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PREFACE

TO

THE FIRST EDITION.

THE work here offcred to the Public is based upon
and may be considered as an extension, and, it is
hoped, an improvement of a treatise on the same
subject, forming Part 43. of the Cabinet Cyclopadia,
published in the year 1833. Its object and general
character are sufficiently stated in the introductory
chapter of that volume, here reprinted with little
alteration ; but an opportunity having been afforded
me by the Proprietors, preparatory to its re-appear-
ance in a form of more pretension, I have gladly
availed myself of it, not only to correct some errors
which, to my regret, subsisted in the former volume,
but to remodel it altogether (though in complete
accordance with its original design as a work of ex-
planation) ; to introduce much new matter in the
earlier portions of it; to re-write, upon a far more
matured and comprehensive plan, the part relating
to the lunar and planetary perturbations, and to
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bring the subjects of sidereal and nebular astronomy
to the level of the present state of our knowledge in
those departments.

The chief novelty in the volume, as it now stands,
will be found in the manner in which the subject of
Perturbations is treated. It is not—it cannot be
made elementary, in the sense in which that word is
understood in these days of light reading. The chap-
ters devoted to it must, therefore, be considered as
addressed to a class of readers in possession of some-
what more mathematical knowledge than those who
will find the rest of the work readily and easily ac-
cessible ; to readers desirous of preparing themselves,
by the possession of a sort of carte du pays, for a
campaign in the most difficult, but at the same time
the most attractive and the most remunerative of all
the applications of modern geometry. More espe-
cially they may be considered as addressed to students
in that university, where the “Principia” of Newton
is not, nor ever will be, put aside as an obsolete
book, behind the age ; and where the grand though
rude outlines of the lunar theory, as delivered in the
eleventh section of that immortal work, are studied
less for the sake of the theory itself, than for the
spirit of far-reaching thought, superior to and dis-
encumbered of technical aids, which distinguishes
that beyond any other production of the human in-
tellect.

In delivering a rational as distinguished from a
technical exposition of this subject, however, the
course pursued by Newton in the section of the
¢Principia” alluded to, has by no means been servilely
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followed. As regards the perturbations of the nodes
and inclinations, indeed, nothing equally luminous
can ever be substituted for his explanation. But as
respects the other disturbances, the point of view
chosen by Newton has been abandoned for another,
which it is somewhat difficult to perceive why he did
not, himself, select. By a different resolution of the
disturbing forces from that adopted by him, and by
the aid of a few obvious conclusions from the laws
of elliptic motion which would have found their
place, naturally and consecutively, as corollaries of
the seventeenth proposition of his first book (a pro-
position which seems almost to have been prepared
with a special view to this application), the moment-
ary change of place of the upper focus of the dis-
turbed ellipse is brought distinctly under inspection ;
and a clearness of conception introduced into the
perturbations of the excentricities, periheligy and
epochs which the author does not think it presump-
tion to believe can be obtained by no other method,
and which certainly is not obtained by that from
which it is a departure. It would be out of keeping
with the rest of the work to have introduced into
this part of it any algebraic investigations; else it
would have been easy to show that the mode of pro-
cedure here followed leads direct, and by steps (for
the subject) of the most elementary character, to the
general formule for these perturbations, delivered
by Laplace in the Mécanique Céleste.*

The reader will find one elass of the lunar and
planetary inequalities handled in a very different

* Livre ii. chap. viii, art. 67.
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manner from that in which their explanation is usu-
ally presented. It comprehends those which are
characterized as incident on the epoch, the principal
among them being the annual and secular equations
of the moon, and that very delicate and obscure part,
of the perturbational theory (so little satisfactory in
the manner in which it emerges from the analytical
treatment of the subject), the constant or permanent
effect of the disturbing force in altering the disturbed
orbit. I will venture to hope that what is here
stated will tend to remove some rather generally
diffused misapprehensions as to the true bearings of
Newton’s explanation of the annual equation.*

If proof were wanted of the inexhaustible fertility
of astronomical science in points of novelty and in-
terest, it would suffice to adduce the addition to the
list of members of our system of no less than eight
new planets and satellites during the preparation of
these sheets for the press. Among them is one
whose discovery must ever be regarded as one of the
noblest triumphs of theory. In the account here
given of this discovery, I trust to have expressed
myself with complete impartiality ; and in the ex-
position of the perturbative action on Uranus, by
which the existence and situation of the disturbing
planet became revealed to us, I have endeavoured,
in pursuance of the general plan of this work, rather
to exhibit a rational view of the dynamical action,
than to convey the slightest idea of the conduct of
those masterpieces of analytical skill which the re-
searches of Messrs. Leverrier and Adams exhibit.

¢ Prircipia, lib. i. prop. 66. cor. 6.
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To the latter of these eminent geometers, as well
as to my excellent and esteemed friend the Astro-
nomer Royal, I have to return my best thanks for
communications which would have effectually re-
lieved some doubts I at one period entertained had
I not succeeded in the interim in getting clear of
them as to the compatibility of my views on the
subject of the annual equation already alluded to,
with the tenor of Newton’s account of it. To my
valued friend, Professor De Morgan, I am indebted
for some most-ingenious suggestions on the subject
of the mistakes committed in the early working of
the Julian reformation of the calendar, of which I
should have availed myself, had it not appeared pre-
ferable, on mature consideration, to present the sub-
ject in its simplest form, avoiding altogether entering
into minutiee of chronological discussion.

J. F. W. HERSCHEL.

Collingwood, April 12, 18149,






PREFACE

TO

THE FIFTH EDITION.

THE rapid progress of science renders it necessary
frequently to revise and bring up elementary works
to the existing state of knowledge, under penalty of
their becoming obsolete. In former editions of this
work, this has been done, so far as it could be done
without incurring the necessity of an almost total
typographical reconstruction. But Astronomy, with.
in the last few years, has been enriched by so many
and such considerable additions, that it has been
considered preferable (another edition being called
for), not indeed to recast the general plan of the
work, but to incorporate these in it in due order and
sequence, thereby materially enlarging the volume,
and giving it in many respects the air of a new work.
The articles thus introduced are distinguished from
those of the former editions between which they have
been inserted by the addition to the last current
number of an ifalic letter — thus, between Arts.
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394. and 395. will be found inserted 394. a, 394. b,
and 394.c¢. The enclosure of any passage in brackets
[ ] indicates.its having been introduced in the Fourth
or some subsequent Edition. Theindex references in
this as in former editions, being to the articles and not
to the pages, are thus preserved. Together with these
recent accessions to our knowledge, 1 have taken the
opportunity of introducing several things which
might justly have been noted as deficient in the former
editions, — as, for instance, the account of the me-
thods by which the mass of the Earth has been de-
termined, and that of the successful treatment, and
it is presumed final subjugation, of those rebellious
ancient Solar Eclipses which have so much harassed
astronomers. A brief account of M. Foucault’s re-
markable pendulum experiments, and of that beau-
tiful instrument, the gyroscope, is introduced: as are
also notices of Professor Thomson’s speculations on
the origin of the Sun’s heat, and bis estimate of its
average expenditure, as well as of some curious views
of M. Jean Reynaud, on the secular variation of
.our climates, supplementary to those put forward in
former editions of this work. I could have wished
that its nature and limits would have permitted some
account of Mr. Cooper’s magnificent contributions to
sidereal astronomy, in his catalogue of upwards of
60,000 previously unregistered ecliptic stars; of Mr.
Bishop’s ecliptic charts and those of M. Chacornac;
of Mr, Carrington’s elaborate circumpolar catalogue ;
and of Mr. Jones’s immense work on the zodiacal
light, forming the third volume of the account of the
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United States’ Japan Expedition, which reached me
too late to allow of drawing up a fitting analysis of
his results. These gentlemen will severally please to
accept, however, this respectful tribute of my ad-
miration for their important labours. Some new
speculations are also hazarded; as, for instance,-on
the subject of the Moon’s habitability, the cause of
the acceleration of Encke’s comet, &c., and a few
numerical errors are corrected which have hitherto
escaped notice and public comment as blemishes,—as
for example, in some of the numbers in Art. 422. in
the explanation of the phanomena of a lunar eclipse,
in the evaluation of the total mass of the atmosphere,
Art. 242., and in the distance of the Moon, Art. 403.
(for which, however, I am not answerable).

In the numerical statement of special astronomical
elements, it is unavoidable that slightly different
values of the same quantity should from time to time
come to be substituted for those before received, as
its determination acquires additional exactness. To
have altered the figures in such cases wherever they
occur, throughout the letter-press, would have en-
tailed a great probability of error and confusion ; and,
as the Synoptic Tables of astronomical elements at
the end of the work have been carefully revised in
conformity with the best current authorities, the
reader is requested, whenever he may observe any
discrepancy of this nature, to prefer the tabulated
values.

Several of the wood-cuts, which were originally
drawn correctly, have been inverted right hand for
left by the engraver. So far as explanation goes,
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this is not of the slightest moment. To a reader in
the Southern Hemisphere, they are right as they
stand ; and one in the Northern has only to imagine
himself so situated. ]
Joan F. W. HErscHEL.
Collingwood, Feb. 17, 1858,

Nore (added in 1865.) The views of M. Reynaud, above referred to, though
no doubt original on his part, are however completely anticipated by certain
speculations of Sir Charles Lyell, in his ** Principles of Geology,” (p. 110, Ed.
of 1830) expanded and further reasoned out to conclusions identical with those
of M. Reynaud, in a paper by the author of the present work, * On the Astro-
noraical Causes which may influence Geological Phenc » read before the
Geological Society on December 15th 1830, and published in the Transactions
of that Society. This, however, had completely escaped his recollection when
perusing the works of M. Reynaud referred to in the note to Art. 369. ¢, which
occuring while the additions to the Fifth Edition were in preparation, with all
tne force of novelty, led to their insertion in Art. 369. b, and to the above notice
of them in the preface.




PREFACE

TO

THE TENTH EDITION.

SINcE the publication of the last edition of this work,
the progress of astronomical discovery has been con-
tinuous and rapid; to keep up with which, so far
as consistent with its general object, it has been ne-
cessary to extend some of the Notes added in former
editions and to annex others. Among these recent
‘additions to astronomical knowledge may be men-
tioned more especially those which relate to the
physical constitution of the central body of our own
system, on which so vast and unexpected an amount
of information has accumulated from various quarters
as to place us at the opening out of a new vista of
solar discovery. Within the limits of our own sys-
tem, too, the meteorites have at length acquired a
firm footing as a distinct group of members, while
their now established and most unexpected connection
with periodic comets in some instances, presents the
latter class of bodies under a new aspect, increasing,
*a
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if anything can increase, the mysterious interest which
already hangs about them. The group of asteroids,
too, has received an accession of no less than fifteen
to their list as it stood at the end of 1866. The
elements of these are given in the Appendix (from
the Berlin ¢ Ephemeris’ for 1871), so as to complete
the list up to the present time. The correction indi-
cated in a former edition, as required in the distance
of the sun (and by necessary implication in the
dimensions of all the planetary orbits and the magni-
tudes of the sun and planets themselves), has more-
over received an unexpected confirmation from Mr.
Stone’s critical re-examination of the calculations of
that distance from the recorded observations of the
celebrated transit of Venus in 1769, the result of
which is here brought under the notice of our readers.

Beyond the limits of our own system, the appli-
cation of spectrum analysis has disclosed the amazing
fact of the gaseous constitution of many of the nebulze
(a constitution long suspected on general cosmo-
logical grounds) : by which is mecant their analogy
to matter not in that state of luminosity presented by
the photosphere of our sun, but in that in which are
maintained the luminous prominences and append-
ages which fringe its disc in total eclipses, a state to
which the epithet of incandescent-gaseous as distinct
from flame or a state of combustion seems most appro-
priate. Thus a real line of demarcation between
nebule proper and sidereal clusters is decisively
drawn. These delicate applications of optical science
to chemistry have also afforded strong grounds for
concluding with considerable confidence the presence
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of several of our terrestrial elementary bodies in the
sun and fixed stars: while in one instance prismatic
observation has afforded, with a certain approach to
probability, evidence of the recess of the most con-
spicuous among them from our system, and even
supplied a measure of its rapidity.

J. F. W. HErscHEL.

Collingwood, July 17, 1869,
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OUTLINES

OF

ASTRONOMY.

INTRODUCTION.

(1) Every student who enters upon a scientific pursuit,
especially if at a somewhat advanced period of life, will find
not only that he has much to learn, but much also to un-
learn. Familiar objects and events are far from presenting
themselves to our senses in that aspect and with those con-
nections under which science requires them to be viewed, and
which constitute their rational explanation. There is, there-
fore, every reason to expect that those objects and relations
which, taken together, constitute the subject he is about to
enter upon will have been previously apprehended by him,
at least imperfectly, because much has hitherto escaped his
notice which is essential to its right understanding: and not
only so, but too often also erroneously, owing to mistaken
analogies, and the general prevalence of vulgar errors. Asa
first preparation, therefore, for the course he is about to
commence, he must loosen his hold on all crude and hastily
adopted notions, and must strengthen himself, by something
of an effort and a resolve, for the unprejudiced admission of
any conclusion which shall appear to be supported by careful
observation and logical argument, even should it prove of a
nature adverse to notions he may have previously formed for
himszlf, or taken up, without examination, on the credit of
B
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others. Such an effort is, in fact, a commencement of that
intellectual discipline which forms onc 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 physi-
cal adaptation. It is the ¢ cuphrasy and rue” with which
we must “ purge our sight ” before we can reccive and con-
template as they are the lineaments of truth and nature.

(2.) There is no science which, more than astronomy,
stands in need of such a preparation, or draws more largely
on that intellectual liberality which is ready to adopt what-
ever 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 be-
come placed. Almost all its conclusions stand in open and
striking contradiction with those of superficial and vulgar
observation, and with what appears to every one, until he
has understood and weighed the proofs to the contrary, the
most positive evidence of his senses. Thus, the carth on
which he stands, and which has served for ages as the un-~
shaken foundation of the firmest structures, cither of art or
nature, is divested by the astronomer of its attribute of fixity,
and conceived by him 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 en-
larged in his imagination into vast globes, —the one ap-
proaching in magnitude to the earth itsclf, the other im-
mensely surpassing it. The planets, which appear only as
stars somewhat brighter than the rest, are to him spacious,
elaborate, and habitable worlds; several of them much
greater and far more curiously furnished than the earth he
inhabits, as there are also others less so; and the stars them-
selves, properly so called, which to ordinary apprehension
present only lucid sparks or brilliant atoms, are to him suns
of various and transcendent glory — effulgent centres of Iife
and light to myriads of unseen worlds. So that when, aftcr
dilating his thoughts to comprehend the grandeur of thoso
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ideas his calculations have called up, and exhausting his ima-
gination and the powers of his language to devise similes and
metaphors illustrative of the immensity of the scale on which
his universe is constructed, he shrinks back to his native
sphere, he finds it, in comparison, a mere point; so lost—
even in the minute system to which it belongs — as to be in-
visible and unsuspected from some of its principal and remoter
members,

(8.) There is hardly any thing which sets in a stronger
light the inherent power of truth over the mind of man,
when opposed by no motives of interest or passion, than the
perfect readiness with which all these conclusions are assented
to as soon as their cvidence is clearly apprehended, and the
tenacious hold they acquire over our belief when once ad-
mitted. In the conduct, therefore, of this volume, I shall
take it for granted that the reader is more desirous to learn
the system which it is its object to teach,as it now stands,
than to raise or revive objcctions against it; and that, in
short, he comes to the task with a willing mind ; an assump-
tion which will not only save the trouble of piling argument
on argument to convince the sceptical, but will greatly
facilitate his actual progress; inasmuch as he will find it at
once easier and more satisfuctory to pursue from the outset
a straight and definite path, than to be constantly stepping
aside, involving himself in perplexities and circuits, which,
after all, can ouly terminate in finding himself compelled to
adopt the same read.

(4.) The method, therefore, we propose to follow in this
work is neither strictly the analytic nor the synthetic, but
rather such a combination of both, with a lecaning to the
latter, as may best suit with a didactic composition. Its
object is not to convince or refute opponents, nor to inquire,
under the semblance of an assumed ignorance, for principles
of which we are all the time in full posscssion — but simply
to teach what is Anown. The moderate limit of a single
volume, to which it will be confined, and the necessity of
being on every point, within that limit, rather diffuse and

oopious in explanation, as well as the eminently matured and
B %
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ascertained character of the science itsclf, render this course
both practicable and eligible. Practicable, 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 bestowed, either in combating refuted systems, or
in leading the reader forward by slow and measured steps
from the known to the unknown, may be more advantageously
devoted to such explanatory illustrations as will impress
on him a familiar and, as it were, a practical 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 way 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
distinet and effectual communication, no sacrifice can be
afforded to system, to form, or to affectation.

(5.) We shall take for granted, from the outset, the Coper-
nican system of the world; relying on the easy, obvious, and
natural explanation it affords of all the phenomena as they
come to be described, to impress the student with a sense of
its truth, without either the formality of demonstration or
the superfluous tedium of eulogy, calling to mind that im-
portant remark of Bacon: — ¢ Theoriarum vires, arcta et
quasi se mutuo sustinente partium adaptatione, qui quasi in
orbem cohrent, firmantur * ;” not failing, however, to point
out to the reader, as occasion offers, the contrast which its
superior simplicity offers to the complication of other hypo-
theses.

(6.) The preliminary knowledge which it is desirable that
the student should possess, in order for the more advantageous
perusal of the following pages, consists in the familiar prac-

* « 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,” This is what Dr, Whewell expressively terms the
comstlience of inductions.
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tice of decimal and sexagesimal arithmetic; some moderate
acquaintance with geometry and trigonometry, both plane
and spherical ; tlie elementary principles of mechanics; and
enough of optics to understand the construction and use of
the telescope, and some other of the simpler instruments.
Of course, the more of such knowledge he brings to the
perusal, the gasier will be his progress, and the more com-
plete the information 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, I must distinctly caution such of my
readers as may commence and terminate their astronomical
studies with the present work (though of such, —at least in
the latter predicament,—1I trust the number will be few),
that its utmost pretension is to place them on the threshold
of this particular wing 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 sanctuary, and to the privileges and feelings of a votary, is
only to be gained by one means, — sound and sufficient know-
ledge of mathematics, the great instrument of all exact inquiry,
without which no man can ever make such advances in this or
any other of the higher departments of science as can entitle
kim to form an independent opinion on any subject of discussion
within their range. It is not without an effort that those who
possess this knowledge can communicate on such subjects
with those who do not, and adapt their language and their
illustrations to the necessities of such an intercourse. Pro-
positions 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 propositions, under such circumstances, the appeal has
to be made, not to the pure and abstract reason, but to the
sonse of analogy —to practice and experience: principles and
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modes of action have to be established not by direct argument
from acknowledged axioms, but by continually recurring to the
sources from which the axioms themselves have been drawn;
viz. examples ; that is to say, by bringing forward and dwelling
on simple and familiar instances in which the same principles
and the same or similar modes of action take place: thus
erecting, as it were, in each particular case, a separate induc-
tion, and constructing at each step a little body of science to
meet its exigencies. The difference is that of pioncering a
road through an untraversed country and advancing at ease
along a broad and beaten highway; that is to say, it we arc
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 fuith 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 which I shall neither willingly adopt
nor would recommend to others.

(8.) On the other hand, although it is something new to
abandon the road of mathematical demonstration in the treat-
ment of subjects susceptible of it, and to teach any consider-
able branch of science entirely or chicfly by the way of il-
lustration and familiar parallels, it is yet not impossible that
those who are already well acquainted with our subject, and
whose knowledge has been acquired by that confessedly higher
practice which is incompatible 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 knowledge 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 manner, 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 ome best acquainted with it, may be
placed not merely in a new and uncommon, but in a more
impressive and satisfactory light by such a course — some
obscurity may be dissipated, some inward misgivings cleared
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up, or even some links supplied which may lead to the per-
ception of connections 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 which, 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 mecha-
nical principles with which the mathematical student 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 arrived at his
conclusion, — there is still something 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 mode of action. He has followed out a train of rea-
soning by logical and technical rules, but the signs he has
cmployed are not pictures of nature, or have lost their ori-
ginal meaning as such to his mind: he has not seen, as it
were, the process of nature passing under his eye in an in-
stant of time, and presented -as a consecutive whole to his
imagination. A familiar parallel, or an illustration drawn
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 & 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.
I cannot, indeed, always promise myself to attain this
degree of vividness of illustration, nor are the points to
be elucidated themselves always capable of being so para-
phrased (if 1 may use the expression) by any single in-
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stance adducible in the ordinary course of experience; but
the object will at least be kept in view; and, as I am very
conscious of having, in making such attempts, gained for
myself much clearer views of several of the more concealed
effects of planetary perturbation than I had acquired by
their mathematical investigation in detail, it may reasonably
be hoped that the endeavour will 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 formule he requires prepared to his hand, or their de-
monstrations drawn out in detail. In all these the present
work will be found meagre, and quite inadequate to his wants.
Its aim is entirely different ; being to present to him in each
case the mere ultimate rationale of facts, arguments, and
processes; and, in all cases of mathematical application,
avoiding whatever would tend to encumber its pages with
algebraic or geometrical symbols, to place under his inspec-
tion that central thread of common sense on which the pearls
of analytical research are invariably strung; but which, by
the attention the latter claim for themselves, is often con-
cealed from the eye of the gazer, and not always disposed in
the straightest and most convenient form to follow by those
who string them. This is no fault of those who have con-
ducted the inquiries 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 lttle can be accomplished
in carrying such processes on to their conclusion, by mere
ordinary clearness of head; and how necessary it often is to
pay more attention to the purely mathematical conditions
which ensure success, — the hooks-and-eyes of their equa-
tions and series, — than to those which enchain causes with
their effects, and both with the human reason, — that we
must attribute something of that indistinctness of view which
is often complained of as a grievance by the earnest student,
and still more commonly ascribed ironically to the native
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cloudiness of an atmosphere too sublime for vulgar compre-
hension. We think we shall render good service to both
classes of readers, by dissipating, so far as lies in our power,
that accidental obscurity, and by showing ordinary untutored
comprehension clearly what it can, and what it cannot, hope
to attain.

(10 a.) To conclude: * Rome was not built in a day.”
No grand practical result of human industry, genius, or me-
ditation, has sprung forth entire and complete from the master
hand or mind of an individual designer working straight to
its object, and foreseeing and providing for all details. As
in the building of a great city, so in every such product, its
historian has to record rude beginnings, circuitous and in-
adequate plans; frequent demolition, renewal and rectifica-
tion ; the perpetual removal of much cumbrous and unsightly
material and scaffolding, and constant opening out of wider
and grander conceptions ; till at length a unity and a nobility
is attained, little dreamed of in the imagination of the first
projector.

(10 3.) The same is equally true of every great body of
knowledge, and would be found signally exemplified in the
history «of astronomy,did the object of this work allow us to
devote a portion of it to its relation. What concerns us
more is, that thc same remark is no less applicable to the
process by which knowledge is built up in the mind of each
individual, and by which alone it can attain any extensive
development or any grand proportions. No man can rise
from ignorance to anything deserving to be called a complete
grasp of any considerable branch of science without receiving
and discarding in succession many crude and incomplete
notions, which so far from injuring the truth in its ulti-
mate reception, act as positive aids to its attainment by
acquainting him with the symptoms of an insecure footing
in his progress. To reach from the plain the loftiest sum-
mits of an Alpine country, many inferior eminences have to
be scaled and relinquished ; but the labour is not lost. The
region is unfolded in its closer recesses, and the grand pano-
rama which opens from aloft is all the better understood and
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the more enjoyed for the very misconceptions in detail which
it rectifies and explains. :

(10 ¢.) Astronomy is very peculiarly in this predicament.
Its study to each individual student is a continual process of
rectification and correction—of abandoning one point of
view for another higher and better — of temporary and occa-
slonal reception of cven positive and admitted errors for the
convenience they afford towards giving clear notions of im-
portant truths whose essence they do not affect, by sparing
him that contention of mind which fatigues and distresses.
We know, for example, that the earth’s diurnal motion is
real, and that of the heavens only apparent; yct there are
many problems in astronomy which are not only easier con-
ceived, but more simply resolved by adopting the idea of a
diurnal rotation of the heavens, it being understood once for
ull that appearances are alike in both suppositions.
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CHAPTER L

GENERAL NOTIONS. = APPARENT AND REAL MOTIONS. — SITAPE AND
817K OF THE EARTIL. — TIIE HORIZON AND ITS DIP. — TIIE AT-
MOSPHERE, == REFRACTION. — TWILIGIIT, — AII'EARANCES RE-
SULTING FROM DIURNAL MOTION — FROM CHANGE OF STATION
IN GENERAL, = PARALLACTIC MOTIONS. — TERRESTRIAL PARAL~
LAX, — THAT OF TIIE STARS INSENSIBLE.~ FIRST STEP TO-
WARDS FORMING AN IDEA OF THE DISTANCE OF THE STARS, —
COPERNICAN VIEW OF THE EARTH'S MOTION. — RELATIVE
MOTION. — MOTIONS PARTLY REAL, PARTLY APPARENT. — GEO-
CENTRIC ASTRONOMY, OR IDEAL REFERENCE OF PHAENOMENA
TO THE EARTH'S CENTRE AS A COMMON CONVENTIONAL
STATION.

(11.) TuE 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 influences and actions on each
other, so far as they can be traced by the effects produced,
and established by legitimate reasoning, form the assemblage
of objects to which the attention of the astronomer is directed.
The term astronomy * itself, which denotes the law or rule of
the astra (by which the ancients understood not only the
stars properly so called, but the sun, the moon, and all the
visible constituents of the heavens), sufficiently indicates this;
and, although the term astrology, which denotes the reason,
theory, or interpretation of the starst, has become degraded in
its application, and confined to superstitious and delusive at-
tempts to divine future events by their dependence on pre-

* AoTnp, a star; vouos, @ law ; or veuew, to tend, as a shepherd his flock ; so
that agrpovopos means “shepherd of the stars.” The two etymologies are, how-
ever, coincident.

t Aoyos, reason, or a word, the vehicle of reason ; the terpreter of thought.
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tended planetary influences, the same meaning originally
attached itself to that epithet.

(12.) But, besides the stars and other celestial bodies, 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 re-
lation to us as animated beings, who draw from it the supply
of all our wants, but as the station from which we see ail the
rest, and as the only one among them to which we can, in the
first instance, refer for any dcterminate marks and measures
by which to recognize their changes of situation, or with
which to compare their distances.

(13.) To the reader who now for the first time takes up a
book on astronomy, it will no doubt seem strange to class the
earth with the heavenly bodies, and to assume any community
of nature among things apparently so different. For what, in
fact, can be more apparently different than the vast and
seeiningly immeasurable 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 bodics are
brilliant. We perceive in it no motion, while in them we
observe a continual change of place, as we view them at dif-
ferent hours of the day or night, or at different seasons of the
year. The ancients, accordingly, one or two of the more en-
lightened of them only excepted, admitted no such commu-
nity of nature ; and, by thus placing the heavenly bodics and
their movements without the pale of analogy and experience,
effectually intercepted the progress of all reasoning from what
passes here below, to what is going on in the regions where
they exist and move. Under such conventions, astronomy,
as a science of cause and effect, could not exist, but must be
limited to a mere registry of appearances, unconnccted with
any attempt to account for them on reasonable principles,
however successful to a certain extent might be the attempt
to follow out their order of sequence, and to establish empirical
laws expressive of this order. To get rid of this prejudice,
therefore, is the first step towards acquiring a knowledge of
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what is really the case; and the student has made his first
effort towards the acquisition of sound knowledge, when he
has learnt to familiarize himself with the idea that the earth,
after all, may be nothing but a great star. How correct such
an idea may be, and with what limitations 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 we can-
not 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 really such:
whether the station from which we view them, with ourselves,
and all objects which immediately surround us, be not itself
in motion, unperceived by us; and if s0, of what nature that
motion is. The 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 we think we perceive
among the stars will not be real movements, but that some
part, at least, of whatever changes of relative place we per-
ceive among them must be merely apparent, the results of
the shifting of our own point of view ; and that, if we 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 inquiry, but one on which depends our only chance of
arriving at true conclusions respecting the constitution of the
universe.

(16.) Nor let it be thought strange that we should speak
of a motion existing in the earth, unperceived by its in-
habitants: we must remember that it is of the earth asa
whole, with all that it holds within its substance, or sustains
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on ite surface, that we arc speaking; of a motion common to
the solid mass beneath, to the occan 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 terres-
trial object from its relative situation among others, interferc
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 advertises us
that we are in motion. We perceive jerks, or shocks, it is
true, because these are sudden changes of motion, produced,
as the laws of mechanics teach us, by sudden and powerful
forces acting during short times ; and these forces, applied to
our bodies, are what we jee. 'When, for example, we arc
carried along in a carriage with the blinds down, or with our
eyes closed (to keep us from sccing external objeets), we per-
ceive a tremor arising from inequalitics in the road, over
which the carriage is successively lifted and let fall, but we
have no sense of progress. As the road is smoother, our
sense of motion is diminished, though our rate of travelling is
accelerated. Railway travelling, espccially by night or in a
tunnel, has familiarized every one with this remark. Those
who have made aeronautic voyages testify that with closed
eyes, and under the influence of a stcady breeze communi-
cating no oscillatory or revolving motion to the car, the
sensation is that of perfect rest, however rapid the transfer
from place to place.

(16.) But it is on shipboard, where a great system is main-
tained in motion, and where we are surrounded with a mul-
titude of objects which participate with ourselves and cach
other in the common progress of the whole mass, that we fecl
most satisfactorily the identity of sensation Letween a state
of motion and one of rest. In 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 is making. We read, sit, walk, and performn
every customary action as if we were on land. If we throw
a ball into the air, it falls back into our hand ; or if we drop
it, it alights at our feet. Insects buzz around us as in the
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free air; and smoke ascends in the same manner as it would
do in an apartment on shore. If, indeed, we conie 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 direction 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 massive objects and our own
movements are concerned, remains complete; and when we
look at the shore, we then perceive the effect of our own
motion transferred, in a contrary direction, to external objects
— external, that is, to the system of which we form a part.

« Provchimur portu, terrzque urbesque recedunt.”

(17.) In order, however, to concecive the earth as in mo-
tion, we must form to ourselves a conception of its shape and
size. Now, an object cannot have shape and size unless it
is limited on all sides by some definite outline, 80 as to admit
of our imagining it, at least, disconnected from other bodies,
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 where we stand, above which
are the air and sky ; below, to an indefinite profundity, solid
matter. Thisis a prejudice to be got rid of, like that of the
earth’s immobility ;— but it is one much easier to rid our-
sclves of, inasmuch as it originates only in our own mentsl
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, ori-
ginate in the tcstimony of our senses unduly interpreted.
On the contrary, the direct testimony of our scnses lics the
other way. When we see the sun set in the evening in the
west, and rise again in the east, as we cannot doubt that it is
the same sun we see after a temporary absence, we must do
violence to all our notions of solid 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
subterraneous channel ; for if we notice the points where it
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sets and rises for many successive days, or for a whole year,
we shall find them constantly shifting, round a very large
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 extend indefinitely in
depth downwards, nor indefinitely in surface laterally; it
must have not only bounds in a horizontal direction, but also
an under side round which the sun, moon, and stars can pass;
and that side 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 versd ; where, in short,

— “redit a nobis Aurora, diemque reducit.
Nosque ubi primus equis oriens afflavit anhelis,
Illic sera rubens accendit lumina Vesper.” Georg.

(18.) 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 cx-
ternal, it becomes easy to imagine it in motion— or, rather,
difficult to imagine it otherwise; for, since there is nothing to
retain it in onc place, should any causes of motion exist, or
any forces act upon it, it must obey their impulse. Let us
next see what obvious circumstances there are to help us to a
knowledge of the shape of the earth.

. (19.) Let us first examine what we can actually see of its
shape. Now, it is not on land (unless, indeed, on un-
commonly 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 ourselvesand to that small portion of it which
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 dis-
figured. But with the surface of the sea or any vastly ex-
tended 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
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itself in distance and mist, but terminated by a sharp, clear,
well-defined line or offing as it is called, which runs all round
us in a circle, having our station 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 that, evidently, a moderate one; and thirdly, from this,
that its apparent diameter, measured with an instrument
called the dip sector, is the same (except under some singular
atmospheric circumstances, which produce a temporary dis-
tortion of the outline), in whatever direction the measure is
taken, —properties which belong only to the circle among
geometrical figures. If we ascend a high eminence on a plain
(for instance, one of the Egyptian pyramids), the same holds
good.

(20.) Masts of ships, however, and the edifices erected by
man, are trifling eminences compared to what nature itself
affords; Aitna, Teneriffe, Mowna Roa, are eminences from
which no contemptible aZiguot part of the whole earth’s surface
can be seen; but from these again—in those few and rare
occasions when the transparency of the air will permit the
real boundary of the horizon, the true sea-line, to be seen—
the very same appearances are witnessed, but with this re-
markable 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 apparent 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.

(21.) The same appearances are observed universally, in
every part of the earth’s surface visited by man. Now, the
figure of a body which, however seen, appears always circular,
can be no other than a sphere or globe.

(22.) 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, M be stations at different elevations above various
points of its surface, represented by a, g, m respectively.
From each of them (as from M) let a line be drawn, as M Nn,

C



18 OUTLINES OF ASTRONOMY.

a tangent to the surface at N, then will this line represent
the visual ray along which the spectator at M will sce the
visible horizon; and as this tangent sweeps round M, and
comes successively into the positions M Oo, MPp, MQg,
the point of contact N will mark out on the surface the
circle NOP Q. The area of the spherical surface compre-
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hended within this circle is the portion of the earth’s surface
visible to a spectator at M, and the angle N M Q included
between the two extreme visual rays is the measure of its
apparent angular diameter. Leaving, at present, out of con-
gideration the effect of refraction in the air below M, of which
more hereafter, and which always tends, in some degree, to
increase that angle, or render it more obtuse, this is the angle
measured by the dip sector. Now, it is evident, 1st, that as
the point M is more elevated above m, the point immediately
bolow it on the sphere, the visible area, i e the spherical
segment or slice N O P Q, increases; 2dly, that the -distance
of the visible horizon * or boundary of our view from the eye,

* «Opi{w, to terminate,
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viz. the line M N, increases; and, 3dly, that the angle NMQ
becomes 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 sen-
sible quantity, and that more and more the higher we ascend.
The figure exhibits three states or stages of elevation, with
the horizon, &c. corresponding to each, a glance at which will
explain our meaning; or, limiting ourselves to the larger and
more distinct, MNOPQ, let the reader imagine » N M,
M Qg to be the two legs of a ruler jointed at M, and kept
cxtended by the globe N m Q between them. It is clear, that
as the joint M is urged home towards the surface, the legs
will open, and the ruler will become more nearly straight,
but will not attain perfect straightness till M is brought
fairly up to contact with the surface at m, in which case
its whole length will become a tangent to the sphere at m, as
is the linc z y.

(28.) This explains what is meant by the dip of the horizon.
M m, which is perpendicular to the general surface of the
sphere at m, is also the direction in which a plumb-line* would
hang ; for it is an observed fact, that in all situations, in every
part of the carth, the direction of a plumb-line is exactly
perpendicular to the surface of still water; and, moreover,
that it is also exactly perpendicular to a line or surface truly
adjusted by a spirit-level.* Suppose, then, that at our station
M we were to adjust a line (a wooden ruler for instance) by
a spirit-level, with perfect exactness; then, if we suppose the
direction of this line indefinitely prolonged both ways, as
X MY, the line so drawn will be at right angles to Mm,
and therefore parallel to 2my, 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 XZ Y, but also that
portion or zone of it which lies between X N and Y Q; in
other words, his sky will be more than a hemisphere by the
zone Y Q X N. It is the angular breadth of this redundant
zone —the angle Y M Q, by which the visible horizon appears
depressed below the direction of a spirit-level — that is called

+ Sce these instruments described in Chap. IIL
o2
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the dip of the horizon. It is a correction of constant use in
nautical astronomy.

(24.) From the foregoing explanations it appears, 1st, That
the general figure of the earth (so far as it can be gathered
from this kind of observation) is that of a sphere or globe.
In this we also include that of the sea, which, wherever it
extends, covers and fills in those inequalities and local irregu-
larities which exist on land, but which can of course only be
regarded as trifling deviations from the general outline of the
whole mass, as we consider an orange not the less round for
the roughness 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 distance, or from at-
mospheric indistinctness. It will be worth while to pursue
the gencral notion thus acquired into some of its consequences,
by which 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.

(25.) In the first place, then, every onc 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 whole of them. We only see their upper parts. Their
bases where they rest on, or rise out of the water, are hid
from view by the spherical surface of the sea, which 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 whole 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 water line, till it reaches the wisible
horizon at B. But as soon as it has passed this distance, not
only does the visible portion still continue to diminish in
apparent size, but the hull begins to disappear bodily, as if
sunk below the surface. When it has reached a certain
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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 as-
cends to a higher sta-
tion, T, whose visible
horizon is at D, the
hull comes again in
gight ; and, when he
descends again, he loses
it. The ship still receding, the lower sails seem to sink below
the water, as at d, and at length the whole disappears : while yet
the distinctness with which the last portion of the sail d is
seen is such as to satisfy us that were it not for the interposed
segment of the sea, ABCDE, the distance TE is not so
great as to have prevented an equally perfect view of the
whole. ,

(26.) The history of aéronautic adventure affords a curious
illustration of the same principle. The late Mr. Sadler, the
celebrated agronaut, ascended on one occasion in a balloon
from Dublin, and was wafted across the Irish Channel, when,
on his approach to the Welsh coast, the balloon descended
nearly to the surface of the sea. DBy this time the sun was
set, and the shades of evening began to close in. He threw
out nearly all his ballast, and suddenly sprang upwards to a
great height, and by so doing brought his horizon to dip
below the sun, producing the whole phenomenon of a
western sunrise. M. Charles in his memorable ascent from
Paris in 1783 witnessed the same phenomenon.

(27.) If we could measure the heights and exact distance
of two stations which 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 segment (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 A a and B & (which

c3
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for simplicity, we will suppose to be exactly equal) are
known, as well as their cxact horizontal interval aD3, by
measurement ; then it is clear

that D, the visible horizon of »
both, will lie just half-way
Detween them, and if we sup-
pose aDb to be the sphere of
the earth, and C its centre in
the figurc C D 4 B, we know
D b, the length of the arch
of the circle between D and 5, —viz. half the measured
interval, and 4 B, the excess of its secant above its radius —
which is the height of B,— data which, by the solution
of an easy gcometrical problem, 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 with the size of the earth, the solution alluded to
is contained in the following proposition : —

The eartl’s diameter bears the same proportion to the distance
of the visible horizon from the eye as that distance does to the
height of the eye above the sea level,

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

(28.) Although, as we have observed, the effect of refrac-
tion prevents this from being an exact method of ascertaining
the dimensions of the earth, yet it will suffice 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 con-
ceptions, on which account we shall exemplify its application
in numbers. Now, it appears by observation, that two
points, cach ten feet above the surface, cease to be visible
from each other over still water, and in average atmospheric
circumstances, at a distance of about 8 miles. But 10 feet
is the 528th part of a mile, so that half that distance, or
4 miles, is to the height of each as 4 x 528 or 2112: 1, and
therefore in the same proportion to 4 miles is the length
of the earth’s diameter. It must, therefore, be equal to

c
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4 x2112=8448, or, in round numbers, about 8000 miles,
which is not very far from the truth.

(29.) Such is the first rough result of an attempt to
ascertain the earth’s magnitude; and it will not be amiss,
if we take advantage of it to compare it with objects we have
been accustomed to consider as of vast size, 8o as to interpose
a few steps between it and our ordinary idcas of dimension.
We have before likened the inequalitics on the earth’s
surface, arising from mountains, valleys, buildings, &ec. to
the roughnesses on the rind of an orange, compared with
its general mass, The comparison is quite free from exag-
geration. The highest mountain known hardly exceeds five
miles in perpendicular elevation: this is only one 1600th part
of the carth’s diameter; consequently, on a globe of sixteen
inches in diameter, such a mountain would be represented
by a protuberance of no more than one hundredth part of an
inch, which is about the thickness of ordinary drawing-paper.
Now, as there is no entire continent, or even any very
cxtensive tract of land, known, whose gencral elevation
above the sea is any thing like half this quantity, it follows,
that if we 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 prominent points and ridges, must be comprised on it
within the thickness of thin writing-paper; and the highest
hills would be represented by the smallest visible grains
of sand.

(30.) The deepest mine existing does not penetrate half a
mile below the surface : a scratch, or pin-hole, duly re-
presenting it, on the surface of such a globe as our model,
would be imperceptible without a magnifier.

(31.) The greatest depth of sea, probably, does not very
much exceed the greatest elevation of the continents; and
would, of course, be represented by an excavation, in about
the same proportion, into the substance of the globe : so that
the ocean comes to be conceived 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
c4
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the sea; only,in so conceiving it, we must bear in mind that
the resemblance extends no farther than to proportion in
point of quantity. The mechanical laws which would regu-
late the distribution and movements of such a film, and its
adhesion to the surface, are altogether different from those
which govern the phenomena of the sea. X

(82.) Lastly, the greatest extent of the earth’s surface
which has ever been brought at once within the range of
human vision was that which, but for clouds, would have
been exposed to the view of Messrs. Glaisher and Coxwell,
in their balloon ascent of Sep. 5, 1863, to the enormous
height of seven 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, which
informs us that the convex surface of a spherical segment is
to the whole surface to which it belongs as the thickness of the
vegment 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 seven
miles to 8000, or 1 to 1140. The portion visible from Atna,
the Peak of Teneriffe, or Mowna Roa, is about one 4000th.

(33.) When we ascend to any very considerable elevation
above the surface of the earth, either in a balloon, or on
mountains, we are made aware, by many uneasy sensations,
of an insufficient supply of air. The 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 diminution of the quantity of
air which a given space includes as we recede from the
surface. From its indications we learn, that when we have
ascended to the height of 1000 feet, we have left below us
about one-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 Ztna*) we have ascended

* The height of Atna above the Mediterranean (as it results from a barome-
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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 incumbent on the earth’s surface.
From the progression of these numbers, as well as, a priors,
from the nature of the air itself, which is compressible, i. e. ca-
pable of being condensed or crowded into a smaller space in
proportion to the incumbent pressure, it is easy to see that,
although by rising still higher we 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 ponderable
quantity of air surmounted, would be by no means in pro-
portion to the additional height ascended, but in a constantly
decreasing ratio. An easy calculation, however, founded on
our experimental knowledge of the properties of air, and the
mechanical laws which regulate its dilatation and compression,
is sufficient to show that, at an altitude above the surface of
the earth not exceeding 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 main-
tained in it, but that the most delicate means we possess of
ascertaining the existence of any air at all 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 air, and of course of clouds (which are
nothing but visible vapours, diffused and floating in the air,
sustained by it, and rendering it turbid as mud does water).
It seems probable, from many indications, that the greatest
height at which visible clouds ever exist does not exceed ten
miles; at which height the density of the air is about an
eighth part of what it is at the level of the sea.

trical measurement of my own, made in July, 1824, under vety favourable cir-
cumstances) is 10,872 English feet. = Juthor.
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(35.) We are thus led to regard the atmosphere of air,
with the clouds it supports, as constituting a coating of equa~
ble or nearly equable thickness, enveloping our globe on all
sides; or rather as an aérial ocean, of which the surface of
the sea and land conmstitutes 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 diminish-
ing with extreme rapidity as we 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 which it
rests, than the downy skin of a peach in comparison with the
fruit within it), all sensible trace of the existence of air dis-
appears,

(36.) Arguments, however, are not wanting to render it,
if not absolutely certain, at least in the highest degree pro-
bable, that the surface of the agérial, like that of the aqueous
ocean, has a real and definite limit, as above hinted at; be-
yond which there is positively no air, and above which a fresh
quantity of air, could it be added from without, or carried
aloft from below, instead of dilating itself indefinitely up-
wards, would, after a certain very enormous but still finite
enlargement of volume, sink and merge, as water poured
into the sea, and distribute itself among the mass beneath.
With the truth of this conclusion, however, astronomy has
little concern; all the effects of the atmosphere in modifying
astronomical phenomena being the same, whether it be sup-~
posed of definite extent or not.

(37.) Moreover, whichever idea we adopt, within those
limits in which it possesses any appretiable density its con-
stitution is the same over all points of the carth’s surface;
that is to say, on the great scale, and leaving out of con-
sideration 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 words, the
law of diminution of the air’s density as we recede upwards
Jrom the level of the sea is the same in every column into
which we may conceive it divided, or from whatever point of
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the surface we may sct out. It may therefore be considered
as consisting of successively superposed strata or layers, each
of the form of a spherical shell, concentric with the general
surface of the sea and land, and each of which is rarer, or spe-
cifically lighter, than that immediately beneath it ; and denser,
or specifically heavier, than that immediately above it. This,
ai least, is the kind of distribution which alone would be con~
gistent with the laws of the equilibrium of fluids. Inasmuch,
however, as the atmosphere is mnot in perfect equilibrium,
being always kept in a state of circulation, owing to the ex-
cess of heat in its equatorial regions over that at the poles,
some slight deviation from the rigorous expression of this law
takes place, and in peculiar localities there is reason to believe
that even considerable permanent depressions of the contours
of these strata, below their general or spherical level, subsist.
But these are points of consideration rather for the meteoro-
logist than the astronomer. It must be observed, moreover,
that with this distribution of its strata the inequalities of
mountains and valleys have little concern. These exercise
kardly 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. They would exer-
cise absolutely none were it not for their effect in giving
another than horizontal direction to the currents of air con-
stituting winds, as shoals in the ocean throw up the cur-
rents which sweep over them towards the surface, and so
in some small degree tend to disturb the perfect level of that
surface.

(38.) It is the power which air possesses, in common with
all transparent media, of refracting the rays of light, or bend-
ing them out of their straight course, which renders a know-
ledge of the constitution of the atmosphere important to the
astronomer. Owing to this property, objects seen obliquely
through it appear otherwise situated than they would to the
game spectator, had the atmosphere no existence. It thus
produces a false impression respecting their places, which
must be rectified by ascertaining the amount and direction of
the displacement so apparently produced on each, before we
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can come at a knowledge of the true directions in which they
are situated from us at any assigned moment.

(39.) Suppose a spectator placed at A, any point of the
earth’s surface K A £; and let L./, M m, N n, represent the
successive strata or layers, of decreasing density, into which
we may conceive the atmosphere to be divided, and which
are spherical surfaces concentric with K £, the earth’s sur-
face. Let S represent a star, or other heavenly body, be-
yond the utmost limit of the atmosphere. Then, if the air
were away, the spectator would see it in the direction of the
straight line A S. But, in reality, when the ray of light S A
reaches the atmosphere, suppose at d, it will, by the laws of
optics, begin to bend downwards, and take a more inclined
direction, a8 dc. This bending will at first be imperceptible,

o

owing to the 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 pur-
suing the straight line Sd A, it will describe a curve Sdcba,
continually more and more concave downwards, and will
reach the earth, not at A, but at a certain point @, ncarer to
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S. This ray, consequently, will not reach the spectator’s
eye. The ray by which he will see the star is, therefore, not
S d A, but another ray which, had there been no atmosphere,
would have struck the earth at K, a point bekind the spec-
tator; but which, being bent by the air into the curve
S D C B A, actually strikes on A. Now, it is a law of op-
tics, that an object is seen in the direction which the visual
ray has at the instant of arriving 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 di-
rection A S, but in that of A s, a tangent to the curve
SDCBA,at A. But because the curve described by the
refracted ray is concave downwards, the tangent A s will lie
above A S, the unrefracted ray: consequently the object S
will appear more elevated above the horizon A H, when seen
through the refracting atmosphere, than it would appear
were there no such atmosphere. Since, however, the dis-
position of the strata is the same in all directions around A,
the visual ray will not be made to deviate laterally, but will
remain constantly in the same vertical plane, S A C/, passing
through the eye, the object, and the earth’s centre.

(40.) The effect of the air’s refraction, then, is to raise 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 will have some certain
apparent altitude (as it is called). Nay, even some of those
actually below the horizon, and which would therefore be in-
visible but for the effect of refraction, are, by that effect,
raised above it and brought into sight. Thus, the sun, when
situated at P below the true horizon, A H, of the spectator,
becomes visible to him, as if it stood at p, by the refracted
ray P g 7 ¢ A, to which A p is a tangent.

(41.) The exact estimation of the amount of atmospheric
refraction, or the strict determination of the angle S A s, by
which a celestial object at any assigned altitude, H A S, is
raised in appearance above its true place, is, unfortunately, a
very difficult subject of physical inquiry, and one on which
geometers (from whom alone we can look for any information
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on the subject) are not yet entirely agreced. The difficulty
arises from this, that the density of any stratum of air (on
which its refracting power depends) is affected not merely by
the superincumbent 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. Moreover, the
refracting power of air is perceptibly affected by its moisture ;
and this, too, is not the same in every part of an aérial
column; neither are we acquainted with the laws of its distri-
bution. The consequence of our ignorance on these points is
to introduce a corresponding degree of uncertainty into the
determination of the amount of refraction, which affects, to a
certain appretiable 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 inquiries, and to call for no further allusion in a
treatise like the present.

(42.) A <« Table of Refractions,” as it is called, or a state-
ment of the amount of apparent displacement arising from
this cause, at all altitudes, or in every situation 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 arc usually performed
which may influence the result, is one of the most important
and indispensable of all astronomical tables, since it is only
by the use of such a table we are enabled to get rid of an
illusion which must otherwise pervert all our notions re-
specting the celestial motions. Such have been, accordingly,
constructed with great care, and are to be found in every
collection of astronomical tables. Our design, in the present
treatise, will not admit of the introduction of tables; and we
must, therefore, content ourselves here, and in similar cases,
with referring the reader to works especially destincd to

* From an Arabic word of this signification, Sce this term technically defined
in Chap. 1L
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furnish these useful aids to calculation. It is, however, de-
girable that he should bear in mind the following general
notions of its amount, and law of variations.

(43.) 1st. In the zenith there is no refraction. A celestial
object, situated vertically over head, is seen in its true direction,
as if there were no atmosphere, at least if the air be tranquil.

2dly. In descending from the zenith to the horizon, the
refraction continually increases. Objects near the horizon
appear more elevated 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-
way between the zenith and horizon, or at an apparent alti-
tude of 45°, is about 1’ (more exactly 57”), a quantity hardly
sensible to the naked eye; but at the visible horizon it
amounts to no less a quantity than 33/, which is rather more
than the greatest apparent diameter of either the sun or the
moon. Hence it follows, that when we see the lower edge of
the sun or moon just apparently resting on the horizon, its
whole disk is in reality below it, and would be entirely out of
sight and concealed 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.

5thly. That when the barometer is higher than its average
or mean state, the amount of refraction is greater than its
mean amount ; when lower, less: and,

6thly. That for one and the same reading of the barometer
the refraction is greater, the colder the air. The variations,
owing to these two causes, from its mean amount (at temp.
55° pressure 30 inches), are about one 420th part of that
amount for each degree of the thermometer of Fahrenheit,
and onc 300th for cach tenth of an inch in the height of the
barometer.
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(44.) It follows from this, that one obvious effect of re-
fraction must be to shorten the duration of night and dark-
ness, 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 transmission, but by reflection
upon the vapours and minute solid particles which float in it,
and, perhaps, also on 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 line 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, which the vulgar term ¢ the sun drawing water,” are
similarly caused. They are sunbeams, through apertures in
clouds, partially intercepted and reflected on the dust and
vapours of the air below. Thus it is with those solar rays
which, after the sun is itself concealed by the convexity of
the earth, continue to traverse the higher rcgions of the
atmosphere 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 floating particles
above mentioned, and thrown back, or laterally, so as toreach
us, and afford us that secondary illumination, which is twi-
light. The course of such rays will be immediately under-
stood from the annexed figure, in which A B C D is the
earth; A a point on its surface, where the sun S is in the
act of eetting ; its last lower ray S A M just grazing the
surface at A, while its superior rays S N, S O, traverse the
atmosphere above A without striking the earth, leaving it
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fioally at the points P Q R, after being more or less bent in
passing through it, the lower most, the higher less, and that
which, like S R O, merely grazes the exterior 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 earth’s shadow, which occupies
the whole space from A beneath the line A M. Now, A just
receives the sun’s last direct ray, and, besides, is illuminated

/// /1/4///1/1/

////

by the whole reflective atmosphere P Q R T. It therefore
receives twilight from the whole sky. The point B, to which
the sun has set, reccives no direct solar light, nor any, direct
or reflected, from all that part of izs visible atmosphere which
is below A P M; but from the lenticular portion P R z,
which is traversed by the sun’s rays, and which lies above
the visible horizon B R 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 atmosphere thins off. At C, only the last or
thinnest portion, P Q z of the lenticular segment, thus illu-
minated, lies above the horizon, C Q, of that place; here,
then, the twilight is feeble, and confined to a small space in
and near the horizon, which the sun has quitted, while at D
the twilight has ceased altogether.

(45.) When the sun isabove the horizon, it illuminates the
atmosphere and clouds, and these again disperse and scatter a

portion of its light in all directions, so as to send some of its
D
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rays to every exposed point, from every point of the sky.
The generally diffused light, therefore, which we enjoy in
the daytime, is a phenomenon originating in the very same
causes as the twilight. Were it not for the reflective and
scattering power of the atmosphecre, no ohjects would be
visible to us out of direct sunshine ; every shadow of a passing
cloud would 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 increased by the irregularity of tem-
perature caused by the same luminary in its different parts,
which, during the daytime, throws it into a constant state of
undulation, and, by thus bringing together masses of air of
very unequal temperatures, produces partial reflections and
refractions at their common boundaries, by which some por-
tion of the light is turncd aside from the dircct course, and
diverted to the purposes of general illumination. A secon-
dary twilight, however, may be traced even beyond the point
D, consequent on a re-reflection of the rays dispersed through
the atmosphere in the primary one. The phenomenon seen
in the clear atmosphere of the Nubian desert, described by
travellers under the name of the ¢ After-glow,” would seem
to arise from this cause.

(46.) From the explanation we have given, in arts. 39 and
40, of the nature of atmospheric refraction, and.the mode in
which it is produced in the progress of a ray of light through
euccessive strata, or layers, of the atmosphere, it will be
evident, that whenever a ray passes obliguely from a higher
level to a lower one, or vice versd, its course is not rectilinear,
but concave downwards; and of course any object seen by
means of such aray, must appear deviated from its true place,
whether that object be, like the celestial bodies, entirely be-
yond 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 agrial strata, must also have, corresponding to it,
a certain amount of refraction ; less, indeed, than what wou.d
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be produced by the whole atmosphere, but still often of very
appretiable, and even considerable, amount. This refraction
between terrestrial stations is termed terrestrial refraction, to
distinguish it from that total effect which is only produced on
celestial objects, or 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 scen near the horizon. The
sun, for instance, which at a considerable altitude always ap-
pears round, assumes, as it approaches the horizon, a flattened
or oval outline; its horizontal diameter being visibly greater
than that in a vertical direction. When very near the hori-
zon, this flattening is evidently more considerable on the
lower side than on the upper; so that the apparent form'is
neither circular nor elliptic, but a species of oval, which de-
viates more from a circle below than above. This singular
effect, which any one may notice in a fine sunset, arises from
the rapid rate at which the refraction increases in approach-
ing the horizon, Woere every visible point in the sun’s cir-
cumference equally raised by refraction, it would still appear
circular, though displaced; but the lower portions being more
raised than the upper, the vertical diameter is thereby short-
ened, while the two extremities of its horizontal diameter are
equally raised, and in parallel directions, so that its apparent
length remains 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 nothing to do
with refraction. It is an illusion of the judgment, arising
from the terrestrial objects interposed, or placed in close com-
parison with them. In that situation we view and judge of
them as we do of terrestrial objects —in detail, and with an
acquired habit of attention to parts. Aloft we have no asso-
ciations to guide us, and their insulation in the expanse of
sky leads us rather to undervalue than to over-rate their ap-
parent magnitudes. Actual measurement with a proper in-
strument 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 same, and the

moon a materially less angle, than when seen at a great alti-
v 2
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tude in the sky, owing to its greater distance from us in the
former situation as compared with the latter, as will be ex-
plained farther on.

(48.) After what has been said of the small extent of the
atmosphere in comparison with 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 winds, to be external to our atmosphere. As
such we have considered them while speaking of their refrac-
tions — as existing in the immensity of space beyond, and
situated, perhaps, for any thing we can perceive to the con-
trary, at enormous distances from us and from each other.

(49.) Could a spectator exist unsustained by the earth, or
any solid support, he would see around him at one view the
whole contents of space — the visible constituents of the
universe : and, in the absence of any means of judging
of their distances from him, would refer them, in the direc-
tions in which they were seen from his station, to the con-
cave surface of an imaginary sphere, having his eye for
a centre, and its surface at some vast indeterminate distance.
Perhaps he might judge those which 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 really arranged on such a
spherical surface. Nevertheless, there would be no impro-
priety in his referring their places, geometrically speaking, to
those points of such a purely imaginary sphere, which their
respective visual rays intersect; and there would 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 from the eye, yet we lay them all down
in a picture on one plane, and at one distance, in their actual
apparent proportions, and the likeness is not taxed with in-
correctness, though a man in the foreground should be re-
presented larger than a mountain in the distance. So it is
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to a spectator of the hcavenly bodies pictured, projected, or
mapped down on that imaginary sphere we call the sky or
keaven. 'Thus, we 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 may
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 prevented, by
the great mass on which he stands, from seeing into all that
portion of space which is below him, or to see which he must
look in any degree downwards, 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
hemisphere, and refraction, wherever he may be situated,
will enable him to look, as it were, a little round the corner;
but the zone thus added to his visual range can hardly ever,
unless in very extraordinary circumstances, excced a couple
of dcgrees 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 passing through his eye, and touching the
spherical convexity of the earth); or unless, by some move-
ments proper to the hcavenly bodies, they should of them-
selves come above his horizon; or, lastly, unless, by some
rotation of the earth itself on its centre, the point of its sur-
face 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 locality on our
globe, will obtain a view of celestial objects invisible from
his original station, in a way which may be not inaptly illus-
strated 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 view of all those parts of the landscape
which it occupies as an object; but by walking round it a
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complete successive 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 south-
wards round the sphere, sinks in succession beneath them.
"The novelty and splendour of fresh constellations thus gra-

dually brought into view in the clear calm nights of tropical
climates, in long voyages to the south, is dwelt upon by all
who have enjoyed this spectacle, and never fails to impress
itself on the recollection among the most delightful and in-
teresting of the associations connected with extensive travel.
A glance at the accompanying figure, exhibiting three suc-
cessive stations of a traveller, A, B, C, with the horizon cor-
responding to each, will place this process in clearer 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 will constantly contain, and be limited
by, the same terrestrial objects. He will have the same
landscape constantly before his eyes, in which all the familiar
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objects in it, which serve him for landmarks and directions,
retain, with respect to himself or to each other, the same
invariable 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 enter-
taining any suspicion of his actual change of place. Yet,
with respect to external objects, —that is to say, all celestial
ones which 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 by the earth’s
rotation successively into the situations A, B, C; or whether,
the earth remaining at rest, he has transferred himself per-
sonally along its surface to those stations. Our spectator in
the park will obtain precisely the same view of the landscape,
whether he walk 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 himself
to be carried round by its motion. The only difference will
be in his view 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 immediately
under his eye.

(53.) By such a rotation of the earth, then, as we have
supposed, the horizon of a stationary spectator will be con-
stantly 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, ad-
mitting into view the former, and successively hiding the
latter. As the horizon of every such spectator, however,
appears fo him 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 will judge the stars to approach his
horizon; and when it passes over and hides any of them, he
will consider them as having sunk below it, or set; while
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those it has just disclosed, and from which it is receding, will
seem to be rising above it.

(64.) If we suppose this rotation of the earth to continue
in one and the same direction, —that is to say, to be per-
formed round one and the same azis, till it has 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 will
appear to occupy the same places in the concave of the sky
which they did at that instant, except such as may have
actually moved in the interim; and if the rotation still con-
tinue, the same phenomena of their successive rising and
setting, and return to the same places, will continueto be
ropeated in the same order, and (if the velocity of rotation be
uniform) in equal intervals of time, ad infinitum.

(565.) 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 setting of the sun and
stars, their progress through the vault of the heavens, and
their return to the same apparent 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 in-
stance we encounter of that great law of periodicity *, which,
as we shall see, pervades all astronomy ; by which expression
we understand the continual reproduction of the same pheno-
mena, in the same order, at equal intervals of time.

(566.) A free rotation of the earth round its centre, if it
exist and be performed in consonance with the same mecha-
nical laws which obtain in the motions of masses of matter
under our immediate control, and within our ordinary ex-
perience, must be such as to satisfy two essential conditions.
It must be invariable in its direction with respect to the sphere
itself, and uniform in its velocity. The rotation must be
performed round an azis or diameter of the sphere, whose
poles or extremities, where it meets the surface, correspond

* Tieplodos, a going round. a circulation or revolution.
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always to the same points on the sphere. Modes of rotation
of a solid body under the influence of external agency are
conceivable, in which the poles of the imaginary line or axis
about which it is at any moment revolving shall hold no fixed
places on the surface, but shift upon it every moment. Such
changes, however, are inconsistent with the idea of arotation
of a body of regular figure about its axis of symmetry, per-
formed in free space, and without resistance or obstruction
from any surrounding medium, or disturbing influences. The
complete absence of such obstructions draws with it, of ne-
cessity, the strict fulfilment of the two conditions above
mentioned.

(57.) Now, these conditions are in perfect accordance with
what we observe, and what recorded observation teaches us,
in respect of the diurnal motions of the heavenly bodies. We
have no reason to believe, from 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 point of the sky; or, rather, it is demnon-
strable from astronomical records that no such change has
taken place. And with respect to the other condition, —
the permanence of the axis of rotation, — the appearances
which any alteration in that respect must produce, would be
marked, as we 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 undergone.

(68.) But, before we proceed to examine more in detail
how the hypothesis of the rotation of the earth about an axis
accords with the phenomena which the diurnal motion of the
heavenly bodies offers to our notice, it will be proper to de-
scribe, with precmon, in what that diurnal motion consists,
and how far it is participated in by them all; or whether any
of them form exceptions, wholly or partially, to the common
analogy of the rest. 'We will, 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 whenos
a good general view of the heavens can be obtained. He
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will then perceive, above and around him, as it were, a vast
concave hemispherical vault, beset with stars of various mag-
nitudes, of which the brightest only will first catch his atten-
tion in the twilight; and more and more will appear as the
darkness increases, till the whole sky is over-spangled with
them. When he has awhile admired the calm magnificence
of this glorious spectacle, the theme of so much song, and
of so much thought, —a spectacle which no one can view
without emotion, and without a longing desire to know some-
thing of its nature and purport,— let him fix his attention
more particularly on a few of the most brilliant stars, such
as he cannot fail to recognize again without mistake after
looking away from them for some time, and let him refer
their apparent situations to some surrounding objects, as
buildings, trees, &c., selecting purposely such as are in dif-
ferent quarters of his horizon. On comparing them again
with their respective points of reference, after a moderate
interval, as the night advances, he will not fail to percecive
that they have changed their places, and advanced, as by a
general movement, in a westward direction; those towards
the eastern quarter appearing to rise or 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; while 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 persist for a considerable time in watching
their motions, on the same or on several successive 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
circles 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 SOUTH *, only remain for a short time above

* We suppose our observer to be stationed in some northern latitude; some
where in Europe, for example.
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it, and disappear, after describing in sight only the small
upper segment of their diurnal circle; others, which rise
between the gouth and east, describe larger segments of their
circles above the horizon, remain proportionally longer in
sight, and set precisely as far to the westward of south as
they rose to the castward; 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 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 eyc
farther northwards, he will notice, at length, stars which, in
their diurnal motion, just graze 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 imagi-
nary 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 small, indeed, that, without
paying particular attention, and referring its position very
nicely to some fixed mark, it may essily be supposed at rest,
and be, iteelf, 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 re-
markable constellation or group of stars, called by astronomers
the GREAT BEAR.

(60.) He will 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
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they are observed, or at whatever hour of the night, they
form with each other the same identical groups or configura-
tions, to which the name of CONSTELLATIONS has been given.
1t is true, that, in different parts of their course, these groups
stand differently with respect to the horizon; and those
towards the north, when in the course of their diurnal move-
ment they pass alternately above and below that common
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 towards the pole. In
short, he will perceive that the whole assemblage of stars
visible at once, or in succession, in thc heavens, may be
regarded as one great constellation, 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 hollow
sphere, having the earth, or rather the spectator, in its centre,
and turning round an axis inclined to his horizon, so as to pass
through that fixed point or pole alrcady mentioned.

(61.) Lastly, he will notice, if he have patience to out-
watch a long winter’s night, commencing at the earliest
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 now 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 theother, and bespangled with
groups no less permanent and distinctly recognizable. Thus
he will learn that the great constellation we have above
spoken of as revolving round the pole is co-extensive with the
whole surface of the sphere, being in reality nothing less than
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 his eye) to the imaginary spherical surface, of which
he himself occupies the centre. (See art. 49.) There is
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always, therefore (he would justly argue), a star-bespangled
canopy over his head, by day as well as by night, only that
the glare of daylight (which he perceives gradually to efface
the stars as the morning twilight comes on) prevents them
from being seen. And such is really the case. The stars
actually continue visible through teclescopes in the day-
time ; and, in proportion to the power of the instrument, not
only the largest and brightest of them, but even those of
inferior lustre, such as scarcely strike the eye at nightas at
all conspicuous, are readily found and followed even at noon-
day,—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 which drew
his attention to astronomy was the regular appearance, at a
certain hour, for several successive days, of a considerable
star, through the shaft of a chimney. Venus in our climate,
and even Jupiter in the clearer skies of tropical countries,
are often visible, without any artificial aid, to the naked eye
of one who knows nearly where to look for them. During
total eclipses of the sun, the larger stars also appear in their
proper situations.

(62.) But to return to our incipient astronomer, whom we
left contemplating the sphere of the heavens, as completed in
imagination beneath his feet, and as rising up from thence in
its diurnal course. There is 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 which the stars never set, so there is a corresponding
segment, about which the smaller circles of the more southern
stars are described, in which they never rise. The stars which
border upon the extreme circumference of this segment just
graze the southern point of his horizon, and show themselves
for a few moments above it, precisely as those near the cir-
cumference of the northern segment graze his northern
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lLorizon, and dip 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 hemispheres — a superior
and inferior—there must of necessity exist a depressed pole
to the south, corresponding to the elevated one to the north,
and a portion surrounding it, perpetually beneath, as there is
another surrounding the north pole, perpetually above it.
% Hic vertex nobis semper sublimis; at illum
Sub pedibus nox atra videt, manesque profundi.”— Virerr.

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 con-
stellations 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 gra-
dually for a longer part of the twenty-four hours. They
will continue, however, to circulate about the same point—-
that is, holding the same invariable position with respect to
them in the concave of the heavens among the stars; hut this
point itself will become gradually depressed with respect to
the spectator’s horizon. The axis, in short, about which the
diurnal motion is performed, will appear to have become con-
tinually less and less inclined to the horizon; and by the
same degrees as the northern pole is depressed the southern
will rise, and constellations surrounding it will come into
view; at first momentarily, but by degrees for longer and
longer times in each diurnal revolution — 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 will find that he has both
the centres of diurnal motion in his horizon, occupying op-
posite points, the northern Pole having been depressed, and
the southern raised, so that, in this geographical position,
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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, re-
maining alternately visible for twelve hours, and concealed
during the same interval. In this situation, zo part of the
heavens is concealed from his successive view. In a night of
twelve hours (supposing such a continuance of darkness pos-
sible at the equator) the whole sphere will have passed in
review over him — the whole hemisphere with which he began
his night’s observation will have been carricd down beneath
him, and the entire opposite one brought up from below.

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

(66.) Finally, if, instead of advancing southwards from
his first station, he travel northwards, he will observe the
northern pole of the heavens to become more elevated above
his horizon, and the southern more depressed below it. In
consequence, his hemisphere will present a less variety of
stars, because a greater proportion of the whole surface of
the heavens remains constantly visible or constantly in-
visible: the circle described by each star, too, hecomes more
nearly parallel to the horizon ; and, in short, every appearance
leads to suppose that could he travel far enough to the north,
he would at length attain a point vertically under the north-
ern pole of the heavens, at which none of the stars would
either rise or set, but each would circulate round the horizon
in circles parallel to it. Many endeavours have been made
to reach this point, which is called the north pole of the
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earth, but hitherto without success; a barrier of almost in-
surmountable difficulty being presented by the increasing
rigour of the climate: but a very near approach to it has
been made ; and the phenomena of those regions, though not
precisely such as we have described as what must subsist af
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 unap-
proachable, or, at least, has been less ncarly approached, than
the north.

(67.) The above is an account of the phenomena of the
diurnal motion of the stars, as modified by different geogra-
phical situations, not grounded on any speculation, but
actually observed and recorded by travellers ard voyagers.
1t is, however, in complete accordance with the hypothesis
of a rotation of the earth round a fixed axis. In order to
show this, however, it will be necessary to premise a few ob-
servations on parallactic motior in general, and on the appear-
ances presented by an assemblage of remote objects, when
viewed from different parts of a small and circumscribed
station.

(68.) It has been shown (art. 16.) that a spectator in
smooth motion, and surrounded by, and forming part of, a
great system partaking of the same motion, is unconscious of
his own movement, and transfers it in idea to objects external
and unconnected, in a contrary direction; those which he
leaves behind appearing to recede from, and those which he
advances towards to approach, him. Not only, however,
do external objects at rest appear in motion generally, with
respect to ourselves when we are in motion among them,
but they appear to move one among the other — they shift
their relative apparent places. Let any one travelling
rapidly along a high road fix his eye steadily on any ob-
ject, but at the same time not entirely withdraw his atten-
tion from the general landscape, — he will see, or think he
sees, the whole landscape thrown into rotation, and moying
round that object as a centre; all objects between it and
himeelf appearing to move backwards, or the contrary way
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to his own motion; and all beyond it, forwards, or in the
direction in which he moves: but let him withdraw his eye
from that object, and fix it on another, — a nearer one, for
instance, — immediately the appearance of rotation shifts
also, and the apparent centre about which this illusive
circulation is performed is transferred to the new object,
which, for the moment, appears to rest. This .apparent
change of situation of objects with respect to one another,
arising from a motion of the spectator, is called a parallactic
motion. To see the reason of it we must consider that the
position of every object is rcferred by us to the surface of an
imaginary sphere of an indefinite radius, having our eye for
its centre ; and, as we advance in any direction, A B, carry-
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ing 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 reference,
and assume new positions, B P p, B Qg¢, revolving round
their respective objects as centres. Their intersections, there-
fore, p, ¢, with our visual sphere, will appear to recede on its
surface, but with different degrees of angular velocity in pro-
portion to their proximity; the same distance of advance
A B subtending a greater angle, AP B = c P p, at the near
object P than at the remote one Q.

(69.) A consequence of the familiar appearance we have
adduced in illustration of these principles is worth noticing,
a8 we shall have occasion to refer to it hereafter. We ob-
serve that every object nearer to us than that on which our
eye is fixed appears to recede, and those farther from us to
advance in relation to one another. If then we did not know,
or could not judge by any other appearances, which of two
objects were nearer to us, this apparent advance or recess of

E
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one of them, when the eye is kept steadily fixed onthe other,
would furnish a criterion. In a dark night, for instance,
when all intermediate objects are unseen, the apparent rela~
tive movement of two lights which we are assured are them-
selves fixed, will decide as to their relative proximities. That
which seems to advance with us and gain upon the other, or
leave it behind it, is the farthest from us.

(70.) The apparent angular motion of an object, arising
from a change of our point of view, is called in general paral-
loz, and it is always expressed by the angle A P B subtended
at the object P (sec fig. of art. 68.) by a linc joining the two
points 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 DBPand D A P;
now, D B P being the cxterior angle of the triangle A B P,
is cqual to the sum of the interior and opposite, D B P =
DAP+ APD, whenee DBP — DAP= APB.

(71.) It follows from what has been said that the amount
of parallactic motion arising from any given change of our
point of view is, ceteris 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. Tt is on this principle,
that in alpine regions visited for the first time we are sur-
prised and confounded at the little progress we appear to
make by a considerable change of place. An hour’s walk, for
instance, produces but a small parallactic change in the re-
lative 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.

(72.) Whatever notion, in other respects, we may form of
the stars, it is quite clear they must be immensely distant.
Were it not so, the apparent angular interval between any
two of them seen over head would be much greater than
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when seen near the horizon, and the constellations, instead of
preserving the same appcarances and dimensions during their
whole diurnal course, would appear to enlarge as they rise
higher in the sky, as we see a small cloud in the horizon
swell into a great overshadowing canopy when drifted by the
wind across our zenith, or as may be secn in the annexed
ficure, where ad, A B, ab, are three different positions of
the same stars, as they would, if near the carth, be seen from

a speetator S, under the visual angles a S4, A SB. No such
change of apparent dimension, however, is observed. The
nicest measurements of the apparent angular distance of any
two stars inter se, taken in any parts of thcir 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,) manifest not the slightest perceptible va-
riation. Not only this, but at whatever point of the earth’s
surface the measurement is performed, the results are abso-
lutely identical. No instruments ever yet invented by man
are delicate enough to indicate, by an increase or diminution
of the angle subtended, that one point of the earth is nearer
to or further from the sters than another.

(73.) The necessary conclusion from this is, that the
dimensions of the earth, large as it is, are comparatively
nothing, absolutely imperceptible, when compared with the
interval which separates the stars from the earth. If an
observer walk round a circle not more than a few yards in
diameter, and from different points in its circumference
measure with a sextant or other more exact instrument
. adapted for the purpose, the angles PAQ, PBQ, P CQ, sub-
x 2
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tended at those stations by two well-defined points in his
visible horizon, PQ, he will at once be advertised, by the
difference of the results, of his change of distance from them
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
where accurate measurement obtained by instrumental means
places us in a totally different situation in respect to matters
of fact, and conclusions thence deducible, from what we should

Q

hold, were we to rely in all cases on the mere judgment ot
the eye. To so great a nicety have such observations been
carried by the aid of an instrument called a theodolite, that a
circle even a few inches in diameter may thus be rendered
sensible, may thus be detected to have a size, and an as-
certainable place, by reference to objects distant by fully
100,000 times its own dimensions. Obsecrvations, differing,
it is true, somewhat in method, but identical in principle, and
executed with quite as much exactness, have been applied to
ithe stars, and with a result such as has been already stated.
Hence it follows, incontrovertibly, that the distance of the
stars from the earth cannot be so small as 100,000 of the
earth’s diameters, It is, indeed, incomparably greater; for
we shall hereafter find it fully demonstrated that the distance
just named, immense as it ‘may appear, is yet much under-
rated.

(74.) From such a distance, to a spectator with our fa-
culties, and furnished with our instruments, the earth would
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be imperceptible; and, reciprocally, an object of the earth’s
size, placed at the distance of the stars, would be equally un-
discernible. 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 with 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 interval is seen, be confounded
together, and undistinguishable 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, one
and the same for both the stations. This great circle, when
spoken of as a circle of the sphere, is called the celestiul
horizon or simply the horizon, and the two planes just de-
scribed are also spoken of as the sensible and the rational
horizon of the observer’s station.

(75.) From what has been said (art. 73.) 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 rational
horizon, in exactly the same manner as that of a corresponding
spectator on the surface is by his sensible horizon, the two
observers will see the same stars in the same relative si-
tuations, each beholding that entire hemisphere of the heavens
which is above the celestial horizon, corresponding to their
common zenith. Now, 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 view them in succession.
The aspect of the heavens, at every instant, as referred to his
horizon (which must be supposed to turn with him), will be
the same in both suppositions. And since, as has been shown,
appearances 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 revolve
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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 cumbrous 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 derangement of their relative situations inter
se. Such a contrivance would, 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 with such a supposition, as will
appear when we come to treat of these bodies. On the
other hand, that a spherical mass of moderate dimensions (or,
rather, when compared with the surrounding and visible uni-
verse, of evanescent magnitude), held by no tie, and free to
move and to revolve, should do so, in conformity with those
gencral 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 would rather be should the
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 we ob-
gerve of other celestial bodies, we shall not fail to point them
out to the reader’s notice.

(77.) The earth’s rotation on its axis so admitted, explain-
ing, as it evidently does, the apparent motion of the stars in
a completely satisfactory manner, prepares us for the further
admission of its motion, bodily, in space, should such a
motion enable us to explain, in a manner equally so, the
apparently complex and enigmatical motions of the sun,
moon, and planets. The Copernican astronomy adopts this
idea in its full extent, ascribing to the earth, in addition to its
motion of rotation about an axis, also one of translation or
transference through space, in such a course or orbit, and so
regulated in direction and celerity, as, taken in conjunction
with the motions of the other bodies of the universe, shall
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render a rational account of the appearances they successively
present, — that is to say, an account of which the several parts,
postulates, propositions, deductions, intelligibly cohere, with-
out contradicting each other or the nature of things as
concluded from experience. In this view of the Copernican
doctrine it is rather a geometrical conception than a physical
theory, inasmuch it simply assumes the requisite motions,
without attempting to explain their mechanical origin, or
agsign them any dependence on physical causes. The New-
tonian theory of gravitation supplies this deficiency, and, by
showing that all the motions required by the Copernican con-
ception must, and that no others can, result from a single,
intelligible, and very simple dynamical law, has given a
degree of certainty to this conception, as a matter of fact,
which attaches to no other creation of the human mind.

(78.) To understand this conception in its further develop-
ments, the reader must bear steadily in mind the distinction
between relative and absolute motion. Nothing is easier to per-
ceive than that, if a spectator at rest view a certain number
of moving objects, they will group and arrange themselves
to his eye, at each successive moment, in a very different
way from what they would do were he in active motion
among them, — if he formed one of them, for instance, and
joined in their dance. This is evident from what has been
said before of parallactic motion; but it will be agked, How
is such a spectator to disentangle from each other the two
parts of the apparent motions of these external objects,— that
which arises from the effect of his own change of place, and
which is therefore only apparent (or, as a German mecta-
physician would say, subjective— having reference only to
him as perceiving it), —and that which is real (or objective—
having a positive existence, whether perceived by him or
not)? DBy what rule is he to ascertain, from the appcarances
presented to him while himself in motion, what would be the
appearances were he at rest? It by no means follows, indced,
that he would even then at once obtain a clear conception
of all the motions of all the objects. The appearances so pre-
sented to him would have still something subjective about them.
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They would be still appearances, not geometrical realities.
They would still have a reference to the point of view, which
might be very unfavourably situated (as, indeed, is the case
in our system) for affording a clear notion of the real move-
ment of each object. No geometrical figure, or curve, is seen
by the eye as it is conceived by the mind to exist in reality.
The laws of perspective interfere and alter the apparent di-
rections and foreshorten the dimensions of its several parts.
If the spectator be unfavourably situated, as, for instance,
nearly in the plane of the figure (which is the case we bave to
deal with), they may do so to such an extent, as to make a
considerable effort of imagination necessary to pass from the
sensible to the real form.

(79.) Still, preparatory to this ultimate step, it is first ne-
cessary that the spectator should free or clear the appearances
from the disturbing influence of his own change of place.
And this he can always do by the following general rule or
proposition : —

The relative motion of two bodies is the same as if either
of them were at rest, and all its motion communicated to the
other in an opposite direction. *

Hence, if two bodies move alike, they will, when seen
from each other (without reference to other near bodies, but
only to the starry sphere), appear at rest. Hence, also, if the
absolute motions of two bodies be uniform and rectilinear,
their relative motion is so also.

(80.) The stars are so distant, that as we have seen it is
absolutely indifferent from what point of the earth’s surface we
view them. Their configurations inter se are identically the
same. It is otherwise with the sun, moon, and planets, which
are near enough (especially the moon) to be parallactically
displaced by change of station from place to place on our
globe. In order that astronomers residing on different points

* This proposition is equivalent to the following, which precisely meets the
case proposed, but requires somewhat more thought for its clear apprehension
than can perhaps be expected from a beginner : —

Pror. — If two bodies, A and B, be in motion independently of each other, the
motion which B seen from A would appear to have if A were at rest is the same
with that which it would appear to have, A being in motion, if, in addition to its own
wiation, a motion equal to A's and in the same dii cction were communicated to u.
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of the earth’s surface should be able to compare their ob-
servations with effect, it is necessary that they should clearly
understand and take account of this effect of the difference
of their stations on the appearance of the outward universe
as seen from each. As an exterior object seen from one
would appear to have shifted its place were the spectator
suddenly transported to the other, so two spectators, viewing
it from the two stations at the same instant, do not see it in
the same direction. Ilence arises a necessity for the adoption
of a conventional centre of reference, or imaginary station
of observation common to all the world, to which each ob-
server, wherever situated, may refer (or, as it is called,
reduce) his observations, by calculating and allowing for the
effect of his local position with respect to that common centre
(supposing him to possess the necessary data). If there were
only two observers, in fixed stations, one might agree to refer
his observations to the other station; but, as every locality
on the globe may be a station of observation, it is far more
convenient and natural to fix upon a point equally related to
all, as the common point of reference; and this can be no
other than the centre of the globe itself. The parallactic
change of apparent place which would arise in an object,
could any observer suddenly transport himself to the centre
of the earth, is evidently the angle C S P, subtended at the
object S by that radius CP of the earth which joins its
centre and the place P of observation.
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CHAPTER 1L

TERMINOLOGY AND ELEMENTARY GEOMETRICAL CONCEPTIONS AND
RELATIONS.— TERMINOLOGY RELATING TO THE GLOBE OF THE
EARTII — TO THE CELESTIAL SPHERE. — CELESTIAL PERSPEC-
TIVE.

(81.) SEVERAL of the terms in usc among astronomers have
been explained in the preceding chapter, and others used anti-
cipatively. But the technical language of every subject
requires to be formally stated, both for consistency of usage
and definiteness of conception. 'We shall thercfore proceed,
in the first place, to define a number of terms in perpetual
use, having relation to the globe of the carth and the celestial
sphere.

(82.) DEFINITION. 1. The azis of the earth is that dia-
meter about which it revolves, with a uniform motion, from
west to east ; performing one revolution in the interval which
clapses between any star leaving a certain point in the
heavens, and returning to the same point again.

(83.) DEF. 2. The poles of the earth are the points where
its axis meets its surface. The North Pole is that ncarest to
Europe; the South Pole that most remote from it.

(84.) DEF. 3. The earth’s equator is a great circle on its
surface, equidistant from its poles, dividing it into two hemi-
spheres—a northern and a southern; in the midst of which
are situated the respective poles of the earth of those names.
The plane of the equator is, therefore, a planc perpendicular
to the earth’s axis, and passing through its centre.

(85.) DEF. 4. The terrestrial meridian of a station on the
earth’s surface, is a great circle of the globe passing through
both poles and through the place. The plane of the meridian
is the plane in which that circle lies.
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(86.) DEF. 5. The scnsible and the rational horizon of any
station have been alrcady defined in art. 74.

(87.) DEF. 6. 4 meridian line is the line of intersection of
the plane of the meridian of any station with the plane of the
sensible horizon, and therefore marks the north and south
points of the horizon, or the directions in which a spectator
must set out if he would travel directly towards the north or
south pole.

(88.) DEF. 7. 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 ac-
cording to the hemisphere the place lies in. Thus, the obser-
vatory at Greenwich is situated in 51° 28’ 40” north latitude.
This definition of latitude, it will be observed, is to be con-
sidered as only temporary. A more exact knowledge of the
physical structure and figure of the earth, and a better ac-
quaintance with the niceties of astronomy, will render some
modification of its terms, or a different manner of considering
it, necessary.

(89.) DEF. 8. Parallels of latitude are small circles on the
earth’s surface parallel to the equator. Every point in such
a circle has the same latitude. Thus, Greenwich is said to
be situated in the parallel of 51° 28’ 40",

(90.) DEF. 9. The longitude of a place on the ecarth’s
surface is the inclination of its meridian to that of some fixed
station referred to as a point to reckon from. English astro-
nomers and geographers use the 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 Greenwich. The longitude of a place is, therefore,
measured by the arc of the equator intercepted between the
meridian of the place and that of Grecnwich; or, which is the
same thing, by the spherical angle at the pole included
between these meridians.

(91.) As latitude is reckoned north or south, so longitude is
usually said to be reckoned west or cast. It would add
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greatly, however, to systematic regularity, and tend much to
avoid confusion and ambiguity in computations, were this
mode of expression abandoned, and longitudes reckoned inva-
riably westward from their origin round the whole circle from
0 to 360°. Thus, the longitude of Paris is, in common
parlance, either 2° 20’ 227 east, or 357° 39’ 38" west of
Greenwich. But, 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. 50 m. 39}s.*

(92.) 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. Maps of particular countries
are detached portions of this general map, extended into
planes; or, rather, they are representations on planes of such
portions, executed according to certain conventional systems
of rules, called projections, the object of which is either to
distort as little as possible the outlines of countries from what
they are on the globc—or to establish easy means of ascer-
taining, 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. TV.

(93.) DEF. 10. The Tropics arc two parallels of latitude,
one on the north and the other on the south side of the
equator, over every point of which respectively, the sun in
its diurnal course passes vertically on the 21st of March and
the 21st of September in every year. Their latitudes are
about 23° 28’ respectively, north and south.

(94.) DEF. 11. The Arctic and Antarctic circles are two
small circles or parallels of latitude as distant from the north
and south poles as the tropics are from the equator, that is
to say, about 23° 28; their latitudes, therefore, are about

* To distinguish minutes and seconds of time from those of angular measure
we shall invariably adhere to the distinct system of notation here adopted
(°’ ", and h, m.s). Great confusion sometimes ariscs from the practice of
using the same marks for both:
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66°32". We say about, for the places of these circles and of
the tropics are continually shifting on the earth’s surface,
though with extreme slowness, as will be explained in its
proper place.

(95.) DEF. 12. The sphere of the heavens or of the stars
is an imaginary spherical surface of infinite radius, having the
eye of any spectator for its centre, and which may be con-
ceived as a ground on which the stars, planets, &c., the visible
contents of the universe, are seen projected as in a vast
picture. *

(96.) DEr. 13. The poles of the celestial sphere are the
points of that imaginary sphere towards which the earth’s
axis is directed.

(97.) Der. 14. The celestial equator, or, as it is often called
by astronomers, the equinoctial, is a great circle of the celestial
sphere, marked out by the indecfinite extension of the plane
of the terrestrial equator.

(98.) DEr. 15. The celestial horizon of any place is a great
circle of the sphere marked out by the indefinite extension of
the plane of any spectator’s sensible or (which comes to the
same thing as will presently be shown), his rational horizon,
as in the case of the equator.

(99.) Der. 16. The zenith and nadirt of a spectator are
the two points of the sphere of the heavens, vertically over
his head, and vertically under his feet, or the poles of

» 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-
nected by association, if not entirely dependent on that obscure perception of
sensation in the retinge of our eyes, ot which, even when closed and unexcited,
we cannot entirely divest them. We have a real spherical surface within our
eyes, the seat of sensation and vision, corresponding, point for point, to the ex-
ternal sphere.  On this the stars, &c. are really mapped down, as we have sup-
posed them in the text to be, on the imagivary concave of the heavens. When
the whole surface of the retina is excited by light, habit leads us to associate it
with the idea of a real surface existing without us. Thus we become impressed
with the notion of a sky and a heaven, but the coneave surface of the retina iteelf
is the true seat of all vusible angular dimension and angular motion. The sub.
stitution of the retina for the heavens would be awkward and inconvenient in
languege, but it may always be mentally made, (See Schiller’s pretty enigma
on the eye in his Turandot ) . .

From Arabic words semt, vertex, and alnadhir, corresponding or opposite to.
Nadir corresponds evidently to the German nieder (down), whence our nether,
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the celestial horizon ; that is to say, points 90° distant from
every point in it.

(100.) DEF. 17. Vertical circles 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.

(101.) DEr. 18. The celestial meridian of a spectator is the
great circle marked out on the sphere by the prolongation of
the plane of his terrestrial meridian. If the carth be sup-
posed at rest, this is a fixed circle, and all the stars are carried
across it in their diurnal courses from east to west, If the
stars rest and the carth rotate, the spectator’s meridian, like
his horizon (art. 52.), sweeps daily across the stars from
west to east. Whenever in future we speak of the meridian
of a spectator or observer, we intend the celestial meridian,
which being a circle passing through the poles of the heavens
and the zenith of the obseryer, is necessarily a vertical circle,
and passes through the north and south points of the
horizon.

(102.) DEF. 19. The prime vertical is a vertical circle per-
pendicular to the meridian, and which therefore passes through
the east and west points of the horizon.

(103.) DEF. 20. Azimuth is the angular distance of a ce-
lestial 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 horizon 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. Azimuth may be reckoned eastwards or westwards,
from the north or south point, and is usually so reckoned
only to 180° either way. But to avoid confusion, and to
preserve continuity of interpretation when algebraic symbols
are used (a point of essential importance, hitherto too little
ingisted on), we shall always reckon azimuth from the points
of the horizon most remote from the elevated pole, westward (so
as to agree in general directions with the apparent diurnal
motion of the stars), and carry its reckoning from 0° to 360° if
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always reckoned positive, considering the castward reckoning
as negative.

(104.) DEF. 21. The altitude of a heavenly body is its ap-
parent angular clevation above the horizon. It is the com-
plement to 90°, therefore, of its zenith distance. The alti-
tude and azimuth of an object being known, its place in the
visible heavens is determined.

(105.) DEF. 22. The declination of a heavenly body is its
angular distance from the equinoctial or celestial equator, or
the complement to 90° of its angular distance from the
nearest pole, which latter distance is called its Polar distance.
Declinations are reckoned plus or minus, according as the
object is situated in the northern or southern cclestial hemi-
sphere.  Polar distances are always reckoned from the North
Pole, from 0° up to 180% by which all doubt or ambiguity
of expression with respect to sign is avoided.

(106.) Der. 23. Hour circles of the sphere, or circles of
declination, arc great circles passing through the poles, and
of course perpendicular to the equinoctial. The hour circle,
passing through any particular heavenly body, serves to
refer it to a point in the equinoctial, as a vertical circle does
to a point in the horizon.

(107.) DEr. 24. The hourangle of a heavenly body is the
angle at the pole included between the hour circle passing
through the body, and the celcstial meridian of the place of
observation. We shall always reckon it positively from the
upper culmination (art. 125.) westwards, or in conformity
with the apparent diurnal motion, completely round the
circle from 0°to 360°. Hour angles. generally, are angles
included at the pole between different hour circles.

(108.) DEF. 25. The right ascension of a heavenly body
is the arc of the equinoctial included between a certain point
in that circle called the Vernal Equinoz, and the point in the
same circle to which it is referred by the circle of declination
passing through it. Or it is the angle included between two
hcur circles, one of which passes through the vernal equinox
(nnd is called the equinoctial colure), the other through the
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body. How the place of this initial point on the equinoctial
is determined, will be explained further on.

(109.) The right ascensions of celestial objects are always
reckoned eastwards from the equinox, and are estimated
cither in degrees, minutes, and seconds, as in the case of
terrestrial longitudes, from 0° to 360° which completes the
circle ; or, in time, in hours, minutes, and seconds, from Oh.
to 24h. The apparent diurnal motion of the heavens being
contrary to the real motion of the earth, this is in conformity
with the westward reckoning of longitudes. (Art. 91.)

(110.) Sidereal time is reckoned by the diurnal motion of
the stars, or rather of that point in the equinoctial from
which right ascensions arc reckoned. This point may be
considered as a star, though no star is, in fact, there; and,
moreover, the point itsclf 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
which marks sidereal time, ¢. e. which gocs at such a rate as
always to show Oh. Om. Os. when the equinox comes on the
meridian, is called a sidereal clock, and is an indispensable
piece of furniture in every observatory. Hence the hour
angle of an object reduced to time at the rate of 14° per
hour, expresses the interval of sidcreal time by which (if
its reckoning be positive) it has past the meridian ; or if
negative, the time it wants of arriving at the meridian of the
place of observation. So also the right ascension of an ob-
jeet, if converted into time at the same rate (since 360° being
described uniformly in 24 hours, 15° must be so described
in 1 hour), will express the interval of sidereal time which
elupses from the passage of the vernal equinox across the
meridian to that of the object next subsequent.

(111.) As a globe or maps may be made of the whole or
particular regions of the surface of the earth, so also a globe,
or general map of the heavens, as well as charts of particu-
lar parts, may be constructed, and the stars laid down in
their proper situations relative to each other, and to the polea
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of the heavens and the cclestial equator.  Such a representa-
tion, once made, will exhibit a true appearance of the stars
as they present themsclves in succession to every spectator
on the surface, or as they may be conceived to be scen at
once by one at the centre of the globe. It is, therefore, in-
dependent of all geographical localities. There will occur in
such a representation neither zenith, nadir, nor horizon —
neither east nor west points; and although great circles may
be drawn on it from pole to pole, corresponding to terrestrial
meridians, they can no longer, in this point:of view, be re-
garded as the celestial meridians of fixed points on the earth’s
surface, since, in the course of one diurnal revolution, every
point in it passes beneath each of them. It is on account of
this change of conception, and with a view to establish a
complete distinction between the two branches of Geography
and Uranography*, that astronomers have adopted different
terms, (viz. declination and right ascension) to represent thosc
arcs in the heavens which correspond to latitudes and long!-
tudes on the earth, It is for this reason that they term the
equator of the heavens the eguinoctial; that what are me-
ridians on the earth are called hour circles in the heavens,
and the angles they include between them at the poles are
called kour angles. All this is convenient and intelligible ;
and had they been content with this nomenclature, no con-
fusion could ever have arisen. Unluckily, the early astro-
nomers have employed also the words latitude and longitude
in their uranography, in speaking of arcs of circles not cor-
responding to those meant by the same words on the earth,
but having reference to the motion of the sun and planets
among the stars. It is now too late to remedy this confusion,
which 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 advanced period of our work,
we shall have occasion to define and use the terms in their
celestial sense, at the same time urgently recommending to
future writers the adoption of others in their places.

* T, the earth ; ypagew, to describe or represent ; ovpavos, the heaven,
r
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(112.) It remains to illustrate these descriptions by re-
ference to a figure. Let C be the centre of the earth, NC S

¥/

N

B

1ts axis; then are N and S its poles; E Q its equator; A B
the parallel of latitude of the station A on its surface; AP
parallel to S C N, the direction in which an observer at A will
see the elevated pole of the heavens; and A Z, the prolonga-
tion of the terrestrial radius C A, that of his zenith. N AE S
will be his meridian; N G S that of some fixed station, as
Greenwich ; and G E, or the spherical angle G N E, his lon-
gitude, and E A his latitude. Moreover, if ns be a plane
touching the surface in A, this will be his sensible horizon;
n A s marked on that plane by its intersection with his me-
ridian will be his meridian line, and n and s the north and
south points of his horizon.

(113.) Again, neglecting the size of the earth, or conceiving
him stationed at its centre, and referring every thing to his
rational horizon ; let the annexed figure represent the sphere
of the keavens; C the spectator; Z his zenith; and N his
nadir: then will HA O a great circle of the sphere, whose
poles are Z N, be his celestial horizon; P p the elevated and
depressed POLES of the heavens; H P the altitude of the pole,
and HP Z E O his meridian ; E T Q, a great circle perpen-
dicular to P p, will be the equinoctial ; and if T represent the
‘equinox, ¥ T will be the right ascension, T S the declination,
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und P S the pofar distance of any star or object S, referred
to the equinoctial by the kour circle PSTp; and BSD

will be the diurnal circle it will appear to describe about the
pole. Again, if we refer it to the horizon by the wertical
cirele ZSM, OM will be its azimuth, M S its altitude, and
Z S its zenith distance. H and O are the north and south,
e w the east and west points of his horizon, or of the heavens.
Moreover, if H /4, O o, be small circles, or parailels of decli-
nation, touching the horizon in its north and south points,
H £ will be the circle of perpetual apparition, between which
and the clevated pole the stars never set ; O o that of per-
petual occultation, betwcen which and the depressed pole they
never rise. In all the zone of the heavens between H A and
Oo, they rise and set; any one of them, as S, remaining
above the horizon in that part of its diurnal circle repre-
sented by @ B A, and below it throughout all the part repre-
gented by ADa. It will exercise the reader to construct
this figure for several different elevations of the pole, and for
variety of positions of the star S in each.

(114.) Celestial perspective is that branch of the general
science of perspective which teaches us to conclude, from a
knowledge of the recal situation and forms of objects, lines,
sngles, motions, &c. with respect to the spectator, their ap-
parent aspects, as seen by him projected on the imaginary
concave of the heavens; and, vice versd, from the apparent

configurations and movements of objects so seen projected,
F 2
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to conclude, so far as they can be thence concluded, their
real geometrical relations to each other and to the spectator.
It agrees with ordinary perspective when only a small visual
area is contemplated, because the concave ground of the
celestial sphere, for a small extent, may be regarded as a
plane surface, on which objects are seen projected or depicted
as in common perspective. But when large amplitudes of the
visual arca are considered, or when the whole contents of
space are regarded as projected on the whole interior surface
of the sphere, it becomes necessary to use a different phra-
seology, and to resort to a different form of conception. In
common perspective there is a single “ point of sight,” or
s centre of the picture,” the visual line from the eye to
which is perpendicular to the “ plane of the picture,” and all
straight lines are represenied by straight lines. In celestial
perspective, every point to which the view is for the moment
directed, is equally entitled to be considered as the “ centre
of the picture,” every portion of the surface of the sphere being
similarly related to the eye. Morcover, every straight line
(supposed to be indefinitely prolonged) is projected into a
semicircle of the sphere, that, namely, in which a plane passing
through the line and the eye cuts its surface. And every
system of parallel straight lines, in whatever direction, is pro-
jected into a system of scmicircles of the sphere, meeting in
two common apexes, or vanishing points, diametrically op-
posite to each other, one of which corresponds to the vanishing
point of parallels in ordinary perspective; the other in such
perspective has no cxistence. In other words, every point in
the sphere to which the cye is directed may be regarded as one
of the vanishing points, or one apex of a system of straight
lines parallcl to that radius of the sphere which passes through
it or to the direction of the line of sight, seen in perspective
from the earth, and the point diametrically opposite, or that
from which he is looking, as the other. And any great circle
of the sphere may similarly be regarded as the vanishing circle
of a system of planes, parallel to its own.

(116.) A familiar illustration of this is often to be had by
attending to the lines of light seen in the air, when the sun’s
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rays are darted through apertures in clouds, the san itsclf
being at the time obscured behind them. These lines which,
marking the course of rays emanating from a point almost
infinitely distant, are to be considered as parallel straight lines,
are thrown into great circles of the sphere, having two apexes
or points of common intersection — one 1n the place where
the sun itsclf (if not obscured) would be seen, the other di-
ametrically opposite. The first only is most commonly sug-
gested when the spectator’s view is towards the sun. But
in mountainous countries, the phcnomenon of sunbeams
converging towards a point diametrically opposite to the sun,
and as much depressed below the horizon as the sun is elevated
above it, is not unfrequently noticed, the back of the spectator
being turned to the sun’s place. Occasionally, but much
more rarely, the whole course of such a system of sunbeams,
stretching in scmicircles across the hemisphere from horizon
to horizon (the sun being near setting), may be scen.* Thus
again, the streamers of the Aurora Borealis, which are doubt-
less electrical rays, parallel, or nearly parallel to cach other,
and to the dipping necdle, usually appear to diverge from the
point towards which the needle, freely suspended, would dip
northwards (i. e. about 70° below the horizon and 23° west of
north from London), and in their upward progress pursue
the course of great circles till they again converge (in ap-
pearance) towards the point diametrically opposite (2. e. 70°
above the horizon, and 23° to the eastward of south),
forming a sort of canopy over head, having that point for its
centre. So also in the phenomenon of shooting stars, the
lines of direction which they appear to take on certain re-
markable occasions of periodical recurrence, are observed, if

* Tt is in such cases only that we conceive them as circles, the ordinary conven
tions of plane perspective becoming untenable. The author had the good fortune
to witness on one ion the ph 10n described in the text under circum-
stances of more than usual grandeur. Approaching Lyons from the south on
Sept. 80. 1826, about 54h. r.m., the sun was seen ncarly setting behind broken
masses of stormy cloud, ‘rom whose apertures streamed forth beams of rose-
coloured light, traceable all across the hemisphere almost to their opp ite point
of convergence behind the snowy precipices of Mont Blanc, conspicuously
visible at nearly 100 miles to the eastward. 'The impression produced was that
of another but feebler sun about to rise from behind the mountain, and darting
forth precursory beams to meet those of the real one opposite.




70 OUTLINES OF ASTRONOMY.

prolonged backwards, apparently to meet nearly in one pomt
of the sphere; a certain indication of a general near approach
to parallclism in the real dircctions of their motions on those
occasions. On which subject more hereafter.

(116.) In relation to this idea of celestial perspective, we
may conceive the north and south poles of the sphere as the
two vanishing points of a system of lines parallel to the axis
of the earth; and the zenith and nadir of those of a systein
of perpendiculars to its surface at the place of observation,
&c. It will be shown that the direction of a plumb-line at
every place is perpendicular to the surface of still water at
that place, which is the true horizon; and though matlie-
matically speaking no two plumb-lines are exactly parallel
(since they converge to the earth’s centre), yet over very
small tracts, such as the area of a building—in one and the
same town, &c., the difference from exact parallelism is so
small that it may be practically disregarded.* To a spec-
tator looking upwards such a system of plumb-lines will ap-
pear to converge to his zenith; downwards, to his nadir.

(117.) So also the celestial equator, or the equinoctial, must
be conceived as the vanishing circle of a system of planes pa-
rallel to the earth’s equator, or perpendicular to its axis. The
celestial horizon of any spectator is in like manner the
vanishing circle of all plancs parallel to his true horigon, of
which planes his rational horizon (passing through the carth’s
centre) is one, and his sensible horizon (the tangent plane of
his station) another.

(118.) Owing, however, to the absence of all the ordinary
indications of distance which influence our judgment in re-
spect of terrestrial objects; owing to the want of determinate
figure and magnitude in the stars and planets as commonly
seen—the projection of the cclestial bodies on the ground of
the heavenly concave is not usually regarded in this its true
light of a perspective representation or picture, and it even rc-
quires an effort of imagination to conceive them in their true
relations, as at vastly different distances, one behind the other,

. " Aainterval of s milc corresponds to a convergence of plumb-lines amount.
ing to somewhat less space than a minute,
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and forming with one another lines of junction violently fore-
shortened, and including angles altogether differing from
those which their projected representations appear to make.
To do so at all with effect presupposes a knowledge of their
actual situations in space, which it is the business of astro-
nomy to arrive at by appropriate considerations. But the
connections which subsist among the several parts of the pic-
ture, the purely geometrical relations among the angles and
sides of the spherical triangles of which it consists, constitute,
under the name of Uranometry*, a preliminary and sub-
ordinate branch of the gencral science, with which it is
necessary to be familiar before any further progress can be
made. Some of the most elementary and frequently oc-
curring of these relations we proceed to explain. And first,
as immediate consequences of the above dcfinitions, the fol-
lowing propositions will be borne in mind.

(119.) The altitude of the elevated pole is equal to the lati-
tude of the spectator’s geographical station.

For it appears, sce fig. art. 112., that the angle P A Z be-
tween the pole and the zenith is equal to N C A, and the angles
7 An and N CE being right angles, we have P An=A CE.
Now the former of these is the elevation of the pole as secn
from B, the latter is the angle at the earth’s centre subtended
by the arc E A, or the latitude of the place.

(120.) Hence to a spectator at the north pole of the earth,
the north pole of the heavens is in his zenith. As he travels
southward it becomes less and less elevated till he reaches
the equator, when both poles are in his horizon—south of
the equator the north pole becomes depressed below, while
the south rises above his horizon, and continues to do so till
the south pole of the globe is reached, when that of the
heavens will be in the zenith.

(121.) Thesame stars, in their diurnal revolution, come to
the meridian, successively, of every place on the globe once
in twenty-four sidcreal hours. And, since the diurnal ro-
tation is uniform, the interval, in sidereal time, which elapses

* Ovpavos, the heavens; uerpew, to measure : the measurement of the
heavens.
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between the same star coming upon the meridians of two
different places is measured by the difference of longitudes
of the places.

(122.) Vice vers@— the interval elapsing between two drj-
ferent stars 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.

(123.) The equinoctial intersects the horizon in the east
and west points, and the meridian in a point whose altitude
is equal to the co-latitude of the place. Thus, at Greenwich,
of which the latitude is 51° 28’ 40”, the altitude of the in-
tersection of the equinoctial and meridian is 38° 31’ 20”.
The north and south poles of the heavens are the poles of
the equinoctial. The east and west points of the horizon of a
spectator are the poles of his celestial meridian. The north
and south points of his horizon are the poles of his prime ver-
tical, and his zenith and nadir are the poles of his horizon.

(124.) All the heavenly bodies culminate (i. e. come to their
greatest altitudes) on the meridian; which is, therefore, the
best situation to observe them, being least confused by the
inequalities and vapours of the atmosphere, as well as least
displaced by refraction.

(125.) All celestial objects within the circle of perpetunl
apparition come twice on the meridian, above the horizon, in
every diurnal revolution ; once above and once delow the pole.
These are called their upper and lower culminations.

(126.) The problems of uranometry, as we have described
‘it, consist in the solution of a variety of spherical triangles,
both right and oblique angled, according to the rules, and
by the formule of spherical trigonometry, which we suppose
known to the reader, or for which he will consult appropriate
treatises. We shall only here observe generally, that in all
problems in which spherical geometry is concerned, the student
will find it a useful practical maxim rather to consider the
poles of the great circles which the question before him refers
to than the circles themselves. To use, for example, in the
relations he has to consider, polar distances rather than de-
clinations, zenith distances rather than altitudes, &c. DBear-
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ing this in mind, there are few problems in uranometry which
will offer any difficulty. The following are the combinations
which most commonly occur for solution when the place of
one celestial object only on the sphere is concerned.

(127.) In the triangle Z P S, Z is the zenith, P the
elevated pole, and S the star, sun, or other celestial object.
In this triangle occur, 1st, P Z, which being the comple-
ment of P H (the altitude of the pole), is obviously the com-
plement of the latitude (or the co-latitude, as it is called) of
the place; 2d, P 8, the polar distance, or the complement of
the declination (co-declination) of the star; 3d, Z S, the
zenith distance or co-altitude of the star. If P S be greater
than 90° the object is situated on the side of the equinoctial
opposite to that of the clevated pole. If Z S be so, the ob
ject is below the horizon.

In the same triangle the angles are, 1st, Z P S the hour
angle; 2d, P Z S (the supplement of S Z O, which latter
is the azimuth of the star or other heavenly body), 34, S Z,
an angle which, from the infrequency of any practical re-
ference to it, has not acquired a name.*

The following five astronomical magnitudes, then, occur
among the sides and angles of this most uscful triangle: viz.
1st, The co-latitude of the place of observation; 2d, the
polar distance ; 3d, the zenith distance ; 4th, the hour angle;
and 5th, the sub-azimuth (supplement of azimuth) of a given
celestial object ; and by its solution therefore may all pro-
blems be resolved, in which three of these magnitudes are
directly or indirectly given, and the other two required to be
found.

(128.) 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 refrac-
tion), o that, at the moment of its apparent rising, its zenith

* In the practical discussion of the measures of double stars and other objects
by the aid of the position micrometer, this angle is sometimes reguired to be
known ; and, when 80 required, it will be not inconveniently referred to as ‘‘the
angle of position of the zenith.”
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distance is 90° 34’=ZS. Its polar distance P S being also
given, and the co-latitude ZP of the place, we have given
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the three sides of the triangle, to find the hour angle ZP S,
which, being known, is to be added to or subtracted from the
star's right ascension, to give the sidercal time of sctting or
rising, which, if we please, may be converted into solar time
by the proper rules and tables.

(129.) As another cxample of the use 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 cast and west of the meridian, and noting the interval
of the observations in sidereal time.

The hour angles corresponding to equal altitudes of a fixed
star being equal, the hour angle east or west will be measured
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 we may find P Z, the co-latitude of
the place. Moreover, 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 observa-
ation ; and, therefore, the local sidereal time at that moment.
This is a very useful observation for determmmg the latitude
aud time at an unknown station.
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CHAPTER IIL*

OF THE NATURE OF ASTRONOMICAL INSTRUMENTS AND OBSERVA-
TIONS IN GENERAL. - OF SIDEREAL AND SOLAR TIME.— OF TIIE
MEASUREMENTS OF TIME, — CLOCKS, CIIRONOMETERS. — OF AS-
TRONOMICAIL, MEASUREMENTS. —PRINCIPLE OF TELESCOPIC SIGIITS
10 INCREASE THE ACCURACY OF TI'OINTING.— SIMPLEST APPLICA-
TION OF THIS PRINCIPLE.— THE TRANSIT INSTRUMENT.~—OF THE
MEASUREMENT OF ANGULAR INTERVALS.—METHODS OF INCREAS-
ING TIIE ACCURACY OF READING. —— THE VERNIER. — THE MICRO-
SCOPE. — OF THE MURAT CIRCLE. -~ TIIE MERIDIAN CIRCLE, —
FIXATION OF POLAR AND HORIZONTAL POINTS.—— THE LEVEL,
PLUMB-LINE, ARTIFICIAL HORIZON.—FPRINCIPLE OF COLLIMATION.
=—COLLIMATORS OF RITTENHOUSE, KATER, AND BOHNENBERGER.—
O COMPOUND INSTRUMENTS WITH CO-ORDINATE CIRCLES. — TIIE
EQUATORIAL, ALTITUDE, AND AZIMUTH INSTRUMENT.—— THEOQO-
DOLITE. — OF THE SEXTANT AND REFLECTING CIRCLE. — PRIN-
CIPLE OF REPETITION. — OF MICROMETERS. — PARALLEL WIRE
MICROMETER. — PRINCIPLE OF THE DUPLICATION OF IMAGES.—
THE HELIOMETER, — DOUBLE REFRACTING EYE-PIECE.— VARIA-
BLE PRISM MICROMETER.,—OF THE POSITION MICROMETER, —
TLLUMINATION OF WIRES, — SOLAR TELESCOPE AND EYE-PILCE
— IIELIOSCOPY. — COLLIMATION OF LARGE REF¥LECTORS.

(130.) OUR first chapters have been devoted to the acquisition
chiefly of preliminary notions respecting the globe we inhabit,
its relation to the celestial objects which surround it, and the
physical circumstances under which all astronomical observa-
tions must be made, as well as to provide ourselves with a
stock of technical words and elementary ideas of most frequent
and familiar use in the sequel. 'We might now proceed to a
more exact and detailed statement of the facts and theories
of astronomy ; but, in order to do this with full effect, it will
be desirable that the reader be made acquainted with the

» The student who is anxious to become acquainted with the chief subject
matter of this work, may defer the reading of that part of this chapter whls:h is
devoted to the description of particular instruments, or content himself with a

cursory perusal of it, until farther advanced, when it will be necessary to return

to it.
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principal nieans 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 as-
certaining by measurement the apparent and real magnitudes
with which they are conversant. It is only when in pos-
gession of this knowledge that he can fully appretiate either
the truth of the theories themselves, or the degree of reliance
to be placed on any of their conclusions antecedent to trial :
since it is only by knowing what amount of error can cer-
tainly be perceived and distinctly measured, that he can
satisfy himsclf whether any theory offers so close ah approx-
imation, in its numerical results, to actual phenomena, as will
justify him in receiving it as a true representation of nature.

(131.) Astronomical instrument-making may be justly
regarded as the most refined of the mechanical arts, and that
in which the nearcst approach to geometrical precision is re-
quired, and has been attained. It may be thought an easy
thing, by one unacquainted with the niceties required, to turn
a circle in metal, to divide its circumference into 360 equal
parts, and these again into smaller subdivisions, — to place 1t
accuratcly 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, when it is considered that,
owing to the application of telescopes to the purposes of an-
gular measurement, every imperfection of structure or divi-
sion becomes magnified by the whole optical power of that
instrument ; and that thus, not only direct errors of work-
manship, arising from unsteadiness of hand or imperfection of
tools, but those inaccuracies which originate in far more
uncontrollable causes, such as the uncqual expansion and
contraction of metallic masses by a change of temperature,
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 g35th 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 astro-
nomical measurement of an angle. With the instruments
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now employed in observatories, a single second, or the 60th
parl of a minute, is rendered a distinctly visible and appreti-
able 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 y74;5th 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
circumference of a metallic circle of such dimensions (sup-
posing the difficulty of its construction surmounted), 360
marks, dots, or cognizable divisions, which shall all be true to
their places within such narrow 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 applic-
able to such uses ; and their own weight, however symmetri-
cally formed, must always be unequally sustained, since it is
impossible to apply the sustaining power to every part sepa-
rately: even could this be done, at all events force must be
used to move and to fix them ; which can never be done with-
out 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'ceuvre, but to
instruments of moderate prices and dimensions, and in ordi-
nary use, which, on due consideration, must appear very
surprising. But though we are entitled to look for wonders
at the hands of scientific artists, we are not to expect mirucles.
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
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of the imperfections incident to every work the latter can
place in his hands. He must, therefore, endeavour so to
combine his observations, so to choose his opportunitics, and
so to familiarize himself with all the causes which may pro-
duce instrumental derangement, and with all the peculiarities
of structure and material of each instrument he possesses, as
not to allow himself to be misled by their errors, but to ex-
tract from their indications, as far as possible, all that is true,
and reject all that is erroneous. It 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.

(132.) The great aim of the practical astronomer being
numerical correctness in the results of instrumental measure-
ment, his constant care and vigilance must be directed to the
detection and compensation of ecrrors, either by annihilating,
or by taking account of, and allowing for them. Now, if we
cxamine the sources from which errors may arise in any in-
strumental determination, we shall find them chiefly reducible
to three principal heads : —

(183.) 1st, External or incidental causes of error; com-
prehending those which depend on external, uncontrollable
circumstances: such as, fluctuations of weather, which disturb
the amount of refraction from its tabulated value, and, being
reducible to no fixed law, induce uncertainty to the extent
of their own possible magnitude; such as, by varying the
temperature of the air, vary also the form and position of the
instruments used, by altering the relative magnitudes and the
tension of their parts ; and others of the like nature.

(184.) 2dly, Errors of observation: such as arise, for ex-
ample, from inexpertness, defective vision, slowness in seizing
the exact instant of occurrence of a phenomenon, or preci-
pitancy in anticipating it, &c.; from atmospheric indistinct-
ness ; 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 clamp-
ing, looseness of screws, &c.

(135.) 3dly, The third, and by far the most numerous class
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of errors to which astronomical measurements are liable, arise
from causes which may be deemed instrumental, and which
may be subdivided into two principal classes. The first com-
prchends those which arise from an instrument not deing what
it professes to be, which is error of workmanship. Thus, if
a pivot or axis, instead of being, as it ought, exactly cylin-
drical, be slightly flattened, or elliptical, — if it be not exactly
(as it is intended it should be) concentric with the circle it
carrics ; — if this circle (so called) be in reality not exactly
circular, or not in one plane ; — if its divisions, intended to
be preciscly equidistant, should be placed in reality at un-
cqual intervals, —and a hundred other things of the same
sort. These are not mere speculative sources of error, but
practical annoyances, which every observer has to contend
with.

(136.) The other subdivision of instrumental errors com-
prehends 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 dis-
posed inter se. These are errors of adjustment. Some arc
unavoidable, as they arisc from a general unsteadiness of the
soil or building in which the instruments are placed; which,
though too minute to be noticed in any other way, become
appretiable 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 important of this
class of errors arise from the non-existence of natural indica~
tions, other than those afforded by astronomical observations
themselves, whether an instrument has or has not the exact
position, with respect to the horizon and its cardinal points,
the axis of the earth, or to other principal astronomical lines
and circles, which it aught to have to fulfil properly its objects.

(137.) Now, with respect to the first two classes of error,
it must be observed, that, in so fa.;' as they cannot be reduced
to known laws, and thereby become subjects of calculation
and due allowance, they actually vitiate, to their full extent,
the results of any observations in which they subsist. Being,
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however, in their nature casual and accidental, their cffects
necessarily lie sometimes one way, sometimes the other;
sometimes diminishing, sometimes tending to increase the re-
sults. Hence, by greatly multiplying observations, under
varied circumstances, by avoiding unfavourable, and taking
advantage of favourable circumstances of weather, or other-
wise using opportunity to advantage — and finally, by taking
the mean or average of the results obtained, this class of
errors may be so far subdued, by setting them to destroy one
another, as no longer sensibly to vitiate any theorctical or
practical conclusion. This is the great and indeed only
resource against such errors, not merely to the astronomer,
but to the investigator of numerical results in cvery depart-
ment of physical research.

(138.) With regard to errors of adjustment and work-
manship, not only the possibility, but the certainty of their ex-
istence, in every imaginable form, in all instruments, 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 acci-
dentally; and then only during an instant of time. This
does not prevent, however, that a great approximation to all
these desiderata should be attained. But it is the peculiarity
of astronomical observation to be the witimate means of de-
tection of all mechanical defects which elude by their mi-
nuteness every other mode of detection. What 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 under very great magnifying powers(corresponding
in effect to a great increase in acuteness of perception) with
the perfect workmanship 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
observation, and then to turn round upon the instruments
with which those observations were made, accuse them of im-
perfection, and attempt to detect and rectify their errors by
means of the very laws and theories which they have helped
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ue to & knowledge of. A little consideration, however, will
suffice to show that such a course of proceeding i perfectly
legitimate.

(139.) The steps by which we arrive at the laws of natural
phenomena, and especially those which depend for their veri-
fication on numerical determinations, are necessarily suc-
cessive. (ross results and palpable laws are arrived at by
rude observation with coarse instruments, or without any in-
struments at all, and are expressed in language which is not
to be considered as absolute, but is to be interpreted with a
degree of latitude commensurate to the imperfection of the
observations themselves. These results are corrected and re-
fined by nicer scrutiny, and with more delicate means. The
first rude expressions of the laws which embody them are
perceived to be inexact. The language used in their ex-
pression is corrected, its terms more rigidly defined, or fresh
terms introduced, until the new state of language and termi-
nology is brought to fit the improved state of knowledge
of facts. In the progress of this scrutiny subordinate laws
are brought into view which still further modify both the
verbal statement and numerical results of those which first
offered themselves to our notice; and when these are traced
cut and reduced to certainty, others, again, subordinate to
them, make their appearance, and become subjects of further
inquiry. Now, it invariably happens (and the reason is
evident) 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 errors. We perceive a discordance
between what we expect, and what we find. The first oc-
currence of such a discordance we attribute to accident. It
happens again and again; and we begin to suspect our in-
struments. 'We then inquire, to what amount of error their
determinations can, by possibility, be liable. If their limit of
possible error exceed the observed deviation, we at once con-
demn the instrument, and set about improving its construc-
tion or adjustments. Still the same deviations occur, and,
so far from being palliated, are more marked and better de-

fined than before. We are now sure that we are on the
(e}
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traces of a law of nature, and we pursue it till we have
reduced it to a definite statement, and verified it by repeated
observation, under every variety of circumstances.

(140.) Now, in the course of this inquiry, it will not fail
to happen that other discordances will strike us. Taught by
experience, we suspect the existence of some natural law,
before unknown; we tabulate (i. e. draw out in order) the
results of our observations ; and we perceive, in this synoptic
statement of them, distinct indications of a regular progres-
sion. Again we improve or vary our instruments, and we
now lose sight of this supposed new law of nature altogether,
or find it replaced by some other, of a totally different cha-
racter. Thus we are led to suspect an instrumental cause
for what we have noticed. 'We examine, therefore, the theory
of our instrument; we suppose defects in its structure, and,
by the aid of geometry, we trace their influence in intro-
ducing actual errors into its indications. These errors have
their laws, which, so long as we have no knowledge of causcs
to guide us, may be confounded with laws of nature, as they
are mixed up with them in their effects. They are not for-
tuitous, 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 ap-
propriate form of error. "When these are thoroughly inves-
tigated, we recognize among them one which coincides in its
nature and progression with that of our observed discord-
ances. The mystery is at once solved. We have detected,
by direct observation, an instrumental defect.

(141.) It is, therefore, a chief requisite for the practical
astronomer to make himself completely familiar with the
theory of his instruments. By this alone is he enabled at once
to decide what effect on his observations any given imperfec-
tion of structure or adjustment will produce in any given
circumstances under which an observation can be made. This
alone also can place him in a condition to derive available
and practical means of destroying and eliminating altogether
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the influence of such imperfections, by so arranging his ob-
servations, that it shall affect their results in opposite ways,
and that its influence shall thus disappear from their mean,
which is one of the chief modes by which precision is attained
in practical astronomy. Suppose, for example, the principle
of an instrument required that a circle should be concentric
with the axis on which it is made to turn. As this is a con-
dition which no workmanship can exactly fulfil, it becomes
necessary to inquire what crrors will be produced in observa-
tions 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 disagreement between observations made with
it and with one absolutely perfect, could such be obtained.
Now, simple geometrical considerations suffice to show — 1st.
that if the axis be excentric by a given fraction (say one
thousandth part) of the radius of the circle, all angles read off
on that part of the circle fowards which the excentricity lies,
will appear by that fractional amount too small, and all on
the opposite side too large. And, 2dly, that whatever be the
amount of the excentricity, and on whatever part of the circle
any proposed angle is measured, the effect of the error in
question on the result of obscrvations depending on the
graduation of its circumference (or limb, as it is technically
called) will be completcly annihilated by the very easy method
of always reading off the divisions on two diametrically op-
posite points of the circle, and taking a mean; for the effect
of excentricity is always to increase the arc representing the
angle in question on one side of the circle, by just the same
quantity by which it diminishes that on the other. Again,
suppose that the proper use of the instrument required that
this axis should be exactly parallel to that of the earth. As
it never can be placed or remain so, it becomes 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 inquiries constitute the theory of in-
gtrumental errors; a theory of the utmost importance to
practice, and one of which a complete knowledge will enable
an observer, with moderate instrumental means, often to
G 2
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attain a degree of precision which might seem to belong only
to the most refined and costly. This theory, as will readily
be apprehended, turns almost entirely on considerations of
pure geometry, and those for the most part not difficult. In
the present work, however, we have no further concern with
it. The astronomical instruments we propose briefly to de-
scribe in this chapter will be considered as perfect both in
construction and adjustment.*

(142.) As the above remarks are very essential to a right
understanding of the philosophy of our subject and the spirit
of astronomical methods, we shall elucidate them by taking
one or two special cases. Observant persons, before the in-
vention 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 drawing this conclusion, however,
refraction was entirely overlooked, or, if forced on their notice
by its great magnitude in the immediate neighbourhood
of the horizon, was regarded as a local irregularity, and, as
such, ncglected, or slurred over. As soon, however, as the
diurnal paths of the stars were attempted to be traced by in-
struments, even of the coarsest kind, it became evident that
the notion of exact circles described about one and the
same pole would not represent the phenomena correctly,
but that, owing to some cause or other, the apparent diurnal
orbit of every star is distorted from a circular into an oval
form, ite lower segment being flatter 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 instrumental cause, it became necessary to
seek a natural one; and refraction readily occurred, to solve
the difficulty. In fact, it is a case preocisely analogous to

* The principle on which the chief adjustments of two or three of the most
useful and common instruments, such as the transit, the equatorial, and the
sextant, are performed, are, however, noticed, for the convenience of readers who
niay use such instruments without going farther into the arcana of practical
astronomy,
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what we have already noticed (art. 47.), of the apparent dis-
tortion 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 refraction, or by making a distinction between the
apparent diurnal orbits, as affected by refraction, and the true
ones cleared of that effect. This distinction between the ap-
parent and the true—between the uncorrected and corrected—
between the rough and obvious, and the refined and ultimate —
is of perpetual occurrence in every part of astronomy.

(143.) Again. The first impression produced by a view
of the diurnal movement of the heavens is that all thc
heavenly bodies perform this revolution in one common
period, viz. a day, or 24 hours. DBut no sooner do we come
to examine the matter instrumentally, i. e. by noting, by time-
keepers, their successive arrivals on the meridian, than we find
Jifferences which cannot be accounted for by any error of ob-
servation. 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 23" 56’ 4:09”, instead of 24 hours, such hours as
our common clocks mark. Here, then, we have already two
different days, a sidereal 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 24" 54™ of
our ordinary time, which last is solar time, being of necessity
conformable to the sun’s successive re-appearances, on which
all the business of life depends.

(144.) Now, all the stars are found to be unanimous in
giving the same exact duration of 23" 56’ 4:09”, for the
sidereal day; which, therefore, we cannot hesitate to receive
as the period in which the earth makes one revolution on its
axis. We are, therefore, compelled to look on the sun and
moon as exceptions to the general 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, inde-
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pendent of the rotation of the earth on its axis. Thus a
great and most important distinction is disclosed to us.

(145.) To establish these facts, almost no apparatus is
required. An observer need onmly station himself to the
north of some well-defined vertical object, as the angle of a
building, and, placing his cye exactly at a certain fixed point
(such as a small hole in a plate of metal nailed to some
iinmoveable support), notice the successive disappearances of
any star behind the building, by a watch.* When he ob-
serves the sun, he must shade his eye with a dark-coloured
or smoked glass, and notice the moments when its western
and eastern edges successively come up to the wall, from
which, by taking half the interval, he will ascertain (what he
cannot directly observe) the moment of disappearance of its
centre.

(146.) When, in pursuing and establishing this general
fact, we are led to attend more nicely to the times of the
daily arrival of the sun on the meridian, irregularities (such
they first seem to be) begin to make their appearance. 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 skorter,
than its average duration. And thus a distinction is again
pressed upon our noticé betwen the actual solar day, which is
never two days in succession alike, and the mean solar day
of 24 hours, which is an average of all the solar days
throughout the year. Here, then, a new source of inquiry
opens to us. The sun’s apparent motion is not only not the

* This is an excellent practical method of ascertaining the rate of a clock or
watch, being exceedingly accurate if a few precautions are attended to; the
chief of which is, to take care that that part of the edge behind which the star
(a bright one, not @ planet) disappears shall be quite smooth ; as otherwise vari-
able refraction may transfer the point of disappearance from a protuberance to a
notch, and thus vary the moment of observation unduly. 'This is easily secured,
by nailing up a smooth-edged board. The verticality of its edge should be
ensured by the use of a plumb-line.
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same with that of the stars, but it is not (as the latter is)
uniform. It is subject to fluctuations, whose laws hecome
matter of investigation. But to pursue these laws, we re-
quire nicer means of observation than what we have de-
scribed, and are obliged to call in to our aid an instrument
called the transit instrument, especially destined for such
observations, and to attend minutcly 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 inquiries;
and we speedily find that, in proportion as we ascertain the
amount and law of one great or leading fluctuation, or in-
cquality, 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 annual
fluctuation above noticed may be compared to the daily vari-
ations of level produced by the tides, which are nothing but
cnormous waves extending over the whole ocean, while the
smaller subordinate inequalities may be assimilated to waves
ordinarily so called, on which, when large, we perceive lesser
undulations to ride, and on these, again, minuter ripplings,
to the series of whose subordination we can perceive no end.

(147.) With the causes of these irregularitics in the solar
motion we have no concern at present; their explanation be-
longs to a more advanced part of our subject: but the dis-
tinction between the solar and sidereal days, as it pervades
cvery part of astronomy, requires to be early introduced, and
never lost sight of. It is, as already observed, the mearn or
average length of the solar day, which is used in the civil
reckoning of time. It commences at midnight, but astro-
nomers, 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 reckon-
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ing of time, corresponds to January 1 day 23 hours in the
astronomical reckoning; and 1 o'clock in the afternoon of
the former, to January 2 days 1 hour of the latter reckoning.
This usage has its advantages and disadvantages, but the
latter seem to preponderate; and it would be well if, in con-
sequence, it could be broken through, and the civil reckoning
substituted. ~ Uniformity in nomenclature and modes of
reckoning in all matters relating to time, space, weight, mea-
sure, §e., is of such vast and paramount importance in every
relation of life as to outweigh every consideration of technical
convenience or custom."™

(148.) Both astronomers and civilians, however, who in-
habit different points of the earth’s surface, differ from each
other in their reckoning of time; as it is obvious they must,
if we consider that, when it is noon at one place, it is mid-
night at a place diametrically opposite; sunrise at another;
and sunset, again, at a fourth. Hence arises considcrable in-
convenience, especially as respects places differing very widely
in situation, and which may even in some critical cases in-
volve the mistake of a whole day. To obviate this incon-
venience, 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 world, and 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 same, at
the same instant, in every part of the globe. Its origin will
be explained more fully at a more advanced stage of our
work.

(149.) Time is an essential element in astronomical obser-
vation, in a twofold point of view : — 1st, As the represen-

# The only disadvantage to astronomers of using the civil reckoning is this —
that their observations being chiefly carried on during the night, the day of their
date will, in this reckoning, always have to be changed at midnight, and the
former and latter portion of every night’s observations will belong to two differ-
ently numbered civil days of the month, There is no denying this to be an
inconvenience. Habit, however, would alleviate it; and some inconveniences
must be cheerfully submitted to by all who resolve to act on general principles.
All other classes of men, whose occupation extends to the night as well as day,
submit to it, and find their advantage in doing so.
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tative of angular motion. The earth’s diurnal motion being
uniform, every star describes 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 as-
cension. 2dly, As the fundamental element (or natural in-
dependent variable, to use the language of geometers) in all
dynamical 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 apparent situation of that
object at any time, past, present, or future. To compare
such laws, therefore, with observation, we must possess a
register of the observed situations of the object in question,
and of the ¢imes when they were observed.

(150.) The measurement of time is performed by clocks,
chronometers, clepsydras, and hour-glasses. The two former
arc alone used in modern astronomy. The hour-glassisa
coarse and rude contrivance for measuring, or rather counting
out, fixed portions of time, and is entirely disused. The
clepsydra, which measured time by the gradual emptying of
a large vessel of water through a determinate orifice, is sus-
ceptible of considerable exactness, and was the only depen-
dence of astronomers before the invention of clocks and
watches. At present it is abandoned, owing to the greater
convenience and exactness of the latter instruments. Inone
case only has 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 inter-
cepting 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 re-
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ceived in an interval of time 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 of much importance in many physical inquiries, is due
to the late Captain Kater.

(151.) The pendulum clock, however, and the balance
watch, with those improvements and refinements in its struc-
ture which constitute it emphatically a chronometer *, are the
instruments on which the astronomer depends for his know-
ledge of the lapse of time. These instruments are now
brought to such perfection, that an habitual irregularity in
the rate 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 within a few tenths
of a second, by their use. In proportion as intcrvals 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 progres-
sive change in the rate of going may subsist unperccived. It
is not safe, thercfore, to trust the determination of time to
clocks, or watches, for many days in succession, without
checking them, and ascertaining their errors by reference to
natural events which we know to happen, day after day, at
cqual intervals. But if this be done, the longest intervals
may be fixed with the same precision as the shortest ; since,
in fact, it is then only the times intervening between the first
and the last moments of such long intervals, and such of those
periodically recurring events adopted for our points of reckon-
ing, as occur within twenty-four hours respectively of either,
which 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 reckon-
ing 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 succession of events, and refers them

® Xpovos, time ; perpew, to measure,
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to their proper years and days; while chronometry, ground-
ing 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 phenomena
occur, with the last degree of precision.

(152.) In the culmination or transit (i. e. the passage across
the meridian of an observer,) of every star in the heavens, he
is furnished with such a regularly periodical natural event as
we allude to. Accordingly, it is to the transits 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.

(153.) Before we describe the instrument destined for the
purpose of observing such culminations, however, or those in-
tended for the measurement of angular intervals in the sphere,
it is requisite to place clearly before the reader the principle
on which the telescope is applied in astronomy to the precise
determination of a direction in space, — that, namely of the
visual ray by which we sec a star or any other distant object.

(154.) The tclescope most commonly used in astronomy
for these purposes is the refracting telescope, which consists
of an object-glass (either single, or asis now almost universal,
double, forming what is called in optics, an achromatic com-
bination) A ; a tube A B, into which the brass cell of the

3 M —
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object-glass is firmly screwed, and an eye-lens C, for which is
often substituted a combination of glasses designed to increase
the magnifying power of the telescope, or otherwise give
more distinctness of vision according to optical principles
which we have no occasion here to refer to. This also is
fitted into a cell, which is screwed firmly into the end B of
the tube, so that objcct-glass, tube, and eye-glass may be
considered as forming one picce, invariable in the relative

osition of its parts.
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(155.) The line P Q joining the centres of the object and
eye-glasses and produced, is called the aris or line of collima-
tion of the telescope. And it is evident, that the situation of
this line holds a fixed relation to the tube and its appendages,
so long as the object and eye-glasses naintain their fixity in
this respect.

(156.) Whatever distant object E, this line is directed to,
an inverted picture or image of that object F' is formed (ac-
cording to the principles of optics), in the focus of the object~
glass, and may there be viewed as if it were a real object,
through the eye-lens C, which (if of short focus) enables us
to magnify it just as such a lens would magnify a material
object in the same place.

(157.) Now as this image is formed and viewed in the
air, being itself immaterial and impalpable — nothing prevents
our placing in that very place F in the axis of the telescope, a
real, substantial object of very definite form and delicate
make, such as a fine metallic point, as of a needle — or bet-
ter still, a cross formed by two very fine threads (spider-lines),
thin metallic wires, or lines drawn on glass intersecting each
other at right angles — and whose intersection is all but a
mathematical point. If such a point, wire, or cross be care-
fully placed and firmly fixed in the exact focus F, both of the
object and eye-glass, it will be scen through the latter at the
same time, and occupying the same precise place as the image
of the distant star E. The magnifying power of the lens
renders perceptible the smallest deviation from perfect coinci-
dence, which, should it exist, is a proof, that the axis QP is
not directed rigorously towards E. In that case, a fine mo-
tion (by means of a screw duly applied), communicated to
the telescope, will be necessary to vary the direction of the
axis till the coincidence is rendered perfect. So precise is
this mode of pointing found in practice, that the axis of a
telescope may be directed towards a star or other definite ce-
lestial object without an error of more than a few tenths of a
second of angular measure.

(158.) This application of the telescope may be considered
as completely annihilating that part of the error of observa-
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tion which might otherwisc arise from an erroneous estimation
of the dircction in which an object lies from 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, with-
out which all other refinements in instrumental workmanship
would be thrown away; the errors capable of being com-
mitted in pointing to an object, without such assistance, being
far greater than what could arise from any but the very
coarsest graduation.* In fact, the telescope thus applied
becomes, with respect to angular, what the microscope is with
respect to linear dimension. By concentrating attention on
its smallest parts, and magnifying into palpable intervals the
minutest differences, it enables us not only to scrutinize the
form and structure of the objects to which it is pointed, but
to refer their apparent places, with all but geometrical pre-
cision, to the parts of any scale with which we propose to
compare them.

(159.) We now return to our subject, the determination of
time by the transits or culminations of celestial objects. The
instrument with which such culminations are observed is
called a transit instrument. It consists of a telescope firmly
fastencd on a horizontal axis directed to the east and west
points of the horizon, or at right angles to the plane of the

® The honour of this capital improvement has been successfully vindicated
by Derham (Phil. Trans. xxx. 608.) to our young, talented, and unfortunate
countryman Gascoigne, from his correspondence with Crabtree and Horrockes,
in his ( Derbam’s) possession. The passages cited by Derbam from these letters
leave no doubt that, so early as 1640, Gascoigne had applied telescopes to his
quadrants and sextants, with threads in the common focus of the glasses ; and had
even carried the invention so far as to illuminate the field of view by artificial
light, which he found « very helpful when the moon appeareth not, or it is not other-
wise light enough,” These inventions were freely communicated by him to
Crabtree, and through him to his friend Horrockes, the pride and boast of
British astronomy ; both of whom expressed their unbounded admiration of this
and many other of his delicate and admirable improvements in the art of obser-
vation. Gascoigne, however, perished, at the age of twenty-three, at the battle
of Marston Moor ; and the premature and sudden death of Horrockes, at a yet
earlier age, will account for the temporary oblivion of the invention, It was
revived, or re-invented, in 1667, by Picard and Auzout (Lalande, Astron,
2310.), after which its use became universal. Morin, even eatlier than Gase
coigne (in 1685), had proposed to substitute the telescope for plain 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 advantage in
practice; and the idea of this does not seem to have occurred to Morin. See

Lalande, ubi suprd.)
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meridian of the place of observation. The extremitics of the
axis are formed into cylindrical pivots of exactly equal di-
ameters, which rest in notches formed in metallic supports,
bedded (in the case of large instruments) on strong pieces of
stone, and susceptible of nice adjustment by screws, both in
a vertical and horizontal direction. By the former adjust-
ment, 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 west direction, the criterion of
which is furnished by the observations
themselves made with the instrument,
in a manner presently to be explained,
or by a well-defined object, called a meridian mark, originally
determined by such observations, and then, for convenience
of ready refercnce, permanently established, at a great dis-
tance, exactly in a meridian line passing through the central
point of the whole instrument. It is evident, from this de-
scription, that, if the axis, or line of collimation of the
telescope 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 of rotation.

(160.) In the focus of the eye-piece, and at right angles to
the length of the telescope, is placed, not a single cross, as in
our general explanation in art. 157., but a system of onc

™ horizontal and several equidistant vertical
threads or wires, (five or seven are more
usually employed,) as represented in the an-

nexed figure, which always appear in the

/l/ Jfeld of view, when properly illuminated, by

day by the light of the sky, by night by that

of a lamp introduced by a contrivance not necessary here
to explain. 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 e
line of collimation of the telescope, where it is arrcsted and
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permanently fastencd.* 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 meridian. The instant of this event is noted by the
clock or chronometer, which forms an indispensable accom-
paniment of the transit instrument. For greater precision,
the moments of its crossing all the 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 in the contrary case.

(161.) For the mode of executing the adjustments, and
allowing for the errors unavoidable in the use of this simple
and elegant instrument, the rcader must consult works
especially devoted to this department of practical astronomy.}
We shall here only mention one important verification of its
correctness, which consists in reversing the ends of the axis,
or turning it cast for west. If this be done, and it continue
to give the same results, and intersect the same point on the
meridian 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, 7. e. marks out in the heavens a great circle.
In good transit obscrvations, an error of one or two tenths
of a second of time in the moment of a star’s culmination is
the utmost which nced be apprehended, exclusive of the error
of the clock: in other words, a clock may be compared with
the earth’s diurnal motion by a single observation, without
rigk of greater error. By multiplying observations, of course,
a yet greater degree of precision may be obtained.

(162.) The plane described by the line of collimation of

* There is no way of bringing the true optic axis of the object glass to co-
incide eractly with the line of collimation, but, so long as the object glass does
not shift or shake in its cell, any line kolding an invariable position with respect to
that axis, may be taken for the conventional or astronomical axis with equal
effect.

t See Dr. Pearson’s Treatise on Practical Astronomy, Also Bianchi Sopra
lo Stromento de’ Passagi. Ephem. di Milano, 1824,
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a trinsit ought to be that of the meridian of the place of ob-
servation. To ascertain whether it is so or not, celestinl
observation must be resorted to. Now, as the meridian is a
great circle passing through the pole, it necessarily bisects
the diurnal circles described by all the stars, all which describe
the two semicircles so arising in equal intervals of 12 sidereal
hours each. Hence, if we choose a star whose whole diurnal
circle is above the horizon, or which never sets, and observe
the moments of its upper and lower transits across the
middle wire of the telescope, if we find the two semidiurnal
portions east and west of the plane described by the telescope
to be described in precisely equal times, we may be sure that
plane is the meridian.

(163.) The angular intervals measured by means of the
transit instrument and clock are arcs of the equinoctial, inter-
cepted between circles of declination passing through the
objects observed; and their measurement, in this case, is per-
formed by no artificial graduation of circles, but by the help
of the earth’s diurnal motion, which 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
circles, or portions of circles, constructed of metal or other
firm and durable material, and mechanically subdivided into
equal parts, such as degrees, minutes, &c. The simplest and
most obvious mode in which the measurement of the angular
interval between two directions in space can be performed
is as follows. Let A B CD be a circle, divided into 360
degrees, (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, z, ¥, z, firmly united to its circum-
ference or imb. 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 perpendicular to the pivot; and also two arms, m, =, at
right angles to it, and forming one piece with the tube and
the axis; so that the motion of the axis on the centre shall
carry the tube and arms smoothly round the circle, to be
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arrested and fixed at any point we please, by a contrivance
called a elamp. Suppose, now, we would measure the angu-
lar interval between two fixed objects, S, T. The plane of
the circle must first be ad-
Jjusted so as to pass through
= » s them both, and immoveably
g fixed and maintained in that
position. This done, let the
aris a b of the tube be
" directed to one of them, S,
and clamped. Then will a
mark on the arm m point
cither exactly to some one of the divisions on the limb,
or between two of them adjacent. In the former case,
the division must be noted as the reading of the arm m. In
the latter, the fractional part of one whole interval between
the consecutive divisions by which the mark on m surpasses
the last inferior division must be estimated or measured by
some mechanical or optical means. (Seec art. 165.) The
division and fractional part thus noted, and reduced into
degrees, minutés, and seconds, is to be set down as the read-
ing of the limb corresponding to that position of the tube a,
where it points to the object S. The same must then be
done for the object T'; the tube pointed to it, and the Zmb
s read off,” the position of the circle remaining meanwhile
unaltered. It is manifest, then, that, if the lesser of thesc
readings be subtracted from the greater, their difference will
be the angular interval between S and T, as seen from the
centre of the circle, at whatever point of the limb the com-
mencement of the graduations or the point 0° be situated.
(164.) The very same result will 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
with it, working in a hollow formed to receive and fit it in
some fixed support. Such a combination is represented iu
gection in the annexed sketch. T is the tube or sight,

fastened, at p p, on the circle A B, whose axis. D, works in
i
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the solid 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 limb of the
latter, which by such revolution is carried past the index F,
will measure the angle described. This is the most usual
mode of applying divided circles in astronomy.

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

pound microscope (fig. ¢), represented in section in fig. d,
and furnished with a cross in the common focus of its object
and eye-glass, moveable by a fine-threaded ecrew, by which
the intersection of the cross may be brought to exact coinci-
dence with the image of the nearest of the divisions of the
circle formed in the focus of the object lens upon the very
same principle with that explained, art. 157. for the point-
ing of the telescope, only that here the fiducial cross is made
moveable ; and by the turns and parts of a turn of the screw
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required for this purpose the distance of that division from
the original or zero point of the microscope may be estimated.
This simple but delicate contrivance gives to the reading off
of a circle a degree of accuracy only limited by the power of
the microscope, and the perfection with which a screw can
be executed, and places the subdivision of angles on the same
footing of optical certainty which is introduced into their
measurement by the use of the telescope.

(166.) The exactness of the result thus obtained must
depend, 1st, on the precision with which the tube a 4 can be
pointed to the objects; 2dly, on the accuracy of graduation
of ihe limb; 3dly, on the accuracy with which the subdi-
vision of the intervals between any two consecutive gradua-
tions can be performed. The mode of accomplishing the
latter object with any required exactness has been explained
in the last article. With regard to the graduation of the
limb, 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.*
With regard to the first, it must be obvious that, if the sights
a b be nothing more than simple crosses, or pin-holes at the
ends of a hollow tube, or an eye-hole at one end, and a cross at
the other, no greater nicety in 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 converted into a telescope, having an object-glass at
b, an eye-piece at a, and a fiducial cross in their common
focus, as explained in art. 157.; and if the motion of the
tube on the limb of the circle be arrested when the object is
brought just into coincidence with the intersectional point of
that croes, it is evident that a greater degree of exactnecss
maay be attained in the pointing of the tube than by the un-
assisted eye, in proportion to the magnifying power and
distinctness of the telescope used.

® In the great Ertel circle at Pulkova, the probable amount of the accidental
error of division is stated by M. Struve not to exceed 0”'264. Dese. de 1'Obs,
centrale de Pulkova, p. 147.
2
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(167.) The simplest mode in which the measurement of
mn angular interval can be executed, is what we have just
lescribed ; but, in strictness, this mode is applicable only to
serrestrial angles, such as those occupied on the sensible
aorizon by the objects which surround our station, — because
these only remain 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 condition, renders the direct measurement of an-
gular distance from object to object by this means impossible.
The same objection, however, does not apply if we seek only
to determine the interval between the diurnal circles de-
geribed 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 instance,— then a
telescope once pointed to a star, so as to have its image
brought to coincidence with the intersection of the wires,
would constantly remain pointed to some portion or other of
this line, which would therefore 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 plane of the telescope’s rotation, might be mea-
sured. Now, though we cannot see the path of a star in the
heavens, we can wait till the star itself crosses the field of
view, and seize the moment of its passage to place the inter-
section of its wircs so that the star shall traverse it; by
which, when the telescope is well clamped, we equally well
secure the position of its diurnal circle.as if we continued to
see it ever 8o long. The reading off of the limb may then be
performed at leisure; and when another star comes round
tnto the plane of the circle, we may unclamp the telescope,
and a similar observation will enable us to assign the place of
sts diurnal circle on the limb: and the observations may be
repeated alternately, every day, as the stars pass, till we are
gatisfied with their result.
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(168.) This is the principle of the mural circle, which is
nothing more than such a circle as we have described in art.
163., 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 in-
strument), and so secured by screws as to be capable of ad-
justment 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.

(169.) The meridian, being at right angles to all the di-
urnal circles described by the stars, its arc intercepted be-
tween 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 meridian alti-
tudes of the objects — at least when corrected for refraction.
These differences, then, are the angular intervals directly
measured by the mural circle. But from these, supposing
the law and amount of refraction known, it is easy to con-
clude, not their differences only, but the quantities them-
selves, as we shall now explain.

(170.) The declination of a heavenly body is the comple-
ment of its distance from the pole. The pole, being a point
in the meridian, might be directly observed on the limb of the
circle, if any star stood ezactly therein; and thence the polar
distances, and, of course, the declinations 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 upper 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
reading off the circle in the two cases is, of course (when
corrected for refraction), equal to twice the polar distance of
the star; the arc intercepted on the limb of the circle being,
in this case, equal to the angular diameter of the star’s diurnal
circle. Inthe annexed diagram, H P O represents the celestial
meridian, P the pole, B R, A Q, C D the diurnal circles of
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stars which arrive on the meridian at B, A, and C in their
upper and at R, Q,D in their lower culminations, of which D

and Q happen above the horizon A 2
HO. P is the pole; and if we W / ~N
suppose & p o to be the mural ; Ve \

circle, hf\ving S for it&z centre, Iza (/\f
¢pd will be the points on its 2

" )
circumference corresponding to B 1 /s °
ACPD in the heavens. Now \
thearcs ba,bc,bd,and ¢cd are ®

gwcn immediately by observation; -~

and since C P=P D, we have also cp=p d, and each of them
=4} cd, consequently the place of the polar point, 8s it is
called, upon the limb of the circle becomes known, and the
arcs pb, p @, pc, which represent on the circle the polar
distances required, become also known.

(171.) The situation of the pole star, which is a very bril-
liant one, is eminently favourable for this purpose, being only
about a degree and half from the pole; it is, therefore, the
star usually and almost solely chosen for this important pur-
posc; the more especially because, both its culininations
taking place at great and not very different altitudes, the re-
fractions by which they are affected are of small amount, and
differ but slightly from each other, so that their correction is
easily and safely applied. The brightness of the pole star,
too, allows it to be easily observed in the daytime. In con-
sequence of these peculiarities, this star is one of constant
resort with astronomers for the adjustment and verification of
instruments of almost every description. In the case of the
transit, for instance, it furnishes an excellent ohject for the
application of the method of testing the meridiunal situation
of the instrument described in art. 162., in fact, the most
advantageous of any for that purpose, owing to its being
the most remote from the zenith, at its upper culmmatlon,
of all bright stars observable both above and below the
pole.

(172.) The place of the polar point on the limb of the mural




OBSERVATION BY REFLECTION ON MERCURY. 103

«ircle once determined, becomes an origin, or zero point, from
which the polar distances of all objects, referred to other
points on the same limb, reckon. It matters not whether the
actual commencement 0° of the graduations stand there, or
not; since it is only by the differences of the readings that
the arcs on the limb are determined; and hence a great ad-
vantage is obtained in the power of commencing anew a fresh
geries of observations, in which a different part of the cir-
cumference of the circle shall be employed, and different
graduations brought into use, by which inequalities of divi-
sion may be detected and neutralized. This is accomplished
practically by detaching the telescope from its old bearings
on the circle, and fixing it afresh, by screws or clamps, on a
different part of the circumference.

(173.) A point on the limb of the mural circle, not less im-
portant than the polar point, is the horizontal point, which,
being once known, becomes in like manner an origin, or zero
point, from which altitudes are reckoned. The principle of
its determination is ultimately 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 delow the horizon-
tal point as the other is above it. For this 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 image
of the same 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 at 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 above it (allowing for the difference of
refraction at the moments of observation). The arc inter-
cepted on the limb of the circle between the star and its re-
flected 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
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fluid so uscd for the determination of the altitudes of abjects
is called an artificial horizon.*

(174.) 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 telescope, 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 west. Nothing, however, prevents a divided circle
being permanently fastened on the axis of a transit instru-
ment, either near to one of its extremities, or close to the
telescope, so as to revolve with it, the reading off being per-
formed by one or more microscopes fixed on one of its piers
Such an instrument is called a TRANSIT CIRCLE, or a MERI-
DIAN CIRCLE, and serves for 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 microscopes. Thereis
much advantage, when extensive catalogues of small stars
have to be formed, in this simultaneous determination of both
their celestial co-ordinates: to which may be added the fa-
cility of applying to the meridian circle a telescope of any
length and optical power. The construction of the mural
circle renders this highly inconvenient, and indeed impracti-
cable beyond very moderate limits.

(175.) The determination of the horizontal point on the
limb of an instrument is of such essential importance in
astronomy, that the student should be made acquainted with
every means employed for this purpose. These are, the arti-
ficial horizon, the plumb-line, the level, and the collimator.
The artificial horizon has been already explained. The plumb-

* By a peculiar and delicate manipulation and management of the setting,
bisection, and reading off of the circle, aided by the use of a moveable horizon-
tal micrometic wire in the focus of the object-glass, it is found practicable to
observe a slow moving star (as the pole star) on one and the same night, both by
reflection and direct vision, sufficiently near to either culmination to give the
horizontal point, without risking the change of refraction in twenty-four hours;
s0 that this source of error is thus completely eliminated.
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line is a fine thread or wire, to which is suspended a weight,
whose oscillations are impeded and quickly reduced to rest by
plunging it in water. The direction ultimately assumed by
such a line, admitting its perfect flexibility, is that of gravity,
or perpendicular to the surface of still water., Itsapplication
to the purposes of astronomy is, however, so delicate, and
difficult, and liable to error, unless extraordinary precautions
are taken in its use, that it is at present almost universally
abandoned, for the more convenient, and equally exact in-
strument the level.

(176.) The level is a glass tube nearly filled with a liquid,
(sulphuric ether, or chloroform, being those now generally

used, on account of their extreme mobility, and not being
liable to freeze,) the bubble in which, when the tube is placed
horizontally, would rest indifferently in any part if the fube
could be mathematically straight. 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 pur-
posely exaggerated). Suppose such a tube, as A B, firmly
fastened on a straight bar, C D, and marked at a b, two
points distant by the length of the bubble ; then, if the in-
strument be so placed that the bubble shall occupy this inter-
val, it is clear that C D can have no other than one definite
inclination to the horizon ; because, were it ever so little
moved one way or other, the bubble would 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 C D be set upon it, and note the
points a b, between which the bubble is exactly contained ;
then turn the level cnd for end, so that C shall rest on Q
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and D on P. If then the bubble continue to occupy the
same place between a and 4, 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. Astrono-
mieal levels are furnished with 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 delicacy, as to
indicate a single second of angular deviation from exact hori-
zontality. In such levels accident is not trusted to to give
the requisite curvature. They are ground and polished in-
ternally by peculiar mechanical processes of great delicacy.
(177.) The mode in which a level may be appliced 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, D EF, and moveable in one with it on a
horizontal axis C, which must
be like that of a transit, sus-
ceptible of reversal (see art.
161.), and with which the
circle is inseparably connected.
Direct the telescope on some
distant well-defined object S,
and bisect it by its horizontal
wire, and in this position clamp
it fast. Let L Dbe a level fas-
tened at right angles to an arm,
L. EF, furnished with a micro-
scope, or vernier at F, and, if we please, another 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. While the telescope is kept fixed on the ob-
ject S, let the level be set so as to bring its bubble to the
marks a 8, 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 reversed by turning

its horizontal axis end for end, without unclamping the level
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arm 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 @ 6. Then we are sure
that the telescope has now the same inclination to the horizon
the other way, that it had when pointed to S, and the reading
offat 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 through the zenith
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 tele-
scope from its last position. Lastly, without unclamping the
telescope aud circle, let the level be once more rectified. Then
will the arm L E F once more assume the same definite po-
sition with respect to the horizon ; and, consequently, if the
circle be again read off, the difference between this and the
previous reading must measure the arc of its circumference
which has passed under the point F, which may be considered
as having all the while retained an invariable position. This
differcnce, then, will be the double zenith distance of S, and
its half will be 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 ascertained. ~Circuitous
as this process may appear, there is no other mode of em-
ploying the level for this purpose which does not in the end
come to the same thing. Most commonly, however, the level
is used as a mere jfiducial reference, to preserve a horizontal
point once well determined by other means, which is done by
adjusting it so as to stand level when the telescope is truly
horizontal, and thus leaving it, depending on the permanence
of its adjustment.

(178.) The last, but probably not the least exact, as it
certainly is, in innumerable cases, the most convenient means
of ascertaining the horizontal point, is that afforded by the
floating collimator, an invention of Captain Kater, but of
which the optical principle was first employed by Ritten-
house, in 1785, for the purpose of fixing a definite direction
in space by the emergence of parallel rays from a material
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object placed in the focus of a fixed lens, This elegant in-
strument 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 and the same invariable inclination
to the horizon. If the cross-wires of the collimator be illu-

minated by a lamp, being in the focus of its ohject-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-glass of any
other telescope, in which they will form an image as if they
came from a celestial object in their direction, i.e. at an alti-
tude equal to their 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 collimator still floating on a vessel
of mercury from the one side to the other of a circle, we are
furnished with two gquasi-celestial objects, at precisely equal
altitudes, on opposite sides of the centre; and if these be
observed in succession with the telescope of the circle, bring-
ing its cross to bisect the image of the cross of the collimator
(for which end the wires of the latter cross are purposely set
45° inclined to the horizon), the difference of the readings on
its limb will be twice the zenith distance of either; whence,
as in the last article, the horizontal or zenith point is imme-
diately determined. Another, and, in many respects, prefer-
able form of the floating collimator, in which the telescope is
vertical, and whereby the zenith point is directly ascertained,
is described in the Phil. Trans. 1828, p. 257., by the same
author.

(179.) By far the neatest and most delicate application of
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the principle of collimation of Rittenhouse, however, is sug-
gested by Bohnenberger, which affords at once, and by a single
observation, an exact knowledge of the madir point of an
astronomical circle. In this combination, the telescope of the
circle is its own collimator. The
object observed is the central inter~
sectional cross of the wires in its
own focus reflected in mercury.
A strong illumination being thrown X
upon the system of wires (art. 160.)

by a lateral lamp, the telescope of

the instrument is directed vertically

downwards towards the surface of

the mercury, as in -the figure an-

nexed. The rays diverging from

the wires issue in parallel pencils

from the object-glass, are incident
on the mercury, and are thence re-
flected back (without losing their
parallel character) to the object- =
glass, which is therefore enabled to collect them again in its
focus. Thus is formed a reflected image of the system of
cross-wires, which, when brought by the slow motion of
the telescope to exact coincidence (intersection upon intersec-
tion) with the real system as seen in the eye-piece of the
instrument, indicates the precise and rigorous verticality of
the optical axis of the telescope when directed to the nadir
point.

(180.) The transit and mural circle are essentially meridian
instruments, being used only to observe the stars at the mo-
ment of their meridian passage. Independent of this being
the most favourable moment for seeing them, it is that in
which their diurnal motion 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 ficld of view being 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

M
U
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coincidence with it, and time may be allowed to examine and
correct this coincidence, if not at first accurately 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 diminution ; because at these points
they remain not perceptibly changed during a time long
enough to complete, and even, in many cases, to repeat and
verify, our observations in a careful and leisurely manner.
The angle which, in the case before us, is in this predicament,
is the altitude of the star, which attains its maximum or
minimum on the meridian, and which is measured on the limb
of the mural circle.

(181.) The purposes of astronomy, however, require 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 determined 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 known if we know its longitude and latitude ; —in the
starry heavens, if we know its right ascension and declina-
tion ; — in the visible hemisphere, if we know its azimuth
and altitude, &ec.

(182.) To observe an object at any point of its 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-ordinate
to each other, whose planes must be parallel to those in which
the telescope moves. The practical accomplishment of this
condition is effected by making the axis of one of the circles
penetrate that of the other at right angles. The 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 strengthened and enlarged at
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the point of penetration to receive it. The annexed figure
exhibits the simplest form of such a combination, though
very far indeed from the best in point of mechanism. The
two circles are read off by verniers, or microscopes; the one
attached to the fixed support 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 at-
tached to the same ultimate bearing with which the apparatus
for reading off is connected.

(183.) It is manifest that such a combination, however its
principal axis be pointed (provided that its direction be inva-
riable), will enable us to uscertain the situation of any object
with respect to the observer’s
station, by angles reckoned upon
two great circles in the visible
hemisphere, one of which has for
its poles the prolongations of
the principal axis or the vanish-
ing points of a system of lines
parallel to it, and the other
passes always through these
poles: for the former great cir-
cle is the vanishing line of all
planes parallel 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 planee being,
by the construction of the instrument, at right angles, the
great circles, which are their vanishing lines, must be 80 too.
Now, if two great circles of a sphere be at right angles to
each other, the one will always pass through the other’s poles.

(184.) There are, however, but two positions in which
such an apparatus can be mounted g0 as to be of any prac-
tical utility in astronomy. The first is, when the principal
axis C D is parallel to the earth’s axis, and therefore points
to the poles of the heavens which are the vanishing points of
all lines in this system of parallels; and when, of course, the
plane of the circle A B is parallel to the earth’s eqnator, and
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-

therefore has the equinoctial for its vanishing circle, and.
measures, by its arcs read off, hour angles, or differences of

right ascension. In 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 instrument

round its axis C D, are all hour-circles : and the arcs read off
on this circle will be declinations, or polar distances, or their

differences.

(185.) In this position the apparatus assumes the name of
an equatorial, or, as it was formerly called, a parallactic in-
strument. It is a most convenient instrument for all such
observations as require an object 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 whole apparatus round on its polar axis. For since,
when the telcscope 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 H, the point to which it is directed will always lie
in the small circle of the heavens coincident with the star’s
diurnal path. In many observations this is an inestimable
advantage, and one which belongs to no other instrument.
The equatorial is also used for determining the place of an
unknown by comparison with that of a known object, in a
manner to be described in.the fifth chapter. The adjust-
ments of the equatorial are somewhat complicated and diffi-
cult, They are best performed in this manner: — 1st, Follow
the pole star round its whole diurnal course, by which it will
become evident whether the polar axis is directed above or
below, to the right or to the left, of the true pole,—and correct
it accordingly (without any attempt, during this process, to
correct the errors, if any, in the position of the declination
axis). 2dly, after the polar axis is thus brought into adjust-
ment, place the plane of the declination circle in or near the
meridian; and, having there secured it, observe the transits
of several known stars of widely different declinations. If
the intervals between these transits correspond to the known
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differences of right ascensions of the stars, we may be sure
that the telescope describes a true meridian, and that, there-
fore, the declination axis is truly perpendicular to the polar
one; — if not, the deviation of the intervals from this law
will indicate the direction and amount of the deviation of the
axis in question, and enable us to correct it.*™

(186.) A very great improvement has, within a few years
from the present time, been introduced into the construction
of the equatorial instrument. It consists in applying a clock-
work movement to turn the whole instrument round upon its
polar axis, and so to follow the diurnal motion of any celestial
object, without the necessity of the observer’s manual inter-
vention. The driving power is the descent of a weight which
communicates motion to a train of wheelwork, and thus,
ultimately, to the polar axis, while, at the same time, its foo
swift descent is controlled and regulated to the exact and
uniform rate required to give that axis one turn in 24 hours,
by connecting it with a regulating clock, or (which is found
preferable in practice) by exhausting all the superfluous
energy of the driving power, by causing it to overcome
a regulated friction. Artists have thus succeeded in obtain-
ing a perfectly smooth, uniform, and regulable motion, which,
when so applied, serves to retain any object on which the
telescope may be set, commodiously, in the centre of the field
of view for whole hours in succession, leaving the attention
of the observer undistracted by having a mechanical move-
ment to direct; and with both his hands at liberty. -

(187.) The other position in which such a compound
apparatus as we have described in art. 182. may be ad-
vantageously mounted, is that in which the principal axis
occupies a vertical position, and the one circle, A B, con-
sequently corresponds to the celestial horizon, and the other,
G H, to a vertical circle of the heavens. The angles mea-
sured on the former are therefore azimuths, or differences

* See Littrow on the Adjustment of the Equatorial (Mem. Ast. Soc. vol. ii,
p. 45.), where formule are given for ascertaining the amount and direction of
ail the misadjustments simultaneously. But the practical observer, who wishes
to avoid bewildering himself by doing two things at once, had better proceed as
recommended in the text.

1
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of azimuth, and those of the latter zenith distances, or alti-
tudes, 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 name of an azimuth and altitude in-
strument. 'The vertical position of its principal axis is se-
cured either by a plumb-line suspended from the upper end,
which, however it be turned round, should continue always
to intersect one and the same fiducial mark near its lower
extremity, or by a level fixed directly across it, whose 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 vertical circle to coincide with
the plane of the meridian, by the same criterion by which
the azimuthal adjustment of the transit is performed (art.
162.), and noting, in this position, the rcading off of the
lower circle; or by the following process.

(188.) Let a bright star be observed at a considerable
distance to the east of the meridian, by bringing it on the
cross wires of the telescope. In this position let the horizon-
tal circle be read off, and the telescope securely clamped on
the vertical one. When the star has passed the meridian,
and is in the descending point of its daily course, let it be
followed by moving the whole instrument round to the west,
without, however, unclamping the telescope, until it comes
into the field of view; and until, by continuing the horizon-
tal motion, the star and the cross of the wires come once
more to coincide. In this position it is evident the star must
have the same precise altitude above the western horizon, that
it had at the moment of the first observation above the
eastern. At this point let the motion be arrested, and the
horizont4l 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 biscct the azimuthal arc thus
determined, and will therefore become known.
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(189.) This method of determining the north and south
points of a horizontal circle is called the “method of equal
altitudes,” and is of great and constant use in practical astro-
nomy. If we note, at the moments of the two observations, the
time, by a clock or chronometer, 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 versd,
the error of a clock or chronometer may by this process be
discovered. For this last purpose, it is not necessary that our
instrument should be provided with a horizontal circle at all.
Any means by which altitudes can be measured will enable
us to determine the moments when the samegstar 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.

(190.) Thus also a meridian line may be drawn and a meridian
mark erected. For the readings of the north and south points
on the limb of the horizontal circle being known, the vertical
circle may be brought exactly into the plane of the meridian,
by setting it to that precise reading. This done, let the
telescope be depressed to the north horizon, and let the point
intersected there by its cross-wires be noted, and a mark
erected there, and let the same be done for the south horizon.
The line joining these points is a meridian line, passing
through the centre of the horizontal circle. The marks may
be made secure and permanent if required.

(191.) One of the chief purposes to which the altitude and
azimuth circle is applicable is the investigation of the amount
and laws of refraction. For, by following with it a circum-
polar 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 which
their circles are distorted by refraction, can be traced; and
their deviation from circles, being at every moment given by
the nature of the observation in the direction in which the
refraction itself takes place (. e. in altitude), is made a matter
of direct observation.

(192.) The zenith sector and the theodolite are peculiar
12
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modifications of the altitude and azimuth instrument. The
former is adapted for the very exact observation of stars in
or near the zenith, by giving a great length to the vertical
axis, and suppressing all the circumference of the vertical
circle, except a few degrees of its lower part, by which a
great length of radius, and a consequent proportional enlarge-
ment of the divisions of its arc, is obtained. The latter is
especially devoted to the measures of horizontal angles be-
tween terrestrial objects, in which the telescope never requires
to be elevated more than a few degrees, and in which, there-
fore, 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 perpendi
cularity of the plane of the telescope’s motion, by resting its
horizontal axis on two supports like the piers of a transit-
instrument, which themselves are firmly bedded on the spokes
of the horizontal circle, and turn with it.

(193.) The next instrument we shall describe is one by
whose aid the 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 dip), or from its own reflection
on the surface of mercury. It is the sextant, or quadrant,
commonly called Hadley's, from its reputed inventor, though
the priority of invention belongs undoubtedly to Newton,
whose 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 instru-
ment which has ever been found to avail, in applying that
theory to its nautical uses.*

(194.) The principle of this instrument is the optical pro-
perty of reflected rays, thus announced: — ¢ The angle be-

* Newton communicated it to Dr. Halley, who suppressed it. The descrip-
tion of the instrument was found, after the death of Halley, among his papers,
in Newton’s own handwriting, by his 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, though Hutton insinuates the
contrary,



THE SEXTANT. 117

tween the first and last directions of a ray which has suffered
two reflections in one plane is equal to twice the inclination
of the reflecting surfaces to cach other.” Let A B be the
limb, or graduated arc, of a por-
tion of a ecircle 60° in extent,
but divided into 120 equal parts.
On the radius C B let a sil-
vered plane glass D be fixed, at
right angles to the plane of the
circle, and on the moveable ra-
dius C E let another such sil-
vered glass, C, be fixed. The
glass D is permanently fixed
parallel to A C, 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 parallel to the length of the
moveable radius C E, at the extremity E of which a vernier
is placed to read off the divisions of the limb. On the radius
A Cis set a telescope F, through which any object, Q, may
be seen by direct rays which pass through the unsilvered por-
tion of the glass D, while another object, P, is seen through
the same telescope by rays, which, after reflection at C, have
been thrown upon the silvered part of D, and are thence
directed by a second reflection into the telescope. The 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 point the angle in-
cluded between the direction CP of one object, and F Q of
the other, is twice the angle E C A included between the
fixed and moveable radii C A, CE. Now, the graduations
of the limb being purposely made only half as distant as would
correspond to degrees, the arc A E, when read off] as if the
graduations were whole degrees, will, in fact, read double its
real amount, and therefore the numbers so read off will ex-
press not the angle E C A, but its double, the angle sub-
tended by the objects.
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(195.) 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 import-
ance; and 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 reflection, is brought to coin-
cide 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.23.) gives the true altitude of
thestar. Onland, an artificial horizon may be used (art. 173.),
and the consideration of dip is rendered unnecessary.

(196.) The adjustments of the sextant are simple. They
consist in fixing the two reflectors, the one on the revolving
radius C L, the other on the fixed one C B, so as to have their
planes perpendicular to the plane of the circle, and parallel to
cach other, when the reading of the instrument is zero. This
adjustment in the latter respect is of little moment, as its
effect is to produce a constant error, whose amount is readily
ascertained by bringing the two images of one and the same
star or other distant object to coincidence; when the instru-
ment ought to read zero, and if it does not, the angle which
it does read is the zero correction and must be subtracted
from all angles measured with the sextant. The former ad-
justments are cssential to be maintained, and are performed
by small screws, by whose aid either or both the glasses may
be tilted a little one way or another until the direct and re-
flected images of a vertical Zine (a plumb-line) can be brought
to coincidence over their whole extent, 8o as to form a single
unbroken straight line, whatever be the position of the move-
able arm, in the middle of the field of view of the telescope,
whose axis is carcfully adjusted by the optician to parallelism
with the plame of the limb. In practice it is usual to leave
only the reflector D on the fixed radius adjustable, that on
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the moveable being set to great nicety by the maker. In
this case the best way of making the adjustment is to view
a pair of lines crossing each other at right angles "(one
being horizontal the other vertical) through the telescope of
the instrument, holding the plane of its limb vertical, — then
having brought the horizontal line and its reflected image to
coincidence by the motion of the radius, the two images of
the vertical arm must be brought to coincidence by tilting
one way or other the fixed reflector D by means of an
adjusting screw, with which every sextant is provided for that
purpose. When both lines coincide in the centre of the field
the adjustment is correct.

(197.) The reflecting circle 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.

(198.) We must not conclude this part of our subject
without mention of the ¢ principle
of repetition;” an invention of
Borda, by which the error of gra-
duation may be diminished to any
degree, and, practically speaking,
annihilated. Let P Q be two ob-
jects which we may suppose fixed,
for purposes of mere explanation,
and let K L be a telescope moveable
on O, the common axis of two
circles, AML and abde, of which
the former, A M L, is absolutely fixed in the plane of the
objects, and carries the graduations, and the latter is freely
moveable on the axis. The telescope is attached per-
manently to the latter circle, and moves with it. An arm
O a A carries the index, or vernier, which reads off the gra-
duated limb of the fixed circle. This arm is provided with
two clamps, by which it can be temporarily connected
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with either circle, and detached at pleasure. Suppose, now,
the telescope directed to P. Clamp the index arm O A to
the inner circle, and unclamp it from the outer, and read off.
Then carry the telescope round to the other object Q. In so
doing, the inner circle, 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 P O Q. Now
clamp the index to the outer circle, and unclamp the inner,
and read off: the difference of readings will of course measure
the angle P O 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 made the bisection of P, clamp the
arm to &, and unclamp it from B, and again transfer the
telescope to Q, by which the arm will now be carried with
it to C, over a second arc, B C, equal to the angle P O Q.
Now again read off; then will the difference betwcen this
reading and the original one measure twice the angle P O Q,
affected with Joth errors of observation, but only with the
same error of graduation as before. Lt this process be re-
peated as often as we please (suppose ten times); then will
the final arc A B C D read off on the circle be ten times the
required angle, affected by the joint errors of all the ten ob-~
gervations, but only by the same constant error of graduation,
which depends on the initial and final readings off alone.
Now the errors of observation, when numerous, tend to
balance and destroy one another; so that, if sufficiently mul-
tiplied, their influence will disappear from the result. There
remains, then, only the constant error of graduation, which
comes to be divided in the final result by the number of ob-
servations, and is therefore diminished in its influence 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.

(199.) Micrometers are instruments (as the name im-
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ports*) for measuring, with great precision, small angles, not
exceeding a few minutes, or at most a whole degree. They
are very various in construction and principle, nearly all,
however, depending on the exceeding delicacy with which
space can be subdivided by the turns and parts of a turn of
fine screws. Thus—in the parallel wire micrometer, two
parallel threads (spider’s lines are generally used) stretched
on sliding frames, one or both moveable by screws in a di-
rection perpendicular to
that of the threads, are

placed in the common \\'
focus of the object and NG
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the motion of the screws

exactly to cover the two extremities of the image of any small
object seen in the telescope, as the diameter of a planet, &c., the
angular distance between which it is required to measure. This
done, the threads are closed up by turning one of the screws till
they exactly cover each other, and the number of turns and
parts of a turn required gives the interval of the threads,
which must be converted into angular measure, either by ac-
tual calculation from the linear measure of the threads of the
screw and the focal length of the object-glass, or experiment-
ally, by measuring the image of a known object placed at a
known distance (as a foot-rule at a hundred yards, &c.) and
therefore subtending a known angle.

(200.) The duplication of the image of an object by optical
means furnishes a valuable and fertile resource in micrometry.
Suppose by any optical contrivance the single image A of
any object can be converted into two, exactly equal and
gimilar, A B, at a distance from one another, dependent (by
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# Mukpos, small; pewv, 0 measure,
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some mechanical movement) on the will of the observer, and
in any required direction from one another. As these can,
therefore, be made to approach to or recede from each other
at pleasure, they may be brought in the first place to ap-
proach till they touch one another on one side, as at A C, and
then being made by continuing the motion to cross and touch
on the opposite side, as A D, it is evident that the quantity
of movement required to produce the change from one con-
tact to the other, if uniform, will measure the double diameter
of the object A.

(201.) Innumerable optical combinations may be devised to
operate such dupliation. The chief and most important
(from its recent applications), is the keliometer, in which the
image is divided by bisecting the object-glass of the telescope,
and making its two halves, set in separate brass frames, slide
laterally on each other, as A B, the motion being produced
and measured by a screw.
Each half, by the laws of
optics, forms its own image
(somewhat blurred, it is true,
by diffraction *), in its own
axis ; and thus two equal and
similar images are formed side
by side in the focus of the
eye-piece, which may be made
to approach and recede by the
motion of the screw, and thus afford the means of measure-
ment as above described.

(202.) Double refraction through crystallized media affords
another means of accomplishing the same end. Without
going into the intricacies of this difficult branch of optics, it
will suffice to state that objects viewed through certain crys-
tals (as Iceland spar, or quartz) appear double, two images
equally distinct being formed, whose angular distance from
each other varies from nothing (or perfect coincidence), up to

¢ This might be cured, though at an expense of light, by limiting cach half
to a circular space by diaphragms, as represented by the dotted lines.
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a certain limit, according to the direction with respect to a
certain fized line in the crystal, called its optical axis. Sup-
pose, then, to take the simplest case, that the eye-lens of &
telescope, instead of glass, were formed of such a crystal (say
of quartz, which may be worked as well or better than glass),
and of a spherical form, so as to offer no difference when
turned about on its centre, other than the inclination of its
optical axis to the visual ray. Then when that axis coincides
with the line of collimation of the object-glass, one image
only will be seen, but when made to revolve on an axis
perpendicular to that line, two will arise, opening gradually
out from each other, and thus originating the desired dupli-
cation. In this contrivance, the angular amount of the
rotation of the sphere affords the necessary datum for
determining the separation of the images.

(203.) Of all methods which have been proposed, however,
the simplest and most unobjectionable would appear to be
the following. It is well known to every optical student,
that two prisms of glass, a flint and a crown, . may be opposed
to each other, so as to produce a colourless diflection of paral-
lel rays. An object scen through such a compound or
achromatic prism, will be seen simply deviated in direction,
but in no way otherwise altered or distorted. Let such a
prism be constructed with its surfaces so nearly parallel that
the total deviation produced in traversing them shall not ex-
ceed a small amount (say 5’). Let this be cut in half, and
from each half let a circular disc
be formed, and cemented on a
circular plate of parallel glass, or
otherwise sustained, close to and
concentric with the other by a
framework of metal so light as to
intercept but a small portion of the
light which passes on the outside
(as in the annexed figure), where
the dotted lines represent the
radii sustaining one, and the un-
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dotted those carrying the other disc. The whole must be
so mounted as to allow one disc to revolve in its own plane
behind the other, fixed, and to allow the amount of rotation
to be read off. It is evident, then, that when the deviations
produced by the two discs conspire, a total deviation of 10
will be effected on all the light which has passed through
them; that when they oppose each other, the rays will
cmerge undeviated, and that in intermediate positions a de-
viation varying from O to 10’, and calculable from the angu-
lar rotation of the one disc on the other, will arise. Now,
let this combination be applied at such a point of the cone
of rays, between the object-glass and its focus, that the discs
shall occupy exactly half the area of its section. Then will
half the light of the object lens pass undeviated —the other
half deviated, as above described; and thus a duplication of
image, variable and measureable (as required for micrometric
measurement) will occur. If the object-glass be not very
large, the most convenient point of its application will be ex-
ternally before it, in which case the diameter of the discs
will be to that of the object-glass as 707 : 1000; or (allow-
ing for the spokes) about as 7 to 10.

(204.) The Position Micrometer is simply a straight thread
or wire, which is carried round by a smooth revolving motion,
in the common focus of the object and eye-glasses, in a plane
perpendicular to the axis of the telescope. It serves to de-
termine the situation with respect to some fixed line in the
field of view, of the line joining any two objects or points of
an object seen in that field — as two stars, for instance, near
enough to be seen at once. For this purpose the moveable
thread is placed so as to cover both of them, or stand, as may
best be judged, parallel to their line of junction. And its
angle, with the fixed one, is then read off upon a small
divided circle exterior to the instrument. When such a
micrometer is applied (as it most commonly is) to an equa~
torially mounted telescope, the zero of its position corresponds
to a direction of the wire, such as, prolonged, will represent
a circle of declination in the heavens—and the *angles
of position” so read off are reckoned invariably from one
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point, and in one direction, viz., nortk, following, south, pre-
ceding ; so that 0° position corresponds to the situation of an
object exactly north of that assumed as a centre of reference,
—90° to a situation exactly eastward, or following ; 180°
exactly south ; and 270° exactly west, or preceding in the
order of diurnal movement. When the relative position of
two stars, very near to each other, so as to be seen at once
in the same field of view, is to be determined in this way,
especially if they be of unequal magnitudes, the best form of
the instrument consists, not in a single thin wire to be placed
centrally across both the stars, but in two thick parallel
wires, between which both stars are brought under inspection
in a symmetrical situation, by which arrangement the paral-
lelism of the line joining their centers with the direction of
the wires can be very much more accurately judged of. It
gives great advantage, moreover, to the precision of such a
judgment, if the position of the observer be such as to bring
the principal section of his eye (that which in his upright
position is vertical) into parallelism with the wires.

(204 a.) To see the fiducial threads or wires of an eye-
piece or micrometer in a dark night is impossible without
introducing some artificial light into the telescope, so as
either to illuminate the field of view, leaving the threads
dark, or vice versd. To illuminate the field, the light of a
lamp is introduced by a lateral opening into the tube of the
telescope, and dispersed by reflexion on a white unpolished
surface, so arranged as not to intercept any part of the cone
of ray going to form the image. For illuminating the wires,
direct lamp light is thrown on them from the side towards
the eye; the superfluous rays being stifled by falling on a
black internal coating, or suffered to pass out to the tube
through an opposite aperture opening into a dark chamber.

(204 5.) When the wires are seen dark on an illuminated
field, the colour of the illuminating light is of great import~
ance. As a matter of experience, it is certain that a red illu-
mination affords a far sharper and clearer view of the wires
than any other.

(204 ¢.) For observing the sun, darkening glasses are neces-
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sary. In this case red glasses are inappropriate, because
they transmit the solar heat freely, by which the eye would
be seriously injured, and even when very deep tinted, render
prolonged inspection intolerably painful. Green glasses
are free from this objection. The best darkening glass,
however, is & combination of a cobalt blue with a green
glass, which if the components are properly selected, trans-
mits an almost homogeneous yellow light, and no sensible
amount of heat. Both the light and heat of the sun,
however, may be subdued by reflexion at glass surfaces, the
light returned by regular reflexion on glass being only about
2} per cent. of that incident on it. A reflecting telescope
specifically adapted for viewing the sun may be constructed
by making the specula of glass, the object mirror having the
form of a double concave lens, whose anterior surface (that
producing the image) is worked into a paraboloid of the
proper focal length, and the posterior to a sphere of consi-
derably greater curvature to transmit and disperse out-
wards the refracted rays into the open air behind (for which
purpose the telescope should be open at both ends) and to so
weaken those reflected by dispersing them as not to in-
terfere with the distinctness of the image. Neither the
quality of the glass, nor accuracy of figure in the posterior
surface is of any importance to the good performance of such
a reflector.* Should the light be not sufficiently enfeebled
by the first reflexion, it may be still further reduced (to
about 1—900% part of its original intensity) by making the
small speculum of glass also in the form of a prism; the re-
flection being performed on one of its exterior surfaces, and
the refracted portion being turned away and thrown out at
the other.

(204 d.) Advantage may be also taken (as in Sir D.
Brewster’s polarizing eye-piece) of the properties of polarized
light, which may be diminished in any required degree
by partial reflexion in a plane at right angles to that of its

* T would take this opportunity earnestly to recommend the construction of a
helioseope on this principle, first propounded and more fully described in ny
Cape obsatvations (p. 436) to the attention of the practical optician. ( Author.)
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first oblique reflexion. Or without polarization, the light
may be enfeebled by successive reflexions between parallel
surfaces to any extent.

(204 e.) When the object in view is to scrutinize, under
high magnifying powers, minute portions of the solar disc;
the light and heat of the general surface may be intercepted
by a metallic screen placed in the focus where the image is
formed, and picrced with a very small hole, allowing that
minute portion only to pass through and be examined with
the eye-piece; the observer being thus defended from the
glare. By this arrangement, Mr. Dawes, to whom the
idea is due, has bcen enabled to observe some very extra~
ordinary peculiarities in the constitution of the sun’s sur-
face, discernible in no other way, an account of which will
be found in their proper place.

(204 £) Since the use of large reflectors has become
common among astronomers, the necessity of supporting
the ponderous masses of their specula without constraint or
undue pressure in any direction (which would distort the
figure of their polished surfaces), renders the use of some
ready method of verifying, from instant to instant, the ad-
justment of their lines of collimation (or the optical axis of
the reflectors), and of readjusting it, when shifted, indis-
pensable. For this purpose, a small collimating telescope
(Art. 178.), illuminated by reflexicn from a lamp outside, is
fixed within the tube of the reflector, its object-end being
turred towards the speculum. Upon the image of the cross-
wires of this telescope formed in the focus of the reflector,
and seen through its eye-piece as a real object, the transits
and altitudes of celestial objects may be observed as if it
consisted of actual wires; for these, it is manifest, if once
placed so as to bisect a star, will continue to do so, whatever
amount of tilting the reflector might be subjected to, either
in a lateral or vertical plane. The rays from the star and the
axis of the collimator remaining parallel, the latter axis,
and not that of the reflector, becomes in fact the real line of
collimation or optic axis of the instrument, when objects are
thus directly referred to it. Should convenience of micro-
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metric measurement, or the observatian of faint objects in a
very feebly illuminated field, preclude such direct reference,
the position of the speculum must from time to time be ex-
amined, and if faulty, readjusted by bringing the micrometer
wires to coincidence with the image of those of the collima-
tor by an appropriate mechanism communicating the requisite
small amount of movement to the speculum in its cell.*

* See Phil. Trans, 1833, pp. 448-9, where this application of the collimating
principle used by the author since 1883, is first deseribed. See also  Results
of astronomical observation at the Cape of Good Hope,” preface, p. xiv. It is
to be presumed that Mr. Stoney in bringing before the British Association in
1856, this application of the collimating principle as a novelty has been unaware
of this its prior use since he has not alluded to it. The direct reference of
objects to the collimating cross, described in the text, would seem to have been
overlooked by him. These remarks apply to the report of the contents of his
paper published in the “ Athenzum” of August 30th, 1856.
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CHAPTER 1V.

OF GEOGRAPHY,

OF THE FIGURE OF THE EARTH.~-—IT8 EXACT DIMENSIONS, —ITS
FORM THAT OF EQUILIBRIUM MODIFIED BY CENTRIFUGAIL FORCE.
—— VARIATION OF GRAVITY ON ITS SURFACE.,— STATICAL AND
DYNAMICAL MEASURES OF GRAVITY.—THE PENDULUM.—GRAVITY
TO A SPHEROID.~—OTHER EFFECTS OF THE EARTH’S ROTATION.
~—TRADE WINDS.—VEERING OF THE WINDS.—CYCLONES.,—FQU=
CAULT’S PENDULUM.—THE GYROSCOPE.— DETERMINATION OF
GEOGRAPHICAL POSITIONS.—OF LATITUDES.~—~OF LONGITUDES.—
CONDUCT OF A TRIGONOMETRICAL SURVEY,—OF MAPS.—PRO-
JECTIONS OF THE SPHERE.~~MEASUREMENT OF HEIGHTS B/Y THE
BAROMETER.

(205.) GEOGRAPHY is not only the most important of the
practical branches of knowledge to which astronomy is
applied, but it is also, theoretically speaking, an essential
part of the latter science. The earth being the general station
from which we view the heavens, a knowledge of the local
situation of particular stations on its surface is of great con-
sequence, when we come to inquire the distances of the nearer
heavenly bodies from us, as concluded from observations of
their parallax as well as on all other occasions, where a
difference of locality can be supposed to influence astronomical
results. We propose, therefore, in this chapter, to explain
the principles, by which astronomical observation 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 astronomy.

(206.) Geography, as the word imports, is a delineation or
description of the earth. In its widest sense, this compre-
hends 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 communi-
ties of men. With physical and political geography, however,
we have no concern here. Astronomical geography has for

K
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its objects the exact knowledge 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 con-
sideration: we know, it is true, very little of it; but this is
an ignorance rather to be lamented, and, if possible, remedied,
than scquiesced in, inasmuch as there are many very im-
portant branches of inquiry which would be greatly advanced
by a better acquaintance with it.

(207.) With regard to the figure of the earth as & 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. 22. will not be at a loss to perceive that
this result, concluded from obscrvations not susceptible of
much exactness, and embracing 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
minutiz 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 inquiry, that the true figure is somewhat ellip-
tical, or flattened, in the manner of an orange, having the
diameter which coincides with the axis about 53 5th part shorter
than the diameter of its equatorial circle ; — this is so trifling
a deviation from the spherical form that, if a model of such
proportions were turned in wood, and laid before us on a
table, the nicest eye or hand would not detect the flattening,
gince the difference of diameters, in a globe of fifteen inches,
would amount only to g45th of an inch. In all common
parlance, and for all ordinary purposes, then, it would still be
called a globe; while, nevertheless, by careful measurement,
the difference would not fail to be noticed; and, speaking
strictly, it would be termed, not a globe, but an oblate
ellipsoid, or spheroid, which is the name appropriated by
geometers to the form above described.
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(208.) 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 from so very slight an “ellipticity” as above
supposed, would be quite imperceptible, not only to our eye-
sight, but to the test of the dip-sector; so that by that mode
of observation we should never be led to notice so small a
deviation from perfect sphericity. How we are led to this
conclusion, as a practical result, will appear, when we have
explained the means of determining with accuracy the di-
mensions of the whole, or any part of the earth.

(209.) As we cannot grasp the earth, nor recede from it
far enough to view it at once as a whole, and compare it with
a known standard of measure in any degree commensurate
to its own size, but can only creep about upon it, and apply
our diminutive measures to comparatively 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 conclude the form and dimensions of the whole mass.
This would present little difficulty, if we were sure the earth
were strictly a sphere, for the proportion of the circumfer-
ence of a circle to its diameter being known (viz. that of
3:1415926 to 1:0000000), we have only to ascertain the
length of the entire circumference of any great circle, such
as 8 meridian, in miles, feet, or any other standard units, to
know the diameter in units of the same kind. Now, the cir-
aumference of the whole circle is known as soon as we know

!e exact length of any aliquot part of it, such as 1° or y}5th
jaart; and this, being not more than about seventy miles in
length, is not beyond the limits of very exact measurement,
and could, in fact, be measured (if we knew its exact termi-
nation at each extremity) within a very few feet, or, indeed,
inches, by methods presently to be particularized.

(210.) Supposing, then, we were to begin measuring with

all due nicety from any station, in the exact direction of &
k2
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meridian, and go measuring on, till by some indication we
were informed that we had accomplished an exact degree from
the point we set out from, our problem would then be at once
resolved. It only remains, therefore, to inquire by what
indications we can be sure, 1st, that we have advanced an
exact degree ; and, 2dly, that we have been measuring in the
exact direction of a great circle.

(211.) Now, the earth has no landmarks on it to indicate
degrees, nor traces inscribed on 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-Jaws, to be of any use
in such an operation. We must, therefore, look outwards,
and refer our situation on the surface of our globe to natural
marks, external 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, per-
formed 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. 119.), the
same observations give the latitudes of any stations where we
may establish the requisite instruments. When our latitude,
then, is found to have diminished a degree, we know that,
provided we have kept to the meridian, we have described one
three hundred and sixtieth part of the earth’s circumference.

(212.) The direction of the meridian may be secured at
every instant by the observations described in art. 162. 188, ;
and although local difficulties may oblige us to deviate in our
measurement from this exact direction, yet if we keep a strict
account of the amount of this deviation, a very simple calcu-
Jation will enable us to reduce our observed measure to its
meridional value.

(213.) Such is the principle of that most important geo-
graphical operation, the measurement of an arc of the meri-
dian. In its detail, however, a somewhat modified course
must be followed. An observatory cannot be mounted and
dismounted at every step; so that we cannot identify and
measure an exact degree neither more nor less. But this is
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of no consequence, provided we know 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 method of measuring from one good observing
station to another, about a degree, or two or three degrees,
a8 the case may be, or indeed any determinate angular
interval apart, and determining by astronomical observation
the precise difference of latitudes between the stationa.

(214.) Again, it is of great consequence to avoid in this
operation every source of uncertainty, because an error com-
mitted in the length of a single degree will be multiplied
360 times in the circumference, and nearly 115 times in the
diameter of the earth concluded from it. Any error which
may affect the astronomical determination of a star’s altitude
will be especially influential. Now, there is still too much
uncertainty 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
which 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 and uncertainty, in point of
quantity, so excessively minute as to be utterly inappretiable.
Now, 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 meridian to have changed by the same quantity
(fig. art. 128.). If at one station we observe any star to pass
through the zenith, 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.

(215.) Granting that the terminal points of one degree
can be ascertained, its length may be messured by the
methods which will 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 terrhinal points
cannot exceed that which may be committed in the observa-
tion of the zenith distance of a star properly situated for the
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purpose in question. This error, with proper care, can
hardly exceed half a second. Supposing we grant the possi-
bility of ten feet of error in the length of each degree in a
measured arc of five degrees, and of half a 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, 80 as to tend all of them to give a result greater, or
all less, than the truth, it will appear, by a very easy pro-
portion, that the whole amount of error which would be thus
entailed on an estimate of the earth’s diameter, as concluded
from such a measure, would not exceed 1147 yards, or about
two thirds of a mile, and this is ample allowance.

(216.) 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 measures of meridional arcs made in
various parts of the globe, the results obtained, although
they agree sufficicntly to show 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 be
attributable to error of observation, and which render it
evident that the hypothesis, in strictness of its wording, is
untenable. The following table exhibits the lengths of arcs
of the meridian (astronomically determined as above de-
scribed), expressed in Dritish standard feet, as resulting from
actual measurement made with all possible care and precision,
by commissioners of various nations, men of the first emi-
nence, supplied by their respective governments with the best
instruments, and furnished with every facility which could
tend to ensure a successful result of their important labours.
The lengths of the degrees in the last column are derived
from the numbers set down in the two preceding ones by
simple proportion, a method not quite exact when the arcs
are large, but sufficiently so for our purpose.
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Mean
Measured t:il;l:n eh o
titude of Are
Country. Mﬁl:lleol‘Arc. measured. h;g:l:.ln ‘f,f:“i‘:?:l_:f
tude in
Feet.
Sweden*, A B . - | +66°20'10°0| 1°387/19"6| 593277 | 865744
Sweden, A - -{+66 19 87 0 57 804 351832 | 367086
Russia, A - - +58 17 87 3 85 52 | 1309742 | 365368
Russia, B - -l +56 8 555 | 8 2 289 | 2937489 | 865291
Prussia, B - -| +54 58 260 | 1 80 29-0 551078 | 865420 '
Denmark, B - -l +54 8137 1 31 5388 559121 | 866087
Hanover, AB - -1 +52 32 166 2 0574 786425 | 365300
England, A - - +52 85 45 3 57 18°1 1442953 | 864971
England, B - -1 +52 2194 2 50 28+5 | 1036409 | 864951
France, A - - +46 52 2 8 20 0°'3 | 3040605 | 364872
France, AB - -1 +44 51 25 |12 22 127 | 4509832 | 364572
Rome, A - - +42 59 — 2 947 787919 | 864262
America, A - -1 +39 12 — 1 28 450 538100 | 363786
India, A B - - +16 8 21'5 |15 57 407 | 5794598 | 863044
India, A B - -| +12 82 208 1 34 564 574318 | 362956
Peru, A B - «|— 1381 04|38 7 85 |1181050 | 362790
Cape of Good Hope, A | —93 18 30 1 18 175 | 445506 | 864713
Cape of Good Hope, B | —35 43 200 | 3 384 347 1301993 | 864060

It is evident from a mere inspection of the second and fifth
columns of this table, that the measured length of a degree in-
creases with the latitude, being greatest near the poles, and
least near the equator. Let us now consider what inter-
pretation is to be put upon this conclusion, as regards the
form of the earth.

(217.) Suppose we held in our 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, un-
assisted by instruments, could we detect any deviation from
that form. Suppose, too, we were debarred from measuring
directly across from surface to surface in different directions

* The astronomers by whom these measurements were executed were as
follows : —

Sweden, A B — Svanberg. Frauce, A B— Delambre, Mechain.
Sweden, A -~ Maupertuis. Rome— Boscovich.

Russia, A — Struve. America—~— Mason and Dixon.
Russia, B— Struve, Tenner, India, 18t— Lambton.

Prussia— Bessel, Bayer. India, 2d — Lambton, Everest.
Denmark — Schumacher, Peru— Lacondamine, Bouguer.
Hanover — Gauss. Cape of Good Hope, A — Lacaille.
England — Roy, Kater. Cape of Good Hope, B Maclear.

France, A ~ Lacaille, Cassini, — Astr. Nachr. 574.



136 OUTLINES OF ASTRONOMY.

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 resource, but to endeavour
to discover, by some nicer means than simple inspection or
feeling, whether the convexity of its surface is the same in
every part; and if not, where it is greatest, and where least.
Suppose, then, a thin plate of
metal to be cut into a con-
cavity at its edge, so as ex-
actly to fit the surface at A:
let this 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, we find any
position, B, in which the light can enter in the middle be-
tween 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 1is less, and
at C greater, than at A.

(218.) 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 ad-
vance along it. When, in the same measured 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 axis of the heavens, or the line joining
the earth’s centre and some given star,) more in one part of
the earth’s meridian than in another, we conclude, of neoessity,
that the curvature of the surface at the former spot is greater
than af the latter; and vice versd, when, in order to produce
the same change of horizon with respect to the pole (sup-
pose 1°) we require to travel over a longer measured space at
one point than at another, we assign to. that point a less cur-
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vature. Hence we conclude that the curvature of a meridional
section of the earth is sensibly greater at the equator than to-
wards 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.

(219.) Let N ABD E Frepresent a meridional section of the
earth, C its centre, and N A, BD, G E, 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. Letn N, a A, B, dD, g G, ¢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
equator ; then will the tangents to the surface at these points
respectively be perpendicular to these directions; and, con-
sequently, if each pair, vizz. 2N and e A, 5B anddD, gG
and ¢ E, be prolonged till they intersect each other (at the
points z, ¥, z), the angles Nz A, By D, Gz E, will each be
one degree, and, therefore, all equal ; so that the small cur-
vilinear arcs N A, BD, G E, may be regarded as arcs of
circles of one degree each, deseribed about z, y, z, as centres.
These are what in geometry are called centres of curvature,
and the radiizN or z A, y B or y D, 2 G or z E, represent
radii of curvature, by which the curvatures at those points
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are determined and measured. Now, as the arcs of different
circles, which subtend equal angles at their respective cen-
tres, are in the direct proportion of their radii, and as the arc
N A is greater than B D, and that again than G E, it follows
that the radius N z must be greater than By, and B y than
Ez Thus it appears that the mutual intersections of the
plumb-lines will not, as in the sphere, all coincide in one
point C, the center, but will be arranged along a certain
curve, z y z (which will be rendered more evident by con-
sidering a number of intermediate stations). To this curve
geometers have given the name of the evolute of the curve
N A BD G E, from whose centers of curvature it is con-
structed.

(220). In the flattening of a round figure at two opposite
points, and its protuberance at points rectangularly situated
to the former, we recognize the distinguishing feature of the
elliptic form. Accordingly, the next and simplest supposition
that we 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 EF, the equatorial diameter, for its longer axis; and
that the form of the earth’s surface is that which would arise
from making such a curve revolve about its shorter axis N'S.
This agrees well 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 that of the shorter axis, the
greatest it admits, and the form of its evolute agrees with that
here represented.* Assuming, then, that it is an ellipse, the
geometrical properties of that curve enable us to assign the
proportion between the lengths of its axes which shall cor-
respond to any proposed rate of variation in its curvature, as
well as to fix upon their absolute lengths, corresponding to
any assigned length of the degree in a given latitude. With-
out troubling the reader with the investigation, (which may
be found in any work on the conic sections,) it will be suf-

* The dotted lines are the portions of the evolute helonging to the other
quadraats,
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ficient to state the results which have been arrived at by the
most systematic combinations of the measured arcs which
have hitherto been made by geometers. The most recent is
that of Bessel *, who by a combination of the ten arcs, marked
B in our table, has concluded the dimensions of the terrestrial
spheroid to be as follows: —
Feet. Miles.
Greater or equatorial diameter - - - = 41,847,192 = 7925-604
Lesser or polar diameter - - - - = 41,707,814 = 7899°114

Difference of diameters, or polar compression = 189,768 = 26471
Proportion of diameters as 299°15 to 29815,

The other combination whose results we shall state, is that
of Mr. Airy t, who concludes as follows: —

Feet. Miles.
Equatorial diameter - - - - - = 41,847,426 = 7925648
Polar diameter - - - - - - = 41,707,620 = 7899170
Polar compression - - - = 189,806 = 26'478

Proportion of diameters as 299°33 to 29833,

These conclusions are based on the consideration of those
13 arcs, to which the letter A is annexed }, and of one other
arc of 1° 7/ 317+1, measured in Piedmont by Plana and
Carlini, whose discordance with the rest, owing to local
causes hereafter to be explained, arising from the exceedingly
mountainous nature of the country, render the propriety of so
cmploying it very doubtful. Be that as it may, the strikingly
near accordance of the two sets of dimensions is such as to
inspire the greatest confidence in both. The measurement at
the Cape of Good Hope by Lacaille, also used in this deter-
mination, has always been regarded as unsatisfactory, and
has recently been demonstrated by Mr. Maclear to be erro-
neous to a considerable extent. The omission of the former,
and the substitution for the latter, of the far preferable result
of Mr. Maclear’s second measurement would induce, however,
but a trifling change in the final result.

(221.) Thus we see that the rough diameter of 8000 miles
we have hitherto used, is rather too great, the excess being

« Schumacher’s Astronomische Nachrichten, Nos, 338, 334, 335. 488. (1841).

t Encyolopsdia Metrorolitana, “ Figure of the Earth* (1831).

1 ln those which have both A and B, the numbers used by Mr, Airy differ
slightly from Bessel's, wh.ch are those we have preferred.
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about 100 miles, or g5th part. As convenient numbers to
remember, 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 100 feet; that the equatorial circumference of
the earth is a little less than 25,000 miles (24,899), and the
ellipticity or polar flattening amounts to one 300th part of
the diameter.

(222.) The two sets of results above stated are placed in
juxtaposition, and the particulars given more in detail than
may at first sight appear consonant, either with the general
plan of this work, or the state of the reader’s presumed ac-
quaintance with the subject. But it is of importance that he
should early be made to see how, in astronomy, results in ad-
mirable concordance emerge from data accumulated from
totally different quarters, and how local and accidental ir-
regularities in the data themselves become neutralized and
obliterated by their impartial geometrical treatment. In the
cases before us, the modes of calculation followed are widely
different, and in each the mass of figures to be gone through
to arrive at the result, enormous.

(223.) The supposition of an elliptic form of the earth’s
section through the axis is recommended by its simplicity,
and confirmed by comparing the numerical results we have
just set down with those of actual measurement. When this
comparison is executed, discordances, it is true, are observed,
which, although still too great to be referred to error of mea-
gurement, 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. [For § (223 @) see Note D].

(224.) Now, it is highly satisfactory to find that the gene-
ral 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 throughout, and externally covered
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with an ocean of equal depth in every part. Under such
circumstances it would obviously be in a state of equilibrium ;
and the water on its surface would have no tendency to run
one way or the other. Suppose, now, a quantity of its ma-
terials were taken from the polar regions, and piled up all
around the equator, so as to produce that difference of the
polar and equatorial diameters of 26 miles which we know to
exist. It is not less evident that a mountan ridge or equa-
torial continent, only, would be thus formed, down which the
water would run into the excavated part at the poles.
However solid matter might rest where it was 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
therefore, would be the formation of two great polar seas,
hemmed in all round by equatorial land, Now, this is by no
means the case in nature. The ocean occupies, indifferently,
all latitudes, with no more partiality to the polar than to the
equatorial. 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 retained in that situation by some adequate
power. No such power, however, would exist in the case we
have supposed, which is therefore not conformable to nature.
In other words, the spherical form is not the figure of equi-
librium ; and therefore the earth is either not at rest, or is so
internally constituted as to atéract the water to its equatorial
regions, and retain it there, For the latter supposition there
is no primd facie probability, nor any analogy to lead us to
such an idea. The former is in accordance with all the phe-
nomena of the apparent diurnal motion of the heavens; and
therefore, if it will furnish us with the power in question, we
can have no hesitation in adopting it as the true one.

(225.) Now, every body knows that when a weight is
whirled round, it acquires thereby a tendency to recede from
the centre of its motion; which is called the centrifugal farce.
A stone whirled round in a sling is a common illustration ;
but a better, for our present purpose, will be a pail of water,
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suspended by a cord, and made to spin round, while the cord
hangs perpendicularly. The surface of the water, instead of
remaining horizontal, will become concave, o
as in the figure. The centrifugal force ge- V—'“
nerates a tendency in all the water to leave
the axis, and press towards the circum-
ference ; it is, therefore, urged against the
pail, and forced up its sides, till the excess
of height, and consequent increase of pre-
sure downwards, just counterbalances its
centrifugal force, and a state of equilibrium
is attained. The experiment is a very easy
and instructive one, and is admirably cal-
calculated to show how the furm of equili-
brium accommodates itself to varying cir-
cumstances. If, for example, we allow the
rotation to cease by degrees, as it becomes ___
slower we shall see the concavity of the X
water regularly diminish; the elevated out-
ward 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.

(226.) Suppose, then, a globe, of the size of the earth, at
rest, and covered with a uniform ocean, were to be set in ro-
tation 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 would be thus generated, whose general
tendency would be to urge the water at every point of the
surface to recede from the azis. 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
supposed, the weight of the water 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 accumulates against the
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side; and being retained in opposition to its weight, or natural
tendency towards the centre, by the pregsure thus caused.
This, however, could not take place without laying dry the
polar portions of the land in the form of immensely protube-
rant continents; and the difference of our supposed cases,
therefore, is this:—in the former, a great equatorial conti-
nent and polar seas would be formed; in the latter, protube-
rant land would appear at the poles, and a zone of ocean be
disposed around the equator. This would 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.

(227.) The sea is constantly beating on the land, grinding
it down, and scattering its worn off particles and fragments,
in the state of mud and pebbles, over its bed. Geological
facts afford abundant proof that the existing continents have
all of them undergone this process, even more than once, and
been entirely torn in fragments, or reduced to powder, and
submerged and reconstructed. ILand, in this view of the
subject, loses its attribute of fixity. As a mass it might hold
together in opposition to forces which the water freely obeys;
but in its state of successive or simultaneous degradation,
when 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 correspondence with the form
of equilibrium in both cases. Thus, after a sufficient lapse
of time, in the case of an earth at rest, the equatorial con-
tinent, thus forcibly constructed, would again be levelled and
transferred to the polar excavations, and the spherical figure
be so at length restored. In that of an earth in rotation, the
polar protuberances would gradually be cut down and dis-
appear, being transferred to the equator (as being then the
deepest sea), till the earth would assume by degrees the form
we observe it to have — that of a flattened or oblate ellipsoid.

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

(229.) 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 z35th part of the force or weight by
which all bodies, whether solid or liquid, tend to fall towards
the earth. By this fraction of its weight, then, the sea at the
equator is lightened, and thereby rendered susceptible of being
supported on a higher level, or more remote from the centre
than at the poles, where no such counteracting force exists ;
and where, in consequence, the water may be considered as
specifically heavier. Taking this principle as a guide, and
combining it with the laws of gravity (as developed by
Newton, and as hereafter to be more fully explained), mathe-
maticians have been enabled to investigate, @ priori, what
would be the figure of equilibrium of such a body, constituted
internally as we have reason to believe the earth to be;
covered wholly or partially with a fluid; and revolving uni-
formly in twenty-four hours; and the result of this inquiry
is found to agree very satisfactorily with what experience
ghows to be the case. From their investigations it appears that
the form of equilibrium is, in fact, no other than an oblate
ellipsoid, of a degree of ellipticity very nearly identical with
what is observed, and which would be no doubt accurately so,
did we know, with precision, the internal comstitution and
materials of the earth.

(230.) The confirmation thus incidentally furnished, of the
hypothesis of the earth’s rotation on its axis, 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 eolely on ac-
count of the easy explanation it offers of the apparent diurnal
motion of the heavens. Yet we see that, once admitted,

* Newton's Principia, iii. Prop. 19.
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it draws with it, as a necessary consequence, this other re-
markable phenomenon, of which no other satisfactory account
could be rendered. Indeed, so direct'is their connection, that
the ellipticity of the earth’s figure was discovered and demon-
strated by Newton to be a consequence of its rotation, and its
amount actually calculated by him, long before any measure-
ment had suggested such a conclusion. As we advance with
our subject, we shall find the same simple principle branch-
ing out into a whole train of singular and important con-
sequences, some obvious enough, others which at first seem
entirely unconnccted with it, and which, until traced by
Newton up to this their origin, had ranked among the most
inscrutable arcana of astronomy, as well as among its grandest
phenomena. : *

(231.) Of its more obvious consequences, we may here
mention one which falls naturally within our present sub-
ject. If the earth really revolve on its axis, this rotation
must generate a centrifugal force (see art. 225.), the effect of
which must of course be to counteract a certain portion of
the weight of every body situated at the equator, as compared
with its weight at the poles, or in any intcrmediate latitudes.
Now, this is fully confirmed by experience. There is ac~
tually observed to exist a differcnce in the gravity, or down-
ward tendency, of one and the same body, when conveyed
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 variation of gravity, or the difference between
the equatorial and polar weights of one and the same mass of
matter, is 1 part in 194 of its whole weight, the rate of in-
crease in travelling from the equator to the pole being as the
square of the sine of the latitude.

(232.) The reader will here naturally inquire, what is meant
by speaking of the same body as having different weights at

different stations; and, how such a fact, if true, can be as-
L
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certained. When we weigh a body by a balance or a steel-
yard 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 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 weighing 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
gink the beam.

(233.) The meaning of the proposition may be thus ex-
plained : — Conceive a weight z suspended at the equator by

a string without weight passing over a o
pulley, A, and conducted (supposing s ¥
such a thing possible) over other pul- N

leys, such as B, round the earth’s con-
vexity, till the other end hung down

at the pole, and there sustained the =
weight y. If, then, the weights z and ~ °\

y were such as, at any one station,

equatorial or polar, would exactly counterpoise each other on
a balance, or when suspended side by side over a single
pulley, they would not counterbalance each other in this
supposed situation, but the polar weight y would prepon-
derate; and to restore the equipoise the weight x must be’
increased by pzth part of its quantity.

(234.) The means by which this variation of gravity may
be shown to exist, and its amount measured, 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 weight, but with 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 A BC be a strong support of brass standing on the foot
A ED cast in one piece with it, into which is let a smooth
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plate of agate, D, which can be adjusted to perfect horizon-
tality by a level. At C let a spiral spring G be attached,
which carries at its lower end a weight F,
polished and convex below. The length
and strength of the spring must be so
adjusted that the weight F shall be sus-
tained by it just to swing clear of contact
with the agate plate in the highest lati-
tude at which it is intended to use the
instrument. Then, if small weights be
added cautiously, it may be made to de-
scend till it just grazes the agate, a con-
tact which can be made with the utmost
imaginable delicacy. Let these weights
be noted; the weight F' detached; the “
spring G- carefully lifted off its hook, and

secured, for travelling, from rust, strain, or disturbanee, and
the whole apparatus conveyed to a station in a lower latitude.
It will then be found, on remounting it, that, although leaded
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. More weights will
require to be added; and the additional 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 con-
structed of such strength and dimensions that a weight of
10,000 grains, including its own, shall produce an elongation
of 10 inches without permanently straining it ¥, one additional
grain will produce a further extension of y4%5 th of an inch,
a quantity which cannot possibly be mistaken in such a con-
tact as that in question. Thus we should be provided with

* Whether the process above described could ever be so far perfected and re-
fined 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 va-
riability of the etfect of temperature on their elastic force, on the possibility of trans.
porting them, absolutely unaltered, from place to place, &c. ?‘he great advantages,
however, which such an apparatus and mode of observation would possess, in
point of convenience, cheapuess, portability, and expedition, over the present
laborious, tedious, and expensive process, render the attempt well worth making,
[See Note E.]

L2
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the means of measuring the power of gravity at any station
to within 15359th of its whole quantity.

(235.) The other, or dynamical process, by which the force
urging any given weight to the earth may be determined,
consists in ascertaining the velocity imparted 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 principles of mechanics furnish an easy
and certain means of deducing it; and, consequently, the in-
tensity of gravity, by observing the oscillations of a pendnlum.
It is proved from mechanical principles®, 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 oscil-
lationsmade in the same tine in cach case be counted, the inten-
sities of the forces will be to each other as the squares of the
numbersof oscillations made, and thus their proportion becomes
known. For instance, it is found that, under the cquator, 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.
Hence we conclude, that the intensity of the force urging the
pendulum downwards at the equator is to that at London as
(86,400)% to (86,535)% or as 1 to 1-00315; or, in other
words, that a mass of matter weighing in London 100,000
pounds, exerts the same pressure on the ground, or the same
effort to crush a body placed below it, that 100,315 of the
same pounds transported to the equator would exert there.

(236.) Experiments of this kind have been made, as above
stated, with the utmost care and minutest precaution to en-
sure exactness in all accessible latitudes; and their general
and final result has been, to give ;35 for the fraction express-
ing the difference of gravity at the equator and poles. Now,
it will not fail to be noticed by the reader, and will, proba-
bly, occur to him as an objection against the explanation here
given of the fact by the earth’s rotation, that this differs
materially from the fraction ;}y expressing the centrifugal
force at the equator. The difference by which the former
fraction exceeds the latter is y§y, a small quantity in itself,

¢ Newton’s Principia, ii. Prop. 24, Cor. 8.
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but still far too large, compared with 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 of it.

(237.) 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 astro-
nomy 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 dif-
ference in question. Here, then, we have the same cause
exercising 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 profound appli-
cation of geometry, whose steps we cannot pretend to trace
in a work like the present, and can only state its nature and
result.

(288.) The weight of a body (considered as undiminished
by a centrifugal force) is the effect of the earth’s attraction on
it. This attraction, as Newton has 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 attraction of the earth, then, on a body placed
on its surface, is not a simple but a complex force, resulting
from the scparate attractions of all its parts. Now, it is
evident, that if the earth were a perfect sphere, the 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 simple reason of the exact symmetry of the sphere in
every direction. It is not less evident that, the earth being
elliptical, and this symmetry or similitude of all its parts not
existing, the same result cannot he 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
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its forces of attraction on the two bodies. Calculation eon-
firms this idea. It is a question of purely mathematical in-
vestigation, and has been treated with perfect clearncss and
precision by Newton, Maclaurin, Clairaut, and many other
cminent geometers; and the result of their investigations is
to show that, owing to the elliptic form of the earth alone,
and independent of the centrifugal force, its attraction ought
to increase the weight of a body in going from the equator to
the pole by almost exactly z35th part; which, together with
z5yth due to the centrifugal force, make up the whole
quantity, t3;th, observed.

(239.) Another great geographical phenomenon, which
owes its existence to the carth’s rotation, is that of the trade-
winds. These mighty currents in our atmosphere, on which
so important a part of navigation depends, arise from, Ist,
the unequal exposure of the earth’s surface to the sun’s rays,
by which it is unequally heated in different latitudes; and,
2dly, from that general law in the constitution of all fluids, in
virtue of which they occupy a larger bulk, and become spe-
cifically 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 pheno-
mena in question.

(240.) 1t is a matter of observed fact, of which we shall
give the explanation farther on, that the sun is constantly
vertical over some one or other part of the earth between
two parallels of latitude, called the tropics, respectively 23}°
north, and as much south of the equator; and that the whole
of that zone or belt of the earth’s surface included between
the tropics, and equally divided by the equator, is, in con-
sequence of the great altitude attained by the sun in its
diurnal course, maintained at a much higher temperature than
those regions to the north and south which lie nearer the
poles.* Now, the heat thus acquired by the earth’s surface

* Tirst distinetly delivered by Hadley, though often erroneously attributed
to Edmund Halley, whose theory of the trade winds is altogether erroneous.
(8ee Dove, Meteorol. Untersuchungen, p. 237.)
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character of permanent north-casterly and south-casterly
winds.

(242.) Were any considerable mass of air to be suddenly
transferred from beyond the tropics to the equator, the dit-
ference 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 destructive violence.  But this is not
the case : the advance of the air from the north and south is
gradual, and all the while the carth is continually acting on,
and by the friction of its surface accclerating its rotatory
veloeity,  Supposing 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 quictly with the earth, and be at relative rest.
We have only to call to mind the comparative thinness of the
coating which the atmosphere forms around the globe (art.
33.), and the immensce mass of the latter, compared with the
former (which it exceeds at least 1,200,000 times), to ap-
pretiate fully the influence of any extensive territory ol the
carth over the atmosphere immediately incumbent on it, in
destroying any impulse once given to it, and which is not
continually renewed.

(243.) It follows from this, then, that as the winds on
both sides approach the equator, their easterly tendency must
diminish.*  The lengths of the diurnal cireles inciease very
slowly in the immediate vicinity of the cquator, and for
several degrees on cither side of it hardly change at all.
Thus the friction of the surface has more time to act in ac-
celerating the velocity of the air, bringing it towards a state
of relutice rest, and diminizhing thereby the relative sct of
the currents {from cast to west, which, on the other hand, i«
teebly, and,at length, not at all, reinforced by the cause which
originally produced it.  Axrived, then, at the equator, the
trades muxt he expected to lose their casterly character alto-
sether.  Dut not only this, but the northern and southein

”"

* See Captain TLs « Fragments of Voyages and Travels,” 2nd «aies, vol
p. o2, where thns 15 very distinetly, and, o far a5 T ain aware for the st
tume, reasoned out.
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character of permanent north-easterly and south-easterly
winds.

(242.) Were any considerable mass of air to be suddenly
transferred from beyond the tropics to the equator, the dif-
ference 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 destructive violence. But this is not
the case: the advance of the air from the north and south is
gradual, and all the while the earth is continually acting on,
and by the friction of its surface accelerating its rotatory
velocity. Supposing 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 relative rest.
‘We have only to call to mind the comparative thinness of the
coating which the atmosphere forms around the globe (art.
35.), and the immense mass of the latter, compared with the
former (which it exceeds at least 1,200,000 times), to ap-
pretiate fully the influence of any extensive territory of the
earth over the atmosphere immediately incumbent on it, in
destroying any impulse once given to it, and which is not
continually renewed.

(243.) It follows from this, then, that as the winds on
both sides approach the equator, their easterly tendency must
diminish.* The lengths of the diurnal circles increase very
slowly 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 more time to act in ac-
celerating the velocity of the air, bringing it towards a state
of relative rest, and diminishing 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 produced 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

* See Captain Hall’s « Fragments of Voyages and Travels,” 2nd series, vol. i.,
P- 162, where this is very distinctly, and, so far as I am aware for the first
time, reasoned out.
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currents here meeting and opposing, will mutually destroy
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.

(244.) The result, then, must be 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
scparates the two former, should be comparatively calm and
free from any steady prevalence of easterly character. All
these consequences are agreeable to ohserved fact, and the
system of aérial currents above described constitutes in
reality what is understood by the regular trade winds.

(245.) 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 laws of dynamics, how-
cver, render such a consequence, generally, impossible ; and
it is easy to see, in the present case, where and how the com-
pensation takes place. The heated equatorial air, while it
rises and flows over towards the poles, carries with it the
rotatory velocity due to its equatorial situation into a higher
latitude, where the earth’s surface has less motion. Hence,
as it travels northward or southward, it will gain continually
more and more on the surface of the earth in its diurnal
motion, and assume constantly more and more a westerly
relative direction; and when at length it returns to the
surface, in its circulation, which it must do more 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.
We have here the origin of the south-west and westerly
gales so prevalent in our latitudes, and of the almost uni-
versal 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.
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(245 a.) If in any region of the earth’s surface, where the
latitude is considerable, and where, in consequence the cir-
cumferences of the diurnal circles described by points on the
same meridian a few degrees asunder differ considerably, an
impulse (from whatever cause arising) from the pole towards
the equator be communicated to a portion of the atmosphere
covering several square degrees; an observer situated on the
equatorial limit of the area so disturbed will, in the first in-
stant of the disturbance, experience a wind blowing directly
Jfrom the pole, i. e., a north wind in the northern hemisphere
and a south in the southern. To fix our ideas, suppose him
situate in north latitude and beyond the tropic. The air
which reaches him in the first instant, arising from a place
in his immediate vicinity, has the same diurnal rotatory
velocity with himself, and will therefore have no relative
movement westward. But the southward movement of the
whole mass of air continuing, the wind which subsequently
reaches his station arriving from latitudes continually more
and more north, and therefore setting out with a rotatory
velocity continually more and more inferior to that of the
observer, will lag more and more behind the easterly motion
of the earth’s surface at his station, and will therefore become,
relatively to him, more and more of an east wind. In other
words, a wind commencing to blow from the north will not
continue long to do so, but will “ draw towards the east,”
veering gradually round to N.N.E. and N.E. ; vice versd if
the impulse of the mass of air be from south to north. The
first impression on the observer will be that of a south wind,
which in the progress of time will veer round through S.S.W.
to S.W., and so mutatis mutandis in the other hemisphere ;
and thus arises a general tendency of the wind in extra-tropi-
cal latitudes to veer in a fixed direotion, or  to follow the
sun,” which meteorological observation very decisively con-
firms as a matter of fact, and is therefore pro tanto a proof of
the reality of the assigned cause.*

(245 b.) It is, however, in these tremendous visitations

* Sec Article Meteorology, Encyc. Brit. § 70.
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called « hurricanes,” which sweep across land and sea with a
devastating power exceeded only by the earthquake, that we
find the most striking verification of the principle above
stated. Suppose that in any locality in the northern hemi-
sphere some considerable portion of the surface, whether of
sea or land, should become so much more heated by the sun’s
rays than that surrounding it, as to determine an upward
movement in the air above it in the nature of an ascending
column, thereby giving rise to a diminished barometric pres-
sure, and as a necessary consequence to an indraught of air
from all quarters towards the heated area. Those portions
which arrive from the east and west, participating in the
entire diurnal movement corresponding to the latitude, will
simply meet and be hurried upwards, without any tendency
to gyrate round a center. But the portions which arrive
from the northward will all reach the heated region or its
immediate confines with a modified power. Those which
come from the north-easterly qnadrant will have their wes-
terly force increased, and those from the north-west quadrant,
their easterly-force diminished, so that in arriving from the
northward, the general current setting to the heated region
will have assumed a tendency from cast to west, and in arriv-
ing from the southward from west to east, and these portions
being drawn up together into the ascending column, will
necessarily assume a rotation round its general axis in the
direction N.W.S.E.*, whereas, were the earth at rest, the air
coming in from all quarters with equal force, each particle
would make direct for the center, and simply be thrown up
vertically without any gyration.

(245 ¢.) The rotation thus given to the ascending column
in the northern hemisphere is in a direction contrary to that
of the hands of a watch face upwards, which we may term
retrograde. And by a similar reasoning, in the southern it
will be seen that a contrary, or direct rotation ought to arise
from the operation of the same causes. It is, moreover,
obvious, that the energy of the vortex so produced must be,
cateris paribus, proportional to that of its efficient causes. In

* See Encyclop. Brit.,, Metcorology, § 73., for the complete reasoning out of this
process,
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high latitudes there is a deficiency of solar heat to produce a
powerful ascensional current. On and about.the equator, on
the other hand, though heat be abundant, the other efficient
cause, viz. a considerable difference of diurnal rotatory velo-
city, is absent. Such movements, therefore, cannot exist on
the equator, and their intensity will chiefly be confined to
regions in moderate latitudes.

(245d.) Now every one of these particulars is in exact
conformity with the history of those hurricanes, or cyclones,
as they have been called, from their revolving character,
which infest the Atlantic along the west coasts of the United
States and the West Indies, the Indian Ocean, and (under
the name of typhoons) the China seas. Their extent and
violence are frightful; their rotation in the same hemisphere
is invariably the same, and in each, that which theory in-
dicates ; and they are utterly wanting on the equator. This
grand result, the establishment of which we owe to the
labours of Mr. Redfield, Colonel Reid, and Mr. Piddington,
forms a capital feature in the array of evidence by which
the rotation of the earth, as a physical fact, is demonstrated.

(245 ¢.) Another class of phznomena, inexplicable except
on the hypothesis of the earth’s rotation on its axis, but
flowing easily and naturally from the admission of that
principle, has;, within a few years from the present time,
been brought under our inspection by M. Foucault. If a
heavy mass of metal (a globe of lead, for example) be sus-
pended by a long wire from a solid and perfectly fixed sup-
port, over the center of a plane table of a circular form,
and, being drawn aside from the perpendicular (suppose
in the direction of the meridian), be then allowed to os-
cillate, taking extreme care to avoid giving it any lateral
motion (which may be accomplished by drawing it aside by
a fine thread, and, when quite at rest, burning off the
thread), it will of course commence its oscillations in the
plane of the meridian. But when watched attentively,
marking on the table the points of its circumference, from
time to time, opposite to its points of extreme excursion,
it will in a few minutes be seen to have (apparently) shifted
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its plane of motion ; the northern extremity of its excursions
to and fro having invariably gome round in azimuth towards
the east, and the southern towards the west (supposing the
expertment made in the northern hemisphere—vice versd in
the southern). Although in a few oscillations the deviation
is too small to be readily perceived, it at length becomes
apparent that the path traced on the table by the projection
of the center of the globe, instead of being a rigorous straight
line, as it must be according to the laws of dynamics, were
the table at rest, is, in reality, a looped curve of the form
here shown (fig. a.) (the intervals of the loops being much

Fig. a.
N

S

exaggerated); all of them passing through the center of the
table.

(245 1) It is evident that such a motion is quite different
from that which a small lateral motion accidentally com-
municated to the pendulous body would produce. The
.effect of such an impulse would be to make the central
mass describe a series of elongated ovals, a kind of elliptic
spiral, the convolutions of which would pass, not through,
but round the center, as here represented (fig.d.); and that
indifferently in one direction or the other, according to the
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accident of the lateral impulse. On the other hsnd, the
observed effect is precisely such as would take place, sup-

Fig. b,

posing the plane of oscillation to remain invariable, and the
table to revolve beneath it in its own plane in a contrary
direction (from north to west), with an angular motion duly
adjusted. Supposing the oscillating ball to leave a trace on
the table so turning, that trace would evidently be such a
one as described in the preceding article; and if we admit
the rotation of the earth, it is a fact that the table, though
unperceived by us, does so turn. It is not transferred by
the earth’s rotation bodily to the eastward by a parallel
movement of all its parts. The southern extremity of its
meridional diameter S is carried in a given time (suppose one
minute) more to the eastward than the morthern; so that
it has virtually rotated in its own plane through an angle
corresponding to the difference of these two movements of
transfcrence.

(245 ¢.) This difference is a maximum at the pole (where
it is obvious that the table turns entirely in its own plane, as
the earth’s surface there does); and it is n:l at the equator,
where, in consequence, the experiment would be made in
vain (the entire rotation of the table thers¢ being in a plane
perpendicular to its own); and generally the effect will be
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more strikingly developed in high than in low latitudes. To
show this more clearly, suppose P the north pole, C the center
of the earth; CPQ its axis pro-
longed, AB two successive posi-
tions of the table at an interval of
one minute of time, during which
the meridian AP has rotated
through an angle of 0° 15’ round
P to the position BP. The plane
of the table, being a tangent to the
earth’s surface, will, if produced
(whether it be at A or B), meet the
axis at Q, the vertex of a cone hav-
ing for its base the diurnal circle of
the place of observation. During
the small interval in question, the
portion AQB of this conical surface may be regarded as
plane, and the motion of the table will be the same as if it
formed a part of that plane, and revolved round a pivot at
Q, the meridional diameter aa being transferred into the
position bb, making with aa an angle equal to AQB. Now
this angle at the equator is n:, the summit of the cone being
there infinitely remotc ; whereas, on the pole it is identical
with the sphetical angle AP B, the table there rotating about
its own center.

(245 1) The gyroscope is an instrument devised by M.
Foucault to exhibit the same sort of effect in another man-
ner. It depends on the very obvious principle that a body
revolving round one of its axes of permanent rotation,
and frec from any disturbing attachment to surrounding
objects, will preserve its plane of rotation unaltered. Imagine
a metallic disc, thin in the center but very thick at the cir-
cumference so as to present in section the figure A B, to be
fized on an axis C D, perpendicular to its plane which turns
in pivot-holes C D, on opposite ends of the diameter of a
ring of metal, which is itself provided with exterior pivots on
the extremities of a diameter at right angles to the former,
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and let these rest in pivot holes E F, at the lower ends of a
semicircular metallic arc E G F, supported from its middle
G by a torsionless suspension, such as may "be formed by
attaching a thread to a hook at the lower end of a steel arm,
terminating in an inverted conical point resting in a polished
agate cup as at H. The whole of this apparatus is to be
executed with extreme delicacy, and with every precaution
to secure perfectb‘ equilibrium and freedom from friction in
the pivots. Suppose now that by some sufficient mechanical
means an exceedingly rapid rotation is comnrunicated to the
disc which is then abandoned to itself. It is evident then,
1st, that it may be set in rotation originally in any given plane,
and 2ndly, that however that initial plane be situated, it will
thenceforward continue to rotate in that plane, since the
mode of suspension is such as to exercise no control over it,
in that respect. If the disc be heavy, the initial rotation
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very rapid (and especially if suspended in vacuo) the motion
will be kept up for a considerable time — quite long enough
to exhibit the phznomena due to the earth’s rotation.

(245 7.) There being no action exerted by either the pivots
or the suspension which can affect the plane of rotation, this
will pecessarily continue unchanged, so that the axis C D
about which it spins will remain parallel to itself, however
the point of suspension may be varied in place by bodily
transfer of the whole apparatus, or in relative position by
change in the absolute direction of gravity consequent on
the carth’s diurnal rotation. Suppose then the axis C D to
point at any instant to a given fixed star, then if the earth
were at rest and the diurnal movement of the starry heavens
real, it could not continue so to point, since the star would
move away out of its line of direction, and would appear to
leave it behind. The contrary however is the case. The
axis of the disc continues to point to the star so long as the
disc itself continues to revolve, and, could its rotation be kept
up for twenty-four hours, would doubtless continue to follow
it through its whole diurnal circle both above and below the
horizon, affording thus a clear ocular demonstration of the
earth’s rotation, since if a line, of whose fixity of direction
we are d priori sure, appear to vary in position with respect
to the visible horizon and surrounding objects it cannot be
but that that horizon and those terrestrial points of reference
have, themselves, shifted in position by a corresponding oppo-
site movement.

(245.) If the conditions of suspension be such as to-limit
the axis of rotation of the disc to a plane holding a deter-
minate position with respect to the horizon, as, for instance,
that of the horizon itself, or of the meridian of the place, its
movements are in conformity with what the principle of dy-
namics indicate as the result of a composition of the free
rotation of the disc and that of the earth so partially com-
municated to it. "We shall not however pursue the subject
into these details,. The student will find them lucidly ex-
plained by Professor Powell, in the monthly notices of the

M
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Astronomical Society for April, 1855, The mechanical fact
on which the whole theory turns (the powerful resistance
opposed by a rapidly revolving heavy body to a change of
position in its axis of rotation) may be brought under the
evidence of the senses by the following simple and elegant
experiment. Let any one detach an 18-inch terrestrial
globe from its wooden frame, and, holding it by the brass
meridian with the plane of that circle horizontal, let a rapid
rotation be given to the globe by an assistant. So long as
no attempt is made to alter the position of the axis, the only
sensation experienced by the holder will be the effort of sus-
taining the weight of the globe, just as if it were at rest.
But so soon as he attempts to shift the direction of the axis,
whether in a horizontal, a vertical, or any other plane, he
will at onee become aware of a resistance in the revolving
globe to such a change, quite different from the simple in-
ertia of a globe at rest—a kind of internal struggle —an
effort to twist the globe in his hands, as if some animal were
inclosed within its hollow, or as if it were no longer equally
balanced on its center. If he endeavour to roll the globe on
its brass meridian in a right line along the floor (which with
a non-rotating globe would be easy) he will find it impracti-
cable without perpetually and forcibly interfering, not merely
to keep the meridian upright but to prevent its running out
of the right line. Suppose, for instance, the brass meridian
to be vertical and its plane coincident with that of the true
meridian, the axis horizontal, and the globe to rotate in the
direction in which the heavens appear to revolve, . e. from the
east upwards ; to the west downwards, and let him attempt to
roll it (lightly held by the finger and thumb by the highest
point of the circle) in a northerly direction. He will find it
run round to the eastward, causing the plane of the brass
meridian to shift in azimuth in a diredtion similar to that
of the hands of a watch, and wvice versd if he try to make it
roll southwards. That end of the axis which rises appears
to be swept along with the revolving motion of the globe as
seen from above.
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(246.) In order to construct a map or model of the earth,
and obtain a knowledge of the distribution of sca 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.rclative situations, with respcct to each other, of
those points which chiefly interest us, as centres of human
habitation, or from other causes, it is necessary to posscss the
means of determining correctly the situation of any proposed
station on its surface. 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 me-
ridian 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.

(247.) The latitude of a station on a sphere would be
merely the length of an arc of the meridian, intercepted
between the station and the nearest point of the equator,
reduced into degrces. (See art. 88.) But as the earth is
clliptic, this mode of conceiving latitudes becomes inapplicable,
and we are compelled to resort for our definition of latitude
toa generalization of that property (art. 119.), which affords
the rcadicst means of determiuing it by observation, and
which has the advantage of being independent of the figure
of the earth, which, after all, is not exactly an ellipsoid, or
any known geometrical solid. The latitude of a station, then,
is the altitude of the elevated pole, and is, therefore, astro-
nomically determined by those methods already explained for
ascertaining that important element. In consequence, it will
be remembered that, to make a perfectly correct map of the
whole, or any part of the earth’s surface, equal differences of
latitude are not represented by exactly equal intervals of
surface.

(248.) For the purposes of geodesical * measurements and
trigonometrical surveys, an exceedingly correct determination
of the latitudes of the most important stations is required.

* I, the earth ; 3eois (from 3ew, to bind), a joining or connexion (of parts).
M2
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For this purpose, therefore, the zenith sector (an instrument
capable of great precision) is most commonly used to observe
stars passing the meridian near the zenith, whose declinations
have become known by previous long series of observations at
fixed observatories, and which are therefore called standard or
fundamental stars. Recently a method* has been employed

with great success, which consists in the use of an instrument
similar in every respect to the transit instrument, but having
the plane of motion of the telescope not coincident with the
meridian, but with the prime vertical, so that its axis of
rotation prolonged passes through the north and south points
of the horizon. Let ABCD be the celestial hemisphere
projected on the horizon, P the pole, Z the zenith, A B the
meridian, CD the prime vertical, Q R S part of the diurnal
circle of a star passing near the zenith, whose polar distance
PR is but little greater than the co-latitude of the place, or
the arc P Z, between the zenith and pole (art. 112.). Then
the moments of this star’s arrival on the prime vertical at Q
and S will, if the instrument be correctly adjusted, be those
of its crossing the middle wire in the field of view of the

* Devised originally by Romer. Revived or re.invented by Bessel, — st
Nachr. No. 40.
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telescope (art. 160.). Consequently the interval between
these moments will be the time of the star passing from Q
to S, or the measure of the diurnal arc QR S, which corre-
sponds to the angle QP S at the pole. This angle, there-
fore, becomes known by the mere observation of an interval of
time, in which it is not even necessary to know the error of
the clock, and in which, when the star passes near the zenith,
g0 that the interval in question is small, even the rate of the
clock, or its gain or loss on true sidereal time, may be
neglected. Now the angle QP S, or its half Q PR, and
P Q the polar distance of the star, being known, PZ the
zenith distance of the pole can be calculated by the resolution
of the right-angled spherical triangle P Z Q, and thus the
co-latitude (and of course the latitude) of the place of obser-
vation becomes known. The advantages gained by this mode
of observation are, 1st, that no readings of a divided arc are
needed, so that errors of graduation and reading are avoided :
2dly, that the arc QR S is very much greater than its versed
sine R Z, so that the difference R Z between the latitude of
the place and the declination of the star is given by the
observation of a magnitude very much greater than itself, or
is, a8 it were, observed on a greatly enlarged scale. In con-
sequence, a very minute error is entailed on RZ by the
commission of even a considerable one in QR S: 3dly, that
in this mode of observation all the merely instrumental errors
which affect the ordinary use of the transit instrument are
either uninfluential or eliminated by simply reversing the
axis.

(249.) To determine the latitude of a station, then, is easy.
Tt is otherwise with its longitude, whose exact determination
is a matter of more difficulty. The reason is this: —as there
are no meridians marked upon the earth, any more than
parallels of latitude, we are obliged in this case, as in the
case of the latitude, to resort to marks external to the earth,
i. e. to the heavenly bodies, for the objects of our measure-
ment ; 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.
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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 differently inclined to their horizons,
and differently divided by them, and attain different altitudes.
On the other hand, to observers situated on the same parallel
(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 similarly divided
by their horizons, and attain the same altitudes. In the
former case there is, in the latter there is nof, any thing in
the appearance of the heavens, watched through a whole
diurnal rotation, which indicates a difference of locality in the
observer.

(250.) But no two observers, at different points of the
carth’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 meridian, he should be suddenly trans-
ported, in an instant of time, round one quarter of the globe
in a westerly 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 carries him back again to the line
joining the star and the earth’s centre from which he set out.

(251.) 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 differing
only in latitude, the same star comes to the meridian at the
game fime, but at different altitudes. In that of stations
differing only in longitude, it comes to the meridian at the
same altitude, but at different times. Supposing, then, that
an observer is in possession of any means by which he can
certainly ascertain the time of a known star’s transit across
his meridian, he knows his longitude; or if he knows the
difference between its time of transit across his meridian and
across that of any other station, he knows their difference of
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certain determinate and known place with respeet to that
imaginary point called the equinox, and by noting the times
of their passage in succession by his clock he knows when the
equinox passed. At that moment his clock ought to have
marked O O™ 0°%; and if it did not, he knows and can correct
its ervor, and by the agreement or disagreement of the errors
assigned by each star he can ascertain whether his clock is
correctly regulated to go twenty-four hours in onc diurnal
period, and if not, canascertain 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 time.  For simplicity of explanation,
however, we shall suppose the clock a pertect instrument; or,
which comes to the same thing, its error and rate applied at
every moment it is consulted, and ineluded in its indications.

(254.) Suppose, now, of two observers, at distant stations,
A and B, each, independently of the other, to set and regulate
his clock to the true sidercal time of his station.  Itis evident
that if one of these clocks could be taken up without derang-
g its going, and set down by the side of the other, they
would be found, on comparison, to differ by the exact differ-
ence of their local epochs; that is, by the time occupied by
the equinox, or by any star, in passing {rom the meridian of
A to that of BB in other words, by their difference of longi-
tude, expressed in sidercal hours, minutes, and sceonds.

(255.) A pendulum clock cannot be thus taken up and
transported from place to place without derangement, 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 dircet com-
parison of sidereal times, and thus obtain his longitude from
A. And even if he employ a clock, yet by comparing it first
with a good chronometer, and then transferring the latter
instrument for comparison with the other clock, the same
end will be accomplished, provided the going of the chro-
nometer can be depended on.
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and days will he expericnce.  But if he travel once round the
globe in the direction of its motion, he will, on his arrival,
have really made one twrn more round its centre; and if in the
opposite dircction, onc turn ess than if he had remained upon
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 carth
alone to carry him round. As the earth revolves from west to
cast, it follows that a westward direction of his journey, by
which he counteracts its rotation, will cause him to lose a day,
and an castward 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 las actually happened to circumnavigators,
1ence, also, it must necessarily happen that distant settle-
ments, on the same meridian, will differ a day in their usual
reckoning of time, according as they have been colonized by
settlers arriving in an castward or in a westward direction,
— a circumstance which may produce strange confusion when
they come to communicate with each other.  The only mode
of correcting the ambiguity, and scttling the disputes which
such a difference may give rise to, consists in having recourse
to the cquinoctial date, which can never be ambiguous.
(258.) Unfortunately for geography and navigation, the
chronometer, though greatly and indeed wonderfully im-
proved by the skill of modern artists, is yet far too imperfect
an instrument to be relicd on implicitly. However such an in-
strument may preserve its uniformity of rate for a few hours,
or even days, yet in long absences from Liome the chances of
crror and accident become so multiplied, as to destroy all
security of reliance on cven the best.  To a certain extent
this may, indeed, be remedicd by carrying out several, and using
them as checks on each other; but, besides the expense and
trouble, this is only = palliation of the evil —the great and
fundamental, —as it is the only onc to which the determina-
tion of longitudes by time-keepers is liable. It hecomes ne-
cessary, therefore, to resort to other means of communicating
from one station to another a knowledge of its local time, or
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of propagating from some principal station, as a centre, its
local time a8 a universal standard with which the local time
at any other, however situated, may be at once compared,
and thus the longitudes of all places be referred to the me-
ridian of such central point.

(259.) The simplest and most accurate method by which
this object can be accomplished, when circumstances admit of
its adoption, is that by telegraphic signal. Let A and B be
two observatories, or other stations, provided with accurate
means of determining their respective local times, and let us
first supposc them visible from each other. Their clocks
being regulated, and their errors and rates ascertained and
applied, let a signal be made at A, of some sudden and de-
finite 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 dis-
tances. The moment of the signal being made must be noted
by each observer at his respective clock or watch, as if it were
the transit of a star, or any astronomical phenomenon, and the
error and rate of the clock at cach station being applied, the
local time of the signal at each is determined. Consequently,
when the observers communicate their observations of the
signal to each other, since (owing to the almost instantaneous
transmission of light) it must have been seen at the samc
absolute instant by both, the difference of their local times,
and therefore of their longitudes, becomes known. For
example, at A the signal is observed to happen at 5% O® 0°
sid. time at A, as obtained by applying the error and rate to
the time shown by the clock at A, when the signal was seen
there. At B the same signal was scen at 5 4™ 0°, sid. time
at B, similarly deduced from the time noted by the clock at
B, by applying its error and rate. Consequently, the differ-
ence of their local epochs is 4™ 0% which is also their differ-
ence of longitudes in time, or 1° 0/ 0" in hour angle.

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

(261.) The distances at which signals can be rendered
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 mountainous 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.

(262.) When the direct light of the flash can no longer be
perceived, either owing to the convexity of the interposed
segment of the earth, or to intervening obstacles, the sudden
illumination cast on the under surface of the clouds by the
explosion of considerable quantities of powder may often be
observed with success; and in this way signals have been
made at very much greater distances. Whatcver means can
be devised of exciting in two distant observers the same sen-
sation, whether of sound, light, or visible motion, at precisely
the same instant of time, may be employed as a longitude
signal. "Wherever, for instance, an unbroken line of electro-
telegraphic connection has been, or hereafter may be, estab-
lished, the means exist of making as complete a comparison
of clocks or watches as if they stood side by side, so that no
method more complete for the determination of differences of
longitude can be desired. Thus, the difference of longitude
between the observatories of Greenwich and Paris was ascer-
tained in 1854. The extreme deviation of the most discor-
dant result from the mean of 29 single determinations (0 h.
9 m. 2064 sec.), amounted barely to a quarter of a second.

(263.) Where no such electric communication exists,
however, the interval between observing stations may be
increased by causing the signals to be made not at one
of them, but at an mtermedmte point ; for, provided they are
seen by both parties, it is a matter of indifference where they
are exhibited. Still the interval which could be thus em-
braced would 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 distance, and carried over
any tract of country, however difficult.
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(264.) This contrivance consists in establishing, between
the extreme stations, whose difference of longitude is to be as-
certained, and at which the local times are observed, a chain of
intermediate stations, alternately 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 stated intervals. At C let an observer be placed,
provided with a chronometer ; at D, another signal station;
at E, another observer and chronometer; till the whole
line is occupied by stations so arranged, that the signal at
B can be seen from A and C; those at D, from C and E;
and so on. Matters 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 known. 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 chronometers be determined ; and the differ-
ence between the former and the clock at A being already
ascertained, the difference between the clock A and chrono-
meter E is therefore known. This, however, supposes that
the intermediate chronometer C has kept true sidereal time,
or at least a known rate, in the interval between the signals.
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Now this interval is purposely made so very short, that no
instrument of any pretensions to character can possibly
produce an appretiable amount of error in its lapse by
deviations from its usual rate. Thus the time propagated
from A to C may be considered as handed over, without
gain or loss (save from error of observation), to E. Simi-
larly, by the signal made at ¥, and observed at E and Z,
the time so transmitted toE is forwarded on to Z ; and thus
at length the clocks at A and Z are compared. The process
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may be repcated 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, 8o as to allow each ob-
server to note alternately those on either 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 cases the process is usually re-
peated on several nights in succession.

(265.) In place of artificial signals, natural ones, when they
occur sufficiently definite for observation, may be equally em-
ployed. In a clear night the number of those singular me-
teors, called shooting stars, which may be observed, is often
very great, especially on the 9th and 10th of August, and
some other days, as November 12 and 13 ; 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 advan
tage, by previous concert and agreement between distant
observers to watch and note them.t Those sudden disturb-
ances of the magnetic needle, to which the name of magnetic
shocks has becn given, have been satisfactorily ascertained to
be, very often at least, simultaneous over whole continents,
and in some, perhaps, over the whole globe. These, if ob-
served at magnetic observatories with precise attention to
astronomical time, may become the means of determining
their differences of longitude with more precision, possibly,
than by any other method, if a sufficient number of remark-
able shocks be observed to ascertain their identity, about
which the intervals of time between their occurrence (exactly
alike at both stations) will leave no doubt.

* For a complete account of this method, and the mode of deducing the most
advantageous result from a combination of all the observations, see a paper on
the difference of longitudes of Greenwich and Paris, Phil. Trans. 1826; by the
Author of this volume,

1 This idea was first suggested by the late Dr. Maskelyne, to whom, how-
ever, the practically useful fact of their periodic recurrence was unknown. Mr.
Cooper has thus employed the meteors of the 10th and 12th August, 1847, to
determine the difference of longitudes of Markree and Mount Eagle, in [reland,
Those of the same epoch have also been used in Germany for ascertaining the
longitudes of several stations, and with very satisfactory results.
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(266.) Another species of natural signal, visible at once
over a whole terrestrial hemisphere, is afforded by the eclipses
of Jupiter’s satellites, of which we shall speak more at large
when we come to treat of those bodies. Every such eclipse
is an event which possesses one great advantage in its appli-
cability 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 calculation thereon founded, and that this prediction is
sufficiently precise and certain, to stand in the place of a cor-
responding 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 wait-
ing for a communication with Greenwich, to inform him at
what moment the eclipse took place there, may use the pre-
dicted Greenwich time instead, and thence, at once, and on
the spot, determine his longitude. This mode of ascertain-
ing longitudes is, however, as will hereafter appear, not sus-
ceptible 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 navigation.

(267.) But such phenomena as these are 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 stations on land in remote regions, but
on which the navigator can securely stake, at every instant of
his adventurous course, the lives of himself and comrades, the
interests of his country, and the fortunes of his employers.
Such a method is afforded by LuNar OBsERvATIONS. Though

* To accomplish this is still a desideratum. Observing chairs, suspended
with studious precaution for ensuring freedom of motion, have been resorted to,
under the vain hope of mitigating the effect of the ship’s oscillation. The
opposite course seems more promising, viz. to merely deaden the motion by a
somewhat stif’ suspension (as by a coarse and rough cable), and by friction
strings attached to weights running through loops (not pulleys) fixed in the
wood-work of the vessel. At least, such means have been found by the author
ot singular efficacy in increasing personal comfort in the suspension of a cot.
[Vide Journal of the Society of Arts, Jan, 4, 1861.]
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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 will 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 which 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.

(268.) If there were in the heavens a clock furnished with
a dial-plate and hands, which always marked Greenwich time,
the longitude of any station would be at once determined, so
goon 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,
whose position is known; the latter, by passing over and
among these marks, informs us, by the place it holds with
respect to them, what it is o’clock, or what time has elapsed
since a certain moment when it stood at one particular spot.

(269.) Ina clock the markson the dial-plate are uniformly
distributed all around the circumference of a circle, whose
centre is that on which the hands revolve with a uniform
motion. But it is clear that we should, with equal certainty,
though with much more trouble, tell what o’clock it were, if
the marks on the dial-plate were unequally distributed, —if
the hands were excentric, and their motion not uniform,—
provided we knew, 1st, the exact intervals round the circle at
which the hour and minute marks were placed; which would
be the case if we had them all registered in a table, from the
results of previous careful measurement:— 2dly, if we knew
the exact amount and direction of excentricity of the centre
of motion of the hands;—and, 3dly, if we were fully ac-
quainted with all the mechanism which put the hands in
motion, so as to be able to say at every instant what were
their velocity of movement, and so as to be able to calculate,
without fear of error, HOW MUCH time should correspond to
80 MUCH angular movement,

(270.) The visible surface of the starry heavens is the



LUNAR METHOD. 177

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-
wise, and which, regulated by mechanical laws of astonishing
complexity and intricacy 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, oc-
culting some, and gliding beside and between others; and
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 does so move among the stars, while the
latter hold constantly, with respect to each other, the same
relative position, the notice of a few nights, or even hours,
will satisfy the commencing student, and this is all that at
present we require,

(271.) There is only one circumstance wanting to make
our analogy complete. Suppose the hands of our clock, in-
stead of moving quite close to the dial-plate, were considerably
elevated above, or distant in front of it. Unless, then, in
viewing it, we kept our eye just in the line of their centre,
we should not see them exactly thrown or projected upon their
proper places on the dial. And if we were either unaware
of this cause of optical change of place, this parallaz—or
negligent in not taking it into account—we might make
great mistakes in reading the time, by referring the hand to
the wrong 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 time, the
exact position of the eye, there would be no difficulty in
ascertaining and allowing for the precise influence 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

N
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of our not occupying the centre of the earth, but being carried
about on its surface, and constantly changing place, there
arises a parallaz, 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 centre.

(272.) Such a clock as we 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 know-
ledge of time, we should justly regard it as most precious,
and think no pains ill bestowed in studying the laws of it
movements, or in facilitating the means of reading it correctly.
Such, in the parallel we are drawing, is the lunar theory,
whose object is to reduce to regularity, the indications of this
strangely irregular-going clock, to enable us to predict, long
beforehand, and with absolute certainty, whereabouts among
the stars, at every hour, minute, and second, in every day of
every year, in Greenwich local time, the moon would be secn
from the earth’s centre, and will be seen from every accessible
point of its surface; and such is the lunar method of longi-
tudes. The moon’s apparent angular distance from all those
principal and conspicuous stars which lie in its course, as seen
from the earth’s centre, 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 (whose places in the
heavens have been ascertained for the purpose with the most
anxious solicitude), than he has, in fact, performed that com-
parison of his local time with the local times of every ob-
servatory in the world, which enables him to ascertain his
difference of longitude from one or all of them.

(273.) 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 down a sufficient number of
principal points, and filling in the intermediate spaces by local
surveys, might maps of countries be constructed. In prac-
tice, however, it is found simpler and easier to divide each
particular nation into a series of great triangles, the angles of
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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 observation,
and their sides A C and B C, we can thence calculate the
lengths AG, CG, and BF, CF. Again, CGand CF
being known, and the included angle G CF, G T may be
calculated, and so on. Thus may all the stations be accu
rately determined and laid down, and as this process may be
carricd on to any extent, a map of the whole country may
be thus constructed, and filled in to any degree of dJetail we
please.

(275.) Now, on this process there are two important
remarks to be made. The first is, that it is nccessary to be
carcful in the sclection of stations, so as to form triangles
frec from any very great inequality in their angles.  For in-
stance, the triangle K B F would be a very improper one to
determine the situation of F from observations at I3 and KK,
because the angle I being very acute, a small error in the
angle K would produce a great one in the place of F upon
the line B F. Such ill-conditioned triangles, therefore, must
be avoided. DBut if this be attended to, the accuracy of the
determination of the calculated sides will not be much short
of that which would be obtained by actual mecasurement
(were it practicable); and, thercfore, as we recede from the
base on all sides as a centre, it will speedily become practi-
cable to usc as bases, the sides of much larger triangles, such
as G F, G H, HX, &c.; by which mecans the next step of
the operation will come to be carried on on a much larger
scale, and embrace far greater intervals, than it would have
been safe to do (for the above reason) in the immediate neigh-
bourhood of the base. Thus it becomes easy to divide the
whole face of a country into great triungles of from 30 to 100
miles in their sides (according to the nature of the ground),
which, being once well determined, may be afterwards, by a
second scries 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, and till a map is constructed, with
any required degrec of detail.
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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 observation,
and their sides A C and B C, we can thence calculate the
lengths A G, CG, and BF, CF. Again, CGandCF
being known, and the included angle G C F, G F may be
calculated, and so on. Thus may all the stations be accu-
rately determined and laid down, and as this process may be
carricd on to any extent, a map of the whole country may
be thus constructed, and filled in to any degree of detail we
please.

(275.) 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 in-
stance, the triangle K B F would be a very improper one to
determine the situation of F from observations at B and K,
because the angle F being very acute, a small error in the
angle K would produce a great one in the place of F upon
the line B F. Such ill-conditioned triangles, therefore, must
be avoided. But if this be attended to, the accuracy of the
determination 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 centre, it will speedily become practi-
cable to use as bases, the sides of much larger triangles, such
as G F, G H, HK, &ec.; by which means the next step of
the operation will come to be carried on on a much larger
scale, and embrace far greater intervals, than it would have
been safe to do (for the above reason) in the immediate neigh-
bourhood of the base. Thus it becomes easy to divide the
whole face of a country into great triangles of from 30 to 100
miles in their sides (according to the nature of the ground),
which, being once well determined, may be afterwards, 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, and till a map is constructed, with
any required degree of detail.
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(276.) The next remark we have to make is, that all the
triangles in question are not, rigorously speaking, plane, but
spherical — existing on the surface of a sphere, or rather, to
speak correctly, of an ellipsoid. In very small triangles, of
gix or seven miles in the side, this may be neglected, as the
difference is imperceptible ; but in the larger ones it must be
taken into consideration. It is evident that, as every object
used for pointing the telescope of a theodolite has some cer-
tain 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
would appear to be required. But, in fact, by the construc-
tion of the theodolite (art.192.), which is nothing more than
an altitude and azimuth instrument,
this reduction is made in the very
act of reading off the horizontal
angles. Let E be the centre of the
earth; A, B, C, the places on its

.spherical surface, to which three sta-
tions, A, P, Q, in a country are re-
ferred by radii E A, EBP, ECQ.
If a theodolite be stationed at A, the
axis of its horizontal circle will
point to E when truly adjusted,
and its plane will be a tangent to the E

sphere at A, intersecting the radii EBP, EC Q, at M and
N, above the spherical surface. The telescope of the theodo-
lite, it is true, is pointed in succession to P, and Q ; but the
readings off of its azimuth circle give — not the angle P A Q
between the directions of the telescope, or between the ob-
jects P, Q, as seen from A ; but the azimuthal angle M A N,
which is the measure of the angle A of the spherical triangle
B A C. Hence arises this remarkable circumstance, — that
the sum of the three observed angles of any of the great tri-
angles in geodesical operations is always found to be rather
more than 180°. Were the earth’s surface a plane, it ought
to be exactly 180°; and this excess, which is called the sphe-
rical excess, is so far fromn being a proof of incorrectness in
the work, that it is essential to its accuracy, and offers at the
same time another palpable proof of the earth’s sphertcity.
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(277.) The true way, then, of conceiving the subject of a
trigonometrical survey, when the spherical form of the earth
is taken into consideration, is to regard the network of tri-
angles with which the country is covered, as the bases of an
assemblage of pyramids converging to the centre of the earth.
The theodolite gives us the true measures of the angles in-
cluded by the planes of these pyramids ; and the surface of an
imaginary sphere on the level of the sea intersects them in an
assemblage of spherical triangles, above whose angles, in the
radii prolonged, the real stations of observation are raised, by
the superficial inequalities of mountain and valley. The
operose calculations of spherical trigonometry which this con-
sideration would seem to render fecessary for the reductions
of a survey, are dispensed with in practice by a very simple
and easy rule, called the rule for the spherical excess, which
is to be found in most works on trigonometry. If we would
take into account the ellipticity of the earth, it may also be
done by appropriate processes of calculation, which, however,
are too abstruse to dwell upon in a work like the present.

(278.) Whatever process of calculation we adopt, the re-
sult will be a reduction to the level of the sea, of all the
triangles, and the consequent determination of the geogra-
phical latitude and longitude of every station observed. Thus
we are at length enabled to construct maps of countries; to
lay down the outlines of continents and islands; the courses
of rivers; the places of citics, towns and villages ; the direc-
tion of mountain ridges, and the places of their principal
summits; and all those details which, as they belong to phy-
sical and statistical, rather than to astronomical geography,
we need not here dilate on. A few words, however, will be
necessary respecting maps, which are used as well in astro-
nomy as in geography.

(279.) 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 expressed, whether they
be continuous outlines or points. Now, as a spherical surface *

® We here neglect the ellipticity of the ecarth, which, for such a purpose as
map-making, is too trifling to have any material influence,
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can by no contrivance be extended or projected into a
plane, without undue enlargement or contraction of some
parts in proportion to others; and 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 down, a great difference in their representations may
subsist, according to the system of projection adopted.

(280.) The projections chiefly used in maps, are the ortho-
graphic, stereographic, and Mercator’s. In the orthographic
projection, every point of the hemi-
sphere is referred to its diametral
plane or base, by a perpendicular let
fall on it, so that the representation
of the hemisphere thus mapped on
its base, is such as would actually
appear to an eye placed at an infinite
distance from it. It is obvious, from the annexed figure,
that in this projection only the central portions are repre-
sented of their true forms, while all the exterior is more
and more distorted and crowded together as we approach the
cdges of the map. Owing to this cause, the orthographic
projection, though very good for small portions of the globe,
is of little service for large ones.

(281.) The stereographic
projection is in great mea
sure free from this defect.
To understand this projec-
tion, we must conceive an
eye to be placed at E, one
extremity of a diameter,
E CB, of the sphere, and
to view the concave surface
of the sphere, every point
of which, as P, is referred to
the diametral plane ADF,
perpendicular to E B by the visual line P M E. The
stereographic projection of a sphere, then, is a true perspec-
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tive representation of its concavity on a diametral plane ; and,
as such, it possesses some singularly elegant geometrical pro-
perties, of which we shall state one or two of the principal.

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

2ndly. Every very small triangle, G H K, on the sphere, is
represented by a similar triangle, g k%, in the projection. This
is a very valuable property, as it insures a general similarity
of appearance in the map to the reality in all its smaller
parts, and enables us to project at least a hemisphere in
a single map, without any violent distortion of the configura-
tions on the surface from their real forms. As in the ortho-
graphic projection, the borders of the hemisphere are unduly
crowded together; in the stereographic, their projected di-
mensions are, on the contrary, somewhat enlarged in receding
from the centre.

(283.) Both these projections may be considered natural
ones, inasmuch as they are really perspective representations
of the surface on a plane. Mercator’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 succes-
sively over every part of it. In it, the degrees of longitude,
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and those of latitude, 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 cha-



186 OUTLINES OF ASTRONOMY.

with these as radii describe circles. These will represent
the projections of small circles of the sphere about a pole,
where projection is their common center, having the re-
spective polar distances 1°, 2°, 3%, . . . 90°

(284.) We shall not, of course, enter here into any geo-
graphical details; but one result of maritime discovery on
the great scale is, 8o to speak, massive enough to call for
mention as an astronomical feature. When the continents
and scas are laid down on a globe (and since the discovery of
Australia and the recent addition to our antarctic knowledge
of Victoria Land by Sir J. C. Ross, we arc sure that no
very extensive tracts of land remain unknown), we find that
it is possible so to divide the globe into two hemispheres, that
one shall contain nearly all the lund ; the other being almost
cntirely sea, It is a fact, not a little interesting to Inglish-
men, and, combined with our insular station in that great
highway of nations, the Atlantic, not a little explanatory of
our commercial eminence, that London* occupics nearly the
center of the terrestrial hemisphere. Astronomically speaking,
the fact of this divisibility of the globe into an occanic and a
terrestrial hemisphere is important, as demonstrative of a
want 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 equilibrium, it is evident that the
half which protrudes must of necessity be duoyant; not, of
course, that we mean to assert it to be lighter than water,
but, as compared with the whole globe, iz a less degree heavier
than that fluid. 'We leave to geologists to draw from these
premises their own conclusions (and we think them obvious
cnough) as to the internal constitution of the globe, and the
immediate nature of the forces which sustain its continents at
their actual elevation ; butin any {uture investigations which

* More cvactly, Falmouth, The cential pomt of the hemisphere which
contains the maximum of land falls very nealy mdeed upon this pat.  The
Lind in the opposte hemisphere, with exeeption of the tapeimg extiemity of
South America and the slender pemmsula of Malacea, is wholly msular, and
were at not for Australia, would be quite incigmificant m amount. This

interestmg feature of geogiaphy was fiast noticed by Colson (Phil, T'r. xxxix.

P- 210 A pan of plamspheres for the horizon of London has been published
by Huglos (London, 1839).
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may have for their object to explain the local deviations of
the intensity of gravity, from what the hypothesis of an e¢xact
elliptic figure would require, this, as a general fact, ought not
to be lost sight of.

(285.) Our knowledge of the surface of our globe is in-
complete, unless it include the heights above the sea level of
cvery part of the land, and the depression of the bed of the
occan below the surface overallits extent. The latter ohject
is attainable (with whatever difficulty and howsoever slowly)
by dircct sounding ; the former by two distinct methods: the
one consisting in trigonometrical measurcment of the differ-
cences of level of all the stations of a survey ; the other, by
the use of the barometer, the principle of which is, in fact,
identical with that of the sounding line. In both cases we
measure the distance of the point whose level we would know
from the surface of an cquilibrated ocean; only in the one
case it is an ocean of water; in the other, of air. In the
one casc our sounding 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 counter-
balancing.

(286.) Supposc that instead of air, the carth and ocean
were covered with oil, and that human life could subsist
under such circumstances. Let ABCDE be a continent, of
which the portion ABC projects above the water, but is
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covered by the oil, which 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 BB above the same level,
we have only to send up a float from B to the surface of the
oil ;5 and having done the same at C, @ point at the sea level, the
difference of the two float lines gives the heiyht in question.
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racler of maps on this projection is not very dissimilar to
what would be produced by referring every point in the globe
to a circumscribing cylinder, by lines drawn from the centre,
and then unrolling the cylinder into a plane. Like the
stereographic projection, it gives a true representation, as to
Jorm, 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.

(283 a.) A very convenient projection, at once simple in
principle, and remarkable for the facility with which places
on the earth’s surface may be laid down from a knowledge of
their latitudes and longitudes, or stars from that of their
right ascensions and polar distances; or read off from the
chart when projected, is one in which (the radius of a circle
being divided into ninety equal parts, representing degrees
of polar distance,) parallels of latitude or of declination are
expressed by concentric circles, described through each of
the points of division, and circles of longitude or of declina-
tion are represented by the radii. In a planisphere con-
structed on this principle, the proportions of the spaces
occupied on the chart by equal areas differently situated, are
better preserved than in any of those already described, and
with an amount of distortion of shape, on the whole, as
little offensive as the nature of a planisphere chart allows.
This projection (as does also one recently proposed by
Colonel James, which takes in two-thirds of the sphere)
admits of being extended considerably beyond a hemisphere,
without producing a very intolerable distortion.

(283 3.) The following projection, in which equal areas
on the projection correspond precisely to equal areas on the
spherical surface projected, is also occasionally employed.*
Take out, upon any scale, from a table of natural sines, the
gines of 30/, 1% 1°30/,... up to 45°, and from any center

* See « Results of Astronomical Observations at the Cape of Good Hope,”

by the Author, Plate XI., where this projection is used to exhibit the law of
distribution of the Nebulz.
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(287). Now, though the atmosphere 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 use, yet
it possesses all the properties of a fluid really essential to the
purpose in view, and this in particular,—that, over the whole
surface of the globe, its strata of equal density supposed in a
state of equilibrium, are parallel to the surface of equilibrium,
or to what would be the surface of the sea, if prolonged 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 BB, 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
we are enabled finally to conclude, by mechanical reasoning ¥,
at what height above the sea-level that degree of density is to
be found over the whole surface of the globe. Such is the
principle of the application of the barometer to the measure-
ment of heights. For details, the reader is referred to other
works.} .

(288.) We will content ourselves here with a general cau-
tion against an implicit dependence on barometric measure-
ments, except as a differential process, at stations not too
remote from each other. They rely in their application on
the assumption of a state of equilibrium in the atmospheric
strata over the whole globe—which is very far from being
their actual state (art. 37.). Winds, especially steady and
general currents sweeping over extensive continents undoubt-
:dly tend to produce some degree of conformity in the cur-
vature of these strata to the general form of the land-surface,
wnd therefore to give an undue elevation to the mercurial
solumn at some points. On the other hand, the existence of
ocalities on the earth’s surface, where a permanent depres-

* Newton's Princip. ii. Prop. 22.

1 Biot, Astronomie Physique, vol. iii. For tables, see the work of Biot
cited. Also those of Oltmann, annually published by the French board of

longitudes in their Annuaire; and Mr. Baily’s Collection of Astronomical
Tables and Formule. See also Encyc. Brit.,  Meteorology,” § 34.
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sion of the barometer prevails to the astonishing extent of
nearly an inch, has been clearly proved by the observations of
Ermann in Siberia and of Ross in the Antarctic Seas,and is
probably a result of the same cause, and may be conceived
as complementary to an undue habitual elevation in other
regions. The mode in which both clevations and depressions
of a permanent character may be maintained in the surface
of a fluid in motion, will not be enigmatical to any one who
contemplates the ripple caused by a pebble in a brook.

(289.) 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 which will be the outline
of the sea-coast; and the rest will mark out the successive
coast-lines which would take place were the sea to rise by
regular and equal accessions of level over the whole world,
till the highest mountains were submerged. The bottoms of
valleys and the ridge-lines of hills are determined by their
property of intersecting all these level lines at right angles,
and being, subject to that condition, the shortest and longest,
that is to say, the steepest, and the most gently sloping
courses respectively which can be pursued from the summit
to the sea. The former constitute “ the water courses” of a
country ; the latter its lines of *watersched”* by which it
is divided into distinct basins of drainage. Thus originate
natural districts of the most ineffaceable character, on which
the distribution, limits, and peculiarities of human com-
munities are in great measure dependent. The mean height
of the continent of Europe, or that height which its surface
would have were all inequalities levelled and the mountains
spread equally over the plains, is according to Humboldt
1342 English feet; that of Asia, 2274; of North America,
1496 ; and of South America, 2302.}

* Wasser-scheide, the separation of the waters,

1 Humboldt's numbers are the halves of these, but express, not the mean

heights of the surfuces, but the heights of the several centres of gravity of the
continental masses above the sea level,



180 OUTLINES OF ASTRONOMY.

CHAPTER V.
OF URANOGRAPHY.

CONSTRUCTION OF CELESTIAL MAPS AND GLOBES BY OBSERVATIONS
OF RIGHT ASCENSION AND DECLINATION.— CELESTIAL OBJECTS
DISTINGUISHED INTO FIXED AND ERRATIC. — OF THE CONSTEL-
LATIONS. — NATURAL REGIONS IN THE HEAVENS. — THE MILKY
WAY.—THE ZODIAC.— OF THE ECLIPTIC.—CELESTIAL LATITUDES
AND LONGITUDES.——PRECESSION OF THE EQUINOXES.—NUTATION.
= ABERRATION.—REFRACTION.—PARALLAX,-—SUMMARY VIEW OF
THE URANOGRAPHICAL CORRECTIONS.

(290.) THE 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 which shall preserve 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,
8o to speak, a celestial station ; and among these stations we
may, as upon the earth, triangulate, by measuring with
proper instruments their angular distances from each other,
which, cleared of the effect of refraction, are then in a state
for laying down 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.

(291.) 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, infi-
nitely more accurate course laid open to us if we take advan-
tage 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 the celestial equator, and thus ascertain
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its place on the surface of an imaginary sphere, which may
be conceived to rcvolve with it, and on which it may be con-
sidered as projccted.

(292.) 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 knowing the latter. The
great advantages which the method of meridian observation
possesses over that of triangulation from star to star, are,
then, 1st, That in it cvery 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 meridian 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 disadvantageous
triangles, &c. And, lastly, That, by adopting this course,
the very quantitics which we should otherwise have to calcu-
late 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
astronomers.

(293.) To determine the right ascension of a celestial ob-
ject, all that is necessary is to observe the moment of its
meridian passage with a transit instrument, by a clock regu-
lated to exact sidereal time, or reduced to such by applying
its known error and rate. The raute may be obtained by
repeated observations of the same star at its successive meri-
dian passages. The error, however, requires a knowledge of
the equinox, or initial point from which all right ascensions in
the heavens reckon, as longitudes do on the earth from a first
memdian,

(294.) 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
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se, a knowledge of the equinox is not necessary. -The choice
of the equinox, as a zero point of right ascensions, is purely
artificial, and a matter of convenience. As on the earth,
any station (as a national observatory) may be chosen for an
origin of longitudes; so in uranography, any conspicuous
star might be selected as an initial point from which hour
angles might be reckoned, and from which, by merely ob-
serving differences or intervals of time, the situation of all
others might be deduced. In practice, these intervals are
affected by certain minute causes of inequality, which must
be allowed for, and which will be explained in their proper
places.

(295.) The declinations of celestial objects are obtained,
1st, By observation of their meridian altitudes, with the
mural or meridian 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. 2dly, And more directly, by ob-
servation of their polar distances on the mural circle, as
explained in art. 170., which is independent of any previous
determination of the latitude of the station ; neither, how-
ever, in this case, does observation give directly and imme-
diately the exact declinations. 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.

(296.) 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. How far are these places permanent? Do these
stars and the greater luminaries of heaven preserve for ever
one invariable connection and relation of place inter se, as if
they formed part of & solid though invisible firmament ; and,
like the great natural land-marks on the earth, preserve
immutably the same distances and bearings each from the
other? If so, the most rational idea we could form of the
universe would be that of an earth at absolute rest in the
center, and a hollow crystalline sphere circulating round it,
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and carrying-eun, moon, and stars along in its diurnal motion.
If not, we must dismiss all such notions, and inquire in-
dividually into the distinct history of each object, with a view
to discovering the laws of its peculiar motions, and whether
any and what other connection subsists between them.

(297.) 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 conspicuous, 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 altcration of
situation with respect to such bright stars gs may happen
to be near it may be noticed any fine night in a few hours;
and if noticed on two successive nights, cannot fail to strike
the most careless observer. With 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. Neverthe-
less, it is only necessary to call to mind its greater meridian
altitude in summer than in winter, and the fact that the
stars which come into view at night (and which are therefore
situated in an hemisphere opposite to that occupied by the
sun, and having that luminary for its centre) vary with the
season of the year, to perceive 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 approaching,
and now receding from, such of them as we 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.

(298.) These, however, are exceptions to the general rule.

The innumerable multitude of the stars which are distributed
0
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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 contrasted with the perpetual change in
the configurations of the sun, moon, and planets, may well
be termed invariable. It is true, 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 Zerrestrial cause, have heen detected in
many of them. Such are called, in astronomy, the proper
motions of the stars. But these are so excessively slow, 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 or material
alteration in the appearance of the starry heavens.

(299.) This circumstance, then, ecstablishes a broad dis-
tinction of the heavenly bodies into two great classes; — the
fixed, among which (unless in a course of observations
continued for many yecars) no change of mutual sitnation 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 apparent places among the stars, and among each
other, the observation of a few days, or even hours, is
sufficient to exhibit an indisputable alteration.

(300.) Uranography, then, as it concerns the fixed ce-
lestial bodies (or, as they are usually called, the fized 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 of the stars, of the pole
of the heavens, or the vanishing 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 entirely to our earth, and therefore subject to all
changes (if any) to which the earth’s axis may be liable, are
yet so convenient in practice, that they bave obtained an

* MAamTys, 4 wanderer.
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admission (with some other circles and lines), sanctioned by
usage, in all globes and planispheres. The reader, however,
will take care to keep them separate in his mind, and to
familiarize himself with the idea rather of fwo or more
celestial globes, superposed and fitting on each other, on one
of which — a real 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 demonstrate
(as it does) that these artificial points and lines are brought,
by a slow motion of the earth’s axis, or by other secular
variations (as they are called), to coincide, at very distant
intervals of time, with different stars, he may not be un-
prepared for the change, and may have no confusion to
correct in his notions.

(301.) Of course we do not here speak of those uncouth
figures and outlines of 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 which, though absurd or
puerile in their origin, have obtained a currency from which
it would be difficult 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 otherwise entirely arbitrary, and correspond
to no natural subdivisions or groupings of the stars, astro-
nomers treat them lightly, or altogether disregard them®*,
except for briefly naming remarkable stars, as a Leonis,
B Scorpii, &c. &e., by letters of the Greek alphabet attached

» This disregard is neither supercilious nor causeless. The constellations
seem to have been almost purposely named and delineated to cause a8 much
confusion and ipeonvenience as possible. Innumerable snakes twine through
long and contorted: areas of the heavens, where no memory can follow them:
bears, lions, and fishes, large and small, northern and southern, confuse all
nomenclature, &c. A better system of constellations might have been s ma-
terial he/lp as an artificial memory.
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to them. The reader will find them on any celestial charts
or globes, and may compare them with the heavens, and
there learn for himself their position.

(302.) There are not wanting, however, natural districts
in the heavens, which offer great peculiarities of character,
and strike every observer: such is the milky way, that great
luminous band, which stretches, every evening, all across the
sky, from horizon to horizon, and which, when traced with
diligence, and mapped down, is found to form a zone com-
pletely encircling the whole sphere, almost in a great circle,
which is neither an kour circle, nor coincident with any other
of our astronomical grammata. It is divided in one part of
its course, sending off a kind of branch, which unites again
with the main body, after remaining distinet for about 150
degrees, within which it suffers an interruption in its con-
tinuity, This remarkable belt has maintained, from the
earliest ages, the same relative situation among the stars;
and, when examined through powerful telescopes, is found
(wonderful to relate!) to consist entirely of stars scattered by
millions, like glittering dust, on the black ground of the
general heavens. It will be described more particularly in
the subsequent portion of this work.

(803.) Another remarkable regxon in the heavens is the
zodiac, not from any thing peculiar in its own constitution,
but from its being the area within which the apparent
motions of the sun, moon, and all the'greater planets are con-
fined. To trace the path of any one of these, it is only
necessary to ascertain, by continued observation, its places
at successive epochs, and emtering these 1upon our map or
sphere in sufficient numbér to form a series, not too far
digjoined, to conneét them by lines from point to point, as we
mark out the course of 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 sur-
face of the heavens, is no other than an exact gfeat'circle of
the sphere which is called the ecliptic, and which is inclined
to the equinoctial at an angle of about 23° 28, intersecting
it at two opposite points, called the equinoctial points, or
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equinoxes, and which are distinguished from each other by
the epithets vernal and autumnal; the vernal being that at
which the sun crosses the equinoctial from south to north ;
the autumnal, when it quits the northern and enters the
southern hemisphere. Secondly, 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
returning into themselves and bisectingthe 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 contrary 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 (with
certain exceptions among the smaller planets) not further
than 8° or 9° on either side of the ecliptic.

(304.) 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 moment or other of
their history, every point in the area of that zone of the hea-
vens within which they are circumscribed. The apparent
complication of their movements arises (that of the moon ex-
cepted) from our viewing them from a station which is itgelf
in motion, and would disappear, could we shift our point of
view and observe them from the sun. On the other hand the
apparent motion of the sun is presented to us under its least
involved form, and is studied, from the station we occupy, to
the greatest advantage. So that, independent of the impor-
tance of that luminary to us in other respects, it is by the
investigation of the laws of its motions in the first instance
that we must rise to a knowledge of those of all the other
bodies of our system.

(305.) The ecliptic, which is its apparent path among the
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stars, is traversed by it in the period called the sidereal year,
which consists of 365% 6" 9= 9-6%, reckoned in mean solar
time or 3664 62 9™ 9'6° reckoned 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.
When this has gone on for a whole year, the sun will have
fallen behind the stars by a whole circumnference of the
heavens—or, in other words—in a year the sun will have
made fewer diurnal revolutions, by one, than the stars. So
that the same interval of time which is measured by 3664 6,
&e. of sidereal time, will be called 365 days, 6 hours, &ec., if
reckoned in mean solar time. Thus, then, is the proportion
between the mean solar and sidereal day established, which,
reduced into a decimal fraction, is that of 1-00273791 to 1.
The 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 settled
and borne in mind, can never become a source of error.

(306.) 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 comparing
together its position at present with that which it held at the
most distant epoch at which we possess 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, for
most ordinary purposes, as holding the same position in the
sidereal heavens.

(307.) The poles of the ecliptic, like those of any other
great circle 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
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removed from it by an angular interval equal to the inclina-
tion of the ecliptic to the equinoctial (23° 28"), which is called
the obliquity of the ecliptic. In the next figure, if P p repre-
sent the north and south poles (by which when used without
qualification we always mean the poles of the equinoctial),
and E A QV the equinoctial, VS A W the ecliptic, and K %,
its poles — the spherical angle Q V S is the obliquity of the
ecliptic, and is equal in angular measure to P K or S Q.
If we suppose the sun’s apparent motion to be in the direction
V S AW,V will be the vernal and A the autumnal equinoz.
S and W, the two points at which 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 concerned)
to stand still in the heavens. S, the point where the sun
has the greatest northern declination, is called the summer,
and W, that where it is farthest south, the winter solstice.
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 EK P Q % p, which passes
through the poles of the ecliptic and equinoctial, is called the
solstitial colure ; and a meridian drawn through the equinoxes,
PV p A, the equinoctial colure.

(308.) Since the ecliptic holds a determinate situation in
the starry heavens, it may be employed, like the equinoctial,
to refer the positions of the stars to, by circles drawn through
them from i¢s poles, and therefore perpendicular to it. Such
circles are termed, inastronomy, v
circles of latitude — the distance =~y = 5
of a star from the ecliptic, reck- ;
oned on the circle of latitude
passing through it, is called the
latitude of the stars— and the g :
arc of the ecliptic intercepted {™ }
between the vernal equinox and P - ot s WS
this circle, its longitude. In the
figure, X is a star, P XR a
circle of declination drawn >
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through it, by which it is referred to the equinoctial, and
KXT acircle of latitude referring it to the ecliptic —
then, as V R is the right ascension, and R X 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 gs forming a
kind of natural equator to the heavens, as the terrestrial
equator does to the earth — the former holding an invariable
position with 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.

(309.) Knowing the right ascension and declination of an
object, we may find its longitude and latitude, and vice versd
This is a problem of great use in physical astronomy—the
following is its solution: —In our last figure, E K P Q, the
solstitial colure is of 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 V E, the arc E R, and its
measure, the spherical angle E P R, or K P X, is known.
In the spherical triangle K P X, then, we have given, 1st,
The side P K, which, being the distance of the pdles of the
ecliptic and equinoctial, is equal to the obliquity of the
ecliptic; 2d, The side P X, the polar distance, or the com-
plement of the declination R X; and, 3d, the included angle
KP X; and therefore, by spherical trigonometry, it is easy
to find the other side K X, and the remaining angles. Now
K X is the complement of the required latitude X T, and the
angle P K X being known, and P K V heing a right angle
(because SV is 90°), the angle X KV becomes known.
Now this is no other than the measure of the longitude V T
of the object. The inverse problem is resolved by the same
triangle, and by a process exactly similar.

(310.) It is often of use to know the situation of the
ecliptic in 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
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referable to the same data and quesita, are resolved by the
spherical triangle Z P E, formed by the zenith Z (considered
a8 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 the right ascension of the
pole of the ecliptic (which is
always the same, viz. 18" 0™ 0°), L]

the hour angle ZPE of that

point is known. Then, in this

triangle we have given P Z, the

colatitude ; P E, the polar dis-

tance of the pole of the ecliptic,

23° 28’, and the angle ZP E

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 azimuth 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 P E Z, which
is its complement.

(811.) The angle of situation of a star is the angle included
between circles of latitude and of declination passing through
it. To determine it in any proposed case, we must resolve
the triangle P S E, in which are given P S, PE, and the
angle S P E, which is the difference between the star’s right
ascension and 18 hours; from which it is easy to find the
angle P S E required. This angle is of use in many in-
quiries in physical astronomy. It is called in most books
on astronomy, the angle of position, but this expression
has become otherwise and more conveniently appropriated.
(See Art. 204.)

(312.) The 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 (Fig. art. 308.) upon the starry sphere, at

z
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that time—a point of great importance in practical astro-
nomy, as it is the origin or zero point of right ascension.
Now, when this process is repeated at considerably distant
intervals of time, & very remarkable 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 with extreme slowness, backwards, along
the ecliptic, in the direction V W from east to west, or the
contrary to that in which the sun appears to move in that
circle. As the ecliptic and equinoctial are not very much
inclined, this motion of the equinox from east to west along
the former, conspires (speaking generally) with the diurnal
motion, and carries it, with reference to that motion, con-
tinually in advance upon the stars: hence it has acquired the
name of the precession of the equinores, because the place of
the equinox among the stars, at every subsequent moment,
precedes (with reference to the diurnal motion) that which it
held the moment before. The amount of this motion by
which the equinox travels backward, or retrogrades (as it is
called), on the ecliptic, is 0° 0’ 50°10” per annum, an ex-
tremely minute quantity, but which, by its continual accu-
mulation from year to year, at last makes itself very palpable,
and that in a way highly inconvenient to practical astronomers,
‘by destroying, 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 re-
trograded already about 30°. The period in which it performs
a complete tour of the ecliptic, is 25,868 years.

(313.) The immediate uranographical effect of the pre-
cession of the equinoxes is to produce a uniform increase 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 Zelis upon the longitudes of all alike, whether at rest
or in motion, and produces, 8o far as its amount extends, the
appearance of a motion in longitude common to all, as if the
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whole heavens had a slow 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.
This increase of longitude, the reader will of course observe
and bear in mind, is, properly speaking, neither a real nor an
apparent movement of the stars. It is a purely technical
result, arising from the gradual shifting of the zero point
from which longitudes are reckoned. Had a fixed star been
chosen as the origin of longitudes, they would have been
invariable.

(314.) 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 stability of the ecliptic
itself among the stars is (as already hinted, art. 306.) only
approximate, and that in consequence its intersection with the
equinoctial is liable to a certain amount of change, arising
from i#ts 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
the equinox, we fix our attention on the pole of the equinoc-
tial, or the vanishing point of the earth’s axis.

(815.) The place of this point among the stars is easily
determined at any epoch, by the most direct of all astrono-
mical observations,—those with the meridian or mural circle.
By this instrument we 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 down, 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 naturally connected with it. Now,
when this is done with proper dilifence and exactness, it
results that, although for short intervals of time, such as a
few days, the place of the pole may be regarded as not sen-
sibly variable, yet in reality it is in a state of constant,
although extremely slow motion; and, what is still more re-
markable, this motion is not uniform, but compounded of
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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 conducive to clearness at present to consider
them separately

(316.) 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 velocity, that the annual angle
described by it, in this its imaginary orbit, is 50'10”; so that
the whole circle would be described by it in the above-men-
tioned period of 25,868 years. It is easy to perceive how
such a motion of the pole will give rise to the retrograde
motion of the equinoxes; for in the figure, art. 308, suppose
the pole P in the progress of its motion in the small circle
POZ 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
will take a new situation, EUQ, 90° distant in every part
from the new position O of the pole. The point U, there-
fore, in which the displaced equinoctial will intersect the
ecliptic, @ 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.

(317.) The precession of the equinoxes thus conceived,
consists, then, in a real’ but very slow motion of the pole of
the heavens among the stars, in a small circle round the pole
of the ecliptic. Now this cannot happen without 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,
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has such a motion as we have described, it necessarily follows
that the earth’s aris must have a conical motion, in virtue of
which it points successively to every part of the small circle
in question. We may form the best idea of such a motion
by noticing a child’s peg-top, when it spins not upright, or
that amusing toy the te-to-tum, which, when delicately ex-
ecuted, and nicely balanced, becomes an elegant philosophical
instrument, and exhibits, in the most beautiful manner, the
whole phenomenon. The reader will take care not to con-
found the variation of the position of the earth’s axis in space
with a mere shifting of the imaginary line about which it
revolves, 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: 1st, that the latitudes of places on
the earth, or their geographical situation with respect to the
poles, have undergone no perceptible change from the earliest
ages. 2dly, that the sea maintains its level, which could not
be the case if the motion of the axis were not accompanied
with a motion of the whole mass of the earth.*

(318.) The visible effect of precession on the aspect of the
heavens consists in the apparent 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 Aalways continue to be, our cynosure.
At the time of the construction of the earliest catalogues it
was 12° from the pole —it is now only 1° 24/, and will
approach yet nearer, to within half a degree, after which it
will again recede, and slowly give place to others, which will
succeed in its companionship to the pole. After a lapse of
about 12,000 years, the star @ Lyre, the brightest in the
northern hemisphere, will occupy the remarkable situation of
a pole star approaching within about 5° of the pole.

(319.) At the date of the erection of the Great Pyramid
of Gizeh, which precedes by 3970 years (say 4000) the pre-

* Local chenges of the sea level, arising from purely geological causes, are
easily distinguished from that general and systematic alteration which a shifting
of the axis of rotation would give rise to.
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sont epoch, the longitudes of all the stars were less by 55°
45’ than at present. Calculating from this datum* the place
of the pole of the heavens among the stars, it will be found
to fall near a Draconis; its distance from that star being
3° 44’ 25”. This being the most conspicuous start in the im-
mediate neighbourhood was therefore the pole star at that
epoch. And the latitude of Gizeh being just 30° north, and
consequently the altitude of the north pole there also 30° it
follows that the star in question must have had at its lower
culmination, at Gizeh, an altitude of 26° 15’ 35”. Nowitisa
remarkable fact, ascertained by the late researches of Col.
Vyse, that of the nine pyramids still existing at Gizeh, six
(including all the largest) have the narrow passages by which
alone they can be entered, (all which open out on the northern
faces of their respective pyramids) inclined to the horizon
downwards at angles as follows.

1st, or Pyramid of Cheops - - - - 26° 41’
2d, or Pyramid of Cephren - - - - 25 55
8d, or Pyramid of Mycerinus - - - - 26 2
ath, - - . - - - - 27 o
5th, - . - . . - - 27 12
oth, - . - . - - - 28 0

Mean - 26 47

Of the two pyramids at Abousseir also, which alone exist
in a state of sufficient preservation to admit of the inclina-
tions of their entrance passages being determined, one has
the angle 27° 5, the other 26°.

(320.) At the bottom of every one of these passages there-
fore, the then pole star must have been visible at its lower
culmination, a circumstance which can hardly be supposed to
have been unintentional, and was doubtless connected (per-
haps superstitiously) with the astronomical observation of that
star, of whose proximity to the pole at the epoch of the erec-

* On this calculation the diminution of the obliquity of the ecliptic in the
4000 years elapsed has no influence. That diminution arises from a change in
the plane of the earth’s orbit, and has nothing to do with the change in the
position of its azis, as referred to the starry sphere. .

1 a Draconis is now an ixconspicuous star of the 4th magnitude, but there is
distinct evidence to show that it was formerly brighter,
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tion of these wonderful structures, we are thus furnished with
a monumental record of the most imperishable nature.

(321.) The nutation of the earth’s axis is a small and slow
subordinate gyratory movement, by which, if subsisting
alone, the pole would describe 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 apparent approach and recess of all
the stars in the heavens to the pole in the same period.
Since, also, the place of the equinox on the ecliptic is deter-
mined 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.

(322.) DBoth these motions, however, although here con-
sidered separately, subsist jointly; and since, while in virtue
of the nutation, the pole is describing its little ellipse of 18”5
in diameter, it is carried by the greater and regularly pro-
gressive motion of precession over so much of its circle round
the pole of the ecliptic as corresponds to nineteen years, —
that is to say, over an angle of nineteen times 50”°1 round
the centre (which, in a small circle of 23° 28’ in diameter,
corresponds to 6’ 20”, as seen 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 nor an exact
circle, but a gently undulated ring like that in the figure
(where, however, the undulations are much exaggerated).
(See fig. to art. 325.)

(323.) These movements of precession and nutation are
common to all the celestial bodies, both fixed and erratic;
and this circumstance makes it impossible to attribute them
to any other cause than a real motion of the earth’s axis
such as we have described. Did they only affect the stars,
they might, with equal plausibility, be urged to arise from
a real rotation of the starry heavens, as a solid shell, round
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an axis passing through the poles of the ecliptic in 25,868
years, 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 without extravagance be supposed attached
to the celestial concave®, this idea falls to the ground; and
there only remains, then, a real motion in the earth by which
they ean be accounted for. It will be shown in a subsequent
chapter that they are necessary consequences of the rotation
of the earth, combined with ite elliptical figure, and the
unequal attraction of the sun and moon on its polar and
equatorial regions.

(324.) Uranographically considered, as affecting the ap-
parent places of the stars, they are of the utmost importance
in practical astronomy. When we speak of the right as-
cension and declination of a celestial object, it becomes
necessary to state what epock we intend, and whether 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 recess of the equinoctial point pro-
duced by nutation—and so of the other elements. It is
the practice of astronomers to reduce, as it is termed, all
their observations, both of right ascension and declination, to
some common and convenient epoch—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 whole effect of precession in the interval ; and, moreover,
to divest them of the influence of nutation by investigating
and snbducting 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. This last process is technically termed correcting

* This argument, cogent as it is, acquires additional and decisive foree from
the law of nutation, which is dependent on the position, for the time, of the
lunar orbit. If we attribute it to a real motion of the celestial sphere, we must

then maintain that sphere to be kept in & constant state of tremor by the motion
of the moon !
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or ‘equating thc observation for nutation; by which latter
word i3 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 existence.

(325.) For these purposes, in the present case, very con-
venient formule have been derived, and tables constructed.
They are, however, of too technical a character for this
work; we shall, however, point out the manner in which
the investigation is conducted. It has been shown in art.
'309. by what means the right ascension and declination of an
object are derived from its longitude and latitude. Referring
to the figure of that article, and supposing the triangle
KPX orthographically projected on the plane of the ecliptic
as in the annexed figure: in the triangle KP X, K P is the
obliquity of the ecliptic, KX the co-latitude (or complement
of latitude), and the angle PKX the co-longitude of the
object X. These are the data of our question, of which the
second is constant, and the other two are varied by the effect
of precession and nutation : and their variations (considering
the minuteness of the latter cffect generally, and the small
number of years in eomparison of the whole period of 25,868,
for which we ever require to estimate the effect of the
former,) are of that order
which may be regarded as
infinitesimal in geometry,
and treated as such without
fear of error. The whole
question, then, is reduced
to this:— In a spherical
triangle KPX, in which
one side KX is constant,
and an angle K, and ad-
jacent side KP vary by
given infinitesimal changes
of the position of P: re-
quired the changes thence arising in the other side P X, and
the angle KPX. This is a very simple and easy problem of

r
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spherical geometry, and being resolved, it gives at once the
reductions we are seeking; for PX being the polur distance
of the object, and the angle K PX its right ascension plus
90°, their variations are the very quantities we seck. It only
remains, then, to express in proper form the amount of the
precession and nutation in longitude and latitude, when their
amount in right ascension and declination will immediately
be obtained.

(826.) The precession in latitude is zero, since the latitudes
of objects are not changed by it : that in longitude is a quan-
tity proportional to the time at the rate of 50”10 per annum.
With regard to the nutation in longitude and latitude, thesc
are no other than the abscissa and ordinate of the little
ellipse in which the pole moves. The law of its motion,
however, therein, cannot be understood till the reader has
been made acquainted with the principal featurcs of the
moon’s motion on which it depends.

(327.) Another consequence of what has been shown
respecting precession and nutation is, that sidereal time, as
astronomers use it, 7. e. as reckoned from the transit of the
cquinoctial point, is not a mean or 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 motion in longitude ; so the equinox gains one day in
25,868 ycars on them by its retrogradation. We ought,
therefore, as carefully to distinguish between mean and
apparent sidereal as between mean and apparent solar time.

(328.) 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 objects correctly formed,
though appearing to rise and fall when viewed from the
heaving deck of a ship in the act of pitching and rolling.
But there is an optical cause, independent of refraction or of
perspective, which displaces them onre among the other, and
causes us to view the heavens under an aspect always to a



ABERRATION OF LIGHT, 211

certain slight extent false; and whose influence must be
estimated and allowed for before we can obtain a precise
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; and 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 estimation of its effect belongs to
uranography, we must explain it here, though, in so doing,
we must anticipate some of the results to be detailed in
subsequent chapters.

(329.) Suppose a shower of rain to fall perpendicularly 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 remained still, and a wind should
arise of the same velocity, and drift them against him.
Suppose a ball let fall from a point A above a horizontal line
EF, and that at B were placed to receive it the open mouth
of an inclined hollow tube P Q; if the tube were held im-

(OF

moveable the ball would strike on its lower side, but if the
tube were carried forward in the direction EF, with 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 reached C, the tube should

have been carried into the position R S, it is evident that the
P2
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ball would, throughout 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, uncon-
scious of its motion, would fancy that the ball had been
moving in the inclined direction R S of the tube’s axis.

(330.) Our eycs and telescopes are such tubes. In what-
ever manner we consider light, whether as an advancing
wave in a motionless ether, or a shower of atoms traversing
space, (provided that in both cases we regard it as absolutely
incapable of suffering resistance or corporeal obstruction from
the particles of transparent media traversed by it*,) if in the
interval between the rays traversing the object glass of the
one or the cornca of the other (at which moment they acquire
that convergence which directs them to a certain point in fized
space), and their arrival at their focus, 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 cor-
respond to the intersection of the wires or the central point
of our visual arca. The object then will appear displaced ; and
the amount of this displaccment is aberration.

(831.) The carth is moving through space with a velocity
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 192,000
miles per second, which, although much greater than that of
the carth, is yet not infinitely so. Time is occupied by it 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 205 toradius. Suppose now A P S 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 Jormed by

* This condition is indispensable. Without it we fall into all those diffi-
culties which M. Doppler has so well pointed out in his paper on Aberration
(Abhandlungen der k. boemischen Gesellschaft der Wissenschaften. Folge V.,
vol. iii.).  If light itself, or the luminiferous ether, be corporeal, the condition
insisted on amounts to a formal surrender of the dogma, either of the extension
or of the impenetrability of matter ; at least in the sense in which those terms
have been hitherto used by metaphysicians, At the point to which science is
A:;ived. probably few will be found disposed to maintain either the one or the
other.
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its object glass shall be received upon its cross wire, it is
cvident from what has been said, that the inclination of the
tube must be such as to make P S: S Q:: velocity of light :
velocity of the earth:: 1: tan. 20”-5; and, therefore, the
angle SP Q, or PSR, by which the axis of the telescope
must deviate from the true direction of the star, must be
207-5.

(332.) A similar rcasoning will hold good when the direc-
tion of the earth’s motion is not perpendicular to the visual
ray. If S B be the true direction of the visual ray,and A C
the position in which the telescope
requires to be held in the apparent
direction, we must still have the pro-
portion BC : B A :: velocity of ,
light: velocity of the earth :: rad. :
sine of 20”5 (for in such small angles » B ry
it matters not whether we use the
sines or tangents). But we have, also, by trigonometry,
BC: BA::sineof B A C:sineof ACB or CB P, which last
is the apparent displacement caused by aberration. Thus it
appears 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.

(333.) 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 longitude,
or 90° behind the sun’s, and shifts of course continually, de-
scribing 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.

<
S
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(334.) Aberration then affects the apparent right ascen-
sions and declinations of all the stars, and that by quantities
easily calculable. The formule most convenient for that
purpose, and which, systcmatically embracing 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 in-
fluence, have been constructed by Prof. Bessel, and tabulated
in the appendix to the first volume of the Transactions of the
Astronomical Society, where they will be found accompanied
with an extensive catalogue of the places, for 1830, of the
principal fixed stars, one of the most useful and best arranged
works of the kind which has ever appeared.

(335.) When the body from which the visual ray cmanatesis
itself in motion, an effect arises which is not properly speaking
aberration, though it is usually treated under that head
in astronomical books, and indecd confounded with it, to the
production of some confusion in the mind of the student.
The effect in question (which is independent of any theoretical
views respecting the naturc of light*) may be explained as
follows. The 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 cmit some time before, viz. the time occupied by light in
traversing the interval which separates 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 join-
ing the earth’s place at the moment of observation with that
occupied by the body at the same moment, but at that ante-
cedent instant when the ray quitted it. Hence it is easy
to derive the rule given by astronomical writcrs for the case

* The results of the undulatory and corpuscular theories of light, in the
matter of aberration are, in 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 velocity in all direc-
tions, whether the luminary be at rest or in motion. In 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 aberra-
tious will be alike on the undulatory, but different on the corpuscular hypothesis,
The utmost difference which can arise from this cause s our system cannot
smount to ahove six thousandths of a second.
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of a moving object. From the known laws of its motion and
the eartl’s, calculate its apparent or relative angular motion in
the time taken by light to traverse its distance from the earth.
This is the total amount of its apparent misplacement. Its
effect is to displace the body observed in a dircction contrary
to its apparent motion in the heavens. And it is a compound
or aggregate effect consisting of two parts, one of which is
the aberration, properly so called, resulting from the composi-
tion of the earth’s motion with that of light, the other being
what is not inaptly termed the Equation of light, being the
allowance to be made for the #ime occupied by the light in
traversing a variable space.

(336.) The complete Reduction, as it is called, of an astro-
nomical observation consists in applying to the place of the
observed heavenly body as read off on the instruments (sup-
posed perfect and in perfect adjustment) five distinct and
independent corrections, viz. those for refraction, parallax,
aberration, precession, and nutation. Of these the corrcc-
tion for refraction enables us to declare what would have
been the “observed place, were there no atmosphere to
displace it. That for parallax enables us to say from ite
place observed at the surface of the earth, where it would
have been seen if observed from the centre. That for aberra-
tion, where it would have been observed from a motionless,
instead of a moving station: while the corrections for pre-
cession and nutation refer it to fixed and determinate instead
of constantly varying celestial circles, The great importance
of these corrections, which pervade all astronomy, and have
to be applied to every observation before it can be employed
for any practical or theoretical purpose, renders this recapitu-
lation far from superfluous.

(837.) Refraction has been already sufficiently explained,
Art. 40. and it is only, therefore, necessary here to add that
in its use as an astronomical correction its amount must be
applied in a contrary sense to that in which it affects the
observation ; a remark equally applicable to all other cor-
rections.

(338.) The general nature of parallax or rather of paral-
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lactic motion has also been explained in Art. 80. But
parallax in the uranographical sense of the word has a more
technical meaning. It is understood to express that optical
displacement of a body observed which is due to its being
observed, not from that point which we have fixed upon as a
conventional central station (from which we conceive the
apparent motion would be more simple in its laws), but from
some other station remote from such conventional centre: not
from the centre of the earth, for instance, but from its sur-
face: not from the centre of the sun (which, as we shall
hereafter see, is for some purposes a preferable conventional
station), but from that of the earth. In the former case
this optical displacement is called the diurnal or geocentric
parallax; in the latter the annual or heliocentric. In either
case parallax is the correction to be applied to the apparent
place of the heavenly body, as actually seen from the station
of observation, to reduce it to its place as it would have been
seen at that instant from the conventional station.

(339.) The diurnal or geocentric parallax at any place of
the earth’s surface is easily calculated if we know the distance
of the body, and, vice versd, if we know the diurnal parallax
that distance may be calculated. For supposing S the object,
C the centre of the earth,

A the station of observation

at its surface, and CAZ s
the direction of a perpen-
dicular to the surface at A,
then will the object be seen
from A in the direction A S,
and its apparent zenith dis- T
tance will be ZAS;
whereas, if seen from the
centre, it will appear in the
direction C S, with an an-
gular distance from the
zenith of A equal toZ C S;
80 that ZAS—ZCS or ASC is the parallax. Now
gince by trigonometry CS : CA :: sin CAS =sin
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ZAS :sin ASC, it follows that the sine of the parallax
_ Radius of earth _ .
"~ Distance of body xsin ZAS.

(340.) The diurnal or geocentric parallax, therefore, at a
given place, and for a given distance of the body observed,
is proportional to the sine of its apparent zenith distance, and
is, therefore, the greatest when the body is observed in the
act of rising or setting, in which case its parallax is called
its horizontal parallax, so that at any other zenith distance,
parallax = horizontal parallax x sine of apparent zenith
distance, and since A C Sisalways less than Z A S it appears
that the application of the reduction or correction for parallax
always acts in diminution of the apparent zenith distance or
increasc of the apparent altitude or distance from the Nadir,
i. e. in a contrary sense to that for refraction.

(341.) In precisely the same manncr as the geocentric or
diurnal parallax refers itself to the zenith of the observer
for its direction and quantitative rule, so the heliocentric or
annual parallax refers itself for its law to the point in the
heavens diametrically opposite to the place of the sun as seen
from the earth. Applied as a correction, its effect takes place in
a plane passing through the sun, the earth, and the observed
body. Its effect is always to decrease its observed distance
from that point or to increase its angular distance from the
sun. And its sine is given by the relation, Distance of the
observed body from the sun : distance of the earth from the
sun:: sine of apparent angular distance of the body from
the sun (or its apparent elongation): sine of heliocentric
parallax., *

(342.) On a summary view of the whole of the urano-
graphical corrections, they divide themselves into two classes,
those which do, and those which do not, alter the apparent
configurations of the heavenly bodies inter se. The former
are real, the latter fechnical corrections. The real corrections
are refraction, aberration and parallax. The technical are

® This account of the law of heliocentric parallax is in anticipation of what
follows in a subsequent chapter, and will be better understood by the student
when somewhat farther advanced.
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precession and nutation, unless, indeed, we choose to consider
parallax as a technical correction introduced with a view to
simplification by a better choice of our point of sight.

(343.) The corrections of the first of these classes have
one peculiarity in respect of their law, common to them all,
which the student of practical astronomy will do well to fix
in his memory. They all refer themselves to definite apexes
or points of convergence in the sphere. Thus, refraction in its
apparent effect causes all celestial objects to draw together or
converge towards the zenith of the observer: geocentric pa-
rallax, towards his Nadir: heliocentric, towards the place of
the sun in the heavens: aberration towards that point in the
cclestial sphere which is the vanishing point of all lines pa~
rallel to the direction of the earth’s motion at the moment, or
(as will be hereafter explained) towards a point in the great
circle called the ecliptic, 90° behind the sun’s place in that
circlee. ' When applied as corrections to an observation, thesc
directions are of course to be reversed.

(344.) In the quantitative law, too, which this class of cor-
rections follow, a like agreement tukes place, at least as
regards the geocentric and heliocentric parallax and aberra-
tion, in all three of which the amount of the correction (or
more strictly its sine) increases in the direct proportion of the
sine of the apparent distance of the observed body from the apex
appropriate to the particular correction in question. In the
case of refraction the law is less simple, agreeing more ncarly
with the tangent than the sine of that distance, but agreeing
with the others in placing the maximum at 90° from its apex.

(345.) As respects the order in which these corrections arc
to be applied to any observation, it is as follows: 1. Refraction ;
2. Aberration; 3. Geocentric Parallax; 4. Heliocentric Pa-
rallax; 5. Nutation; 6. Precession. Such, at lecast, is the
order in theoretical strictness. DBut as the amount of aberra-~
tion and nutation is in all cases a very minute quantity, it
matters not in what order they arc applied ; so that for prac-
tical convenience they are always thrown together with the
precession, and applied after the others.
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CHAPTER VI
OF THE SUN’S MOTION AND PHYSICAL CONSTITUTION.

APPARENT MOTION OF THE 8UN NOT UNIFORM.—ITS APPARENT
DIAMETER ALSO VARIABLE. — VARIATION OF ITS DISTANCE CON-
CLUDED,~—I1T8 APPARENT ORBIT AN ELLIPSE ABOUT THE FOCUS.
—LAW OF TIIE ANGULAR VELOCITY.=—EQUABLE DESCRIPTION
OF AREAS.—PARALLAX OF THE SUN,—ITS DISTANCE AND MAG-
NITUDE. — COPERNICAN EXPLANATION OF THE SUN’S APPARENT
MOTION. — PARALLELISM OF THE EARTH'S AXIS.— THE SEASONS.
-—— HEAT RECEIVED FROM THE SUN IN DIFFERENT PARTS OF THE
ORBIT. —EFFECT OF EXCENTRICITY OF THE ORBIT AND POSITION
OF ITS AXIS ON CLIMATE. —MEAN AND TRUE LONGITUDES OF THE
SUN.——EQUATION OF THE CENTRE.— SIDEREAL, TROPICAL, AND
ANOMALISTIC YEARS.-~—PHYSICAL CONSTITUTION OF TIIE SUN.-——
ITS SPOTS., — FACULZAE, —PROBABLE NATURE AND CAUSE OF THE
S8POTS.—RECENT DISCOVERIES OF MR. DAWES,—OF MR. NASMYTH.
-——ROTATION OF THE SUN ON ITS AXIS.—ITS ATMOSPIERE.—SUP~
POSED CLOUDS.—PERIODICAL RECURRENCE OF A MORE AND LESS
SPOTTED STATE OF ITS SURFACE.—TEMPERATURE OF 1TS SURFACE.
—ITS EXPENDITURE OF HEAT.—PROBABLE CAUSE OF SOLAR
RADIATION.

(346.) Ix the forcgoing 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
follows, that the line joining the earth and sun lics 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, which is called the plane of the ecliptic.

(847.) We have already seen (art. 146.) 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 ycar, 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
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path, its apparent angular motion is far from uniform. The
change of longitude in twenty-four mean solar hours averages
0° 59’ 87:33 ; but about the 31st of December it amounts to
1° 1Y 979, and about the 1lst 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.

(348.) This variation of its angular velocity is accompanied
with a corresponding change of its distance from us. The
change of distance is recognized by a variation observed to
take place in its apparent diameter, when measured at differ-
ent seasons of the year, with an instrument adapted for that
purpose, called the Zeliometer®, or, by calculating from the
time which its disc takes to traverse the meridian in the
transit instrument. The greatest apparent diaraeter corre-
sponds to the lst of January, or to the greatest angular
velocity, and measures 32’ 36”2, the least is 31/ 32”0 ; and
corresponds to the lst of July; at which epochs, as we have
seen, the angular motion is alto at its extreme limit cither
way. Now, as we cannot suppose the sun to alter its real
size periodically, the observed change, of its apparent size can
only arise from an actual change of distance. And the
sines or tangents of such small arcs being proportional to
the arcs themselves, its distances from us, at the above-named
epoch, must be in the inverse proportion 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 increases, and vice versd.

(349.) 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 excentricity amounting to 0-01679 of the
mean distance, which may be regarded as our unit of measure
in this inquiry. But besides this, the form of the orbit is
not circular, but elliptic. If from any point O, taken to
represent the earth, we draw a line, O A, in some fixed

¢ 'HAios the sun, and pnerpery to measure.
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direction, from which we then set off a series of angles,
A O B, AOQC, &c. equal to the observed longitudes of the
sun throughout the year, and in

these respective directions mea- ~~¢
sure off from O the distances

0 A, 0B, OC, &c. representing S »
the distances deduced from the

observed diameter, and then con- ®
nect all the 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. Now, when this is done, a deviation from the cir-
cular figure in the resulting curve becomes apparent ; it is found
to be evidently longer than it is broad — that is to say, ellip-
tic, and the point O to occupy, not the centre, but one of the
foci of the ellipse. The graphical process here described is
sufficient to point out the general figure of the curve in ques-
tion ; but for the purposes of exact verification, it is necessary
to recur to the properties of the ellipse®, and to express the
distance of any one of its points in terms of the angular situ-
ation of that point with respect to the longer axis, or diameter
of the ellipse. This, however, is readily done; and when nu-
merically calculated, 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 de-
rived from the measurement of the apparent diameter.

(350.) 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 0-96670.
The variation of the sun’s angular velocity, then, is much
greater in proportion than that of its distance — fully twice
as great; and if we examine its numerical expressions at dif-
ferent periods, comparing them with the mean value, and also
with the corresponding distances, it will be found, that, by

¢ See Conic Sections, by the Rev, H, P. Hamilton, or any other of the very
numerous works on this subject.
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whatever fraction of its mean value the distance exceeds the
mean, the angular velocity will fall short of its mean or average
quantity by very nearly twice as great a fraction of the latter,
and vice versa. Hence we are led to conclude that the angular
velocity is in the inverse proportion, not of the distance simply,
but of its square; 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: —

O B2 : 0 A? : daily motion at A : daily motion at B.
And this is found to be exactly verified in every part of the
orbit.

(351.) Hence we deduce another remarkable conclusion —
viz. that if the sun be supposed really to move around the
circumference of this ellipse, its actual speed cannot be uni-
form, but must be greatest at its least distance and less at its
greatest. For, were it uniform, the apparent angular velocity
would be, of course, inversely proportional to the distance;
simply because the same lincar change of place, being produced
in the same time at different distances from the eyc, 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,
unaccompanied 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.

(852.) This elliptic form of the sun’s path, the excentric
position of the earth within it, and the unequal speed with
which it is actually traversed by the sun itself, all tend to
render the calculation of its longitude from 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. This law, however, is not immediately
apparent. It does not come forward, as it were, and present
itself at once, like the elliptic form of the orbit, by a direct
comparison of angles and distances, but requires an attentive
consideration of the whole series of observations registered
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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 over that portion of
the whole area or surface of the cllipse which is included
between its consccutive positions: and the motion of the sun
will be such that equal areas are thus swept over by the re-
volving radius vector in cqual times, in whatever part of the
circumference of the cllipse the sun may be moving.

(853.) From this it nccessarily follows, that in wnequal
times, the areas described must be proportional to the times.
Thus, in the figure of art. 349. the time in which the sun
moves from A to B, is to the time in which it moves from C
to D, as the arca of the elliptic sector A O B is to the arca
of the sector D O C.

(354.) The circumstances of the sun’s apparent annual
motion may, thercfore, be summed up as follows: — It is
performed in an orbit lying in one plane passing through the
carth’s centre, called the plane of the ecliptic, and whose pro-
jection on the heavens is the great circle so called. In this
plane its motion is from west to east, or to a spectator look-
ing down on the plane of the elliptic from the northern side,
in a direction the reverse of that of the hands of a watch
laid face uppermost. In this plane, however, the actual
path is not circular, but elliptical ; having the earth, not in
its center, but in one focus. The excentricity of this ellipse
is 0°01679, in parts of a unit cqual to the mean distance, or
half the longer diameter of the ellipse ; i. e. about one sixtieth
part of that semi-diameter; and the motion of the sun in its
circumference is so regulated, that equal areas of the ellipse
are passed over by the radius vector in equal times.

(355.) What we have here stated supposes no knowledge
of the sun’s actual distance from the earth, nor, consequently,
of the actual dimensions of its orbit, nor of the body of the
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sun itself. To come to any conclusions on these points, we
must first consider by what means we can arrive at any
knowledge of the distance of an object to which we have no
access. Now, it is obvious, that its parallax alone can afford
us any information on this subject. Suppose P A B Q to
represent the earth, C its centre, and S the sun, and A, B

Z

two situations of a spectator, or, which comes to the same
thing, the stations of two spectators, both observing the sun
S at the same instant. The spectator A will see it in the
direction A Sa, and will refer it to a point @ in the infinitely
distant sphere of the fixed stars, while the spectator B will
see it in the direction B S 0, and refer it to &. The angle
included betwcen these directions, or the measure of the
celestial arc a b, by which it is displaced, is equal to the angle
A S B; 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. Now, since A S C (art. 339 ) is the parallax of
the sun as seen from A, and B S C as seen from B, the angle
A S B, or the total apparent displacement is the sum of the "
two parallaxes. Suppose, then, two observers — one in the
northern, the other in the southern hemisphere —at stations
on the same meridian, to observe on the same day the meridian
altitudes of the sun’s centre. IHaving 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



DISTANCE OF THE S8SUN. 225

distances, their observed sum will be greater than the sum
of the latitudes, by the sum of the two parallaxes, or by the
angle A SB. This angle, then, is obtained by subducting
the sum of the north and wsouth 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.

(856.) If the two stations be not exactly on the same

meridian (a condition very difficult to fulfil), the same process
will apply, if we 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 stations. This change is
readily ascertained, either from tables of the sun’s motion,
grounded on the experience of a long course of obscrvations,
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 correction ; 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 determine it.
. (857.) The horizontal parallax of the sun has been con-
cluded from observations of the nature above described, per-
formed in stations the most remote from each other in latitude,
at which observatories have been instituted. It has also been
deduced from other methods of a more refined nature, and
susceptible of much greater exactness, to be hereafter de-
scribed. Its amount so obtained, is about 87/+6. Minute as
this quantity is, there can be no doubt that it is a tolerably
correct approximation to the truth; and in conformity with it,
we must admit the sun to be situated at a mean distance
from us, of no less than 23984 times the length of the
earth’s radius, or about 95000000 miles. [See Note F.]

(358.) That at so vast a distance the sun should appear 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

Q
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