every possible 
di&meter, and that, therefore, its r.odes should retrograde even without a 
protuberant C(]uator. The inference is incorrect, but our limits will not 
allow us to go into an exposition of the fal1<1cy. ,ve shoulcl, however, cau. 
tion him, 1<cncrally, that no dynamical subject is open to more mistakes of 
this kind, which nothing but the closest attention, in e1•ery varied point Qf 
view, will detect. 
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it is evident that the rings, having to drag round with 
them in their nodal reYolution this great inert mass, 
,vill have their velocity of retrogradation proportionally 
diminished. Thus, then, it is easy to conceive how a 
motion, similar to the precession of the equinoxes, and, 
like it, characterized by extreme slowness, ,vill arise 
from the causes in action. 

(524,.) Now a recess of the node of the earth's equa
tor, upon a given plane, corresponds to a conical 1notion 
of its axis round a perpendicular to that plane. But in 
the case before us, that plane is not the ecliptic, but the 
moon's orbit for the time being ; and it may be asked 
how we are to reconcile this with what is stated in art. 
266. respecting the nature of the motion in question. 
To this we reply, that the nodes of the lunar orbit, 
being in a state of continual and rapid retrograclation, 
,vhile its inclination is preserved nearly invariable, the 
point in the sphere of the heavens round ·which the 
pole of the earth's axis revolves (with that extreme 
slowness characteristic of the precession) is itself in a 
state of continual circulation round the pole of the eclip
tic, with that much more rapid 1notion which belongs to 

c the lunar node. A glance at the 

p B 

annexed figure will explain this 
better than words. P is the pole 
of the ecliptic, A the pole of the 
moon's orbit, moving round the 
small circle A B C D in 19 years ; 
a the pole of the earth's equator, 
which at each moment of its pro
gress has a di1·ection perpendicu
lar to the varying position of the 

.. line A a, and a velocity depend
•········-·· _ . .. e·J ing on the varying intensity of 

" 1, ~-,r the acting causes during the period 
of the nodes. This velocity, ho,vever, being extremely 
small, when A comes to B, C, D, E, the line A a will 
have taken up the positions B b, C c, D d, Ee, and the 
earth's pole a will thus, in one tropical revolution of th!! 
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node, have arrived ate, having described not ar1 exactly 
circular arc, but a single undulation of a wave-shaped 
or epicycloidal curve, a b c de, with a velocity alternately 
greater and less than its mean motion, and this will be 
repeat1d in every succeeding revolution of the node. 

( 525.) Now this is precisely the kind of 1notion which, 
as ,ve have seen in art. 272., the pole of the earth's 
equator really has round the pole of the ecliptic, in con
sequence of the joint effects of precession and nutation, 
which are thus uranographically represented. If we 
superadd to the effect of lunar precession that of the 
solar, which alone would cause the pole to describe a 
circle uniformly about P, this will only affect the undu
lations of our waved curve, by extending them in length, 
but will produce no effect on the depth of the waves, or 
the excursions of the earth's axis to and from the pole 
of the ecliptic. Thus we see that the two phrenomena 
of nutation and precession are intimately connected, or 
rather, both of them essential constituent parts of one 
and the same phreno1nenon. It is hardly necessary to 
state that a rigorous analysis of this great problem, by 
an exact estimation of all the acting forces and summa
tion of their dynamical effects*, leads to the precise value 
of the co-efficients of precession and nutation, which ob
servation assigns to them. The solar and lunar portions 
of the precession of the equinoxes, that is to say, those 
portions which are uniform, are to each other in the pro
portion of about 2 to 5. 

( 526.) In the nutation of the earth's axis we have 
an example ( the first of its kind which has occurred 
to us), of a periodical movement in one part of the 
system, giving rise to a motion having the same precise 
period in another. The motion of the moon's nodes is 
here, we see, represented, though under a very different 
form, yet in the same exact periodic time, by the 
movement of a peculiar oscillatory kind impressed on 
the solid mass of the earth. 1V e must not let the 
opportunity pass of generalizing the principle involved 

* Vidc Prof. Airy's llfathematical Tracts, 2d ed. p. 200, &c. 
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in this r,esult, as it is one which we shall find again 
and again exemplified in every part of physical astro
nomy, nay, in every department of natural science. 
It may be stated as "the principle of forced oscil
lations, or of forced vibrations," and thus generally 
announced : -

If one part of any system connected eithe1· by material 
ties, or by the rnutual attractions of its members, be con
tinually maintained by any cause, whether inhe1·ent in 
the constitution of the syste1n 01· external to it, in a 
state of regular periodic motion, that rnotion wilt be pro
pagated throughout the whole system, and will give rise, 
in eve1·y membe1· of it, and in every part of each member, 
to pe1·iodic movements ea:ecuted in equal pe1·iods with that 
to which they owe their 01·igin, though not necessa1·ily 
synchronous with theni in theit rnaxima and minima.* 

1'he system may be favourably or unfavourably con
stituted for such a transfer of periodic movements, or 
favourably in some of its parts and unfavourably in 
others; and, accordingly as it is the one or the other, 
the derivative oscillation (as it may be termed) will be 
imperceptible in one case, of appreciable magnitude in 
another, and even more perceptible in its visible effects 
than the original cause, in a thircl; of this last kind we 
have an instance in the moon's acceleration, to be here
after noticed. 

(527.) It so happens that our situation on the eartl1, 
and the delicacy which our observations have attained, 
enable us to make it as it were an instrument to j'eel 
these forced vibrations,-these derivative motions, corn• 
municated from various quarters, especially from our 
near neighbour, the moon, much in the same way as we 
detect, by the trembling of a boarcl beneath us, the 
secret transfer of motion by which the sound of an 
organ pipe is dispersed through the au-, and carried 
down into the earth. Accordingly, the monthly revo-

.. See a demonstr:1tion of this theorem for the forced vibrations of syE. 
terns connected by material ties of imperfect elasticity, in my treatise on 
Sound, Eno:yc. l\fctrop. art. 323. The demonstration is easily citteoded 
and genera hzcd to take in other systems. - Autlwr. 
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lution of the moon, and the annual motion of t11e sun, 
produce, each of them, small nutations in the earth's 
axis, ,vhose periods are respectively half a month and 
half a year, each of ,vhich, in this vie,v of the subject, 
is to be regarded as one portion of a period consisting 
of two equal and similar parts. But the most remark
able instance, by far, of this propagation of periods, and 
one of high importance to mankind, is that of the 
tides, which are forced oscillations, excited by the rota
tion of the earth in an ocean disturbed from its figure 
by the varying attractions of the sun and moon, each 
revolving in its own orbit, and propagating its own 
period into the joint phrenomenon. 

( 528.) The tides are a subject on which many per
sons find a strange difficulty of conception. 'fhat the 
moon, by her attraction, should heap up the ,vaters of 
the ocean under her, seems to most persons very na
tural, - that the same cause should, at the same time, 
heap them up on the opposite side, seems to many pal
pably absurd. Yet nothing is 1nore true, nor indeed 
more evident, ,vhen ,ve consider that it is not by her 
whole attraction, but by the differences of her attractions 
at the two surfaces and at the center that the ,vaters 
are raised, - that is to say, by forces directed pre
cisely as the arrows in our figure, art. 510., in which 
we may suppose M the moon, and P a particle of 
water on the earth's surface. A drop of water existing 
alone would take a spherical form, by reason of the at
traction of its parts; and if the same drop were to fall 
freely in a vacuum under the inHuence of an itniform 
gravity, since every part ,vould be equally accelerated, 
the particles would retain their relative positions, and 
the spherical form be unchanged. .But suppose it to 
fall under the influence of an attraction acting on each 
of its particles independently, and increasing in inten
sity at every step of the descent, then the parts nearer 
the center of attraction would be attracted more than 
the central, and the central than the more remote, and 
the whole would be dra,vn out in the direction of the 
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motion into an oblong form ; the tendency to separation 
being, however, counteracted by the attraction of the par
ticles on each other, and a form of equilibrium being 
thus established. Now, in fact, the earth is constantly 
falling to the moon, being continually drawn by it out 
of its JJath, the nearer parts more and the ren1oter less 
so than the central ; and thus, at every instant, the 
moon's attract.ion acts to force down the ·water at the 
sides, at right angles to her direction, and raise it at the 
Hvo ends of the diameter pointing towards her. Geo
metry corroborates this view of the subject, and de1non
strates that the form of equilibrium assumed by a layer 
of wate:r covering a sphere, under the influence of the 
moon's attraction, woulcl be an oblong ellipsoid, having 
the semi-axis directed towards the moon longer by 
about 58 inches than that transverse to it. 

( 529.) There is never tin1e, ho,vever, for this sphe
roid to be fully formed. Before the waters can take 
their level, the moon has advanced in her orbit, both 
diurnal and monthly (for in this theory it will answer 
the purpose of clearness better if we suppose the earth's 
diurnal motion transferred to the sun and moon in the 
contrary direction), the vertex of the spheroid has 
shifted on the earth's surface, and the ocean has to seek 
a new bearing. The effect is to produce an immensely 
broad and excessively flat wave (not a circulating cur
rent), ,vhich follows, or endeavours to follo,v, the ap
parent motions of the moon, and must, in fact, if the 
principle of forced vibrations be true, iinitate by equal, 
though not by synch?ono·us, periods, all the periodical in
equalities of that motion. When the higher or lower 
parts of this ·wave strike our coasts, they experience 
,vhat we call high and lo,v water. 

( 580.) 'fhe sun also produces precisely such a wave, 
whose vertex tends to follow the apparent motion of the 
sun in tbe heavens, and also to imitate its periodic in
equalities. This solar wave co-exists with the lunar -
is sometimes superposed on it, sometimes transverse to 
it, so as to partly neutralize it, according to the monthly 



CHAP, XI, THE TIDES, 337 

synodical configuration of the two luminaries. This al. 
ternate mutual reinforcement and destruction of the 
solar and lunar tides cause what are called the spring 
and neap tides - the former being their sum, the latter 
their difference. Although the real amount of either tide 
is, at present, hardly within the reach of exact calcu
lation, yet their proportion at any one place is probably 
not very remote fron1 that of the ellipticities which 
would belong to their respective spheroids, could an 
equilibrium be attained. Now these ellipticities, for 
the solar and lunar spheroids, are respectively about two 
and five feet; so that the average spring tide will be to 
the neap as 7 to 3, or thereabouts. 

( 531.) Another effect of the combination of the solar 
and lunar tides is what is called the priming and lag
ging of the tides. If the moon aJone existed, and 
moved in the plane of the equator, the tide-day (i. e. 
the interval between two successive arrivals at the same 
place of the same vertex of the tide-,va ve) would be the 
lunar day (a1-t. 115.), formed by the combination of 
the moon's sidereal period and that of the earth's di~ 
urnal motion. Similarly, did the sun alone exist, and 
move, ahvays on the equator, the tide-day would be the 
mean solar day. The actual tide-day, tl1en, or the in. 
terval of the occurrence of two successive 111axima of 
their superposed "'aves, will vary as the separate waves 
approach to or recede from coincidence; because, when 
the vertices of two waves do not coincide, their joint 
height has its maximum at a point intermediate between 
them. This variation from uniformity in the lengths 
of successive tide.days is particularly to be remarked 
about the time of the new· and full moon. 

( 532.) Quite different in its origin iis that deviation of 
the time of high and low water at any port or harbour, 
from the culmination of the luminaries, or of the theo
retical maximum of their superposed spheroids, which 
is called the "establishment" of that port. If the water 
were without inertia, and free from obstruction, either 
owing to the friction of the bed of the sea,-the narro,v-

z 
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ness of channels along which the wave has to travel be
fore reaching the port,-their length, &c. &c., the times 
above distinguished ,vould be identical. But all these 
causes tend to create a difference, and to make that dif
ference not alike at all ports. 'fhe observation of the 
establishments of harbours is a point of great maritime 
importance; nor is it of less consequence, theoretically 
speaking, to a knowledge of the true distribution of 
the tide waves over the globe.* In making such ob
servations, care 1nust be taken not to confound the time 
of "slack water," when the current caused by the tide 
ceases to flo,v visibly one way or the other, and that of 
high or low water, when the level of the surface ceases 
to rise or fall. These are totally distinct phmnomena, 
and depend on entirely different causes, though it is 
true they rnay sometimes coincide in point of time. 'l'hey 
are, it is feared, too often mistaken one for the other by 
practical men; a circumstance which, ,vhenever it oc
curs, must produce the greatest confusion in any attempt 
to reduce the system of the tides to distinct and intel. 
ligib1e laws. 

( 533.) The declination of the sun and moon mate
rially affects the tides at any particular spot. As the 
vertex of the tide-wave tends to place itself vertically 
under the luminary which produces it, when this ver
tical cl1anges its point of incidence on the surface, the 
tide-wave ,must tend to shift accordingly, and thus, by 
monthly and annual periods, must tend to increase and 
diminish alternately the principal tides. The period of 
the moon's nodes is thus introduced into this subject; 
her excursions in declination in one part of that. period 
being 29°, and in another only 17°, on either side the 
equator. 

( 534.) Geometry demonstrates that the efficacy of a 

* The recent investigations of Mr. Lubbock, and those highly interest
ing on~.s ill which Mr. "'hewell is understood to be engaged, will, it is 
to be ho1,ed, not only throw theoretical light on the very obscnre sub
ject of the tides, but (what is at present quite as much wanted) arouse 
the attention of observers, and at the same time give it that right direction, 
by Jlointihg out what ought to be observed, without which all observation 
is lost labour. 
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luminary in raising tides is inversely proportional to 
the cube of its distance. The sun and moon, however, 
by reason of the ellipticity of their orbits, are alternately 
nearer to and farther from the earth than their mean 
distances. 1In consequence of this, the efficacy of the 
sun will fluctuate between the extremes 19 and 21, 
taking 20 for its 1nean value, and that of the 1noon be
tween 4,3 and 59. Taking into account this cause of 
difference, the highest spring tide will be to the lowest 
neap as 59 + 21 to 43 - 19, or as 80 to 24, or 10 
to 3. Of all the causes of differences in the height of 
tides, however, local situation is the most influential. 
In some places, the tide-wave rushing up a narro,v 
channel, is suddenly raised to an extraordinary height. 
At Annapolis, for instance, in the Bay of Funcly, it 
is said to rise 120 feet.* Even at .Bristol, the differ
ence of high and lo,v water occasionally amounts to 
50 feet. 

(535.) 'fhe action of the sun and moon, in like man
ner, produces tides in the atmosphere, which delicate 
observations have been able to render sensible and mea
surable. This effect, however, is extre1nely minute. 

( 536.) To return, now, to the plantary perturbations. 
Let us next consider the changes induced by their 1nu
tual action on the magnitudes and forms of their orbits, 
and in their positions therein in different situations with 
respect to each other. In the first place, however, it 
will be proper to explain the conventions under which 
geometers and astronomers have alike agreed to use the 
language and laws of the elliptic system, and to con
tinue to apply them to disturbecl orbits, although those 
orbits so disturbed are no longer, in mathematical 
strictness, ellipses, or any known curves. This they 
do, partly on account of the convenience of conception 
and calculation which attaches to this system, but much 
more for this reason,-that it is found, and may be 
demonstrated from the dynamical relations of the case, 
that the depaxture of each planet from its ellipse, as de-

* Robison's Lectures on :lfcchanical rh ilosophy. 

" z ,,._ 
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termined at any epoch, is capable of being truly re
presented, by supposing the ellipse itself to be slowly 
variable, to change its magnitude and e~centricity, and 
to shift its position and the plane in which it lies ac
cording to certain laws, while the planet all the time 
continues to move in this ellipse, just as it ·would do if 
the ellipse remained invariable and the disturbing forces 
had no existence. By this way of .considering the sub
ject, the whole permanent effect of the disturbing forces 
is regarded as thrown upon the orbit, while the relations 
of the planet to that orbit remain unchanged, or only 
liable to brief and comparatively momentary fluctuation. 
This course of procedure, indeed, is the most natural., 
and is in some sort forced upon us by the extreme slow
ness with which the variations of the elements develope 
themselves. For instance, the fraction expressing the 
excentricity of the earth's orbit changes no more than 
0·0000'4 in its amount in a century; and the place of 
its peri11elion, as referred to the sphere of the heavens, 
by only 19' 39" in the same time. For several years, 
therefore, it ·would be next to impossible to distinguish 
between an ellipse so varied and one that had not va
ried at all; • and in a single revolution, the difference 
between the original ellipse and the curve really repre
sentecl by the varying one, is so excessively minute, that., 
if accurately dra,vn on a table, six feet in diameter, the 
nicest examination with microscopes, continued along 
the whole outlines of the two curves, ·would hardly de
tect any perceptible interval between them. Not to 
call a motion so minutely conforming itself to an ellip
tic curve, elliptic, would be affectation, even granting 
the existence of trivial departures alternately on one 
side or on the other; though, on the other hand, to 
neglect a variation, which continues to accumulate from 
age to age, till it forces itself on our notice, would be 
wilful blindness. 

(537.) Geometers, then, have agreed in each single 
revolution, or for any moderate interval of time, to re
gard the motion of each planet as elliptic, and performed 
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according to l(epler's laws, ·with a reserve in favour of 
certain very small and transient fluctuations, but at the 
same tilne to regard all the elements of each ellipse as in 
a continual, though extremely slow·, state of change; 
and, in tracing the effepts of perturbation on the system, 
they take account principally, or entirely, of this change 
of the elements, as that upon which, after all, any mate
rial change in the great features of the syste1n ·will 
ultimately depend. 

( 588.) And here we encounter 1be distinction behveen 
what are termed secular variations, and such as are ra
pidly periodic, and are compensated in short intervals. 
In our exposition of the variation of the inclination of a 
disturbed orbit ( art. 514.), for instance, ,ve showed that, 
in each single revolution of the disturbed body, the plane 
of its motion underwent fluctuations to and fro in its 
inclination to that of the disturbing body, which nearly 
compensated each other; leaving, however, a portion 
outstanding, ,vbich again is nearly compensated by 
the revolution of the disturbing body, yet still leaving 
outstanding and uncompensated a minute po1-tion of the 
change, which requires a ,vhole revolution of the node 
to compensate and bring it back to an average or mean 
value. Now·, the two first compensations which are 
operated by the planets going through the succession of 
configurations ,vith each other, and therefore in com
paratively short periods, are called periodic variations; 
and the deviations thus compensated are called inequa
lities depending on configu1·ations; ,vhile the last, ,vhich 
is operated by a period of the node ( one of the ele
ments), has nothing to do with the configurations of 
the individual planets, requires an immense period of 
time for its consummation, and is, therefore, distin
guished from the former by the term secula1· variation. 

( 589.) It is true, that, to afford an exact representation 
of the motions of a disturbed body, ,vhether planet or 
satellite, both periodical and secular variations, with their 
corresponding ineqllalities, require to be expressed; and, 
indeed, the former even more than the latter; seeing that 

z 3 
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the secular inequalities are, in fact, nothing but what 
remains after the mutual destruction of a much larger 
amount ( as it very often is) of periodical. But these 
are in t!)eir nature transient and temporary : they dis
appear, ancl leave no trace. The planet is ten1porarily 
drawn from its orbit (its ~10,vly varying orbit), but 
forthwith returns to it, to deviate presently as much the 
other way, while the varied orbit accommodates and 
adjusts itself to the average of these excursions on either 
side of it; and thus continues to present, for a succes
sion of indefinite ages, a kind of medium picture of all 
that the planet has been doing in their lapse, in which 
the expression ancl character is !Preservecl; but the in
dividual features arc merged and lost. These periodic 
inequalities, however, are, as vre have observed, by no 
means to be neglected, but they are taken account of 
by a separate process, independent of the secular vari
ations of the elements. 

( 540.) In order to avoid complication, while endea
vouring to give the reader an insight into both kinds of 
variations, we shall henceforward conceive all the orbits 
to lie in one plane, and confine our attention to the case 
of two only, that of the disturbed and disturbing body, 
a vie,v of the subject which ( as we have seen) compre
hends the case of the moon disturbed by the sun, since 
any one of the bodies may be regarded as fixed at plea
sure, provided ,ve conceive all its motions transferred 

n 

c' ,/ 

s 

in a contrary direction to each of the others. Suppose, 
therefore, S to be the central, l\'1 the disturbing, and P 
the disturbed body. Then the attraction of l\l acts on 
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P in the direction P 1\1, and on S in the direction S M. 
And the disturbing part of l\I's attraction, being the dif
ference only of these forces, will have no fixed direc
tion, but will act on P very differently, according to 
the configurations of P and M. It will therefore be 
necessary, in analyzing its effect, to resolve it, according 
to mechanical principles, into forces acting according to 
some certain directions; viz., along the radius vector 
S P, and perpendicular to it. The simplest way to do 
this, is to resolve the attractions of l\1 on both S and P 
in these directions, and take, in both cases, their differ
ence, which is the disturbing part of l\l's effect. In 
this estimation, it will be found then that two distinct 
disturbing powers originate; one, which we shall call the 
tangrntial force, acting i'n the direction P Q, perpen
dicular to S P, and therefore in that of a tangent to the 
orbit of P, supposed nearly a circle-the other, ,vhich 
may be called the radial disturbing force, whose direc
tion is always either to or from S. 

(541.) It is the former alone (art. 419.) ,vhich dis
turbs the equable description of areas of P about S, and 
is therefore the chief cause of its angular deviations 
from the elliptic place. For the equable description of 
areas depends on no particular law of central force, but 
only requires that the acting force, whatever it be, 
should be directed to the center; \Vhatever force does 
not conform to this condition, must disturb the areas. 

(542.) On the other hand, the radial portion of the 
disturbing force, though, being always directed to or 
from the center, it does not affect the equable descrip
tion of areas, yet, as it does not conform in its law of 
variation to that simple law of gravity by which the 
elliptic figure of the orbits is produced and maintained, 
has a tendency to disturb this form ; and, causing the 
disturbed body P, now to approach the center nearer, 
now to recede farther from it, than the laws of 
elliptic motion would ,varrant, and to have its points of 
nearest approach and farthest recess otherwise situated 
than they would be in the undisturbed orbit, tends to 

z 4 
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derange the magnitude, excentricity, and position of the 
axis of P' s ellipse. 

( 543.) If we consider the variation of the tangential 
force in the different relative positions of M and P, we 
shall find that, generally speaking, it vanishes when P is 
at A or C, see jig. to art. 540. i. e. in conjunction with 
l\-1, and also at two points, B and D, where M is equi
distant from Sand P ( or very nearly in the quadratures 
of P ,vith 1\1); and that, bet\l;reen A and B, or D, it 
tends to 1irge P toward!! A, while~ in the rest of the orbit, 
its tendency is to urge it towards C. Consequently, the 
general -effect will be, that in P's progress through a 
complete synodical revolution round its orbit from A, it 
will first be accelerated from A up to B-thence re
tarded till it arrives at C- thence again accelerated up 
to D, and again retarded till its re-arrival at the con-• 
junction A. 

( 544•.) If P's orbit ,vere an ,exact circle, as ,vell as 
M's, it is evident that the retardation ,vhich takes place 
during the description of the arc A B would be exactly 
compensated by the acceleration in the arc D A, these 
arcs being just equal, and similarly disposed with re
spect to the disturbing forces; and similarly, that the 
acceleration through the arc B C would be exactly com
pensated by the retardation along C D. Consequently, 
on the average of each revolution of P, a compensation 
would take place; the period would remain unaltered, 
and all the errors in longitude would destroy each 
otl1er. 

(545.) This exact compensation, however, depends 
evidently on the exact symmetry of disposal of the parts 
of the orbits on eitl1er side of the line C S i\1. If that 
symmetry be broken, it will no longer take place, and 
inequalities in P's motion will be producecl, which ex
tend beyond the limit of a single revolution, and 
must a,vait their compensation, if it ever take place 
at all, in a reversal of the relations of configuration 
which produced them. Suppose, for example, that, the 
orbit of P being circular, that of l\.f were elliptic, and 
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that, at the moment when P set out from A, l\:I were at 
its greatest distance from P ; suppose, also, that l\>I 
were so <listant as to make only a small part of its whole 
revolution during a revolution of P. Then it is clear 
that, during the whole revolution of P, M's disturbing 

• force would loe on the increase by the approach of l\f, 
and that, in consequence, the disturbance arising in each 
succeeding quadrant of its motion, ,vould over-compensate 
that produced in the foregoing; so that, when P hacl 
come round again to its conjunction with 1\1, there 
would be found on the whole to have taken place an 
over-compensation in faYour of an acceleration in the 
orbitual 1notion. This kind of action would go on so 
long as l\>I continued to approach S; but when, in the 
progress of its elliptic motion, it began again to recede, 
the reverse effect would take place, and a retardation of 
P's orbitual motion ,vould happen; and so on alternately, 
until at length, in the ~verage of a great n1any revolu
tions of 1\1, in which the place of P in its ellipse at 
the moment of conjunction should have been situated in 
every variety of distance, and of approach and recess, a 
compensation of a higher and remoter order, a1nong all 
those successive over ancl under~compensations, would 
have taken place, and a mean or average angular motion 
,voukl e1nerge, the same as if no distui-bance had taken 
place. 

( 54,6.) 'fhe case is only a little more co1nplicated, but 
the reasoning very nearly similar, when the orbit of the 
disturbed body is supposed elliptic. In an elliptic 
orbit, the angular velocity is not unifonn. 'fhe dis
turbed body then remains in some parts of it.~ revolution 
longer, in others for a shorter time, under the influence 
of the accelerating and retarding tang,ential forces, than 
is necessary for an exact compensation ; independent, 
then, of any approach or recess of l\1, there would, on 
this account alone, take place an over or under compen
sation, and a surviving, unextinguished perturbation at 
t11e end of a synodic period; and, if the conjunctions 
always took JJlace on the same point of P's ellipse, this 
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cause would constantly act one way, and an inequality 
,vould arise, having no compensation, and which would 
at length, and permanently, change the mean angular 
motion of P. But this can never be the case in 
the planetary system. 1'he mean motions ( i. e. the 
mean angular velocities) of the planets in their 
orbits, are inco1111nensu1·able to one another. There 
are no two planets, for instance, which perform 
their orbits in times exactly double, or triple, the one 
of the other, or of which the one performs exactly two 
revolutions while the other performs exactly three, or 
five, and so on. If there were, the case in point wouhl 
arise. Suppose, for example, that the mean motions of 
the disturbed and disturbing planet were exactly in the 
proportion of two to five; then would a cycle, consist
ing of five of the shorter periods, or two of the longer, 
bring them back exactly to the same configuration. It 
,vould cause their conjunction, for instance, to happen 
once in every such cycle, in the same precise points of 
their orbits, while in the intermediate periods of the 
cycle the other configurations kept shifting round. Thus, 
then, would arise the very case we have been contem- _ 
plating, and a permanent derangement would happen. 

( 547.) Now, although it is true that the mean mo
tions of no two planets are exactly commensurate, yet 
cases are not wanting in which there exists an approach 
to this adjustment. And, in particular, in the case of 
Jupiter and Saturn,-that cycle we have taken for our 
example in the abo,·e reasoning, viz. a cycle composed 
of five periods of Jupiter and two ofSaturn,-although 
it does not exactly bring about the same configuration, 
does so pretty nearly. Five periods of Jupiter are 
21663 days, and two periods of Saturn 21518 days. 
The difference is only 145 days, in which Jupiter de
scribes, on an average, 12°, and Saturn about 5°, so 
that after the lapse of the former interval they will only 
be 5° from a conjunction in the same parts of their 
orbits as before. If we calculate the time which will 
exactly bring about, on the average, three conjunctions 
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of the two planets, ,ve shall find it to be 21760 days, 
their synodical period being 7253·4 days. I n this in
terval Saturn will have described 8° 6' in excess of two 
sidereal revolutions, and Jupiter the same angle in ex
cess of five. Every third conjunction, then, will take 
place 8° 6' in advance of the preceding, which is near 
enough to establish, not, it is true, an identity with, but 
still a great approach to the case in question. The ex
cess of action, for several such triple conjunctions 
(7 or 8) in succession, will lie the same way, and at 
each of them the motion of P will be si1nilarly influenced, 
so as to accumulate the effect upon its longitude; thus 
giving rise to an irregularity of considerable magnitude 
and very long period, which is well known to astrono
mers by the name of the great inequality of Jupiter 
an<l Saturn. 

( 548.) The arc 8° 6' is contained 44½ times in the 
whole circumference of 360°; and accordingly, if ,ve 
trace round this particular conjunction, we shall find it 
·will return to the same point of the orbit in so many 
times ~1760 days, or in 2648 years. But the con
junction we are now considering, is only one out of 
three. The other two will happen at points of the 
orbit about 123° and 246° distant, and these points also 
wilt advance by the same arc of 8° 6' in 2J 760 days. 
Consequently, the period of 2648 years will bring them 
all round, an<l in that Interval each of them will pass 
through that point of the two orbits from which we 
com1nenced : hence a conjunction ( one or other of the 
three) will happen at that point once in one third of 
this period, or in 883 years; and this is, therefore, the 
cycle in which the " great inequality" would undergo 
its full compensation, did the elements of the orbits 
continue all that time invariable. 'l'heir variation, 
however, is considerable in so long an interval ; and, 
owing to this cause, the period itself is prolonged to 
about 918 years. 

( 549.) We have selected this inequality as a proper 
instance of the action of the tangential disturbing force, 
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on account of its magnitude, the length of its period, 
and its high historical interest. It had long been re
marked by astronomers, that on comparing together 
modern with ancient observations of Jupiter and Saturn, 
the mean motions of these planets did not appear to be 
uniform. The period of Saturn, for instance) appeared 
to have been lengthening throughout the whole of the 
seventeenth century, and that of Jupiter shortening
that is to say, the one planet was constantly lagging 
behind) and the other getting in advance of its cal
cu1ated place. On the other hand, in the eighteenth 
century, a process precisely the reverse seemed to be 
going on. It is true, the whole retardations and acce
lerations ob&erved ·were not very great; but, as their 
influence went on accumu1ating, they produced) at 
length, material differences bet,veen the observed and 
calculatecl places of both these planets, ,vhich, as they 
could not then be accounted for by any theory, excited 
a high degree of attention, and ,vere even, at one time, 
too hastily regarded as ahuost subversive of the New
tonian doctrine of gravity. For a long while this diL 
ference baffled every endeavour to account for it, till at 
length Laplace pointed out its cause in the near com
mensurability of the 1nean n1otions, as above shown) 
and succeeded in calculating its period and amount. 

(550.) 'fhe inequality in question amounts, at its 
maximu1n, to an alternate ret.tr<lation and acceleration 
of about 0° 49' in the longitude of Saturn, and a cor
responding acceleration or retardation of about 0° Q 11 

in that of Jupiter. That an acceleration in the one 
planet roust necessarily be accompanied by a retardation 
in the other, and vice versa, is evident, if we consider, 
that action and reaction being equal, and in contrary 
directions, ,vhatever momentu1n Jupiter communicates 
to Saturn in the direction P i\1, the same momentum 
must Saturn communicate to Jupiter in the direction 
M P. 'I'he one, therefore, will be dragged forward, 
,vhenever the other is pulled back in its orbit. Geo
metry demonstrates) that, on the average of each revo-
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lution, the proportion in which this reaction ,vill affect 
the longitudes of the two planets is that of their masses 
multiplied by the square roots of the major axes of their 
orbits, inversely, and this result of a very intricate and 
curious calculation is fully confirmed by observation. 

li 

(551.) The inequality in question would be much 
greater, weJre it not for the partial compensation which 
is operated in it in every triple conjunction of the 
planets. Suppose PQll to be Saturn's orbit, and pqr 
Jupiter's; and suppose a conjunction to take place at Pp, 
on the line SA; a second at 123° distance, on the line 
SB; a third at 246° distance, on SC; and the next at 
368°, on SD. 'This last-mentioned conjunction, taking 
place nearly in the situation of the first, will produce 
nearly a repetition of the first effect in retarding or ac
celerating the planets ; but the other two, being in the 
most remote situations possible from the first, will hap
pen under entirely different circumstances as to the 
position of the perihelia of the orbits. Now, ·we have 
seen that a presentation of the one planet to the other 
in conjunction, in a variety of situations, tends to pro
duce compensation; and, in fact, the greatest possible 
amount of compensation which can be produced by only 
three configurations is when they are thus equally dis
tributed round the center. Three positions of conjunc
tion compensate more than two, four than three, and 
so on. Hence we see that it is not the whole amount 
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of perturbation, which is thus accumulated in each tri
ple conjunction, but only that small part which is left 
uncompensated by the intermediate ones. The reader, 
,vho possesses already some acquaintance with the sub
ject, will not be at a loss to perceive how this con
sideration is, in fact, equivalent to that part of the 
geometrical investigation of this inequality which leads 
us to seek its expression in terms of the third order, or 
involving the cubes and products of three dimensions of 
the excentricities; and how the continual accumulation 
of small quantities, during long periods, corresponds to 
·what geometers intend when they speak of small terms 
receiving great accessions of magnitude by integration. 

( 552.) Similar considerations apply to every case of 
approximate commensurability ·which can take place 
among the mean motions of any two planets. Such, 
for instance, is that which obtains between the mean 
motion of the earth and Venus,-13 times the period of 
Venus being very nearly equal to 8 times that of the 
earth. 'fhis gives rise to an extremely near coincidence 
of every fifth conjunction, in the same parts of each 
orbit (within u¼oth part of a circumference), and 
therefore to a correspondingly extensive accumulation 
of the resulting uncompensated ]Perturbation. But, on 
the other hand, the part of the perturbation thus accu
mulated is only that ,vhich remains outstanding after 
passing tl1e equalizing ordeal of five conjunctions equally 
distributed round the circle; or, in the language of ge
ometers, is depeudent on powers and products of the 
excentric.ities and inclinations of the fifth order. It is, 
therefore, extremely minute, and the ,vhole resulting 
inequality, according to the recent elaborate calculations 
of professor Airy, to whom it o,ves its detection, amounts 
to no more than a fe,v seconds at its maximum, while its 
period is no less than 240 years. 'fhis example will 
serve to sho,v to what minuteness these enquiries have 
been carried in the planetary theory. 

( 553.) In the theory of the moon, the tangential 
force gives rise to 1nany inequalities, the chief of which 
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is that called the variation, which is the direct and 
principal effect of that part of the disturbance arising 
from the alternate acceleration and retardation of the 
areas from the syzigies to the quadratures of the orbit, 
and vice versa, combined with the elliptic form of the 
orbit; in consequence of which, the same area described 
about the focus will, in different parts of the ellipse, 
correspond to different amounts of angular motion. 'fhis 
inequality, which at its maximum amounts to about 37', 
w-as first distinctly remarked as a periodical correction 
of the moon's place by Tycho Brahe, and is remarkable 
in the history of the lunar theory, as the first to be 
explained by Newton from his theory of gravitation. 

( 554.) lVe c01ne now to consider the effects of that 
part of the disturbing force ,vhich acts in the direction 
of the radius vector, and tends to alter the Ia,v of gra
vity, and therefore to derange, in a more direct and sen
sible manner than the tangential force, the form of the 
disturbed orbit from that of an ellipse, or, according 
to the vie,v we have taken of the subject in art. 536, 
to produce a change in its magnitude, excentricity, and 
position in its own plane, or in the place of its perihelion. 

(555.) In estimating the disturbing force of Mon 
P, we have seen that the difference only of i\l's accele
rative attraction on Sand P is to be regarded as effective 
as such, and that the first resolved portion of l\1's at
traction,-that, namely, which acts at Pin the directicn 
P S,- not finding in the power which l\if exerts on P any 
corresponding part, by ,vhich its effect may be nullified, 
is wholly effective to urge P towards Sin addition to its 
natural gravity. This force is called the addititious 
part of the disturbing force. There is, besides this, 
another power, acting also in the direction of the radius 
S P, which is that arising from the difference of actions 
of M on S and P, estimated first in the direction P L, 
parallel to S lvf, and then resolved into two forces; one 
of which is the tangential force, already considered, in 
the direction P I(; the other perpendicular to it, or in 
the direction P R. This part of M's action is termed 



352 .-1. TREATISE ON ASTRONOMY, CHAP. xr. 

the ablatitious force, because it tends to diminish the 
gravity of P towards S; and it is the excess of the one 
of these resolved portions over the other, which, in any 
assigned !)osition of P and M, constitutes the radial 
part of the disturbing force, and respecting ,vhose effects 
we are now about to reason. 

( 556.) 1'he estimation of these forces is a matter of 
no difficulty when the dimensions of the orbits are given, 
but they are too complicated in their expressions to find 
any place here. It will suffice for our purpose to point 
out their general tendency; and, in the first place, we 
shall consider their mean or average effect. In order to 
estimate~ what, in any one position of P, will be the 
mean action of i\1 in all the situations it can hold with 
respect to P, we have nothing to do but to suppose l\,f 
broken up, and distributed in the form of a thin ring 
round the circumference of its orbit. If we would take 
account of the elliptic motion of i\1, ,ve might conceive 
the thickness of this ring in its different parts to be 
proportional to the time which l\1 occupies in every part 
of its orbit, or in the inverse proportion of its angular 
motion. But into this nicety ,ve shall not go, but con
tent ourselves, in the first instance, with supposing M's 
orbit circular and its motion uniform. Then it is clear 
that the 1nean disturbing effect on P will be the differ
ence of attractions of that ring on the two points P and 
S, of which the latter occupies its center, the former is 
excentric. Now the attraction of a ring on its center 
is manifestly equal in all directions, and therefore, esti
mated in any one direction, is zero. On the other hand, 
on a point P out of its center, if within the ring, the re
sulting attraction will always be outwards, towards the 
nearest point of the ring, or directly from the center.* 

• As this is a proposition which the equilibrium of Saturn's ring renders 
not merely spe<:ulative or illustrative, it will be well to demonstrate it; 
which may be done very simply, and without the aid of any calculus. Con
ceive a spherical shell, and a point within it: every line passing through the 
point, and terminating both ways in the shell, will, of course, be equally in. 
clined to its surface at either end, being a chord of a spherical surface, and, 
therefore, symmetrically related to all its parts. Now, conceive a small 
double cone, or pyramid, having its apex at the point, and formed by th!! 
conical motion of such a line round the point. Then will the 1\1 o portion, 
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But if P lie without the ring, the resulting force will 
act always inwa1·ds, urging P towards its center. Hence 
it appears that the mean effect of the radial force will 
be different in its direction, according as the orbit of 
the disturbing body is exterior or interior to that of 
the disturbed. In the former case it ,vill diminish, in 
the latter ,vill increase, the central gravity. 

( 557.) Regarding, still, only the mean effect, as 
produced in a great number of revolutions of both bo
dies, it is evident that an increase of ,central force must 
be accompanied with a diminution of periodic time, and 
a contraction of dimension of the orbit of a body re
volving with a stated velocity, and vice ve1·siJ,. This, 
then, is the first and most obvious effect of the radial 
part of the disturbing force. It alters permanently, 
and by a certain n1ean and invariable amount, the di
mensions of all the orbits and the periodic times of all 
the bodies composing the planetary syst.em, from what 
they would be, did each planet circulate about the sun 
uninfluenced by the attraction of the rest; the angular 
motion of the interior bodies of the syste1n being thus 
rendered less, and those of the exterior greater, than on 
that supposition. The latter effect, indeed, might be 
at once concluded from this obvious consideration, -
that all the planets revolving interiorly to any orbit may 
be considered as adding to the general aggregate of the 

of the spherical shell, which form the bases of both the cones, or pyramids, 
be similar and equally inclined to their axes .. 1'h erefore their areas will 
be to each other as the squares of their distances from the common apex. 
Therefore their attractions on it will be equal, because the attraction 1s as 
the attracting matter directly, and the square of its distance inversely. 
Now, these attracti.ons act in opposite directions, and, therefore, counteract 
each other. Therefore, the point is in equilibrium between them ; and as 
the same i~ true of every such pair of areas into which the spherical shell 
can be broken up, therefore the point will be in equilibrium, Jioweve1· sit11.
atcd witl,i,. such a spherical shell. Now take a ring, and treat it similarly, 
breaking its circu:-nference up into pairs ofelement:s, the bases of triangles 
formed by lines passing through the attracted point. Here the attracting 
elements, being lines, not su1faces, are in the simple ratio of the distances, 
not the duplicate, as they should be to maintain the equilibrium. There~ 
fore it will not be maintained, but the nea,·est elements will have the supe
riority, and the point will, on the whole, be urged towards the nearest part 
of the ring. The s.ame is true of every linear ring, and is, therefore, true 
of any aasemblage of concentric ones forming a flat annulus, like the ring 
of Saturn. 

AA 
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attracting matter ,vithin, which is not_ the less efficient 
for being distributed over space, and maintained in a 
state of circulation. 

( 558.) This effect, however, is one ,vhich we have 
no means of measuring, or even of detecting, otherwise 
than by calculation. For our knowledge of the periods 
of the planets, and the dimensions of their orbits, is 
dra,vn from observations made on them in their actual 
state, and, therefore, under the influence of this con
stant part of the perturbative action. Their observed 
mean motions are, therefore, affected by the whole 
amount of its influence; and we have no means of dis
tinguishing this from the direct effect of the sun's at
traction, ,vith ·which it is blended. Our kno,vledge, 
however, of the masses of the planets assures us that it 
is extremely small; and this, in fact, is all which it is 
at all important to us to kno\v, in the theory of thei:r 
motions. 

(559.) The action of the sun upon the moon, in like 
manner, tends, by its mean influence during many suc
cessive revolutions of both bodies> to dilate permanently 
the moon's orbit, and increase her periodic time. But 
this general average is not established, either in the case 
of the 1noon or planets, ·without a series of subordinate 
fluctuations due to the elliptic forms of their orbits., 
which ,ve have purposely neglected to take account of 
in the above reasoning, and ·which obviously tend, in 
the average of a great multitude of revolutions, to neu
tralize each other. In the lunar theory, however, many 
of these subordinate fluctuations are very sensible to ob
servation, and of great importance to a correct kno\v
ledge of her motions. For example :-The sun's orbit 
( referred to the earth as fixed) is elliptic, and requires 
thirteen lunations for its description, during which the 
distance of the sun undergoes an alternate increase and 
diminution, each extending oYer at least six complete 
lunations. Now, as the sun approaches the earth, its 
disturbing forces of every kind are increased in a high 
ratio, and vice versa. Therefore the dilatation it pro-
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duces on the lunar orbit, and the diminution of the 
moon's periodic time, will be kept in a continual state 
of fluctuation, increasing as the sun approaches its 
perigee, and diminishing as it recedes. And this is 
consonant to fact,-the observed difference between a 
lunation in January (when the sun is nearest the earth) 
and in July ( when it is farthest) being no less than 85 
minutes. 

( 560.) Another very rcn1arkable and important effect 
of this cause, in one of its subordinate fluctuations, 
(extending, however, over an immense period of time,) 
is what is called the secular accele1·ation of the rnoon's 
mean 1notion. It had been observed by Dr. Halley, 
on comparing together the records of the most ancient 
lunar eclipses of the Chaldean astronomers with those 
of·modern times, that the period of the moon's revolu
tion at pre.sent is sensibly shorter than at that remote 
epoch ; and this result was confirmecl by a further com
parison of both sets of observations "'ith those of the 
Arabian astronomers of the eighth and ninth centuries. 
It appeared from these comparisons, that the rate at 
which the moon's mean motion increases is about 11 
seconds per century,-a quantity smaU in itself, but be.. 
coming consiclerable by its accumulation during a sue
cession of ages. 'fhis remarkable fact, like the great 
equation of Jupiter and Saturn, had been long the sub
ject of toilsome investigation to' geometers. Indeed, so 
difficult did it appear to render any exact account of, 
that while some were on the point of again declaring the 
theory of gravity inadequate to its explanation, others 
,vere for rejecting altogether the eviclen{!e on ·which it 
rested, although quite as satisfactory as that on which 
most historical events are credited. It was in this 
dilemma that Laplace once more stepped in to rescue 
physical astronomy from its reproach, by pointing out 
the real cause of the phrenomenon in question, ,vhich, 
when so explained, is one of the most curious ancl in
structive in the whole range of our subject,-one which 
leads our speculations further into the past and future, 

A A 2 
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and points to longer vistas in the dim perspective of 
changes which our system has undergone and is yet to 
undergo, than any other ·which observation assisted by 
theory has developed. 

( 561.) If the solar ellipse ·were invariable, the alter
nate dilatation and contraction of the moon's orbit, ex
plained in art. 559., would, in the course of a great 
many revolutions of the sun, at length effect an exact 
compensation in the distance and periodic time of the 
moon, by bringing every possible step in the sun's 
change of distance to correspond to every possible 
elongation of the moon from the sun in her orbit. But 
this is not, in fact, the case. '!'he solar ellipse is kept 
( as ,ve have already hinted in art. 536., and as ,ve 
shall very soon explain more fully) in a continual but 
excessively slow state of change, by the action of the 
planets on the earth. Its axis, it is true, remains un
altered, but its excentricity is, antl has been since the 
earliest ages, diminishing; and this diminution ,vill con
tinue ( there is little reason to doubt) till the excentricity 
is annihilated altogether, and the earth's orbit becomes 
a perfect circle; after which it ,vill again open out into• 
an ellipse, the excentricity ,vill again increase, attain a. 
certain moderate amount, and then again decrease. The 
time required for these evolutions, though calculable.,. 
has not been calculated, further than to satisfy us that 
it is not to be reckoned by hundreds or by thousands of 
years. It is a period, in short, in which the whole his
tory of astronomy and of the human race occupies but 
as it ·were a point, during which all its changes are to 
be regarded as uniform. Now, it is by this variation in 
the excentricity of the earth's orbit that the secular ac
celeration of the moon is caused. The compensation 
above spoken of (which, if the solar ellipse remained 
unaltered, would be effected in a fe,v years or a few cen
turies at furthest in the mode already stated) ,vill no,v., 
we see, be only imperfectly effected, owing to this slo,v 
shifting of one of the essential data. The steps of re• 
storation are no longer identical ,vith, nor equal to, those 
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of change. The same reasoning, in short, applies, with 
that by ·which we explained the long inequalities pro
duced by the tangential force. The struggle up hill is 
not maintained on equal terms with the do.,vnward 
tendency. The ground is all the ,•thile slowly sliding 
beneath the feet of the antagonists. During the ,vhole 
time that the earth's excentricity is diminishing, a pre
ponderance is given to the action over the re-action; and 
it is not till that diminution shall cease, that the tables 
will be turned, and the process of ultimate restoration 
will commence. l\1eanwhile, a minute, outstanding, and 
uncompensated effect is left at each recurrence, or near re
currence, of the same configurations of the sun, the moon, 
and the solar and lunar perigee. 'fhese accumulate, in
fluence the moon's periodic time and mean motion, and 
thus becoming repeated in every lunation, at length affect 
her longitude to an extent not to be overlooked. 

(56~.) The phreno1neno11 of ,vhich ,ve have now 
given an account is another and very striking example 
of the propagation of a periodic chauge from one part of 
a system to another. The planets have no direct, appre. 
ciable action on the lunar motions as referred to the 
earth. Their masses are too stnall, and their distances 
too great, for their difference of action on the moon and 
earth, ever to become sensible. Yet their effect on the 
earth's orbit is thus, ,ve see, propagated through the sun 
to that of the moon; and what is very remarkable, the 
transmitted effect thus indirectly produced on the angle 
described by the moon round the ea1th is more sensible 
to observation than that directly produced hy tbem on 
the angle described by the earth round the sun. 

( 563.) The dilatation and contraction of the lunar 
and planetary orbits, then, ,vbich a.rise from the action 
of the radial force, and which tend to affect their mean 
motions, are distinguishable into two kinds; - the one 
permanent, depending on the distribution of the attract
ing matter in the system, and on the order ,vhich each 
planet holds in it; the other periodic, and which 
operates in length of time its o,vn compensation. Geo-

A .A 3 
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meters have demonstrated (it is to Lagrange that we 
o,ve this most important discovery) that, besides these, 
there exists no third class of effects, whether arising 
from the radial or tangential disturbing forces, or from 
their combination, such as can go on for ever increasing 
in one direction without self-compensation; and, in par
ticular, that the major axes of the planetary ellipses are 
not liable even to those slow secular changes by v,hich the 
inclinations, nodes, and all the other elements of the sys
tem, are affected, a,nd which, it is true, are periodic, but 
in a different sense from those long inequalities ,vhich de
pend on the mutual configurations of the planets inte1· $C. 

No,v, the periodic time of a planet in its orbit about the 
sun depends only on the masses of the sun and planet, 
and on the major axis of the orbit it describes, without 
regard to its degree of excentricity, or to any other ele
ment. The mean sidereal periods of the planets, there
fore, such as result from an average of a sufficient 
number of revolutions to allo,v of the compensation of 
the last-mentioned inequalities, are unalterable by lapse 
of ti1ne. The length of the sidereal year, for example, 
if concluded at this present time fro1n observations em
bracing a thousand revolutions of the earth round the 
sun, (such, in short, as we no,v possess it,) is the same 
,vith that ,vhich (if "'e can stretch our imagination so 
far) 1nust result from a similar comparison of ob
servations made a million of years hence. 

( 564.) This theore1n is justly regarded as the most 
important, as a single result, of any which have hitherto 
rewarded the researches of mathematicians. "\Ve shall, 
therefore, endeavour to make clear to our readers, at 
least the principle on ,vhich its demonstration rests; 
ancl although the complete application of that principle 
cannot be satisfactorily made ,vithout entering into de
tails of calculation incompatible with our objects, ,ve shall 
have no difficulty in leading them up to that point where 
those details must be entered on, and in giving such 
an insight into their general nature as will render it 
evident ,vhat must be their result when gone through. 
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(565.) It is a property of elliptic motion performed 
under the influence of gravity, and in conformity ,vith 
Kepler's laws, that if the velocity ,vith which a planet 
moves at any point of its orbit be given, and also the 
distance of that point from the sun, the major axis of 
the orbit is thereby also given. It is no matter in what 
direction the planet may be moving at that moment. 
This will influence the excentricity and the position 
of its ellipse, but not its length. This property of 
elliptic motion has been demonstrated by Newton, and 
is one of the most obvious and elementary conclusions 
from his theory. Let us no,v consider a planet de
scribing an indefinitely small arc of its orbit about the 
sun, under the joint influence of its attraction, and. the 
disturbing power of another planet. This arc ,vill have 
some certain curvature and direction, and, therefore, 
may be considered as an arc of a certain ellipse de
scribed about the sun as a focus, for this plain reason,
that ,vhatever be the curvature and direction of the arc 
in question, an ellipse may ahvays be assigned, whose 
focus shall be in the sun, and "'hich shall coincide ,vith 
it throughout the whole interval (supposed indefinitely 
small) between its extreme points. 'fhis is a matter 
of pure geometry. It does not follow, ho·wever, that. 
the ellipse thus instantaneously determined ,vill have 
the same elements as that similarly determined from the 
arc described in either the previous or the subsequent 
instant. If the disturbing force did not exist, this 
,vould be the case ; but, by its action, a variation of the 
elements from instant to instant is produced, and the 
ellipse so determined is in a continual state of change. 
Now, when the planet has reached the end of the small 
arc under consideration, the question whether it ·will in 
the next instant describe an arc of an ellipse having 
the same or a varied axis will depend, not on the ne,v 
direction im1Jl'essed upon it by the acting forces,- for 
the axis, as ,ve have seen, is independent of that direction, 
- not on its change of distance from the sun, while de
scribing the former arc,- for the elements of that arc 
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are accommodated to it, so that one and the same axis 
must belong to its beginning andl its end. The question, 
in short, ·whether in the next arc it shall take up a new 
major axis, or go on with the old one, will depend solely' 
on this, - v;hether the velocity has undergone, by the 
action of the disturbing force, a change incompatible 
,vith the continuance of the sa1ne axis. '1Ve say by the 
action of the disturbing force, because the central force 
residing in the focus can impress on it no such change 
of velocity as to be incompatible with the permanence of 
any ellipse in ·which it may alt any instant be freely 
moving about that focus. 

( 566.) 'rhus we sec that the momentary variation 
of the major axis depends on nothing but the moment
ary deviation from the law of elliptic velocity produced 
by the disturbing force, without the least regard to the 
direction in which that extraneous velocity is impressed, 
or the distance from tl1e sun at which the planet may 
be situated in consequence of the variation of the other 
ele1nents of its orbit. And as tlhis is the case at every 
instant of its motion, it will follo,v that, after the lapse 
of any time however great, the amount of change which 
the axis may have undergone ,vill be detennined by the 
total deviation from the original elliptic velocity pro
duced by the disturbing force; ,vithout any regard to 
alterations which the action of that force may have pro
duced in the other elements, except in so far as the 
velocity may be thereby modified. This is the point at 
which the exact estimation of the effect must be in trusted 
to the calculations of the geometer. We shall be at no 
loss, ho,vever, to perceive that these calculations can only 
terminate in demonstrating the periodic nature and 
ultimate compensation of all the variations of the axis 
which can thus arise, when we consider that the circu
lation of two planets about the sun, in the same direction 
and in incommensurable periods, cannot fail to ensure • 
their presentation to each other in every state of ap
proach and recess, and under every variety as to their 
mutual distance and the consequent intensity of their 
mutual action. Whatever velocity, then, may be gene-
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rated in one by the disturbing action of the other, in 
one situation, ·will infallibly be destroyed by it in another, 
by the mere effect of change of configuration. 

( 567.) It appears, then, that the variations in the 
major axes of the planetary orbits depend entirely on 
cycles of configuration, like the great inequality of Ju
piter and Saturn, or the long inequality of the Earth 
and Venus above explained, ,vhich, indeed, may be re
garded as due to such periodic variations of their axes. 
In fact, the mode in which ,ve have seen those inequa. 
lities arise, from the accumulation of imperfectly com
pensated actions of the tangential force, brings them 
directly under the above reasoning : since the efficacy 
of this force falls almost wholly upon the velocity of 
the disturbed planet, whose motion is always nearly 
coincident ,vith or opposite to its direction. 

( 568.) Let us no,v consider the effect of perturbation 
in altering the excentricity and the situation of the axis 
of the disturbed orbit in its own plane. Such a change 
of position (as we have observed in art. 318.) actually 
takes place, although very slowly, in the axis of the 
earth's orbit, and much 1nore rapidly in that of the 
ID(?On's (art. 360.); and these movements ,ve are now 
to account for. 

( 569.) The motion of the apsides of the lunar and 
planetary orbits may be illustrated by a very pretty me
chanical experiment, ,vhich is otherwise instructive 
in giving an idea of the mode in ,vhich orbitual mo
tion is carried on under the action of central forces 
variable according to the situation of the revolving 
body. Let a leaden weight be suspended by a brass or 
iron wire to• a hook in the under side of a firm beam, so 
as to allo,v of its free motion on all sides of the vertical, 

- and so that ,vhen in a state of rest it shall just clear the 
floor of the room, or a table placed ten or twelve feet 
beneath the hook. The point of support should be ,veil 
secured from wagging to and fro by the oscillation of 
the weight, which should be sufficient to keep the wire as 
tightly stretched as it will bear, "'ith the certainty of 

' . 
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not breaking. Now, let a very small motion be com
municated to the weight, not by merely ·withdrawing it 
from the vertical and letting it fall, but by giving it a 
slight impulse side,vays. It will be seen to describe a 
regular ellipse about the point of rest as its center. If 
the ,veig~t be heavy, and carry attached to it a pencil, 
whose point lies exactly in the direction of the string, 
the ellipse may be transferred to paper lightly stretched 
and gently pressed against it. In these circumstances, 
the situation of the major ancl minor axes of the ellipse 
,vill remain for a long time very nearly the same, though 
the resistance of the air and the stiffness of the ,vire 
will gradually diminish its dimensions and excentricity. 
But if the impulse communicated to the weight be con
siderable, so as to carry it out to a great angle (15° or 
20° fro1n the vertical), this pennanence of situation of 
the ellipse will no longer subsist. Its axis will be seen 
to shift its position at every revolution of the weight, 
advancing in the sa1ne direction with the weight's mo
tion, by an uniform anJ regular progression, which at 
length will entirely reverse its situation, bringing the 
direction of the longest excursions to coincide ,vith that 
in whicl1 the shortest were previously made; and so on, 
rounJ the whole circle; and, in a ·word, imitating to the 
eye, very completely, the motion of the apsides of the 
moon's orbit. 

( 570.) Now, if we enquire into the cause of this pro
gression of the apsides, it ·will not be difficult of detection. 
When a weight is suspended by a ,vire, and drawn aside 
from the vertical, it is urged to the lowest point ( or ra
ther in a direction at every instant perpendicular to the 
,vire) by a force which varies as the sine of the devi
ation of the wire from the perpendicular. No,v, the 
sines of very small arcs are nearly in the proportion of 
the arcs themselves; and the more nearly, as the arcs 
are sma1ler. If, therefore, the deviations from the ver
tical are so small that we may neglect the curvature of 
the spherical surface in which the weight moves, and 
regard the curve described as coincident with its pro-
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jection on a horizontal plane, it ,vill be then moving 
under the same circumstances as if it,were a revolving 
body attracted to a center by a force varying directly 
as the distance; and, in this case, the curve described 
,vould be an ellipse, having its center of attraction not 
in the focus, but in the center >II', and the apsides of this 
ellipse would remain fixed. But if the excursions of 
the weight from the vertical be considerable, the force 
urging it to·wards the center will deviate in its law from 
the simple ratio of tbe distances; being as the sine, ,vhile 
the distances are as the a1·c. No,v the sine, though it 
continues to increase as the arc increases, yet does not 
increase so fast. So soon as the arc has any sensible 
extent, the sine begins to fall some,vhat short of the 
magnitude which an exact nume:rical proportionality 
,vould require; and therefore the force urging the ,veight 
towards its center or point of rest, at great distances falls, 
in like proportion, somewhat short of that which would 
keep the body in its precise elliptic orbit. It will no 
longer, therefore, have, at those greater distances, the 
same command over the weight, in p1·opo1·tion to its 
speed, which ,vould enable it to deflect it from its recti
linear tangential course into an ellipse. The true path 
which it describes will be less curved in the remoter parts 
than is consistent with the elliptic 'figure, as in the an
nexed cut; and, therefore, it will not so soon have its 
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motion brought to be again at right angles to the radius. 
It will require a longer continued action of the central 

* Newton, Princip. i. 47. 
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force to do this; and before it is accomplished, more than 
a quadrant of its revolution must be passed over in an. 
gular motion round the center. But this is only stating 
at lengtb, and in a more circuitous manner, that fact 
,vhich is more briefly and summarily expressed by say
ing that the apsides of its 01·bit a1·e progressive. 

(571.) Now, this is what takes place, mutatis mu
tandis, ,vith the lunar and planetary motions. The 
action of the sun on the moon, for example, as ,ve have 
seen, besides the tangential force, ,vhose effects we are 
not now considering, produces a force in the direction 
of the radius vector, whose law is not that of the earth's. 
direct gravity. \Vhen compounded, therefore, ,vith the 
earth's attraction, it will deflect the moon into an orbit 
deviating from the elliptic figure, being either too much. 
curved, or too little, in its recess from the perigee, to 
bring it to an apogee at exactly 180° from the perigee; 
-too much, if the compound force thus produced de
crease a.t a slower rate than the inverse square of the 
distance ( i. e. be too strong in the remoter distances), 
too little, if the joint force decrease faster than gravity; 
or more rapidly than the inverse square, and be there
fore too ,veak at the greater distance. In the former 
case, the curvature, being excessive, will bring the moon 
to its apogee sooner than w·ould be the case in an 
elliptic orbit; in the latter, the curvature is insufficient., 

Fig. l. Fig. 2. 

and will therefore bring it later to an apogee. In the 
former case, then, the line of apsides will retrograde; in 
the latter, advance. (See fig. 1. and fig. 2.) 

( 572 ,) Both these cases obtain in different configur
ations of the s'11n and moon. In the syzigies, the effect 
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of the sun's attraction is to weaken the gravity of the 
earth by a force, whose law of variation, instead of the 
inverse squall'e, follows the direct proportional relation 
of the distance; while, in the quadratures, the reverse 
takes place,-the whole effect of the radial disturbing 
force here c-0nspiring with the earth's gravity, but the 
portion added being still, as in the former case, in the 
direct ratio of the distance. Therefore the motion of 
the moon, in and near the first of these situations, will 
be performed in an ellipse, whose apsides are in a state 
of advance; and in and near the latter, in a state of 
recess. ButJ as we have already seen ( art. 556. ), the 
average effect arising from the mutual counteraction of 
these temporary values of the disturbing force gives 
the preponderance to the ablatitious or enfeebling power. 
On the average, then, of a whole revolution, the lunar 
apogee will advance. 

( 573.) The above reasoning renders a satisfactory 
enough general account of the advance of the lunar 
apogee; but it is not without considerable difficulty that 
it can be applied to determine numerically the rapidity 
of such advance: nor, ,vhen so applied, does it account 
for the whole amount of the movement in question, as as
signed by observation-not more, indeed, than about one 
half of it; the remaining part is produced by the tangen
tial force. It is evident, that an increase of velocity in 
the moon will have the same effect in diminishing the 
curvature of its orbit as the decrease of central force, 
and vioe vers6.. No,v, the direct effect of the tangential 
force is to cause a fluctuation of the 1noon's velocity 
above and below its elliptic value, and therefore an alter
nate progress and recess of the apogee. This ·would 
compensate itself in each synodic revolution, were the 
apogee invariable. But this is not the case ; the apogee 
is kept rapidly advancing by the action of the radial 
force, as above explained. An uncompensated portion 
of the action of the tangential force~ therefore, remains 
outstanding (according to the reasoning already so often 
employed in this chapter), and this portion is so dis-
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tributed over the orbit as to conspire with the former 
r,ause, and, in fact, nearly to double its effect. This is 
·what is meant by geometers, ,vhen they say that this 
part of the motion of the apogee is due to the square of 
the disturbing force. 'fhe effect of the tangential 
force in disturbing the apogee ,vould compensate itself, 
,vere it not for the motion which the apogee has already 
had impressed upon it by the radial force; and we 
have here, therefore, disturbance re-acting on disturb
ance. 

( 57 4.) The curious and complicated effect of perturb
ation, described in the last article, has given more trouble 
to geometers than any other part of the lunar theory. 
Newton himself had succeeded in tracing that part of 
the motion of the apogee which is due to the direct 
action of the radial force; but finding the amount only 
half ·what observation assigns, he appears to have 
abandoned the subject in despair. Nor, when resumed 
by his successors, did the enquiry, for a very long period, 
assume a more promising aspect. On the contrary, 
Newton's result appeared to be ,even minutely verified, 
and the elaborate investigations which were lavished 
upon the subject without success began to excite strong 
doubts ,vhether this feature of the lunar motions 
could be explained at all by the Newtonian laiv of gra
vitation. The doubt was removed, however, almost in 
the instant of its origin, by the same geometer, Clairaut, 
,vho first gave it currency, and who gloriously repaired 
the error of his momentary hesitation, by demonstrating 
the exact coincidence between theory and observation, 
,vhen the effect of the tangential force is properly taken 
into the account. The lunar apogee circulates, as 
already stated ( art. 360. ), in about nine years. 

( 57 5.) 'fhe same cause whicll gives rise to the dis
placement of the line of apsides of the disturbed orbit 
produces a corresponding change in its excentricity. 
This is evident on a glance at our figures 1. and 2. o" 
art. 571. Thus, in fig. 1., since the disturbed body, p o
i;eeding from its lower to its upper apsis, is acted o I by 
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a force greater than ,vould retain it in an elliptic orbit, 
and too much curved, its whole course ( as far as it is so 
affected) ,vill lie within the ellipse, as shown by the 
dotted line; and ,vhen it arrives at the upper apsis, its 
distance will be less than in the undisturbed ellipse ; 
that is to say~ the excentricity of its orbit, as estimated 
by the comparative distances of the two apsidcs from 
the focus, ,vill be diminished, or the orbit rendered more 
nearly circular. The contrary effect will take place in 
the case of fig. 2. 1'here exists, therefore, between the 
momentary shifting of the perihelion of the disturbed 
orbit, and the 1nomentary variation of its excentricity, 
a relation much of the same kind ,vith that "'hich 
connects the change of inclination ,vith the motion of 
the nodes; and, in fact, the strict geometrical theories of 
the two cases present a close analogy, and lead to final 
results of the very same nature. ,vhat the variation 
of excentricity is to the motion of the perihelion, the 
change of inclination is to the motion of the node. In 
either case, the period of the one is also the period of 
the other ; and "'hile the perihelia describe considerable 
angles by an oscillatory motion to and fro, or circulate 
in immense periods of time round the entire circle, the 
excentricities increase and decrease by comparatively 
small changes, and afe at length restored to their original 
magnitudes. In the lunar orbit, as the rapid rotation 
of the nodes prevents the change of inclination from 
accumulating to any material amount, so the still more 
rapid revolution of its apogee effects a speedy compen
sation in the fluctuations of its excentricity, and never 
suffers them to go to any material extent; while the 
same causes, by presenting in quick succession the lunar 
orbit in every possible situation to all the disturbing 
forces, whether of the sun, the planets, or the protu
berant matter at the earth's equator, prevent any secular 
accumulation of small changes, by which, in the lapse 
of ages, its ellipticity might be materially increased or 
diminished. Accordingly, observation sho,vs the mean 
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excentricity of the moon's orbit to be the same no,v as 
in the earliest ages of astronomy. 

( 576.) 'l'he movements of the perihelia, and varia
tions of excentricity of the planetary orbits, are inter
laced and complicated together in the same manner and 
nearly by the same laws as the variations of their nodes 
and inclinations. Each acts upon every other, and every 
such mutual action generates its o,vn peculiar period of 
compensation; and every such period, in pursuance of 
the principle of art. 526., is then,ce propagated throughout 
the system. Thus arise cycles upon cycles, of whose 
compound duration some notion may be formed, when 
we consider ,vhat is the length of 01ie such period in the 
case of the two principal planets-Jupiter and Saturn. 
Neglecting the action of the 1·est, the effect of their 
mutual attraction ,vould be to produce a variation in the 
excentdcity of Saturn's orbit, from 0·08409, its max
imum, to 0·01345, its minimu1n value; while that of 
Jupiter would vary between the narrower limits, 0·06036 
and 0·02606: the greatest excentricity of Jupiter cor
responding to the least of Saturn, and vice versa. The 
period in ,vhich these changes are gone through, would 
be 70414 years. After this example, it will be easily 
conceived that 1nany ffiillions of years will require to 
elapse before a complete fulfilment of the joint cycle 
which shall restore the ,vhole system to its original state 
as far as the excentricities of its orbits are concerned. 

(577,) 'l'he place of the perihelion of a planet's orbit 
is of little consequence to its well-being; but its ex
centricity is most importapt, as upon this ( the axes 
of the orbits being permanent) depends the mean 
temperature of its surface, and the extreme vari
ations to which its seasons may be liable. For it 
may be easily shown that the mean annual aniount of 
light and heat received by a planet from the sun is, 
crete1·i8 paribus, as the 1ninor axis of the ellipse de
scribed by it. • Any variation, therefore, in the ex-

* " On the Astronomical Causes which may influence Geological Pbre. 
nomena. " - Geol. Trans. 18S2. 
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centrity by ,changing the minor axis, will alter the 
mean temperature of the su1·face. I-low such a change 
will also influence the extremes of temperature appears 
fro1n art. 315. No,v, it may naturally be enquired 
whether, in the vast cycle above spoken of, in ·which, 
at some period or other, conspiring changes may accu
mulate on the orbit of one planet from several quarters, 
it may not happen that the excent1·icity of any one 
planet-as the earth-may beco1ne exorbitantly great, 
RO as to subvert those relations which render it habitable 
to man, or to give rise to great changes, at least, in the 
physical co1nfort of his state. To this the researches 
of geometers have enabled us to answer in the negative. 
A relation has been demonstrated by Lag1·ange between 
the masses, axes of the orbits, and excentricities of each 
planet, similar to what we have already stated with re
spect to their inclinations, viz. that if the mass of each 
planet be multiplied by the squa1·e 1·oot of the axis of' its 
orbit, and the product by the squa1·e of its excentricit.lJ, 
the sum of all such products throughout the systein is 
inva1·iable; and as, in point of fact, this sum is ex
tremely small, so it will always remain. Now·, since the 
axes of the orbits are liable to no secular changes, this 
is equivalent to saying that no one orbit shall increase its 
excentricity, unless at the expense of a common fund, 
the whole amount of which is, and must for ever remain, 
extremely minute."' 

( 5 78.) ,v e have hinted, in our last art. but one, at 
perturbations produced in the lunar orbit by the pro
tuberant matter of the earth's equator. 'fhe attraction 
of a sphere is the same as if all its matter were con
densed into a point in its center; but that is not the 
case with a spheroid. The attraction of such a mass is 
neither exactly directed to its center, nor does it exactly 

,. There is nothing in this relation, however, taken per s•, to srcure 
the smaller planets - ~fercury, Mars, Juno, Cerrs, &c. -fr<,m a catastrophe, 
could they accumulate on themselves, or any one of them, the whole 
amount of this e:rcontricily jm,d. But that can never be: Jupiter and 
Saturn will alwa)'s retain the lion's share of it. A similar remark applies 
to the inclination Jund of art 5)5. These junrls, be it observed, can never 
get.into debt. Every term of them is c,ssentially positive. 

BB 



370 .~ TREATISE ON ASTRONOMY. CHAP. XI, 

follo,v the la,v of the inverse squares of the distances. 
Hence will arise a series of perturbations, extremely 
small in amount, but still perceptible, in the lunar 
motions ; by which the. node and the apogee will be 
affected. A more remarkable consequence of this cause, 
ho·wever, is a small nutation of the lunar orbit, exactly 
analogous to that which the moon causes in the plane 
of the earth's equator, by its action on the same elliptic 
protuberance. And, in general, it may be observed, 
that in the systems of planets which have satellites, the 
elliptic figure of the primary has a tendency to bring the 
orbits of the satellites to coincide with its equator, - a 
tendency which, though small in the case of the earth, 
yet in that of Jupiter, whose ellipticity is very consider
able, and of Saturn especially, ·where the ellipticity of the 
body is reinforced by the attraction of the rings, becomes 
predominant over every external and internal cause of 
disturbance, and produces and maintains an almost exact 
coincidence of the planes in question. Such, at least, is 
the case with the nearer satellites. The more distant 
are comparatively less affectetl by this cause, the differ
ence of attractions between a sphere and spheroid 
diminishing with gl'eat rapiclity as the distance increases. 
Thus, while the orbits of all the six interior satellites 
of Saturn lie almost exactly in the plane of the ring and 
equator of the planet, that of the external satellite, 
whose distance from Saturn is between sixty and seventy 
diameters of the planet, is inclined to that plane consi
derably. On the other hand, this considerable dis
tance, while it permits the satellite to retain its actual 
inclination, prevents (by parity of reasoning) the ring 
and equator of the planet from being perceptibly dis
turbed by its attraction, or being subjected to any ap
preciable movements analogous to our nutation and 
precession. If such exist, they must be much slower 
than those of the earth ; the mass of this satellite ( though 
the largest of its system) being, as far as can be judged 
by its apparent size, a much smaller fraction of that 
of Saturn than the moon is of the earth; while the 



CH. xr. MASSES DETERMINED DY PERTURBATIONS. 371 

solar precession, by reason of the immense distance of 
the sun, must be quite inappreciable. 

( 579-) It is by means of the perturbations of the 
planets, as ascertained by observation, and compared 
,vith theory, that we arrive at a knowledge of the masses 
of those planets, which, having no satellites, offer no 
other hold upon them for this purpose. Every planet 
produces an amount of perturbation in the motions of 
every other, proportioned to its mass, and to the degree 
of advantage or pu1·chase which its situation in the 
system gives it over their movements. The latter is a 
subject of exact calculation; the former is unkno,vn, 
otherwise than by observation of its effects. In the 
determination, however, of the masses of the planets by 
this means, theory lends the greatest assistance to ob
servation, by :pointing out the combinations most favour
able for eliciting this knowledge from the confuse/. 
mass of superposed inequalities which affect every ob
served place of a planet; by pointing out the laws of 
each inequality in its periodical rise and decay; and by 
showing how every particular inequality depends for its 
magnitude on the mass producing it. It is thus that 
the mass of Jupiter itself (employed by Laplace in 
his investigations, and interwoven ,vith all the planet
ary tables) has of late been ascertained, by observ
ations of the derangements producecl by it in the motions 
of the ultra-zodiacal planets, to have been insufficiently 
determined, or rather considerably mistaken, by relying 
too much on observations of its satellites, made long 
ago by Pound and others, with inadequate instrumental 
means. The same conclusion has been arrived at, and 
nearly the same mass obtained, by means of the pertur
bations produced by Jupiter on Encke's comet. The 
error ·was one of great importance; the mass of Jupiter 
being by far the most influential element in the planetary 
system, after that of the sun. It is satisfactory, then, to 
have ascertained,-as by his observations Professor Airy 
is understood to have recently clone, - the cause of the 
error; to have traced it up to its source, in insufficient 
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micron1etric measurements of the greatest elongations of 
the satellites; and to have found it disappear ,vhen mea
sures taken with more care, and with infinitely superior 
instruments, are substituted for those before cmployecl. 

( 580.) In the same ,vay that the perturbations of 
the planets lead us to a know ledge of their masses, as 
compared ,vith that of the sun, so the perturbations of 
the satellites of Jupiter have led, and those of Saturn's 
attendants will, no doubt, hereafter lead, to a knowledge 
of the proportion their masses bear to their respective 
primaries. The system of Jupiter's satellites has been 
elabor.ately treated by Laplace; and it is from his theory, 
compared with innumerable observations of their eclipses, 
that the masses assigned to them in art. 463. have been 
fixed. Few results of theory are more surprising, than 
to see these minute atoms weighed in the same balance 
which we have applied to the ponderous mass of the 
sun, which exceeds the least of them in the enormous 
proportion of 65000000 to I. 

CHAP. XII. 

OF SIDEREAL ASTRONOMY. 

OF TH& STARS GENF.RALI,Y, - THEIR DISTRIBUTION INTO CLASSES 

.ACCORDING TO THEIR. APl'ARENT MAGNITUDES. -THEIR. DIS

TRIBUTlON OVER THE HEAVENS. - OF THE :lULKY WAY. -

ANNUAL l'ARALLAX. - REAL DIS'rANCES, l'ROBAllLE DIMEN~ 

$IONS, .AND NATURE OF TH£ ST.A I\S. - VARIABLE STARS. -

TEMJ'ORARY S'fAI\S. -OF DOUBLE STARS. -THEIR REVOLV'J'ION 

.ABOUT EACH OTHER IN EL(,IPTIC ORBITS. -EXTENSION Ot' THI! 

LAW Ol' GRAVl'rY TO SUCH SYSTE:11s. -OF COLOURED STARS. -

l'ROPER MOTION 0}' TH£ $UN ANO STARS. - SYSTE~(ATIC ABER• 

RATION ANll PARALLAX. - OF COMl'OUND SIDEREAL SYSTEMS. 

- ClLl/STEI\S OF STARS. - OF NEl:lUL.IE, - NEBULOUS STARS. -

ANNULAR AND PLANE'J'ARY NEllULJI!;. - ZODIACAL LICHT. 

(581.) BESIDES the bodies we have described in the 
foregoing chapters, the heavens present us with an in" 
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numerable multitude of other objects, which are called 
generally by the name of stars. 'l'hough comprehending 
individuals differing from each oth,er1 not merely in 
brightness, but in many other essential points, they all 
agree in one attribute,-a high degree of permanence as 
to apparent relative situation. '!'his has procured them 
the title of "fixed stars;" an expression which is to be 
understood in a comparative and not an absolute sense, 
it being certain that many, and probable that all are in 
a state of motion, although too slow to be perceptible 
unless by means of very delicate observations, continued 
during a long series of years, 

( 582.) Astronomers are in the habit of distinguishing 
the stars into classes, according to their apparent bright
ness. 'l'hese are termed magnitudes. 'fhe brigh test 
stars are said to be of the first magnitude; those which 
fall so far short of the first degree of brightness as to 
make a marked distinction are classed in the second, 
and so on down to the i,ixth or seventh, which comprise 
the smallest stars visible to the naked eye, in the clearest 
ancl darkest night. Beyond these, however, telescopes 
continue the range of visibility, and magnitudes from 
the 8th clown to the 16th are familiar to those who are 
in the practice of using po,verful instruments; nor does 
there seem the least reason to assign a limit to this pro:. 
gression; every increase in the dimensions and power of 
instruments, which successive improvements in optical 
science have attained, having brought into view multi
tudes innumerable of objects invisible before; so that, 
for any thing experience has hitherto taught us, the 
number of the stars may be really infinite, in the only 
sense in which ,ve can assign a meani ng to the word. 

(583.) This classification into magnitudes, however, 
it must be observed, is entirely arbitrary. Of a multitude 
of bright objects, differing probably, intrinsically, both 
in size and in splendour, and arranged at unequal dis
tances from us, one rnust of necessity appear the bright
est, one next below it, and so on. An order of succession 
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(relative, of course, to our local situation among them) 
must exist, and it is a matter of absolute indifference, 
where, in that infinite progression downwardsJ from the 
one brightest to the invisible, ,ve choose to draw· our 
lines of demarcation. All this is a matter of pure con
vention. Usage, however, has established such a con
vention ; and though it is impossible to determine 
exactly, or d p1·iori, where one magnitude ends and the 
next begins, and although different observers have dif
fered in their magnitudes, yet, on the whole, astro
nomers have restricted their first magnitude to about 
15 or 20 principal stars; their second to 50 or 60 next 
inferior; their third to about 200 yet smaller, and so 
on; the numbers increasing very rapidly as we descend 
in the scale of brightness, the whole number of stars 
already registered down to the seventh magnitude, inclu
sive, amounting to 15000 or .20000. 

( 584.) As w·e do not see the actual disc of a star, 
but judge only of its brightness by the total impression 
made upon the eye, the apparent "magnitude" of any 
star ,vill, it is evident, depend, 1st, on the star's distance 
from us; 2d, on the absolute magnitude of its illumi
nated surface ; 3d, on the intrinsic brightness of that 
surface. Now·, as we know nothing, or next to nothing, 
of any of these data, and have every reason for believing 
that each of them may differ in uifferent individuals, 
in the proportion of many millions to one, it is clear 
that we are not to expect much satisfaction in any con
clusions we may draw fro1n numerical statements of the 
number of individuals arranged in our artificial classes. 
In fact, astronomers have not yet agreed upon any 
principle by which the magnitudes may be photome
trically arranged, thoµgh a leaning towards a geometrical 
progression, of which each term is the half of the preced
ing, 1nay be discerned.'" Nevertheless, it ,vere much 
to be ,vished, that, setting aside all such arbitrary 
subdivisions, a nu1nerical estimate should be formed., 

• Struve, Dorpat Catal. of Double Stars, p. xxxv. 
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grounded on precise photometrical experiments, of the 
apparent brightness of each star. This would afford a 
definite character in natural history, and serve as a term 
of comparison to ascertain the changes which may take 
place in them; changes which we know to happen in 
several, and may therefore fairly presume to be possible 
in all. l\Ieanwhile, as a first approximation, the fol
lowing proportions of light, concluded from Sir \Villiam 
Herschel's ._ experimental comparisons of a few selected 
stars, may be borne in mind:-

Light of a star of the average 1st magnitude 
2d 
3d 
4th 
5th 
6th 

= 100 
25 
12? 
6 
2 

= I 

By my o,vn experiments, I have found that the light 
of Sirius ( the brightest of all the fixed stars) is about 
324 times that of an average star of the 6th mag
nitude.t 

( 585.) If the comparison of the apparent magnitudes 
of the stars ,vith their numbers leads to no definite 
conclusion, it is otherwise when ,ve view them in con
nection with their local distribution over the heavens. 
If indeed we confine ourselves to the three or four 
brightest classes, ,ve shall find them distributed with 
tolerable impartiality over the sphere; but if we take in 
the ,vhole amount visible to the naked eye, we shall 
perceive a great and rapid increase of number as ,ve 
approach t11e borders of the milky \\'ay. And 
when we come to telescopic magnitudes, ·we find them 
crowded beyond imagination, along the extent of that 
circle, and of the branch which it sends off from it; so 
(art. 253.) that in fact its whole light is composed of 
nothing but stars, whose average magnitude may be stated 
at about the tenth or eleventh. 

• Phil. Tr. 1817. t Trans. Astron. Soc. iii. J8S. 
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(586.) These phicnomena agree with the supposition 
that tl1e stars of our firmament, instead of being scattered 
in all directions indifferently through space, form a stra
tum, of which the thirkness is small, in comparison with 
its length and breadth; and in ,~·hich the earth occupies a 
place somewhere about the middle of its thickness, and 
near the point where it subdivides into two principal 
laminre, inclined at a small angle to each other. For it 
is certain that, to an eye so situated, the apparent den
sity of the stars, supposing them pretty equally scattered 
through the space they occupy, ·would be least in a direc
tion of the visual ray ( as S A), perpendicular to the 
lamina, and greatest in that of its breadth, as SB, SC, 
S D; increasing rapidly in passing from one to the 
other direction, just as we see a slight haze in the atmo
sphere thickening into a decided fog bank near the 
horizon, by the rapid increase of the mere length of the 
visual ray. Accordingly, such is the -view of the con
struction of the starry firmament taken by Sir "\Villiam 
Herschel, whose powerful telescopes have effected a 
complete analysis of this wonderful zone, and demon-

A 
B ... ' ------,s"'· ~ 

C 

D 

strated the fact of its entirely consisting of stars. So 
crowded are they in some parts of it, that by counting 
the stars in a single field of his telescope, he was led to 
conclude that 50000 hatl passed under his review in a 
zone two degrees in breadth, during a single hour's ob
servation. The immense distances at ,vhich the remoter 
regions must be situated ,vill sufficiently account for the 
vast predominance of small magnitudes which are ob
served in it. 

(587.) When ,ve speak of the comparative remote
ness of certain regions of the starry heavens beyond 
others, and of our own situation in them, the question 
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immediately arises, What is the distance of the nearest 
fixed star? ,vhat is the scale on which our visible 
firmament is constructed? And what proportion do its 
dimensions bear to those of our own immediate system? 
To this, ho"·ever, astronomy has hitherto proved unable 
to supply an answer. All we know on this subject is 
negative. ,v e have attained, by delicate observations 
and refined combinations of theoretical rea&oning to a 
correct estimate, first, of the dimensions of the earth; 
then, taking that as a base, to a kno,vlcclgc of those of 
its orbit about the sun; and again, by taking our stand, 
as it ,vere, on the opposite borders of the circumference 
of this orbit, we have extended our measurements to the 
extreme verge of our own system, and by the aid of what 
,ve know of the excursions of comets, have felt our way, 
as it were, a step or two beyond the orbit of the re
motest known planet. But bet1reen that remotest orb 
and the nearest star there is a gulf :fixed, to whose ex
tent no observations yet made have enabled us to assign 
any distinct approximation, or to name any distance, 
however immense, which it may not, for any thing w·e 
can tell, surpass. 

(588.) '1']1e diameter of the earth has served us as 
the base of a triangle, in the trigonometrical surrey of our 
system ( art. 226. ), by which to calculate the distance of 
the sun: but the extreme minuteness of the sun's parallax 
( art. 304.) renders the calcula1ion from this "ill-condi
tioned" triangle (art. 227.) so delicate, that nothing but 
the fortunate combination of favourable circumstances, 
afforded by the transits of Venus (art. 409.), could ren
der its results even tolerably worthy of reliance. But 
the earth's diameter is too small a base for direct trian
gulation to the verge even of our own system ( art. 419.), 
and we are, therefore, obliged to substitute the annual 
parallax for the diurnal, or, which comes to the same 
thing, to ground our calculation on the relative velocities 
of the earth and planets in their orbit;; ( art. 414. ), 
,vhen we would push our triangulation to that extent. 
It might be naturally enough expected, that by this 
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enlargement of our base to the vast diameter of the 
earth's orbit, the next step in our survey (art. 227.) 
,vould be made at a great advantage;- that our change 
of station, from side to side of it, would produce a per
ceptible and measurable amount of annual parallax in 
the stars, and that by its means we should come to a 
knowledge of their distance. But, after exhausting every 
refine1nent of observation, astronomers have been unable 
to come to any positive and coincident conclusion upon 
this head; and it seems, therefore, demonstrated, that 
the amount of such parallax, even for the nearest fixed 
star ,vhich has hitherto been examined with the requi• 
site attention, re,nains still mixed up with, and con
cealed among, the errors incidental to all astronomical 
determinations. Now, such is the nicety to which 
these have been carried, that did the quantity in ques
tion amount to a single second (i. e. did the radius of 
the earth's orbit subtend at the nearest fixed star that 
minute angle) it could not possibly have escaped detec
tion and universal recognition. 

( 589.) Radius is to the sine of 111, in round num. 
bers, as 200000 to 1. In this p1·oportion, then, at 
least, must the distance of · the fixed stars fro1n the 
sun exceed that of the sun from the earth. The 
latter distance, as ,ve have already seen, exceeds the 
earth's radius in the proportion of 24000 to 1 ; and, 
lastly, to descend to ordinary standards, the earth's 
radius is 4000 of our 1niles. 'fhe distance of the 
stars, then, cannot be so small as 4800000000 radii 
of the earth, or 19200000000000 miles! How much 
larger it may be, ,ve kno,v not. 

( 590.) In such numbers, the imagination is lost. 
The only mode we have of conceiving such intervals 
at all is by the time which it ,vould require for light 
to traverse them. Now light, as we know, travels at 
the rate of 192000 miles per second. It would, there
fore, occupy 100000000 seconds, or up,vards of three 
years, in such a journey, at the very lowest estimate. 
lVhat, then, are we to allow for the distance of those 
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innumerable stars of the smaller magnitudes which the 
telescope discloses to us! If ,ve admit the light of a 
star of each magnitude to be half that of the magnitude 
next above it, it ,vill follo,v that a star of the first mag:.. 
nitude will require to be removed to 36~ times its dis
tance to appear no larger than one of the sixteenth. It 
follo,vs, therefore, that among the countless multitude 
of such stars, visible in telescopes, there must be many 
·whose light has taken at least a thousand years to reach 
us; and that when we observe their places, and note 
their changes, ,ve are, in fact, reading only their history 
of a thousand years' date, thus ,vo11de1·fully recorded, 
We cannot escape this conclusion, but by adopting as an 
alternative an intrinsic inferiority of light in all the 
smaller stars of the milky way. \Ve shall be better able 
to estimate the probability of this alternative, w·hen we 
have made acquaintance with other sidereal systems, 
,vhose existence the telescope discloses to us, and whose 
analogy will satisfy us that the view of the subject we 
have taken above is in perfect harmony with the general 
tenour of astronomical facts. 

( 591.) Quitting, however, the region of speculation, 
and confining ourselves within limits which we are sure 
are less than the truth, let us employ the negative 
knowledge we have obtained respecting the distances of 
the stars to form some conforinable estimate of their 
real magnitudes. Of this, telescopes afford us no direct 
information. The discs which good telescopes sho,v us 
of the stars are not real, but spu1·ious- a mere optical 
illusion. ii Their light, therefore, must be our only 
guide. Now Dr. \V ollaston, by direct photon1etrical 
experiments, open, as it would seem, to no objectionst, 
has ascertained the light of Sirius, as received by us, to 
be to that of the sun as I to 20000000000. The sun, 
therefore, in order that it should appear to us no brighter 
than Sirius, would require to be removed to 141400 
times its actual distance. '\Ve have seen, however, that 
the distance of Sirius cannot be so small as 200000 times 

. * See Cab. Cyc. Optics. t Phil. 'l'rans. 1S29, p. ~4. 
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that of the sun. Hence it follo,vs, that, upon the lowest 
possible computation, the light really thrown out by 
Sirius cannot be so little as double that emitted by the 
sun; or that Sirius must, in point of intrinsic splen
dour, be at least equal to two suns, and is in all pro
bability vastly greater.* 

( 59'l.) Now, for what purpose are we to suppose such 
magnificent bodies scattered through the abyss of space? 
Surely not to illuminate our nights, which an additional 
moon of the thousanclth part of the size of our own 
would do much better, nor to sparkle as a pageant void 
of meaning and reality, and bewilder us among vain 
conjectures. Useful, it is true, they are to man as 
points of exact and permanent. reference; but he must 
have studied astronomy to little purpose, who can sup
pose man to be the only o~ject of his Creator's care, or 
who does not see in the vast and wonderful apparatus 
around us provision for other races of animated beings. 
The planets, as we have seen, derive their light from the 
sun; but that cannot be the case with the stars. These 
doubtless, then, are themselves suns, and may, perhaps, 
each in its sphere, be the presiding center round which 
other planets, or bodies of ,vhich ,ve can form no con
ception from any analogy offered by our own system, 
may be circulating. • 

(593.) Analogies, however~ more than conjectural, 
are not wanting to indicate a correspondence between 
the dynamical laws which prevail in the re1note regions 
of the stars ancl those which govern the motions of our 
own syi;tem. Wherever we can trace the law of pe
riodicity - the regular recurrence of the same phreno
mena in the same times - w·e are strongly impressed 
,vith the iclea of rotatory or orbitual motion. A1nong 
the stars are several which, though no way distinguish
able from others by any apparent change of place, nor 
by any difference of appearance in telescopes, yet un-

* Dr. WollMton, assuming, as we think he is perfectly justified in doing, 
a much lower limit of 7,ossible parallax in Sirius than we have adopted in 
the text, hn~ concluded the intrinsic light of Sirius to be nearly that of 
£ourteen suns. 



CHAP. :XII. PERIODICAL .AND VARIABLE STARS. 881 

dergo a regular periodical increase and diminution of 
lustre, involving, in one or two cases, a complete ex
tinction and revival. These are called periodical sta1·s. 
One of the most remarkable is the sta1· Ornicron, in the 
constellation Cetus, first noticed by Fabricius in 1596. 
It appears about twelve times in eleven years, - or, 
more exactly, in a period of 884 days; remains at its 
greatest brightness about a fortnight, being then, on 
some occasions, equal to a large star of the second mag
nitude; decreases during about three months, till it be
comes completely invisible, in which state it remains 
during about five months, when it again becomes visible, 
and continues increasing during the remaining three 
months of its period. Snch is the general course of its 
phases. It does not always, however, return to the 
same degree of brightness, nor increase and diminish by 
the same gradations. Hevelius, indeed, relates (Lalande, 
art. 794.) that during the four years between October, 
1672, and December, 1676, it did not appear at all. 

( 594.) Another very remarkable periodical star is that 
called Algol, or /3 Persei. It is usually visible as a star 
of the second magnitude, and such it continues for the 
space of ~d 14h, when it suddenly begins to dilninish 
in splendour, and in about 8½ hours is reduced to the 
fourth magnitude. It then begins again to increase, 
and in 3 } hours more is restored to its usual bright
ness, going through all its changes in 2d 20° 48m, 
or thereabouts. rrhis remarkable law· of variation cer
tainly appears strongly to suggest the revolution round 
it of some opaque body, ,vhicb, when interposed be
tween us and Algol, cuts off a large portion of its light; 
and this is ac,cordingly the view taken of the matter by 
Goodricke, to whom ,ve owe the discovery of this re
markable fact ,. , in the year 1782 ; since which time 

* The same cliscovery appears to have been made nearly about the same 
time by Palitzch, a farmer of Prolitz, near Ore.den, - a peasant by station, 
an astronomer by nature,-who, from his familiar acquaintance with the 
aspect of the heavens, had been led to notice among so many thousand 
stars this one as distinguished from the rest by its variation, and 
had ascertained its period. The same Palitzch was also the first to 
rediscover the predicted comet of Halley in 1759, which he saw 
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the same phrenomena have continued to be observecI, 
though ,vith much less diligence, than their high in
terest would appear to merit. Taken any how, it is an 
indication of a high degree of activity, in regions where, 
but for such evidences, we might conclude all lifeless. 
Our o,vn sun 1·equires nine times this period to perform 
a revolution on its own axis. On the other band, the 
periodic time of an opaque revolving body, sufficiently 
large, ·which should produce a similar temporary ob
scuration of the sun, seen from a fixed star, ,vould be 
less than fourteen hours. 

( 59!5-) The following list exhibits specimens of pe
riodical stars of every variety of period, so far as they 
can be considered to be at present ascertained : -

$tar's Name. Period. Variation of Discoverers. Magnitude. 
-

D. n. ~I. 

/3 Persei 2 20 48 2 to 4 { 
Goodricke, 1782. 
Palitzch, 1783. 

o Cephei 5 8 S7 3.4 - 5 Goodricke, 1784. 
/3 Lyrro 6 9 OS - 4.5 Goodricke, 1784. 
11 Antinoi 7 4 15 3.4- 4.5 Pigott, 17 84. 
a Herculis 60 6 OS - 4: Herschel, 1796. 
* Serpentis } 
RA. lSh 41m 180 - 7? - 0 Harding, 1826. 
PD. 74' 15' 
o Ceti 334 - 2 - 0 Fabricius, 1596. 
X Cygni 396 21 06 -11 K.irch. 1687. 
367 B. " Hydrre 494 - 4 -10 1"1araldi, 1704. 
34 FI. Cygni 18 years 6 - 0 Janson, 1600. 
420 M. Leonis l\Iany years 7 - 0 Koch, 1782. 
K Sagittarii Ditto s - 6 Halley, 1676. 
1/, Lconis Ditto 6 - 0 Montanari, 1667. 

The variations of these stars, however, appear to be 
affected, perhaps in duration of period, but certainly in 
extent of change, by physical causes at present unknown. 

nearly a month before any of the astronomers, who, armed with thei,r 
telescopes, were anxiously watching its r eturn. These anecdotes carry us 
back to the era of the Chaldean shepherds. 

• These letters B. FI. and :M. refer to the Catalogues of Bode, 
Flamsteed, and Mayer. • 
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The non-appearance·of o Ceti, during four years, has al
ready been noticed; an<l to this instance we may add 
that of x Cygni, ,vhich is st:ited by Cassini to have been 
scarcely visible throughout the years 1699, 1700, and 
1701, at those times when it ought to have been most 
conspicuous. 

( 596.) Tlhese irregularities prepare us for other phre
nomena of stellar variation, which have hitherto been 
reduced to no law of periodicity, and must be looked 
upon, in relation to our ignorance and inexperience, as 
altogether casual ; or, if periodic, of periods too long 
to have occurred more than once within the limits of 
recorded observation. The phrenomena ,ve allude to 
are those of temporary stars, which have appeared, 
from time to time, in different parts of the heavens, 
blazing forth with extraordinary lustre ; and after 
remaining awhile apparently immovable, have died 
away, and left no trace. Such is the star which, sud
denly appearing in the year 125 B. C., is said to have 
attracted the attention of Hipparchus, and led him to 
draw up a catalogue of stars, the earliest on record. 
Such, too, was the star which blazed forth, A. D. 389, 
near a Aquila!, remaining for three ,veeks as bright as 
Venus, and disappearing entirely. In the years 945, 
1264, and 1572, brilliant stars appeared in the region 
of the heavens between Cepheus and Cassiopeia; and, 
from the imperfect account we have of the places of the 
two earlier, as compared with that of the last, which was 
well determined, as ,vell as from the tolerably near coin
cidence of the intervals of their appearance, we may sus
pect them to be one and the same star, with a period of 
about 300, or, as Goodricke supposes, of 150 years. 
The appearance of the star of 1572 was so sudden, 
that Tycho JBrahe, a celebrated Danish astronomer, re
turning one evening (the 11th of November) from 
his laboratory to his dwelling-house, was surprised to 
find a group of country people gazing at a star, which 
he was sure did not exist half an hour before. This 
was the star in question. It was then as bright as 
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Sirius, and continued to increase till it surpassed Jupi
ter when brightest, and was visible at inid-day. It 
began to diminish in December of the same year, and 
in March, 1574, had entirely disappeared. So, also, on 
the 10th of October, l 604, a star of this kind, and not 
less brilliant, burst forth in the constellation of Serpen
tarius, ,vhich continued visible till October, l 605. 

( 597-) Similar phrenomena, tbough of a less splen
did character, have taken place more recently, as in 
the case of the star of the third magnitude discovered 
in 1670, by Anthelm, in the head of the Swan; 
which, after becoming completely invisible, re-appeared, 
and, after undergoing one or two singular fluctu
ations of light, during two years, at last died away 
entirely, and has not since been seen. On a careful 
re-examination of the heavens, too, and a comparison of 
catalogues, many stars are no,v found to be missing ; 
ancl although there is no doubt that these losses have 
often arisen from 1nistaken entries, yet in many in
stances it is equally certain that there is no mistake in 
the observation or entry, and that the star has really 
been observed, and as really has disappeared from the 
heavens.#< This is a branch of practical astronomy 
which has been too little followed up, and it is precisely 
that in ·which amateurs of the science, provided with 
only good eyes, or moderate instruments, might employ 
their time to excellent advantage.t It holds out a sure 
proinise of rich discovery, and is one in which astrono
mers in established observatories are almost of necessity 
precluded from taking a part by the nature of the 
observations required. Catalogues of the eompa1ative 
brightness of . the stars in each constellation have been 

* The star 42 Virginis is inserted in the Catalogue of the Astronomical 
Society from Zach's Zodiacal Catalogue. I missed it on the 9th May, 
1828, and have since repeatedly had its place in the ficltl of view of my 
20 feet reflector, without perceiving it, unless it be one of two equal stars 
of the 9th magnitude, very nearly in tile place it must have occupied.
.&ut/101·. 

t " Ces variations des etoiles sont bi~n cl ignes de !'attention des observ
ateurs curieux. ... Un jour viendra, 1,eut.@tre, o,, les sciences auront a$SCZ 

<1'Rm;it urs pour qu'on puisse suffire ii. ces ll~tails," -Lalande, a1t, 021.
Surdy that day is now arrived. 
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constructed by Sir ,vm. flerschel, with the express ob
ject of facilitating these researches, and the reader will 
find them, and a full account of his method of corn. 
parison, in the Phil. Trans. 1796, and subsequent 
years. 

(598.) ,ve come now to a class of phrenomena of 
quite a different character, and whicli give us a real and 
positive insight into the nature of at least some among 
the stars, and enable us unhesitatingly to declare them 
subject to the same dynamical laws, and obedient to the 
same power of gravitation, which governs our own sys
tem. l\1any of the stars, when examined with tele
scopes, are found to be double, i. e. to consist of two (in 
some cases three) individuals placecl near together. 
'l'his might be attributed to accidental proximity, did 
it occur only in a few instances; but the frequency of 
this companionship, the extreme closeness, and, in 
many cases, the near equality of the stars so conjoined, 
would alone lead to a strong suspicion of a more near 
and intimate relation than mere casual juxtaposition. 
The bright star Castor, for example, when much magni
fied, is found to consist of two stars of between the third 
and fourth magnitude, within 5" of each other. Stars 
of this magnitude, however, are not so common in the 
heavens as to render it at all likely that, if scattered at 
random, 3:ny t,vo would fall so near. .But this is only one 
out of numerous such instances. Sir 1Vm. Jlerschel has 
enumerated upwards of 500 double stars, in which the 
indiYiduals are within half a minute of each other; 
and to this list Professor Struve of Dorpat, prosecuting 
the enquiry by the aid of instruments more conveniently 
mounted for the purpose, has recently added nearly 
five times that number. Other observers have still 
furthex extended the catalogue, already so large, with
out exhausting the fertility of the heavens. Among 
these are great numbers in which the interval between 
the centers of the individuals is less than a single second, 
of which E Arietis, Atlas Pleiadum, y Coronre, 't/ Co
ronre, 't/ and ~ 1-Ierculis, and T and A Ophiuchi, may 

cc 
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be cited as instances. They are divided into classes 
according to their distances -e- the closest forming 
the first class. 

(599-) When these combinations were first noticed.,. 
it ,vas considered that advantage might be taken of them, 
to ascertain whether or not the annual motion of the 
earth in its orbit might not produce a relative appa
rent displacement of the individuals constituting a 
double star. Supposing them to lie at a great distance 
one behind the other, and to appear only by casual jux
taposition nearly in the same line, it is evident that any 
motion of the earth must subtend different angles at the 
two stars so juxtaposed, and must therefore produce 
different parallactic displacements of them on the sur
face of the heavens, regarded as infinitely distant. 
Every star, in consequence of the earth's annual motion, 
should appear to describe in the heavens a small ellipse, 
( distinct from that which it ,vould appear to describe in 
consequence of the aberration of light, and not to be 
confounded with it,) betng a section, by the concave 
surface of the heavens, of an oblique elliptic cone, hav
ing its vertex in the star, and the earth's orbit for its 

A 

s 13 

base ; and this section will be of less dimensions, the 
more distant is the star. If, then, we regard two stars, 
apparently situated close beside each other, but in 



OH. XII. EFFECT OF PARALLAX ON A DOUBL'E STAR. 887 

reality at very different distances, their parallactic el
lipses will be similar, but of different dimensions. Sup
pose, for instance, S and s to be the positions of two 
stars of such an apparently or optically double star as 
seen from the sun, and let A BCD, a b c d, be their 
parallactic ellipses; then, since they ,vill be at all times 
similarly situated in these ellipse!!, when the one star is 
seen at A, the other will be seen at a. 1'Vhen the earth 
has ma<le a quarter of a revolution in its orbit, their ap
parent places will be B b ; when another quarter, C c; 
an<l ,vhen another, D d. If, then, we measure carefully, 
with micrometers adapted for the purpose, their appa
rent situation with respect to each other, at different 
times of the year, we should perceive a periodical change, 
both in the di1·ection of the line joining them, and in 
the distance between their centers. For the lines A a 
and C c can not be parallel, nor the lines B b and D d 
equal, unless the ellipses be of equal dimensions, i. e. 
unless the two stars !}ave the same parallax, or are equi
distant from the earth. 

(600.) NO'w, micrometers, properly mounted, enable 
us to measure very exactly both the distance between 
two objects which can be seen together in the same 
field of a telescope, and the position of the line joining 
them ,vith respect to the horizon, or the meridian, or 
any other determinate direction in the heavens. The 
meridian is chosen as the most convenient; and the 
situation of the line of junction between the two stars 
of a double star is referred to its direction, by placing 
in the focus of the eye-piece of a telescope, equatori
ally mounted, two cross wires making a right angle, 
and adjusting their position so that one of the tw.o 
stars shall just run along it by its diurnal motion, 
while the telescope remains at resit ; noting their si
tuation ; and then turning the whole system of wires 
round in its own plane by a proper mechanical move.. 
ment, till the other wire becomes exactly parallel to their 
line of junction, and reading off on a divided circle the 
angle the wires have moved through. Such an appa-

o O 2 
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ratus is called a position micrometer; and by its aid ,ve 
determine the angle of position of a double star, or the 
angle which their line of junction makes with the meri
dian ; ·which angle is usually reckoned round the whole 
circle, from O to 360, beginning at the north, and pro
ceeding in the direction north, following ( or east) south, 
preceiling ( or west). 

(601 ). The advantages which this mode of operation 
offers for the estimation of parallax are many and great. 
In the first place, the result to be obtained, being de
pendent only on the relative apparent displacement of 
the two stars, is unaffected by ahnost every cause which 
,vould induce error in the separate determination of the 
place of either by right ascension and declination. Re
fraction, that greatest of all obstacles to accuracy in as
tronomical determinations, acts equally on both stars; 
and is therefore eliminated from the result. "\Ve have 
no longer any thing to fear from errors of gi·aduation 
in circles from levels or plumb-lines-from uncertainty 
attending the uranographical reductions of aberration, 
precession, &c.-all which bear alike on both objects. 
In a word, if we suppose the stars to have no proper 
motions of their own by ,vhich a 1·eal change of relative 
situation may arise, no other cause but their difference 
of parallax can possibly affect the observation. 

(602.) Such were the considerations whicli first in
duced Sir "\Villiaro Herschel to collect a list of double 
stars, and to subject them all to careful measurements 
of their angles of position and mutual distances. l le 
had hardly entered, however, on these measurements, 
before he ,vas diverted from the original object of the 
enquiry (which, in fact, promising as it is, still remains 
open and untouched, though the only method which 
seems to offer a chance of success in the research of 
parallax,) by phrenomena of a very unexpected character , 
which at once engrossed his ,vhole attention. Instead 
of finding, as he expected, that annual fluctuation to 
and fro of one star of a double star ,vith respect to the 
other ~-that alternate annual increase and decrease of their 
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distance and angle of position, which the parallax of the 
earth's annual motion would produce,-he observed, in 
many instances, a regular progressive change; in some 
cases bearing chiefly on their distancc,-in others on their 
position, and advancing steadily in one direction, so as 
clearly to indicate either a real 1notion of the stars them
selves, or a general rectilinear motion of the sun and 
whole solar system, producing a parallax of a higher 
order than ,vould arise from the earth's orbitual motion, 
and which might be called systematic parallax. 

(603.) Supposing the two stars in motion independ
ently of each other, and also the sun, it is clear that 
for the interval of a few years, these motions must be 
regarded as rectilinear and uniform. Hence, a very 
slight acquaintance with geometry ,vill suffice to show 
that the appa1·e11t 1notion of one star of a double star, 
referred to the other as a center, and mapped clown, as 
it were, on a plane in which that other shall be taken for 
a fixed or zero point, can be no other than a right line. 
This, at least, 1nust be the case if the stars be independ
ent of each other; but it will be otherwise if they have 
a physical connection, such as, for instance, real proxi
mity and mutual gravitation would establish. In that 
case, they would describe orbits round each other, and 
round their cotnmon center of gravity; and therefore 
the apparent path of either, referred to the other as 
fixed, instead of being a portion of a straight line, 
would be bent into a curve concave to,vards that other. 
The observed motions, however, ,vere so slow, that many 
years' observation was required to ascertain this point; 
and it w·as not, therefore, until the year 1803, twenty
five years from the commencement of the enquiry, that 
any thing like a positive conclusion could be come to 
respecting the rectilinear or orbitual character of the ob
served changes of position. 

(604.) In that, and the subsequent year, it was dis~ 
tinctly announced by Sir ,villia1n Herschel, in two 
papers, ,vhich will be found in the Transactions of the 
Jloyal Society for those years, that there exist sidereal, 

CC 3 
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systems, composed of two stars revolving about each 
other in regular orbits, and constituting what may be 
ter1ned bina1-y sta,•s, to distinguish them from double 
stars generally so called, in ,vhich these physically con
nected stars are confounded, perhaps, ,vith others only 
optically double, or casually juxtaposed in the heavens 
at different distances from the eye; whereas the indi
viduals of a binary star are, of course, equidistant from 
the eye, or, at least, cannot differ more in distance than 
the sernidiameter of the orbit they describe about each 
other, which is quite insignificant compared ,vith the 
immense distance between them and the earth. Be
tween fifty and sixty instances of changes, to a greater 
or less amount, in the angles of position of double stars, 
are adduced in the memoirs above mentioned; many 
of which are too decided, and too regularly progressive, 
to allo,v of their nature being misconceived. In particu
lar, among the more conspicuous stars,-Castor, 'Y Vir
ginis, ! Ursre, 70 Ophiuchi, ,; and 'f/ Coronre, ~ Bootis, 
n Cassiopeire, r Leonis, ( Herculis, ~ Cygni, /J. Bootis, 
£ 4 and· E 5 Lyne, 7'. Ophiuchi, /J. Draconis, and ( Aquarii, 
are enumerated as among the most remarkable instances 
of the observed motion; and to some of them even pe
riodic times of revolution are assigned, approximative 
only, of course, and rather to be regarded as rough 
guesses than as results of any exact calculation, for 
,vhich the data were at the time quite inadequate. For 
instance, the revolution of Castor is set down at 334 
years, that of 'Y Virginis at 708-, and that of 7 Leonis at 
IQOO years. 

(605.) Subsequent observation l1as fully confirmed 
these results, not only in their general tenor, but for 
the most pa.rt in individual detail. Of all the stars 
above narned, there is not one which is not found to 
be fully entitled to be regarded as binary ; and, in fact, 
this list comprises nearly all the most considerable ob
jects of that description ,vhich have yet been detected,. 
though (as attention has been closely drawn to the sub
ject, and observations have multiplied) it bas, of late, 
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begun to extend itself rapidly. The number of double 
stars ,vhich are certainly known to possess this peculiar 
character is between thirty and forty at the time ,ve 
,vrite, and more are emerging into notice with every 
fresh mass of observations which come before the pub
lic. They require excellent telescopes for their observ
ation, being for the most part so close as to necessitate 
the use of very high magnifiers, ( such as ,vould be 
considered extremely po,verful microscopes if employed 
to examine objects within our reach,) to perceive an in
terval bet,veen the individuals which compose them. 

(606.) It may easily be supposed, that phrenomena 
of this kind would not pass without attempts to connect 
them with dynamical theories. From their first disco
very, they wereenaturally referred to the agency of some 
power, like that of gravitation, connecting the stars thus 
demonstrated to be in a state of circulation about each 
other; and the extension of the Ne,vtonian law of gravi
tation to these remote systems was a step so obvious, and 
so well warranted by our experience of its all-sufficient 
agency in our own, as to have been expressly or tacitly 
made by every one who has given the subject any share 
of his attention. 1Ve owe, however, the first distinct 
system of calculation, by which the elliptic elements of 
the orbit of a . binary star could be deduced from ob
servations of its angle of position and distance at differ
ent epochs, to M. Savary, who showed•, that the 
motions of one of the most remarkable among them 
(! Ursre) were explicable, within the limits allowable 
for error of observation, on the supposition of an elliptic 
orbit described in the short period of 58¼ years. A dif
ferent process of computation has conc;lucted Professor 
Encket to an elliptic orbit for 70 Ophiuchi, described 
in a period of seventy-four years; and the author of 
these pages has himself attempted to contribute bis 
mite to these interesting investigations. The following 
may be stated as the chief results ·which have been 
hitherto obtained in this branch of astronomy:-

• Connoiss. des Temps, 1830. t Berlin Ephem. 18$2. 
CO 4 
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Names of Stars. Period of Major Semi-
Revolution. axis of Excentrieity. 

Ellipse. - - -
Years. ' 

'l Leonis - 1200 
'l Virginis - 628·9000 1211 •090 0·85350 
61 Cygni - 452- 15·430 
IJ' Coronre - 286·6000 3·679 0·61125 
Castor - - 252·6600 8·086 0'75820 
70 Ophiuchi - 80·3400 4·392 0·46670 
~ 1Jrsre - - 58·2625 3·857 0·4164 
t Cancri - 55? 
7/ Coronre - 43·40 

(607.) Of these, perhaps, the most remarkable is 
'Y Virginis, not only on account of the length of its 
period, but by reason also of the great diminution of 
apparent distance, and rapid increase of angular motion 
about each other, of the individuals composing it. It is 
a bright star of the fourth magnitude, and its component 
stars are almost exactly equal. J t has been known to con
sist of t,vo stars since the beginning of the eighteenth 
century, their distance being then between six and seven 
seconds; so that any tolerably good telescope·would resolve 
it. Since that time they have been constantly approach
ing, and are at present hardly more than a single second 
asunder; so that no telescope, that jg not of very superior 
quality, is competent to show them otherwise than as a 
single star somewhat lengthened in one direction. It 
fortunately happens, that Bradley, in 1718, noticed, and 
recorded in the margin of one of his observation books, 
the apparent direction of their line of junction, as being 
parallel to that of two remarkable stars, a and 13 of the 
same constellation, as seen by the naked eye; and this 
note, which has been recently rescued from oblivion by 
the diligence of Professor Rigaud, has proved of signal 
service in the investigation of their orbit. They are en
tered also as distinct stars in Mayer's catalogue; and this 
affords also another means of recovering their relative 
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situation at the date of his observations, which were 
made about the year 17 56. ,v ithout particularizing 
individual measurements, ·which ·will be found in their 
proper repositories •, it will suffice to remark, that their 
whole series (which since the beginning of the present 
century has been very numerous ancl carefully made, 
and which embraces an angular motion of I 00°, and a 
diminution of distance to one sixth of its forn1er 
amount) is represented with a degree of exactness 
fully equal to that of observation it.yelf, by an ellipse of 
the dimensions and period stated in the foregoing little 
table, and of ·which the further requisite particulars are 
as follo,vs ~ -

Perihelion passage. August 18. 1834. 
Inclination of orbit to the visual ray - 22° 581 

Angle of position of the perihelion projected on} 360 241 
the heavens - - - - - -

Angle of position of t:,<l line of nodes, or intc'rsec-} 
tion of the plane of the orbit with the surface of 97° 231 

the heavens - - -

(608.) If the great length of the periods of some of 
these bodies be remarkable, the shortness of those of 
others is hardly less so. '1/ Coronre has already made a 
complete revolution since its first discovery by Sir Wil
lia1n flerschel, an(l is far advanced in its second period; 
and t Ursre, ( Cancri, and 70 Ophiuchi, have all 
accomplished by far the greater parts of their respective 
ellipses since the same epoch. If any doubt, therefore, 
could remain as to the reality of their orbitual motions, 
or any idea of explaining them by mere parallactic 
changes, these facts must suffice for their complete dis
sipation. '\Ve have the same evidence, indeed, of their 
rotations about each other, that . ,ve have of those of 
Uranus and Saturn about the sun ; and the correspond
ence between their calculated and observed places in 
such very elongated ellipses, must be admittecl to carry 
with it proof of the prevalence of the Newtonian law of 

* See them collected in Mero. R. Ast. Soc. vol. v. p. 35. 
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gravity in their systems, of the very same nature and 
cogency as that of the calculated and observed places of 
comets round the central body of our own. 

(609.) But it is not "ith the revolutions of bodies 
of a planetary or cometary natme round a solar center 
that we are now concerned; it is with that of sun 
around sun-each, perhaps, accompanied ,vith its train 
of planets and their satellites, closely shrouded from 
our viev, by the splendour of their respective suns, and 
crowded into a space bearing hardly a greater propor
tion to the enormous interval which separates them, 
than the distances of the satellites of our planets from 
their primaries bear to their distances from the sun 
itself. A less distinctly characterized subordination 
,vould be incompatible with the stability of their sys
tems, and with the planetary nature of their orbits. 
Unless closely nestled under the protecting ,ving of their 
immediate superior, the s,veep of their other sun in its 
perihelion passage round their o,vn might carry them 
off, or ,vhirl them into orbits utterly incompatible with 
the conditions necessary for the existence of their in
habitants. It must be confessed, that ,ve have here a 
strangely ,vide and novel field for speculative excursions, 
and one which it is not easy to avoid luxuriating in. 

(610.) Many of the double stars exhibit the curious 
and beautiful phrenomenon of contrasted or comple
mentary colours.,.., In such instances, the larger star is 
usually of a ruddy or orange hue, while the smaller one 
appears blue or green, probably in virtue of that general 
law of optics, which provides, that when the retina is under 
the influence of excitement by any bright, coloured light; 
feebler lights, which seen alone ,vould produce no sens
ation but of ,vhiteness, shall for the time appear coloured 
with the tint complementary to that of the brighter. 
'Thus, a yellow colour predominating in the light of the 

• " --- other suns, perhaps, 
With their attendant moons thou wilt descry, 
Communicating male and female light, 
(Which two great sexes animate the world,) 
Stored in each orb, perhaps, with some that live." 

Paradise Lost, viiL 148. 



CHAP. XII, COLOUUED STARS, 895 

brighter star, that of the less bright one in the same 
field of view will appear blue; while, if the tint of the 
brighter star verge to crimson, that of the other will 
exhibit a tendency to green-or even appear as a vivid 
green, uncler favourable circumstances. The former con
trast is beautifully exhibited by I Cancri-the latter by 
"/ Andromedre ; both fine double stars. If, however, the 
coloured star be much the less bright of the two, it ,vill 
not materially affect the other. rrhus, for instance, '1/ 

Cassiopeire exhibits the beautiful combination of a large 
white star, and a small one of a rich ruddy purple. It 
is by no means, however, intended to say, that in all 
such cases one of the colours is a mere effect of contrast, 
and it may be easier suggested in ·words, than conceived 
in imagination, ,vhat variety of illumination two 
suns-a red and a green, or a yellow and a blue one
must afford a planet circulating about either; and what 
charming contrasts and « grateful vicissitudes,"-a red 
and a green day, for instance, alternating with a white 
one and ,vith darkness,-might arise from the presence 
or absence of one or other, or both, above the horizon. • 
Insulated stars of a red colour, almost as deep as that of 
blood, occur in many parts of the heavens, but no green 
or blue star ( of any decided hue) has, we believe, ever 
been noticed unassociatecl with a companion brighter 
than itself. 

( 611.) Another very interesting subject of enquiry, in 
the physical history of the stars, is their proper motion. 
'A priori, it might be expected that apparent motions of 
some kind or other should be detected among so great 
a multitude of individuals scattered through space, and 
,vith nothing to keep them fixed. Their mutual attrac
tions even, however inconceivably enfeebled by distance, 
and counteracted by opposing attractions from opposite 
quarters, must, in the lapse of countless ages, produce 
some movements - some change of internal arrange
ment - resulting from the difference of the opposing 
actions. And it is a fact, that such apparent motions 
do exist, not only among single~ but in many of the 
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double stars; ,vhich, besides revolving round each 
other, or round their common ,center of gravity, are 
transferred, without parting company, by a progressive 
motion common to both, towards some determinate 
region. }"'or example, the two stars of 61 Cygni, ,vhich 
are nearly equal, have remained constantly at the same, 
or very nearly the same, distance, of 15", for at least 
fifty years past. Meanwhile they have shifted their 
local situation in the heavens, in this interval of time, 
through no less than 4' 23", the annual proper motion 
of each star being 5"·3; by which quantity ( exceeding 
a third of their interval) this system is every year car
ried bodily along in some unknown path, by a motion 
which, for many centuries, 1nust be regarded as unifonn 

• and rectilinear. Among stars not double, and no ,vay 
differing fi-om the rest in any othei- obvious particular, 
I-' Cassiopeia? is to be remarked as having the greatest 
proper motion of any yet ascertained, amounting to 
3"·74 of annual displacement. And a great many others 
have been observed to' be thus constantly carried away 
from their places by smaller, but not less unequivocal 
motions. 

(612.) l\'Iotions which require whole centuries to ac
cumulate before they produce changes of arrangement, 
such as the naked eye can detect, though quite sufficient 
to destroy that idea of mathematical fixity which pre_ 
eludes speculation, are yet too trifling, as far as practical 
applications go, to induce a change of language, and 
lead us to speak of the stars in common parlance as 
otherwise than fixed. Too little is yet known of their 
amount and directions, to allow of any attempt at refer
ring them to definite laws. I t may, however, be stated 
generally, that their apparent directions are various, and 
seem to have no marked common tendency to one point 
more than to another of the heavens. It was, indeed, 
supposed by Sir , villiam Herschel, that such a co1n1non 
tendency could be n1ade out; and that, allowing for 
individual deviations, a general recess could be perceived 
in the· principal stars, fro1n that point occupiecl by the 
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star s Herculis, towards a point diametrically opposite. 
This generally tendency was referred by him to a 
motion of the sun and solar system in the opposite 
direction. No one, who reflects ·with clue attention on 
the subject, will be inclined to deny the high proba
bility, nay certainty, that the sun has a proper motion 
in .~ome direction ; and the inevitable consequence of such 
a motion, unparticipat.ed by the rest, must be a slow 
average apparent tendency of all the stars to the va
nishing point of lines paral1el to that direction, and to 
the region ,vbich he is leaving. 'J'his is the necessary 
effect of perspective; and it is certain that it must be 
detected by such observations, if we knew accurately the 
apparent proper motions of all the stars, and if we 
were sure that they were independent, i. e. that the 
w·hole firmament, or at least all that part which ,ve see in 
our own neighbourhood, were not drifting along together, 
by a general set as it were, in one direction, the result 
of unknown processes and slow internal changes going 
on in the sidereal stratum to which our system belongs, 
as we see motes sailing in a current of air, and keeping 
nearly the same relative situation "'ith respect to one 
another. But it seems to be the general opinion of 
astronomers, at present, that their science is not yet 
matured enough to afford data for any secure conclu
sions of this kind one way or other. i\'Ieanwhile, a 
very ingenious idea has been suggested by the present 
Astronomer Royal (1\-Ir. Pond), viz. that a solar motion, if 
it exist, and have a velocity at all comparable to that of 
light, must necessarily produce a sola,• abe1·1·ation; in 
consequence of which we do not see the stars disposed 
as they really are, but too much crowded in the region 
the sun is leaving, too open in that he is approaching. 
(See art. 280.) No,v this, so long as tl1e solar velocity 
continues the same, must be a constant effect which 
observation cannot detect; but should it va1·y in the 
course of agei\, by a quantity at all commensurate to 
the velocity of the earth in its orbit, the fact would be 
detected by a general apparent rush of all the stars to the 
• 
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one or other quarter of the heavens, according as the sun's 
motion were accelerated or retarded ; which observation 
,vould not fail to indicate, even if it should amount to 
no more than a very few seconds. This consideration, 
refined and remote as it is, may serve to gi"'e some idea 
of the delicacy and intricacy of any enquiry into the 
matter of proper motion ; since the last mentioned effect 
would necessarily be mixed up ,vith the systematic 
parallax, .and could only be separated from it by consi
dering that the nearer stars would be affected more than 
the distant ones by the one cause, but both near and 
distant alike by the other. 

(613.) When we cast our eyes over the concave of the 
heavens in a clear night, we do not fail to observe that 
there are here and there groups of stars which seem to 
be compressed together in a more condensed manner 
than in the neighbouring parts, forming bright patches 
and clusters, ,vhich attract attention, as if they ,vere 
there brought together by some general cause other 
than casual distribution. There is a group, called the 
Pleiades, in which six or seven stars may be noticed, if 
the eye be directed full upon it ; and many more if the 
eye be turned carelessly aside, while the attention is kept 
directed• upon the group. Telescopes show fifty or 

. sixty large stars thus crO'wded together in a very 
moderate space, comparatively insulated from the rest 
of the heavens. The constellation called Coma Bere
nices is another such group, more diffused, and consist
ing of much larger stars. 

(614.) In the constellation Cancer, there is a some
what similar, but less definite, luminous spot, called 
I>rresepe, or the bee-hive, which a very moderate tele-

• It is a very remarkable fact, that the center of the visual area is by far 
less sensible to feeble impressions of light, than the exterior portions of the 
retina. Few persons are aware of the extent to which this comparative 
insensibility extends, previous to trial. To appreciate it, let the reader look 
alternately full at a star of the fifth magnitude, and beside it; or choose 
two, equally bright, and about So or 40 apart, and look full at one of them, 
the probability is, he will see onl!J the other: 11uch, at least, is my own case. 
The fact accounts for the multitude of stars with which we are impressed 
by a general view of the heavens; their paucity when we come to count 
them. - .Jutli01·. 
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scope, -an ordinary night..glass, for instance,-resolves 
entirely into stars. In the sword-handle of Perseus, 
also, is another such spot, crowded with stars, which 
requires rather a better telescope to resolve into indivi
duals separated from each other. These are called 
clusters of stars; and, whatever be their nature, it is 
certain that other laws of aggregation subsist in these 
spots, than those which have determined the scattering 
of stars over the general surface of the sky. This 
conclusion is still more strongly pressed upon us, when 
we come to bring very po,~erful telescopes to bear 
on these and similar spots. There are a great number 
of objects which have been mistaken for comets, and, 
in fact, have very much the appearance of comets with
out tails: small round, or oval nebulous specks, which tele
scopes of moderate power only show as such. Messier 
has given, in the Connois. des Temps for 1784, a list of 
the places of 103 objects of this sort; which all those 
,vho search for comets ought to be familiar with, to 
avoid being misled by their similarity of appearance. 
That they are not, however, comets, their fixity suffi
ciently proves ; and when ,ve come to examine them 
with instruments of great power,-such as reflectors of 
eighteen inches, two feet,or more in .aperture,-any such 
idea is completely destroyed. They are then, for the 
most part, perceived to consist entirely of stars crowded 
together so as to occupy almost a definite outline, and 
to run up to a blaze of light in the center, where their 
condensation is us~ally the greatest. (See fig. I. pl. ii., 
which represents (somewhat rudely) the thirteenth ne. 
bula of Messier' s list ( described by him as nebuleuse saru, 
etoiles), as seen in the 20 feet reflector at Slough)."' Many 
of them, indeed, are of an exactly round figure, and con
vey the complete idea of a globular space filled full of 
stars, insulated in the heavens, and constituting in it.. 
self a family or society apart from the rest, and subject 

* This beautiful object was first noticed by Halley in 1714. It is visible 
to the naked eye, between the stars., and { Herculis ln a night.glass il 
appear, exactly like a i;mall round come~ 
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only to its own internal laws. It ,vould be a vain task 
to attempt to count the stars in one of these globular 
clusters. They are not to be reckoned by hundreds ; 
and on a rough calculation, grounded on the apparent 
intervals between them at the borders ( where they are 
seen not projected on each other), and the angular dia
meter of the whole group, it would appear that many 
clusters of this description must contain, at least, ten or 
t\venty thousand stars, compactecl and ,vedged together 
in a round space, whose angular diameter does not ex
ceed eight or ten minutes; that is to say, in an area not 
more than a tenth part of that covered by the moon. 

(615.) Perhaps it may be thought to savour of the 
gigantesque to look upon the individuals of such a 
group as suns like our own, and their mutual di.stances 
as equal to those ,vhich separate our sun from the 
nearest fixed star: yet, when ,ve consider that their 
united lustre affects the eye with a less impression of 
light than a star of the fifth or sixth magnitude, (for 
the largest of these clusters is barely visible to the 
naked eye,) the idea we are thus cornpelled to form of 
their distance from us may render even such an esti
mate of their dimensions familiar to our imagination; 
at all events, we can hardly look upon a group thus in
sulated, thus in seipso tofus, teres, atque rotundus, as not 
forming a system of a peculiar and definite character. 
Their round figure clearly indicates the existence of some 
general bond of union in the nature of an attractive force; 
and, in many of them, there is an evident acceleration 
in the rate of condensation as ,ve approach the center, 
which is not referable to a merely uniform distribution 
of equidistant stars through a globular space, but 1narks 
an intrinsic density in their state of aggregation, greater 
at the center than at the surface of the mass. It is 
difficult to form any conception of the dynamical state 
of such a system. On the one hand, without a rotatory 
motion and a centrifugal force, it is hardly possible not 
to regard them as in a state of progres$ive collapse. On 
the other, granting such a motion and such a force, ,ve 
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find it no less difficult to reconcile the apparent spheri. 
city of their form with a rotation of the whole system 
round any single axis, without ·which internal collisions 
would appear to be inevitable.~ 'fhe following are the 
p1aces, for 1830, of a fe,v of the principal Qf these re
markable objects, as specimens of their class:-

R. A. I N. P. D. R. A. N. P. D. 

I{. l'!l. 0 I I(. M. 0 I 

lS 5 70 55 17 29 93 8 
13 84 60 45 21 22 78 S4 
15 10 87 16 21 25 91 34 
16 S6 SS 13 

(616.) It is to Sir William Herschel that ,ve owe 
the most complete analysis of the great variety of those 
objects ,vhich are generally classed under the common 
head of Nebulre, but which have been separated by hitn 
into- !st., Clusters of stars, in which the stars are 
clearly distinguishable; and these, again, into globular 
and irregular clusters. 2d, Resolvable nehulre, or such 
as excite a suspicion that they consist of stars, and 
which any increase of the optical po,ver of the telescope 
may be expected to resolve into distinct stars; 3d, Ne
bulre, properly so called, in whicll there is no appear
ance ,vhatever of stars; which, again, have been sub
divided into subordinate classes, according to their 
brightness and size ; 4th, Planetary nebulre; 5th, 
Stellar nebulre; and, 6th, Nebulous stars. The great 
power of his telescopes has disclosed to us the existence 
of an immense number of these objects, and shown them 
to be distributed over the heavens, not by any means 
uniformly, but, generally speaking, with a marked pre
ference to a broad zone crossing the milky way nearly 
at right angles, and whose general direction is not very 
remote from that of the hour circle of 011 and 12h. In 
some parts of this zone, indeed, -especially where it 

• See a note on this subject at the end of the work, p. 415. 
D D 
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crosses the constellations Virgo, Coma Berenices, and 
the Great Bear,-they are assembled in great numbers; 
being, however, for the most part telescopic, and beyond 
the reach of any but the most poiverful instruments. 

(617.) Clusters of stars are either globular, such as 
,ve have already described, or of irregular figure. These 
latter are, generally speaking, less rich in stars, and 
especially less condensed towards the center. They are 
also less definite in point of outline; so that it is often 
not easy to say where they terminate, or ·whether they 
are to be regarded otherwise than as merely richer parts 
of the heavens than those around them. In some of 
them the stars are nearly all of a size, in others 
extremely different; and it is no uncommon thing to 
fincl a very red star much brighter than the rest, occu
pying a conspicuous situation in them. Sir '\Villiam 
Herschel regards these as globular clusters in a less 
advanced state of condensation, conceiving all such 
groups as approaching, by their mutual attraction, to 
the globular figure, and assembling themselves together 
from all the surrounding region, under laws of ,vhich 
,ve have, it is true, no other proof than the observance 
of a gradation by ,vhich their characters shade into one 
another, so that is impossible to say where one species 
ends and the other begins. 

(618.) Resolvable nebulre can, of course, only be 
considered as clusters either too remote, or consisting of 
stars intrinsically too faint to affect us by their in
dividual light, unless where two or three happen to be 
close enough to make a joint impression, and give the 
idea of a point brighter than the rest. They are almost 
universally round or oval - their loose appendages, and 
irregularities of form, being as it were extinguished by 
the distance, and only the general figure of the more 
condensed parts being discernible. It is under the 
appearance of objects of this character that all the 
greater globular clusters exhibit themselves in tele
scopes of insufficient optical power to show them ,veil; 
and the conclusion is obvious, that those which the 
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most po,verful can barely render resolvable, would be 
completely resolved by a further increase of instru
mental force. 

(619.) Of nebulre, properly so called, the ,Tariety is 
again very great. By far the most remarkable are 
those represented in figs. 2. aud 3. Plate II., the 
former of which represents the nebula:: surrounding the 
quadruple ( or rather sextuple) star B, in the constella
tion Orion; the latter, that about 'I/, in the southern 
constellation Robur Caroli : the one discovered by 
.fluygens, in 1656, and figured as seen in the twenty 
feet reflector at Slough; the other by Lacaille, from a 
figure by l\1r. Dunlop, Phil. 'Trans. 1827. The nebu
lous character of these objects, at least of the former, is 
very different from what might be supposed to arise 
fro1n the ,congregation of an immense collection of small 
stars. It is formed of little fiocky n1asses, like wisps 
of cloud; and such wisps seem to adhere to many small 
stars at its outskirts, and especially to one considerable 
star (represented, in the figure, below the nebula), which 
it envelopes with a nebulous atmosphere of considerable 
extent and singular figure. Se,·eral astronomers, on 
comparing this nebula with the figures of it handed 
down to us by its discoverer, Huygens, have concluded 
that its form has undergone a perceptible change. But 
,vhen it is considered how difficult it is to represent 
such an object duly, and how entirely its appearance 
will differ, even in the same telescope, according to the 
clearness of the air, or other temporary causes, we shall 
readily admit that we have no evidence of change that 
can be relied on. 

( 620.) Plate II. fig. 3. represents a nebula of a quite 
different character. 1'he original of this figure is in 
the constellation Andromeda near the star v. It is 
visible to the naked eye, and is continually mistaken for 
a comet, by those unacquainted with the heavens. 
Simon :i\Iarius, who noticed it in 1612, describes its 
appearance as that of a candle shining through horn, 
and the resemblance is not inapt. I ts form is a pretty 

D D 2 
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long oval, increasing by insensible gradations of bright
ness, at first very gradually, but at last more rapidly, 
up to a central point, ,vhich, though very much brighter 
than the rest, is yet evidently not stellar, but only nebula 
in a high state of condensation. It has in it a few 
small stars; but they are obviously casual, and the nebula 
itself offers not the slightest appearance to give ground 
for a suspicion of its consisting of stars. It is very 
large, being nearly half a degree long, and 15 or 20 
1ninutes broad. 

( 621.) 'fhis may be considered as a type, on a large 
scale, of a very numer0U$ class of nebulre, of a round or 
oval figure, increasing more or less in density towards 
the central point: they differ extremely, however, in 
this respect. In some, the conclensation is slight and 
gradual; in others great and sudden: so sudden, indeed, 
that they present the appearance of a dull and blotted 
star, or of a star with a slight burr round it, in 
which case they are called stellar nebulre ; while 
others, again, offer the singularly beautiful and striking 
phrenornenon of a sharp and brilliant star surrounded 
by a perfectly circular disc, or atmosphere, of faint 
light in some cases, dying away on all sides by insen
sible gradations; in others, almost suddenly terminated. 
These are nebulous sta1·s. A very fine example of such 
a star is 5 5 Androme<lre R. A. 1 h 43m, N. P. D. 50° 7'. 
E Orionis and , of the same constellation are also 
nebulous ; but the nebula is not to be seen without a 
very powerful telescope. In the extent of deviation, too, 
from the spherical form, which oval nebulre affect, a 
great diversity is observed : some are only slightly 
elliptic ; others much extended in length ; and in some, 
the extension so great, as to give the nebula the character 
of a long narrow, spindle-shaped ray, tapering away at 
both ends to points. One of the most remarkable speci
mens of this kind is in R. A. 12h 28m; N. P. D. 63° 4'. 

(622.) Annular nebulre also exist, but are among the 
rarest objects in the heavens. The most conspicuous 
of this class is to be found exactly half ,vay between .the 
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stars fJ and 'Y Lyrre, and may be seen ,vith a telescope 
of moderate power. It is small, and particularly ,veil 
defined, so as in fact to have much more the appearance 
of a flat oval solid ring than of a nebula. The axes 
of the ellipse are to each other in the proportion of 
about 4 to 5, and the opening occupies about half its 
diameter: its light is not quite uniform, but has some
thing of a curdled appearance, particularly at the exterior 
edge; the central opening is not entirely dark, but is 
filled up with a faint hazy light, uniformly spread over 
it, like a fine gauze stretched over a hoop. 

( 6~3.) Planetary nebulro are very extraordinary ob
jects. They have, as their name imports, exactly the· 
appearance of planets : round or slightly oval discs, in 
some instances quite sharply terminated, in others a 
little hazy at the borders, and of a light exactly equable 
or only a very little mottled, which, in some of them, ap
proaches in vividness to that of actual planets. What
ever be their nature, they must be of enormous magnitude. 
One of them is to be found in the parallel of 11 Aquarii, 
and about 5111 preceding that star. Its apparent diameter 
is about 20''. Another, in the constellation Andromeda, 
presents a visible disc of 12", perfectly defined and 
round. Granting these objects to be equally distant 
from us with the stars, their real dimensions must be 
such as ,vould fill, on the lowest computation, the whole 
orbit of Uranus. It is no less evident that, if they be 
solid bodies of a solar nature, the intrinsic splendour of 
their surfaces must be almost infinitely inferior to that 
of the sun's. A circular portion of the sun's disc, sub
tending an angle of 20", would give a light equal to 
100 full moons; while the objects in question are 
hardly, if at all, discernible with the naked eye. The 
uniformity of their discs, and their want of apparent 
central condensation, would certainly augur their light 
to be merely superficial, and in the nature of a hollow 
spherical shell; but ,vhether filled ,vith solid or gaseous 
matter, or altogether empty, it ,vould be a ,vaste of 
time to conjecture. 

D D 3 
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(624.) Among the nebulre ·which possess an evident 
symmetry of form, and seem clearly entitled to be re
garded as systems of a definite nature, however myste
rious their structure and destination, the most remark
able are the 51st and 27th of l\'.lessier's catalogue. The 
former consists of a large and bright globular nebula 
surrounded by a double ring, at a considerable distance 
from the globe, or rather a single ring divided through 
about two fifths of its circumference into two laminre, 
and having one portion, as it were, turned up out of the 
plane of the rest. The latter consists of two bright and 
highly condensed round or slightly oval nebulre, united by 
a short neck of nearly the same density. A faint neb1..1,. 
lous atmosphere completes the figure, enveloping them 
both, and filling up the outline of a circumscribed ellipse, 
,vhose shorter axis is the axis of sy1nmetry of the sys .. 
tern about ·which it may be supposed to revolYe, or the 
line passing through the centers of both the nebulous 
masses. These objects have never been properly de
scribed, the instruments with which they were originally 
discovered having been quite inadequate to showing the 
peculiarities above mentioned, ,vhich seem to place them 
in a class apart from all others. The one offers obyious 
analogies either with the structure of Saturn or with that 
of our own sidereal firmament and milky way. The 
other has little or no resemblance to any other known 
object. 

(625.) The nebulre furnish, in every point of view, 
an inexhaustible field of speculation and conjecture. 
That by far the larger share of them consist of stars 
there can be little doubt; and in the interminable range 
of system upon system, and firmament upon firmament, 
,vhich we thus catch a glimpse of, the imagination is be
wildered and lost. On the other hanu, if it be true, as, 
to say the least, it seems extremely probable, that a phos
phorescent or self-luminous matter also exists, dissemi
nated through extensive regions of space, in the manner 
of a cloud or fog-now assuming capricious shapes, 
like actual clouds drifted by the wind, and no,v con-
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centrating itself like a cometic atmosphere around parti
cular stars ;-w·hat, ,ve naturally ask, is the nature and 
destination of this nebulous matter? Is it absorbed by 
the stars in whose neighbourhood it is found, to furnish, 
by its condensation, their supply of light and heat? or 
is it progressively concentrating itself by the effect of its 
own gravity into masses, and so laying the foundation 
of new sidereal systems or of insulated stars? It is 
easier to propound such questions than to offer any pro
bable reply to them. Meanwhile, appeal to fact, by 
the method of constant and diligent observation, is open 
to us; and, as the double stars have yielded to this style 
of questioning, and disclosed a series of relations of the 
most intelligible and interesting description, we may 
reasonably hope that the assiduous study of the nebulre 
,vill, ere long, lead to some clearer understanding of 
their intimate nature. 

(626.) \-Ve shall conclude this chapter by the men
tion of a phrenomenon, ,vhich seems to indicate the ex
istence of some slight degree of nebulosity about the sun 
itself, and even to place it in the list of nebulous stars. 
It is called the zodiacal light, and may be seen any very 
clear evening soon after sunset, about the months of 
April and 1\Iay, or at the opposite season before sun
rise, as a cone or lenticular-shaped light, extending 
from the horizon obliquely upwards, and following, 
generally, the course of the ecliptic, or rather that of 
the sun's equator. The apparent angular distance of its 
vertex from the sun varies, according to circumstances, 
from 40° to 90°, and the breadth of its base perpen
dicular to its axis from 8° to 30°. It is extremely 
faint and ill defined, at least in this climate, though 
better seen in tropical regions, but cannot be mistaken 
for any atmospheric meteor or aurora borealis. It is 
manifestly in the nature of a thin lenticularly-formed 
atmosphere, surrounding the sun, and extending at least 
beyon<l the orbit of 1\1ercury and even of Venus, and 
may be conjectured to be no other than the denser part 
of that medium, ,vhich, as ,ve have reason to believe, 
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resists the motion of comets; loaded, perhaps, with the 
actual materials of the tails of millions of those bodies, 
of ,vhich they have been stripped in their successive 
perihelion passages (art. 487.), and which may be slowly 
subsiding into the sun. 

CHAP. XIII. 

OF THE CALENDAR. 

{627.) TnrE, like distance, may be measured by com
parison with standards of any length, and all that is 
requisite for ascertaining correctly the length of any in
terval, is to be able to apply the standard to the interval 
throughout its whole extent, ,vithout overlapping on the 
one hand, or leaving unmeasured vacancies on the other; 
to determine, ·without the possible error of a unit, the 
number of integer standards which the interval admits 
of being interposed between its ·beginning and end; and 
to estimate precisely the fraction, over and above an 
integer, which' remains when all the possible integers 
are subtracted. 

(6Q8.) But though all standard units of time are 
equally possible, theoretically speaking, all are not, prac
tically, equally convenient. The tropical year and the 
solar day are natural units, ,vhich the wants of man and 
the business of society force upon us, and compel us to 
adopt as our greater and lesser standards for the mea
surement of time, for all the purposes of civil life; and 
that, in spite of inconveniencies which, did any choice 
exist, would speedily lead to the abandonment of one or 
other. The principal of these are their incommen.sura
bility, and the want of perfect uniformity in one at least 
of them. 

( 6Q9.) The mean lengths of the sidereal day and 
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year, ·when estimated on an average sufficiently large to 
compensate the fluctuations arising from nutation in 
the one, and fro1n inequalities of configuration in the 
other, are the t,vo most invariable quantities which na
ture presents us with; the former, by reason of the 
uniform diurnal rotation of the earth-the latter, on ac
count of the invariability of the axes of the planetary 
orbits. Hence it follows that the mean solar day is 
also invariable. It is other,vise ,vith the tropical year. 
The motion of the equinoctial points varies not only 
from the retrogradation of the equator on the ecliptic, 
but also partly from that of the ecliptic on the orbits 
of all the other planets. It is therefore variable, and 
this produces a variation in the t1·opicat year, which is 
dependent on the place of the equinox (arts. 517. 328.) 
The tropical year is actually above 4·215 shorter than 
it was in the time of Hipparchus. This absence of the 
most essential requisite for a standard, viz. invariability, 
renders it necessary, since we cannot help employing the 
tropical year in our reckoning of time, to adopt an arbi
trary or artificial value for it, so near the truth, as not 
to admit of the accumulation of its error for several 
centuries producing any practical mischief, and thus 
satisfying tlre ordinary ,vants of civil life; ·while, for 
scientific purposes, the tropical year, so adopted, is con
sidered only as the representative of a certain number 
of integer days and a fraction-the day being, in effect, 
the only standard employed. The case is nearly analo
gous to the reckoning of value by guineas and shillings, 
an artificial relation of the two coins being fixed by law, 
near to, but scarcely ever exactly coincident ,vith, the 
natural one, determined by the relative market price of 
gold and silver, of which either the one or the other,
whichever is really the most invariable, or the most in 
use with other nations, -may be assumed as the true 
theoretical standard of value. 

(630.) The other inconvenience of the standards in 
question is their incommensurability. In our measure, 
of space, all our subdivisions are into aliquot parts: a 

• 
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yard is three feet, a mile eight furlongs, &c. But a 
year is no exact number of days, nor an integer number 
with any exact fraction, as one third or one fourth, over 
and above; but the surplus is an incommensurable frac
tion, composed of hours, minutes, seconds, &c., w·hich 
produces the same kind of inconvenience in the reckon
ing of time that it woulcl clo, in that of money, if we 
had gold coins of the value of twenty.one shillings, with 
odd pence ancl farthings, and a fraction of a farthing 
over. For this, ho,vever, there is no remedy but to 
keep a strict register of the surplus fractions; and, ,vhen 
they a1nount to a whole day, cast them over into the 
integer account. 

(631.) To do this in the simplest and most con
venient manner is the object of a ,veil-adjusted calendar. 
In the Gregorian calendar, which we follow, it is ac
complished, ,vith remarkable simplicity and neatness, by 
carrying a little farther than is <lone above the prin
ciple of an assumed or artificial year, and adopting t-wo 
such years, both consisting of an exact integer number 
of days, ,•iz. one of 365 and the other of S66, and lay
ing down a si1nple and easily remembered rule for the 
order in ,vhich these years shall succeed each other in 
the civil reckoning of time, so that during the lapse of 
at least some thousands of years the sum of the integer 
artificial, or Gregorian, years elapsed shall not differ 
from the sa1ne nun1ber of real tropical years by a whole 
day. By this contrivance, the equinoxes and solstices 
will always fall on <lays si1nilarly situated, and bearing 
the same name, in each Gregorian year ; and the sea
sons will for ever correspond to the same months, in. 
stead of running the round of the whole year, as they 
1nust do upon any other system of reckoning, ancl 
used, in fact, to do before this was adopted. 

( 632.) The Gregorian rule is as follows : -The years 
are denominated from the birth of Christ, according to 
one chronological determination of that event. Every 
year ,vhose number is not divisible by 4 without re
mainder, consists of 365 days; every year ,vhich is so 
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divisible, but is not divisible by 100, of 366; every year 
divisible by 100, but not by 400, again of 365; and 
every year divisible by 400, again of 366. For ex
ample, the year 1833, not being divisible by 4, con
sists of 365 days; 1836 of 366; 1800 and 1900 of 
365 each ; but 2000 of 366. In order to see how near 
this rule will bring us to the truth, let us see ,vhat 
number of days 10000 Gregorian years will contain, 
beginning with the year I. Now, in 10000, the num
bers not divisible by 4• will be 1 of l 0000, or 7500; 
those divisible by JOO, but not by '\00, will in like 
manner be ¾ of l 00, or 7 5; so that, in the 10000 years 
in question, 7 57 5 consist of 366, and the remaining 
2425 of 365, producing in all 3652425 days, ,vhich 
,vould give for an average of each year, one with another, 
365d • 2425. The actual value of the tropical year ( art. 
327.) reduced into a decimal fraction, is 365·24224, so 
the error of the Gregorian rule on 10000 of the present 
tropical years is 2·6, or 2d 14h 24m; that is to say, 
less than a <lay in 3000 years; which is more than suf
ficient for all human purposes, those of the astronomer 
excepted, who is in no danger of being led into error 
from this cause. Even this error might be avoided by 
extending the ,vording of the Gregorian rule one step 
farther than its contrivers probably thought it ,vorth 
while to go, and declaring that years divisible by 4000 
should consist of 365 days. 'l'his ,vould take off t,vo in
teger <lays from the above-calculated number, and 2·5 
from a larger average; making the sum of days in 100000 
Gregorian years, 36.524,225, which differs only by a 
single day from 100000 real tropical years, such as they 
exist at present. 

(633.) As any distance along a high road might, 
though in a rather inconvenient and roundabout way, 
be expressed without introducing error by setting up a 
series of milestones, at intervals of unequal lengths, so 
that every fourth mile, for instance, should be a yard 
longer than the rest, or according to any other fixed 
rule; taking care only to mark the stones, so as to 
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leave room for no mistake, and to advertise all travellers 
of the difference of lengths and their order of succes
sion; so may any interval of time be expressed correctly 
by stating in what Gregorian years it begins and ends, 
and whei·eabouts in each. For this statement coupled 
with the declaratory rule, enables us to say how many 
integer years are to be reckoned at 365, and how many 
at 366 days. The latter years are cal1ed bissextiles, or 
leap-years, and the surplus days thus thrown into the 
reckoning are called intercalary or leap-days. 

( 634.) I f the Gregorian rule, as above stated, had 
always been adhered to, nothing ,vould be easier than 
t.o reckon the number of days elapsed bet,veen the pre
sent time and any historical recorded event. But this 
is not the case; and the history of the calendar, with 
reference to chronology, or to the calculation of ancient 
observations, may be compared to that of a clock, going 
regularly ,vhen left to itself, but sometimes forgotten t.o 
be wound up ; and ,vhen wound, sometimes set for
ward, sometimes backward, and that often to serve par
ticular purposes and private interests. Such, at least, 
appears to have been the case with the Roman calendar, 
in which our o\vn originates, from the time of Numa 
to that of Julius Cresar, when the lunar year of 13 
months, or 355 days, was augmented at pleasure, to cor
respond to the solar, by which the seasons are deter
mined, by the arbitrary intercalations of the priests, 
and the usurpations of the decemvirs and other magis
trates, till the confusion became inextricable. To Julius 
Cresar, assisted by Sosigenes, an eminent Alexandrian 
astronomer and mathematician, \Ve owe the neat con
trivance of the two years of 365 and 366 days, and the 
insertion of one bissextile after three common years. 
This important change took place in the 45th year 
before Christ, which ,vas the first regular year, com
mencing on the 1st of J anuary, being the day of the 
new moon immediately following the winter solstice of 
the year before. "\,Ve may judge of the state into which 
the reckoning of time had fallen, by the fact, that, to in-
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troduce the new system, it was necessary to enact that 
the previous year ( 46 B, c.) should consist of 455 
days, a circumstance ·which obtained it the epithet of 

£ • " " the year of con usion. 
(635.) The Julian rule made every fourth year, 

without exception, a bissextile. This is, in fact, an 
over-correction; it supposes the length of the tropical 
year to be 365!d, ·which is too great, and thereby in
duces an error of 7 days in 900 years, as will easily 
appear on trial. Accordingly, so ea.rly as the year 1414, 
it began to be perceived that the equinoxes ,vere gra
dually creeping away from the 21st of March and Sep
tember, where they ought to have always fallen had the 
Julian year been exact, and happening (as it appeared) 
too early. The necessity of a fresh and effectual reform 
in the calendar was from that time continually urged, and 
at length admitted. The change (which took place under 
the popedom of Gregory XIII.) consisted in the omission 
of ten nominal days after the 4th of October, 1582 (so 
that the next day was called the 15th, and not the 5th), 
and the promulgation of the rule already explained for 
future regulation. The change ·was adopted i1nme
diately in all catholic countries ; but more slowly in 
protestant. In England, " the change of style," as it 
was called, took place after the 2d of September, 17 52, 
eleven nominal days being then struck out; so that, the 
last day of old style being the 2d, the first of New 
Style (the next day) ,vas called the 14th, instead of the 
3d. The same legislative enactment which established 
the Gregorian year in England in 17 52, shortened the 
preceding year, 1751, by a full quarter. Previous to 
that time, the year was held to begin with the 25th 
l\lfarch, and the year A. D. 17 51 did so accordingly ; 
but that year was not suffered to run out, but was sup
planted on the 1 st January by the year 1752, which it 
,vas enacted should commence on that day, as ,veil as 
every subsequent year. Russia is no,v the only country 
in Europe in ,vhich the Old Style is still adhered to, 
and (another secular year having elapsed) the difference 
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between the European and Russian dates amounts, at 
present, to 12 days. 

(686.) I t is fortunate for astronomy that the con
fusion of dates, and the irreconcilable contradictions 
which historical statements too often exhibit, ,vhen con
fronted with the best knowledge ·we possess of the 
ancient reckonings of time, affect recorded observations 
but little. An astronomical observation, of any striking 
and ,veil-marked phrenomenon, carries with it, in most 
cases, abundant means of recovering its exact date, 
when any tolerable approximation is afforded to it by 
chronological l'ecords; and, so far from being abjectly 
dependent on the obscure and often contradictory dates 
which the comparison of ancient authorities indicates, is 
often itself the surest and most convincing evidence on 
,vhich a chronological epoch can be brought to rest. 
Remarkable eclipses, for instance, no,v that the lunar 
theory is thoroughly understood, can be calculated back 
for several thousands of years, without the possibility of 
mistaking the day of their occurrence. And whenever 
any such eclipse is so inter,voven ,with the account given 
by an ancient author of some historical event, as to in
dicate precisely the interval of time between the eclipse 
and the event, and at the same ti1ne completely to iden
tify the eclipse, that date is recovere<l and fixed for 
ever.• 

(687.) The days thus parcellell out into years, the 
next step to a perfect knowledge of time is to secure the 
identification of each day, by imposing on it a name 
universally known and employed. Since, however, the 
days of a ,vhole year are too numerous to admit of load
ing the memory with distinct names for each, all nations 
have felt the necessity of breaking them down into 
parcels of a more moderate extent _: giving names to 
each of these parcels, and particularizing the days in 
each by n11mbers, or by some especial indication. The 

"' See the remarkable calculations of Mr.Baily relative to the celebrated 
solar eclipse which put an end to the battle between the kings of Media 
and Lydia, u. c. 610. Sept. 30. Phil. Trans. ci. 220. 
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lunar month has been resorted to in many instances ; 
and some nations have, in fact, preferred a lunar to a 
solar chronology altogether, as the Turks and Jews con
tinue to do to this day, making the year consist of 13 
lunar months, or 355 days."' Our own division into 
twelve unequal months is entirely arbitrary, aud often 
productive of confusion, O'Wing to the equivoque between 
the lunar and calendar month. The intercalary day na
turally attaches itself to February as the shortest. 

* The l\fetonic cycle, or the fact, discovered by }feton, a Greek mathe
matician, that 19 solar years contain just 235 lunations (wl-.ich in fact they 
do to a very great degree of approximation), was duly appreciated by the 
Greeks, as ensuring the correspondence of the solar and lunar years, and 
honours were decri,ed to its discoverer. 

NOTE 

On tfie Co11stiluti011 qf a Globular Clwste,·, rr/erred to in page 4-01. 

If we suppose a globular space filled with equal stars, uniformly dispersed 
through it, and very numerous, each of them 11ttracting every other with a. 
force inversely as the square of the distance, the resultant force by 1< hich any 
one of them (those at the surface alone excepted) will be urged, in virtue of 
their joint attractions, will be directed towards the common <:enter of the 
sphere, and will be directly as the distance theref'rom. This ti>llows from what 
Newton has proved of the intrrnat attraction of a homogeneous sphere. Now, 
under such a law of force, each particular star would de•cribea perfect ellipse 
about the common ccnter ofgrav,ty as its ~enter, and 1/,at, in 1d1atevcr plane 
and whatever direction it might revolve. The condition, therefore, of a ro. 
tation of the cluster, as a mass, about a single axis would be unnecessary. 
Each ellipse, whate,·er might b<' the proportion of its axes, or the inclina. 
tion of its plane to the others, would be invariable in ever!J partfcula1·, and 
all would be described in one common period, so that at the end of every 
such period, or a1111us mag1111s of the system, every star of the cluster (ex
cept the superficial ones) would be exactly re.established in its original po. 
sitiOll, thence to set out afresh, and rull the Same lrnvaryihg rou11cl for an 
indefinite .succ~ssion of ages. Supposing their motions, therefore, to be so 
adjusted at any one moment as that the orbits should not intersect each 
other, and so that the magnitude of each star, and the sphere of its more 
intense attraction, should bear but a small proportion to the distance sepa
rating the individuals, such a system, it is obvious, might subsist, anti 
realise, in great measure, that abstract an<I ideal harmony, which Newton, 
in the 89th Proposition of the First Book of the P,-incipia, has shown to 
characterise a law of force di rectly as the distance. See also Qua,·terty 
Review, No. 114. p. 54-0. - Autllor. 
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SYNOPTIC TABLE OF THE ELEMENTS OF .THE SOLAR SYSTEM, 

N. B. - The data for Vesta, Juno, Ceres, and Pallas are for January 1. 
1820. The rest for January I. 1801. 

Planet's Mean distance I\Iean Sidereal Excentricity in. 
from Sun, or Period in 1'1#,an Parts of the name. Semi.axis. Solar Da)S, Semi-axis. 

- -
l\,1ercury 0·38'i'0981 

.. 
87·9692580 0·2055149 

Venus 0·7233316 224·7007869 0·0068607 
Earth 1·0000000 365·2563612 0·0167836 
Mars l ·5236923 686·9796458 0·0933070 
Vesta 2·3678700 1325·7431000 0·0891300 
Juno 2·6690090 1592·6608000 0·2578480 
Ceres 2·7672450 1681 ·3931000 O·O"'" ~') 

Pallas 2·7728860 1686·5388000 0 , 
Jupiter 5·2027760 4332·5848212 0 ·048lu21 
Saturn 9·5387861 10759·2198174 0·0561505 
Uranus l 9·1823900 3068_6·8208296 0·0466794 . - . . .. -

Planet's Inclination to the Longitude of Longitude of 
Name. Ecliptic. ascending Node. l'erihelion. 

- - --
l.\1ercury 70 o' 9" ·l 45° 571 3011·9 74° 21' 46" ·9 
Venus 3 23 28 ·5 74 54 12 ·9 128 43 53 ·1 
Earth 99 so ,5 ·O 
l\lars I SI 6 ·2 48 0 3 ·s 332 23 56 ·6 
Vesta 7 8 9 ·O 103 13 18 ·2 249 SS 24 ·4 
Juno 13 4 9 ·7 171 7 40 ·4 53 SS 46 ·O 
Ceres 10 37 26 ·2 80 41 24 ·O 147 7 SI ·5 
Pallas 34 34 SS ·O 17~ 39 26 ·8 121 7 4 ·3 
Jupiter 1 l 8 51 ·3 98 26 18 ·9 11 8 34 '6 
Saturn 2 29 35 ·7 Ill 56 37 ·4 89 9 29 •8 
Uranus 0 46 28 ·4 72 59 3.5 ·s 167 SI 16 ·l 

·-

Planet's Mean Longitude Mass in Billionths Equatorial Dia-
meter, the Sun's 

Name. at the Epoch. of the b'\m's. being 111 ·454. 

1Ier('ury 166" o' 48" ·6 493628 0·398 
Venu5 11 SS i ·O 2463836 0·975 
Earth 100 39 10 ·2 2817409 1·000 
Mars 64 22 55 ·5 39273.5 0·517 
Vesta 278 30 0 ·4 ,I -
Juno 200 16 19 ·l .. 
Ceres 1!23 16 11 ·9 -
Pallas 108 24 57 ·9 
J upiter 112 15 23 ·0 953570222 10·860 
S:iturn 135 20 6 ·S 284738000 9·987 
Uranus 177 48 23 ·O 55809812 4·332 



A TREATISE ON ASTRO~OllY. 417 

SYNOPTIC TABLE OF THE ELE.:IIENTS OF TllE Ou.n1Ts 

OF TllE 8A'l'ELLl'fES, SO PAR AS 'fllEY ARE KNOWN. 

'N. D.-The distances are expressed in cquatm·ial radii of the 
primaries. The epoch is .Jan. l. 1801. Tile period,, &c. 
are expressed in mean solar days. 

I. 'faE l\foor,. 
l\Iean distance from earth -
lviean sidereal revolution 
lviean synodical ditto 
Excentricity of orbit 
1\-Iean revolution of nodes -
l\Iean revolution of apogee 
l\Iean longitude of node at epoch 
l\Iean longitude of perigee at do. 
l\Iea.n inclination of orbit 
l\Iean longitude of moon at epoch 
1\-!ass, that of earth being 1, 
Diameter in miles 

29'·98217500 
27d·321661418 
29 1·530588715 

0·054844200 
- '67 93 1 ·i39 l 080 
- 3232 1·575343 

13° SS' 1711·7 
266 10 7 ·5 

5 8 47 ·9 
118 I 7 8 ·3 

0·0125172 
- 2160 

II. SATELLITES OF JUPITER. 

Inclination of Ma,;s: that 
Sat. 1\,fean Sidc:real Orbit to that of of Jupiter 

Distance. Rcvol ution. Jupiter. be,ng 
l 000000o00. 

- -
l 6·04853 14 18" 28"' 30 s' s<i' 17328 
2 9·62347 s IS 14 Variable 23235 
s 15·35024 7 s 43 Variable 88497 
4 26·99835 16 16 32 2 58 48 42659 

The excentricities of the 1st and 2d satellite are insensible, 
that of the Sd and 4th small, but variable in consequence of 
their mutual perturbations. 

EE 
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III. SATELLITES OF SATURN . 

• 
Sat. J\fean Sidereal Excentricities and Inclinations. Distance. Revolution. 
-

1 3·351 Od 22ti 38° The orbits of the six interior 
2 4··300 l 8 53 sate II ites are nearly circular, 
3 5·284 l 21 18 and very nearly in the plane of 
4 6·819 2 17 45 of the ring. That of the seventh 
.5 9·524 4 12 25 IS considerably inclined to 
G 22·081 l,S 22 41 the rest, and approaches nearer 
7 64·359 79 7 55 to coincidence with the ecliptic. 

IV. SATELLITES OF URANUS. 

' 
Sat. Mean Sidereal Period. Inclination to Ecliptic. Distance. - . 
l? 13·120 5d 21 h 25'" o• Their orbits are inclined 
2 l 7·022 8 16 56 5 about 78° 581 to the 
3? 19·845 10 23 4 0 ecliptic,and theirmotion 
4 22·752 13 11 8 59 is retrograde. The pe-
5? 45·507 38 I 48 0 riods of the 2d and 4th 
6? 91 ·008 107 16 40 0 require a trifling correc-

tion. The orbits appear 
to be nearly circles. 
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A. 

Am, 23, Mechanical Jaws for re
gulating its dilatation and corn. 

, prcssion ; rarefaction of, 24. 
Density of, 25. Refractive power 
of, affected by its moisture, 29. 

Angle of rcflei<ion equal to that of 
incidence, 91. 

Angles, mcasu remcnt of, 82. 
Anomalistic and tropical years, 

205. 
Apparent diurnal motion of the 
1 heavenly bodies explained, 41. 
Apsidcs, their motion illustrated, 

361. 
Astronomical instruments, 64. 

Practical difficulties in the con. 
struction of, 65. Observations 
in general, 1>6. 

Astronomy, I. General notions 
concerning the science, 9. 

Atmosphere, 25. Refractive power 
of' the, 26. General notions of its 
amount, and law of variation, SO. 
Reflective power of, 32. 

Attraction, magnetic and electric, 
236. Of spheres, 237. Solar at. 
traction, 239. 

Azimuth and altitude instruments, 
. 100. 

B. 

Barometrical determination of 
heights 155. 

Biot, lit., his aeronautic expedition, 
23. 

Bo<le's law of planetary distances, 
277. 

Bodies, effect of the earth's attrsc. 
tion on, 128. ]l[otion of, 233. 
Rule for <let.ermining the vcloc
city of, 234,. Problem of three, 
315. 

Borda, his invention of the prin. 
ciple of repetition, 104. 

EE 

c. 
Calendar, 408. Gregorian, 410. 

Julian, 41~. 
Cause and effect, 232. 
Celestial refraction, 34. ]l[aps, 157. 

Construction of, by observations 
on right ascension and declina. 
tion, 158. Objects divided into 
fixed and erratic, 161. Longi. 
tudes and latitudes, 167. 

Centrifugal forre, 121. 
Chronometers, 77. 
Circles, co.onliuate, 97. 
Clairaut, 128. 
Clcpsydras, 77. 
Clocks, 77. 
Comets, their number, 301. Their 

tails, S02. Their constitution, 
SOS. Their orbits, 305. Their 
predicted returns ; Encke's, 308. 
l3iela's, 309. Their dimensions, 
311. 

Copernican explanation of the 
sun's apparent motion, 194. 

D. 

Dates, astronomical means of fix. 
ing, 414 . 

Day, solar, civil measure of time, 
4-08. Sidereal, 409. 

Definitions of various terms em. 
ployecl in astronomy, 54. 

Diurnal or geocentric parallax, 189. 

E. 

Earth, the, one of the principal 
objects of the astronomer's con. 
sidcra tion; opinions of the an. 
cicnts concerning, 10. Real and 
apparent motion of, explained, 
12. Form and magnitude ol~ a. 
Its apparent diameter, 16. .'\ 
diagram, elucidating the circular 

2 
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fonn of, 17. Ef!'ect of the curva
ture of, 19. Diurnal rotation of, 
38. Poles of, 47. Figure of, 108. 
l\leans Of determining with accu
racy the dimensions of the whole 
or any part of, explained, 109. 
Meridional section of, 115. Ex
act dimensions of, 117. Its form 
that of equilibrium, modified by 
centrifugal force, 120. Local 
variation of gravity on its sur
face, 123. Effects of the earth's 
rotation, 127. Correction for the 
sphericdy of, 149. The point of 
the earth's axis, 170. Conical 
movements of1 171. Mutation of, 
172. Parallehsm of, 195. PJ'O. 
portion of its mass to that of 
the sun, 290. 

Ecliptic, the, Jf>4. Its positio11 
among the stars, 165. Poles of, 
166. Plane of its secular varia
tion, S'l-8. 

Elliptic motion, laws of, 187. 
Equations for precession and nuta

tion, 175. 
Equatorial or parallactie instru-

ment, 99. 
Equinoxes, precession of the, 168. 

tJranographical ell'ect of, 169. 
Excentric ity of the planetary orbits, 

its variation, S66. 
Explanation of the seasons, 195. 

F. 

Floating collimator, invented by 
captain Kater, 95. 

Force, centrifugal, 234. 

G. 

Gay.Lussac, his aeronautic expc. 
dition, 23. 

Galileo discovers Jupiter's satel
lites, 296. 

Gc<>graph ieal latitude$ determined, 
13.l. 

Geography, outline of, so far as it 
is to be considered a part of 
astronomy, 107. 

Gravitation, law of universal, 283. 
Gravity, local, ,·ariation of, 123. 

Statical measure of, 125. Dyna.. 
mica! measure of, 126. Terres
trial, 23,3. Diminution of, at the 
moon, 235. Solar, 240. 

H. 

Hadley's sextant, 102. 
Halley discovers the secular ·acce-

leration of the moon's mean 
motion, 355. 

Harclinit, professor, 276. 
Herschel, sir ,vmiam, his view of 

the physical constitution of the 
sun, 200. 

Horizon, dip of the, explained, 18. 
Hour.glass, )7. 

K. 

Kater's floating collimator, 95. 
Kepler, the first who ascertained 

the elli1>tic form of the earth's 
orbit, 1S8. His laws, and their 
interpretation, 263. 

L. 

Lalande, his ideas of the spots on 
the sun, l!f,9. 

L11place accounts for the secular 
acceleration of the moon, 355. 

Latitude, 57. Length of a degree 
of, 111. 

J,e,•el, de;cription and use of, 92. 
Light, aberration of, l77. Urano

graphical ell'ect of, 179. Its velo
city proved by eclipses of Jupi
ter's satellites, 297. 

Longitudes, determination of, by 
:istrouomiral observation, JS.5. 
Dif!'erences found by chron0-
meters, 137. l>etermined by 
telegraphic signals, 1S9. 

Lunar eclipses, 22.,. 

M. 

Maclaurin, 128. 
J\Iaps, construction of, 147. Pro

jections chiefly used in, 151. The 
orthographic, stereographic, and 
i\!ercator's, 151. 

Menstrual equation, 289. 
llfercators', projection of th~ 

sphere, 15S. 
Men·ury, the most reflective fluid 

knowu, 91. 
Meridian, or transit circle, for :is

certaining the 1·ight as('ensions 
and polar distances of objects, 
92. 

Microscope, compound, 84. 
Milky way, 163. :,'75. 
l\foon, the, its sidereal period; its 

apparentdiameter,213. Its paral
lax, distance, and real diameter, 
214. The form of its orbit, like 
that of the S\ln, is elliptic, but 
considerably more exccntric; the 
first approximation to its orbit, 
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215. Motions of the nodes of, 
216. Occultations of, 217. Phases 
of, 222. Its synodical periods, 
!123. Revolutions of the apsides 
of, 2'17. Physical constitution 
of, 228. Its mountains, 229. Jts 
atmosphere, 230. Rotation of; 
libration of, 231. Diminution of 
gravity at the; distance of i~ 
from the earth, 235. Its gravity 
towards the earth ; towards the 
sun, 289. Its motion disturbed 
by the sun's attraction, 354. Ae
celcration of its mean motion ; 
accounted for by Laplace, S55. 

l\Iotion, parallactic, 13. Appear
ances resulting from diurnal 
motion, 14. ~al and apparent 
motion of tine earth described, 
i i2. Of bodies, 2$$. Laws or 
elliptic motion, 2S8. Orbit of the 
earth round the sun in accord. 
ancc with these laws, 2S9. 

Mural circle, 89. 

N. 

Nebulae, sir \V. Herschel's disco. 
veries of, 4-01. Resolvable, 4-02. 
Annular, 4<H. l'lanetary, 4-05. 

Newton, his law of universal gra. 
vitation, 2S6. 

Nodes, their motion, 322. 
~ utation, its phy,.ical causes, SSS. 

0. 

Olbers, Dr., 276. 
Orhits, variatio1\ of their inclina. 

tions, 326. 

P. 

Parallax, 48. 
Pendulum, 126. 
Perturbations, 31S. Of the planet. 

ary orbits, 34(). 
Planet, method of ascertaining its 

mass, compared with that of the 
sun, when it has a satellite, 290. 

Planets, the, 243. Apparent motion 
of, 244. Their stations and re. 
trogradations, 245. The sun 
their natural center of motion, 
2-16. Their apparent diameters 
and distances from the sun, 247. 
Motions of the inferior planets; 
transits of, 249. Elongations or, 
251. Their sidereal periods, 252. 
Synodical revolutions of, 253. 
Phases of Mercury and Mars, 
255. Transits ofVenusexplained, 

256. Superior planets, 259. Their 
distances and periods, /lf,O. 
Method for determining their 
sidereal periods a11d distances, 
262. Elliptic elements of the 
planetary orbits, 265. Their 
heliocentric and geocentric 
places, 272. The four ultra
zodiacal planets, discovered in 
1801, 276. The physical peculi
arities, and probable coudition 
of the several planets, 9:ii. Their 
apparent and real diameters, 280. 
Their periods unalterable, 3.58. 
Their masses discovered inde. 
p•ndently of satellites, 371. 

Polar and horizontal points, !Jl. 
Pole star, 43. Situation of, 89. ' 
!'recession, its physical causes, 

S29. 
Projectiles, motion of, 233. Cur

vilinear path of, 23-l. 

R. 

Rays of light, refraction of, 26. 
Reflecting circle, 10-l,. 
Reflection, angle of, equal to th 

of incidence, 91. 
Refraction, 26. Of the atmosphere, 

27. Effects of, to raise aU the 
heavenly bodies higher abo,•e the 
horizon in appearance than they 
:ire ill reality, 28. General no. 
tions of its amount, and law of 
variation, SO. Terrestrial refrae
tion, 33. Celestial refraction, 
U. 

Repetition, principle of, invented 
by Borda, 105. 

s. 
Satellite-s, 288. Their motions 

round their primary analogous 
to those of the latter round the 
sun, 291. Of Jupiter, 292. Their 
masses, 37'},. 

Saturn, his satellites, 298. 
Sea, acLion of the on the land, 

121. 
Seasons, explanation of the, 195. 
Sextant and reflecting circle, 102. 

Its optical property, 163. 
Sidereal clock, 59. 
Sidereal year, 165. 
Sidereal time, reckoned by the 

diurnal motion of the stars, 59. 
Sirius, its intrinsic brilliancy, Si9. 
Solar eclipses, 218. System, 243. 
Sphere, celestial, S5. Projections 

of, 151. 
Stars, 49. Distance of, from the 
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earth, 50. Sidereal time reck. 
oned by the diurnal motion of 
the, 59. Visible by day, &3. 
Fixed and erratic, 161. Their 
relative magnitude ; infinite 
number, SiS. Their distribution 
in the heavens, 375. Their 
distances, 376. The centers of 
planetary systems, SSO. l'eriod. 
ical, 381. Temporary, SSS. 
Double, 385. Binary, :390. Their 
orbits elliptic, 391. Their colours, 
;394. Their proper motions, 395. 
Clusters of, 398. Globular clus. 
ters of, .JOO. Irregular clusters 
of, 402. Nebulous, 404. 

Sun, apparent motion of the, not 
uniform, 18¼. Its apparent dia. 
meter also variable, 185. Its 
<>rbit not circular, but elliptical, 
186. Variation of its distance, 
187. Its apparent annual mo. 
tion, 188. l'arallax of, 189. Its 
distance and magnitude, 192. 
l>imensions and rotation OJ'., l 93. 
l\fcan and true longitude or, 201!. 
Equation ofit.,; center, 203. Phy. 
sical constitution of, 207. Den. 
sity of; force of gravity on its 
surface, 239. The disturbing 
effect of, on the moon's motion, 
24-0. 

T. 

Table, exhibiting degrees in dif. 
ferent latitudes, expressed in 
British standard feet, as result.. 
ing from actual measurement, 
11:l. 

Telescope, 85. Application of, the 
grand source of all the precision 
of modern astronomy, 86. Dif. 

ferences of declination measured 
by, 87. 

Terrestrial refraction, SS. 
Theodolite, construction of the, 

149, 
Tides, their physical cause, SSS. 
Time, measurement of, 77, Its 

measures, 4-08. 
Trade winds, 128. Explanation or 

this phenomenon,129. Compen•
ation of, 1s1. 

Transit instrument, 75. 
Trigonometrical survey, 147. 
Tropical and anomalistic years, 

205. 
Twilight caused by the reflection 

of Uie sun ai\d the moon on the 
atmosphere, Sl. 

u. 
Uranographical problems, 181. 
Uranography, 157. 
Uranus, his satellites, 299. 

V. 

Variations, periodic and secular, 
3-¾1. 

Y. 

Year,' tropical, the civil measure 
of time, 408. Sidereal, 409. 

z. 
Zodiac, the, 163. 
:lodiacal light, 4M. 

THE END. 
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