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PREFACE TO THE FIFTH EDITION.
————

1 sm informed by the Publishers that this Fifth
Tlion is tequired to meet the demand of e
<om what wider class of students than those for
whom the Lectures were originally intended.

This circumstanee, as well as the advances made
m Astronomical science during the period which
has dapsed sinee the Toctures were delivered,
have rondered it desirable thal some very slight
modifications should be made in the text, and that
some additions should be made in the form of
Appendix.

1 am bhappy to state that Mr. Stirling has beess
at liberty to prepare the modifications and additions
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to which I allude, and to undertake the general
editing of the book. And I now issue the work
to the public, with the increased confidenco derived
from the assistance of a friend on whose ability 1

place complete reliance.

G. 1. AIRY.

Rovazn Onservatony,

GrrrNwicH, 1866, June 9th.



——

I'v comvasme with pasens who a1 not offically
vtuhicd to Obsavdones, m m otha ways profes-
sondly coquzad ol the todmcobtics of prtical
Astionomy, but who, novathdess, displyy @eat
it mothe samee of Astionomy gounerally, T
hove Inquently hean stiuck with two ranuehe The
st , tht these pasons appen to wgad the
detonum daon of mowsunes, ike those of the distance
of 1he Sun and Moon, w mystcies beyond ordmwy
comptc hension, based pothoaps upon prmeaples winch
1t 15 mposabic to presant to common nunds with
the smdlest probiulity that they will he unda
stoad, af they accept those mowwes ab ally they
wlept them oaly upon Joos pasond aabit, m any
Qs the mapre siom whaeh the sttoment mahes on
the nund 15 vay didtaent fom that acded by a
tecond of the distmce m mules etween two towns,
o of the numba of aacs m a fildld The second
wmak 15, that when pasons well acquimied with
the genad facts of Astionomy ae mtioduced into
an Obsavatory, they are, for the most part, uttaly
unable 1o understand anythmg which they s,
they are mopressed perhaps with the appauent com-
plosity of subsilay pats of the Astionomical
mstruments, and they magiue that the fundamental



viii INTRODUCTION.

principles of their construction are complicated, and
too obscure for the un@erstanding of ordinary men ;
and they leave the Observatory without having
derived from it any clear idea whatever.

In both cases, however, the difficultics are very
much over-cstimated: or rather, difficullics are
assumed which, in reality, do not exist at all. The
measure of the Moon’s distance involves no prin-
ciple more abstruse than the measure of the distance
of a treo on the opposite bank of a river. The
principles of construction of the best Astronomical
insiruments are as simple and as closely referred to
matters of common school-education and familiar
experience, as are those of the common globes, the
steamn-cngine, or the turning-lathe; the details are
usually less complicated.

In the application of the ordinary principles of
goometry and trigonometry to such Astronowmical
measures as those to which I have alluded, it may
sometimes be expedient 1o resolve the process into
several successive steps, and these steps may perhaps
require difforent kinds of treatment. Dut the
remark which I have made applies to every indi-
vidual step; all are simple and within ordinary
comprehension, and the only complexity arises from
tho circumstance that the student may find it
necessary to have a clear view of several such steps
at once, in order 1o perceive the connection between
the first standard of length and the numerical
measure last obtained.

With these impressions on my mind, T had long
wished for some opportunily of endcavouring to
explain to intelligent persons the principles on
which the instruments of an Observatory are con-
structed, (omitting all details, so far as they are
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merely subsidiary), and the principles on which the
ohservations made with these $nstruments are treated
for deduction of the distances and weights of the
bodics of the Solar System, and of a few stars,
(omitting all minutiz of formule and all troublesome
details of ealculation). To attempt to go further
than this would, in fact, amount to undertuking a
complete work on Astronomy, which was far beyond
my intentions.

Such an opportunity appeared to present itself in
the course of Lecturcs which I engaged to give to
the Members of the Ipswich Museum and their
friends.* And the ideas which I have enounced
above have been carefully kept in view, in the
object and in the details of every Lecture.

I have endeavoured, in the first place, to point
out hievy much of the fundamentals of Astronomy
may be obtained by the coarsest obscrvation with
the unaided eye. And here I would remark, that
the scicnce which is thus obtained by personal
observations is vasily superior (as far as it gous) to
that which is obtained by any other method. The
knowledge derived from Lectures is exceedingly
imperfect : that derived from careful reading is
admirable for its accuracy and fulness, but occupies
the mind rather as a train of internal ideas than
as a serics of consequences deduced from the obser-
vations of nature: but that inforred from actual
personal observation carries with it a degree of
reality and certainty, as the veritable science of
external objects, which nothing elso can give.

I have endeavoured, in the next place, to show

* The Lectures wero originally delivered at Tpswich, on

Monday evening, March 13th, 1848, and the five following
evenings,
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that the instrumental conceptions derived from the
use of a common glohe are sufficient, in almost
every case, for the understanding of the instruments
in an Observatory ; that the elements which are the
subjects of observation with Astronomical instru-
ments, are the same as those with which we are
most familiar in the ordinary globe-problems; and
that a person who understands the latter can procced
at once with the former.

Afterwards, I have endeavoured to explain that
the methods used for mecasuring Astronomical dis-
‘tances are in some applications ahsolutely the same
as the methods of ordinary theodolite-smveying, and
are in other applications equivalent to them; and
that in fact there is nothing in their principles
which will present the smallest difficulty to a
person who has attempted the common operation
of plotting from angular measures.

- Tho elucidation of the theory of ceniripetal and
disturbing forces is necessarily less complete.  Still
it appears probable that a general conceplion of the
nature of the action of those forces, perfectly
accurate as far as it goes, and sufficient to preserve
the student from the gross errors into which many

. persons have fallen, may be obtained from explana-
tions like those here offered.

The methods of ascertaining the weight of the
Earth and other bodics, are still more difficult of
explanation ; yet it is hoped that something may be
done even in these.

The first conclusion, then, which I would desire
to impress upon the student of Astronomy, who
enters upon the science with a tolerable under-
standing of ordinary practical matters, is, that
nothing is totally beyond his reach. Complete
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knowledge of overy theoretical and instrumental
detail can only Le obtained by those who will
devote 1o them a large portion of their lives; but
sound knowledge of the principles of nearly every
part, can be obtained by the reasomable ciforts of
pursons possessing common opportunities for general
knowledge.

The second conclusion, however, is that, easy of
comprehension as are the successive steps of Astro-
nomical investigation, the united suceession of all
is not to he seized lightly. Let no one think that
the problem, for instance, of the measure of the
Eamil’s distance from the Sun, is to bo mastered by
one reading.  Again and again must the student
rturn to it; again and again must he doubt and
become convineed ; again and again must he trace
hix ow a1 dingrams, and express the reasoning in his
own language, before all the troubles (I' will not
call them difficultics) are overcome. And perhaps
one of the most valuable results to be derived from
a truly intelleetual study of Astronomy is, the habit
of keeping up a sustained attention to all the sue-
cossive steps of a long series of reasonings. Power,
and with it dignity, are gained to the mind by this
noble exercise.

To those who will venture upon the study of the
science in this connected way, I can promise an
ample and immediate reward. Tt is not simply that
a clear understanding is acquired of the movements
of the great bodics which we regard as the system
of the world, but it is that we are introduced to a
perception of laws governing the motion of all
matter, from the finest particle of dust to the largest
planct or sun, with a degree of uniformity and
constancy which otherwise we could lardly have
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conceived. Astronomy is pre-eminently the science
of order.

The immediate ohject of my Lectures would be
obtained, if they should be found to offer some
facilities to those who, acting under the inducements
to which I have alluded, may endeavour to obtain a
connected and accurate view of the principles of
Astronomy. But I should think myself highly
rewarded if I could helieve that the insight into
principles thus obtained, would induce any one to
entor carefully into its details.

G. B. AIRY.

Royal Observatory, Greenwich.



POPULAR ASTRONOMY.

LECTURE I.

Evidence for the apparent Rotation of the Huavens round the
Earth.—The Equatoreal.—Refraction.—The Transit In.
strument.—The Mural Circlo.—Mode of Observing.

EFORE entering upon the subject of my proposed
course of Lectures,® it may perhaps be desirable

that T should state, in as brief terms as possible, the
views which have induced me to deliver them to the
members of this Institution. When it was intimated
to me that the offer of the course would be desivable,
and when 1 felt that my compliance would show my
good will to the Muscum, I could not help thinking in
the first place, that T should be in some slight degree
departing from the intentions and objects of the Tnsti-
tution, though in the next place, I was certainly
inclined to the opinion thut such departure would be
moroe itaaginary than real. 1 thought that Lectures on
Natural Philosophy would seem to be hardly proper
in an Institution intended for Natural History ; but
slill -1 was convinced that their subjects were so
closely connected, that the habits of thought which
they induced, and the mode of treating them, were
80 similar in many respects, that what applied to the

* Tho circumstances under which these Lectures were
originally delivercd are explained in tho preface.

B
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one would, in a great degree, apply to the other.
Indeed, I felt that most persons would be better
};repared for the study of Natural History generally,
y the study of Natural Philosophy in its various
branches, than if they were in ignorance of the latter.
But there were other considerations connected with
the desire I have entertained to deliver these Lectures,
not so much allied to the subject of Astronomy as
matters of private feeling. I have been personally
long connected, not with the town of Ipswich pre-
cisely, but with the neighbourhood. I remember,
with gratitude, that the first time I was shown an
astronomical object of any great interest, it was
exhibited to me by the founder of the mechanical
and manufacturing Institution which has now risen
to such great importance in the town of Ipswich. 1t
was by the elder Mr. Ransomo that T was first shown
the planet Saturn, with a telescope manufactured by
his own bhands. And I may add, that the first
Nautical Almanac I possessed, was received as a
present from a gentleman then residing in Ipswich,
‘who has now risen to great eminence in the Metro-
polis as an engineer. From these and other circum-
stances I was desirous, when the opportunity should
occur, of offering to the members of the Museum, or
to any other similar body in the town of Ipswich, a
course of Lectures on Astronomy.
In offering them to the authorities of the Muscum,
T made but one remark—that I understood it would
be perfectly agreeable to the members of the Tnstitu-
tion, and that if such were the case, it would be also
exceedingly agreeable to myself, that the regulations
for the attendance upon the Lectures should be framed
in such a way as to give facilities of introduction to
persons concerned in the mechanical operations of
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the town. And here I must beg to say, that the
alliance hetwecen astronomers and mechanics is much
closer than it may seem to be at the first view of the
matler. Asironomers have to tely very closely upon
mechanics for every part of the apparatus connected
with therr operations. Possibly mechanics have
derived something from their connection with astro-
nomers ; but at all events, I am certain the debt
is on the other side. I may adduce, as a practical
instance, that the last instrument erected at the Royal
Observatory, Greenwich, and to which T attach great
importance, was constructed by the mechanics of
Ipswich ; whilst I am at the present time in vegotia-
tion with one of the mechanical cstablishments in
the town, for another instrument of considerable
imporfance in astronomical observations. To this 1
mu add, that the whole of Astronomy is geometrical
in its character, and that a great part of it is mechani-
cal. T mention these things to show that the alliance
between astronomers and mechanies ix very close
indeed ; and this being the fact, I shall endeavour
to do for the mechanies the best in my power.  'What
T offer on this oceasion will be oftered with hearty
good will, and 1f the Lecuures he not successful, I
hope the failme will have arvisen from mno fault of
my own

Perbap+ L nay he allowed” to make another remark.
T should wich to invite especially the attention of
those who are commonly called working-men, to the
few Lectures T propose to deliver. The subjects
upon which 1 have to treat are comnonly regarded
as rather boyond their reach ; 1 take this opportunity
of saying that the subjects of the Lectures will not
be beyond any working-man’s comprehension. Every-
body who has examined the history of persons con-

B 2



4 POPULAR ASTRONOMY.

cerned in the various branches of science, has been
enabled to learn that, whereas on the one hand those
who are commouly called philosophers may be as
narrow-minded as any other class, and as httle in-
formed ; so on the other hand, those who have to
gain their daily livelihood by handicraft, may asso-
ciate their trades or businesses, whatever they may
be, with accomplishments of the most perfect and
tho most elevated kind. 1 think, then, it is right I
should repeat, that these Lectures will be directed in
some measure with the object of being perfectly com-
prebended by that class of people. It is not my
object, however, to deal with what may be called the
.picturesque in astronomy. I have proposed it to
myself us a special object, to show what may be com-
prehended, by persons possessing common under-
standings and ondinary education, in the more elevated
operations of astronomical science. The Lectures
will be, therefore, of what I may call & mathematical
kind. But in speaking of this, 1 beg that the ladies
present will not be startled. I do not mean to use
algebra or any other science, such as must be com-
monly of an unintelligible character to a mixved
meeting. When I use the word mathematical, I
mean that it will be my object to show how the
measure of great things may be referred to the measure
of smaller things; or to sum up in few words, it
will be my object, in an intelligible way, to show the
great lewling steps of the process by which the
distance of the sun and the stars is ascertained by a
yard measure—ihe process by which the weight of
the sun and the plancts is measured hy the pound
weight avoirdupois. Occasionally I shall be pre;
to ggo into details ; but wy principal business will be to
+ show the great steps upon which those who wish to
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study Astronomy may enter, and by which thoy may -
attain a geucral comprehension of the rules whi
will lead them from one step to another.

I shall now proceed with my subject!

We will consider what are the genoral phenomena
of the motions of the stars which are to be observed
on any fine night. I must observe in the first place,
that I shall use the term east to denote the whole of
the hotizon extending from the north point, through
the east point, to the south point ; the term west to
denote the whole of the horizon extending from the
south point, through the west point, to the north.
Now, if we look out on any fine night, the first
general fact that we observe is this—by watching
that eastern horizon from time to time, through the
whole eatent from north to south, we see stars ave
1 »mg; and by watching that western horizon from
time to time, through the whole extent from north to
south, we see that stars are setting. By looking ouf
at different times in the course of an evening, you
will sce theso things as I have pointed ont. The
next general fact which you will ohserve is this—
that the stars de not rise perpendicularly. They rise
‘obliquely ; and those which rise near to the south or
near to the north rise very slantingly indeed. Those
nearest to the east rise at a certain slope, which is
different for every different place upon the earth.
Those which set near to the north or near to the south
sct very slopingly ; those which set nearest to the
west st with a sharp incline. This is the case so
far as regards mercly the rising and setting of the
stars. But if you trace the whole path of any one of
these stars, it describes such a course as the following.
1t rises sumewhere in the cast, in the sloping dirce-
tion I have described; it continues to rise with a
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path becoming more and more horizontal, till it
reaches a certain height in the south, where its
course is exactly horizontal ; and then it declives by
similar degrees, and scts at a place in the west, just
as far from the north point as the place where it rose
in the east. If you select a star that has risen near
to the north, it takes a long time in rising to its
greatest height, it rises to a higher place in the south,
and sots by the same degrees. Lastly, if you look to
the north, and give your attention to those stars
which are fairly above the horizon, you find the stars
going round and describing a complete circle : these
stars are called eircumpolar.

Here I would remind my auditors that it is
necessary, in order to understand a Lecture upon
Astronomy, that they should have a little previous
knowledge of the science—that they should know
the names and situations of some of the more con-
spicuous stars, otherwise il will be impossible for
them to proceed. I therefore assume that a portion
of my audience possess this requisitec knowledge. I
presume you know which is the Polar Star; I presume
also that you know which is the Great Bear. Now,
these aro objects of such importance, that nobody
ought to think of entering an astronomical lecture-
room who is not acquainted with them. There is
another star remarkable for its brilliancy, which is in
this country circumpolar, called Capella; and there
is another star, which is also nearly circumpolar, it is
the bright star in the constellation Lyra.

Now I will call your attention to each of these in
succession. THB Polar Star is one which, roughly
speaking, does not change its place during the whole
night. Whenever you look out you find it in the
same place, But speaking a little more accurately,
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it does change its place and move in a small circle,
If you cxamine the stars of the Great Bear, you will
observe that they turn in a circle considerably Iarger
than that of the Polar Star, but they are still visible
in the whole extent of the circle, and they turn com-
pletely round in it, without descending below the
horizon. If you examine the next bright star Capella,
which you will find on the globe in the constellation
Auriga, you will find it describes a circle also, of
which the Pole Stuar is apparently the centre. It
goes very near the horizon when lowest in the north,
and ahinost over our hends when lowest in the south.
1f you examine the movement of the last, of the stars
1 have mentioned, namely, the bright star in the
constellation Lyra, you will find it moves in such a
cirele that it as nearly as possible touches the horizon.
In tne south of England it just descends below the
north horizon ; here (at Ipswich) it does not, but it
passes 80 near the horizon that it can rarely be seen
in the north.

Thus, if we fix a straight rod in a certain standard
direction, puinting nearly, but not exactly, to the
Polar Star, we tind that the stars which are close in
the direction of this rod, as secn by viewing along it,
describe a very small circle ; the stars further from it
describe a larger circle ; others just touch the northern
horizon ; whilst, in regard to others, if they do
describe a whole circle at all, part of that circle is
below the horizon ; they are scen to come up in the
east, to pass the south, and to go down in the west,
and they are lost below the horizon from that place
till they rise again in the east. These are the funda-
menfal phenomena of the stars. It is important
that any person, who wishes to understand Astros
nomy, should look into the matter, and see with his
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own eyes that the stars really do partake of these
motions ; that the Polar Star does nearly stand still ;
that the stars at various distances from the IPolar
Star, do move round in the way I say, one in a circle
of one size, and another in a circle of another size :
that others do move round in circles still larger, so
that at their lowest points they just touch the north
horizon’; that others move round in circles so large
that the lower part of these circles is lost, whilst the
higher part rises above the horizon. 1t is of import-
ance that anybody, who wishes to understand
Astronomy thoroughly, should look out, and see for
himself, that these things do happen in the way I
have attempted to describe ; by the observations so
made, he will acquire a convmtvon of the truth far
deeper and more lasting than from anything that can
be pointed out in a course of Lectures.

From observing the way in which these motions
take place, that we may assume one point of the
sky as a centre, and that the movements.of the stars
are of such a nature that they will appear to turn
round that one centre; the first idea that naturally

ms, that the starry heavens, as we sce them (I

affix any precise meaning to- that term), or a
shell in which the stars seem to be fixed, do turn
-yound an axis. It is necessary to show that this is
supported by accurate means of observation. Now
there is one instrument in use in the best Astro-
nomical Observatories, which is specially intended
for the elucidation of this phenomenon—it is the

Jinstrument called the Equatoreal, I should be glad
if some of the wealthy manufacturers in this town
would set up an Equatcreal instrument. The
9iquatoreal is an instrument, which, in one form, is
represented in- Figure 1. It turns round an. axis
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AB, and the axis is placed in that direction wkich

‘1 91X

leads to the point of the sky around which the stars
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appear to turn, and which is not far from the Polar
Star. The axis being adjusted with great accuracy
in that direction, the instrument turns round that
axis, and it carries the telescope CD, which, of
course, so long as you give it no other motion,
retains the same inclination to that axis; but to
which you may give another motion, so as to place
it in different positions,as C’D’ or C"'D”, directed
to stars in different parts of the heavens. The
instrument, then, is employed for the purpose of
giving evidence as to the motions of the stars. 1t
is used in this manner. The telescope is directed to
any one star, and then by turning the instrument
round the axis, it is found, that without any altera-
tion in the position of the telescope in relation to
the axis, the telescope will follow tho star from its
rising to its setting. And it is the same wherover
the star may be, whether near the Pole, (in which
case the telescope is in such a position as C'1)’, very
little inclined to the axis,) or far from the Pole, (in
which case the telescope would be much inclined to
the axis, as in the position of C"D”,) upon turning
the instrmnent round its axis, the telescope still
follows the star. This is a fact of accurate obser-
vation, for the confirmation of which this kind of
astronomical instrument is peculimly adapted. In
Jhis way it is established as a general fact, that all
gthe stars move accurately in circles round one centre.

But there is another important thing to discover—
with what rapidity do the stars turn? I)o some
travel quicker than others? Do some go quickly in
one part, and slowly in another? Now, we have
most accurate means of determining whether the
speed be irregular or uniform, as regards the speed of
any one star in any part of its motion—whether the
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speed be irregular or uniform, in comparing the s
oIf,e:ge star with the speed of another star. I thi
that the best criterion which I can give is by a piece
of mechanism which has been contrived, and applied
to this purpose. (See Figure 2.) The best Equato-
reals are furnished with a racked wheel attached to
the axis, in which works an endless screw or worm,
as at E, Figure 1. By turning it, thg whole instru-
ment is made to revolve. This worm, or screw, is
turned hy an apparatus which is constrmeted expressly
for uniform movement. Various contrivances have
been used for making this motion as uniform- as
possible.  The one usually adopted, with some modi-
fications (as represented in Figure 2), depends on the
use of centrifugal balls AB, similar to those which
are uscrl to regulate the motious of steam engines.
Lverybody knows well that whirling these balls round
by the rotation of the axis Cl), to which they are
attached, causes them to spread out. When the
speed has reached a certain limit, the spreading out
of these brings the moving parts, as at E and F, into
contact with the fixed parts GH, and produces a
degree of friction which prevents further acceleration ;
and thus a uniform. speed is produced, with very
great nicety. This contrivance is in constant use on
wy Equatoreal at the present time.  You will observe
it is essential to have a machine moving uniformly.
In the motion of a common clock, though the move-
ment from day to day, from hour to hour, and from
minute to minute, is uniform, yet it is not so with
the smaller divisions of seconds: the clock works
with jerks, and does not go umifermly. Now the
machine here is going on without any jerks—with a
smoothness and uniformity scarcely to be obtained
by any otherapparatus. In all the best Observatories
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in Greonwich, Berlin, Paris, and all others of any
importance, this apparatus is used ; in fact, it is
used also in all the leading private Obscrvatorics,
and the clock work which T now exhibit is horrowed
from & private Observatory—from the Observatory of
Dr. Lee. A spindle KL from this apparatus is
attached to the worm which carries the Equatoreal
1t makes the televeope of the Eguatoreal revolve
round the axis umformly, and it thus gives us the
means of ascertaining, with the utmost cxactness,
whether il he true, or whether it De not true, that all
the stars do move with equal angular speed around
one imaginary axis. When this machmery is in
play, the telescope is adjusted, and pointed to the
star. Whether it be turned to a star near the Pole,
tor to a star at o distance from the Pole, the elfect is
this—that the star is constantly seen in the field of
view of the telescope—the telgscope turns just as
fast as the star moves.
Observe now the results obtained from these things.
he first thing T mentioned was, if the telescope he
irectod to a star, and the instrument be turned, it
ollows the star in the whole of its course.  The next
lt, which is particularly connected with the use
of tlus machine, is, that the same uniform motion
round the axis follows any of the stars, wherever yon
,seloct them. This is the same as saying that the
stars move, as it were, all in a piece ; and when you
come to examine how it bears on Astronomy, you
cannot attach too great an importance to these resulta.
It is indeed the great and fundamental principle of
Astronomy, that the stars do move as if they were
attached to a shell, or in other words, that they move
‘all in & piecs.  As to the explanation of that, T shall
tnot trouble you at prosent. I simply call aitention
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to the fact, that the stars move all in a piece—eith
that they are connected with some one thing tm'ninaa
upon an axis, or that they stand still while the earth
turns round an axis of its own ; one or other of these
things is certain.

Having now come to that result, as one which is
gencrally cstublished, I shall just mention a slight
departure from it. Perhaps you may he surprised to
hear me say the rule is established as true, and yet
there is a departure from it. This s the way we go
on in science, as in everything "else; we have to
make out that something is true ; then we find out
under certain circumstances that it is not quite true ;
and then we have to consider and find out how the
departure can be explained. Now this is the fact.
Whei we have a telescope of considerable power
attuched 1o the Equatoredl, so that we can see a small
departure from the centre of the telescope in the
position of the stai'wo are looking at, and when we
truce the course of that star down to the horizon, we
find this as the universal fact—that though the in-
strument be set up as carefully as possible, yet the
star is not yuite so near the horizon us we are led to
expect. What can the cause be? There is a con-
sideration that cxplains it perfectly—it is what is
called refraction.

In order to sce what refraction is, we may advan-
tageously examine refraction on a larger scale. Ina
room generally darkened, let a Jamp he introduced,
as at A, Figure 3, and let it shine through a hole B
in a screen (1), s0 as to produce a spot of light E on
tho wall. Plaee in the course of that ray of light a
trough F, whose sides are picces of »late glass. Now
pour some water into the trough, and sce what effect
it produces. You will observe that the light is
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immediately thrown to the top of the wall, as at G.
If the hole in the screen be so large that it is not

Fie. 8.
entirely covered by the trough, there will still
remain a little light on the wall below, which shows
the original direction. You will now see how much
the direction of the light has been diverted by the
action of the water in the trough. That cffect is
produced by the refraction of the water. 1t did not
exist before the water was there, but it does exist
now that the water is in the trough. I will now
show the bearing of this matter on the subject of the
disturbance in the position of stars. Figure 4 repre-
sents the prism of water we have been looking at.

W

_ Fi6. 4
The effect of it is this—a beam of light, coming in
_the direction of the line AB, does not pursue its
original direction, but when it is received by the

<\
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ism of water, it is turned in.the direction CD. If
ou examine the prism, (as it is usually called in
Optics, meaning the same form as that of a trough),
you find that the point of it is downwards—the effect
of it is that the beam of light which comes in this
direction AB, is turned in the direction CD, or more
upwards. There is a rule on this matter, which is
i thus expressed—that the course of the light is always
turned to the thicker part of the prisny Or if you
observe what is the bending of the light at the two
surfaces of the prism, this is the way in which it may
be expressed—when the light comes from the air into
the water, its direction is bent more ncarly towards
the direction of the line which is perpendicular to the
surfacc—when it goes from the water to the air, it
is hent further from the perpendicular.* In the
purtieuar use of the prism, with its point down-
wards, these two things are combined in such a
manner, that at cach nf these surfaces the direction
of the beam of light is bent upwards. Of course you
will infer that if the prism were turned in the oppo-

T
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site way as at Figure 5, so that its point was upwards,

* The reader is particularly desired to remark that the word
pcrp_ondieukrdoesnotmanmdiudartotkknim',or
vertical, unless it is so expressed. 'When the expression
erpendicular to the surface of the glass is used, it means what
a workman would probably call square to the surface of the
ﬁl:n. The vertical direction at place is that of a plumb-
m:ﬂhunmtbm,orpmlﬂrtothonrboeof.ﬁn
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then the course of the light would be bent downwards.
Now, as regards astronomical observations, we
have no water or glass concerned ; but we have a
thing which produces refraction, and that is atmo-
spheric air. The common air produces refraction.
The visible exhibition of this refraction is one of
those nice experiments which I cannot attempt to
exhibit to au audience like this. But it may be
shown in vagous ways ; as, for instance, by forming
a.prism of glass, and compressing more air into it ;
or again, by exhausting the air from it. It is shown
that the elfect of air is precisely the same in kind as
the effect of water, though much less in degree. It
may be stated as a general law, that where light
enters from external space into air, or into water, or
glass, or diamond, if you please, or any other tran-
sparent substance—where light enters from cxternal
space into any onc of these substances, its course is
bent in such a direction that it is more nearl
dicular to the dividing surface than it “Wa

bé;ore. "Now, having laid that down as a general *
law, let us see what its application will be to atmo-
sphericair. In making astronomical observations, let

Fie. 6.
us assume that Figure 6 represents a part of the
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earth, covered by atmosphere—the, black part being
the earth, the dusky part the atmosphere. Suppose
a beam of light is coming in the direction AB from
a star, and suppose that at B it comes on the atmo-
sphem—-—xtm coming then here exactly under the same
circumstances in which in Figure 5 the beam of light
comes upon the surface of the prism. According to
the law which I have just mentioned, it will be bent
in such a manner that its direction after i} has entered
ths atmosphere is mz%nearly ndiculse to. the
unding surface than fore, in conform-
1ty to that law, it is bent in the direction BC, and it
reaches the eye of the observer at C, in the dn'eclnon
BC. If you observe the relation which the second
line BC bas to the first AB,-you will see it is more
Dearly perpendicular to the horizon ; or, standing at
:C on the surface of the earth, you have to look a
little higher to see the star than if you were on the
outside of the atmosphere, at B ; or the star, in con-.
‘saquence of the action of the ‘atm hem, a) pears
‘higher. - Now this I have meninon:;p would
cage if the atmosphere had a(_lg@%e_.bongd;ry a.nd
were uniform throughout its extent T "buf the same
thing takes place if the atmosphere has not a definite
boundary, and varies in density from stratum to
stratum—the same effect takes place from one stratum
of the atmosphere to the next.*

suppose
) 4 4 atmosphere to consist of a
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Tx this manner we find there is a rational explana-
tion of this too great elevation of the stars. *Taking
as foundation the established law of optics, deter-
mined by experiments on glass and water, and
computing from this what ought to be the deflection
of light, and what ought to be the elevation of the
star produced by the refraction of light by the
atmosphere, and applying that as a correction to the
observationg made by the Equatoreal Instrument, of
which I have spoken, it is proved that the whole
thing comes quite right—that the stars move exactly
in circles, not approximately, but (as far as the

umen eye and instruments can discover) exactly as
if_they turned uniformly round one imaginary axis.
This is the grand fact which must be regarded as
ho foundation of astronomy.

T shall now mention, in as few words as I can,
how obeervations of all kinds are made, and how
upon these observations the most accurate astro-
nomical deferminations are based. In the first
place we will show the use of the telescope, and
how it is used with wires in the field of view. The
instrument thus fitted up is not used for mere
gazing, but for accurate observation. If you go
into an observatory, and look into any of the tele-
scopes, you will see a set of bars. It will he perhaps
beyond your comprehension what these has are,
and what they are for. Stars are seen to pass these

BD. Again, when it reaches cE, the boundary of tho next
lﬁltum,xtm‘llinlikommerb’ebontintbo direction cd.
The same thing will happen every time it comes to the bound-
ary of & new stratum ; and at last, when it roaches the carth’s
Siposcing tothe abserver st A, will asoguently bo seen

8] i 0 at ill consequently be seen &

in the direction of Cg. ’
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*
as if the stars and the bars were at the same distance
from the eye. These bars are in reality fine cobweb
threads, or somcthing of the kind, fixed in the
telescope very mear to the eye. Perhaps Figure 7

7
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may serve to illustrate the construction of the tele-
scope. There is no tube; but that is immaterial
At A is what we call a lens, that is to sdy, o picce
of glass convex on both sides, and therefore thickest
in the middle. It is here supposed to be fixed in a
hole in a wooden screen MN. The property of this
lens of glass is, if there be a luminous object in the
distanco, it collects all the light from that object;
and instead of suffering it to go out in a broad sheet
of light, it makes it contract so that the light from
each point in the object is collected at a corre-
sponding point on the screen; and therefore all the
corresponding points of light on the screen, which
belong to the original points of light in the original
luminous appearance, when put together form an
image which is exactly similar to the original object.
The image, however, is turned upside«lown, because
the light which comes from the upper part of the
luminous object and goes through the leng, passes
downwards towards the lower part of the screen KL

o2
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Thede properties of a lens can easily be proved by
experiments with a common burning glass, or a
reading glass, or spectacle glass, such as musedby
elderly people.

Suppose, now, that the stand GH is placed on the
south side of A, and that a lamp is slid along it suc-
cessively from B to C,D, E,and F. This movement
exactly imitates the apparent movement of the stars
as they pass across the south, travelling from the
east to the west. The effect of it is, that if the
.screens are placed at proper distances, a spot of light
is seen on the screen KL, moving in the opposite
direction, as from &, successively to ¢, d, ¢, and f.
Now, if there are traced upon KL a set of bars or
dark wires, the spot of light passes over them in
succession, first over one and then over another.
Now this is truly and veritably an astronomical tele-
scope. At A is the lens forming the image of the
star—on KL is the set of wires in the field of view—
if you placed an eye-glass on the other side of KL,
and viewed the wires with it, you would have a com-
plete astronomical telescope. This is the arrangement
by which astronomical observations are really and
I_ruly made. Every astronom&ct::d telescop&L intended

or accurate observations is up wi mgf
this kind. P

On looking to the south with the naked eye, the
star travels from right to left. But on looking into
the telescope with an eye-glass, as on the other side
of KL, the image of the star is seen travelling from
nggttoleft andltsspeedxssomuchmagmﬁed by

mngm.fymg power of the telescope, that the motion

"is sensible and even rapid. It goes over the bars in
succession, and one of the duties of the observer is
Yo note the time at which it passes over eyery one of
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these, and to take the mean or average of all, so as
to diminish the error of a single observation. Having
shown the way in which the transit of the star is
observed over a scries of bars, I proceed to point out
the way in which it is made useful for the deter-
mination of some of the most important points in
Astronomy.

First of all, I wish to point out what is the thing
we want to do in representing the position of the
stars, and what are the general principles of fixing
that position. There is a term we use in mathematics
—co-ordinates ; it is a word not used in common
language, and I would avoid it if possible ; but it is
necessary to use some word which will convey the
iden ; and its meaning will be perfectly intelligible
if you consider how you are to represent the position
of anything whatever. Suppose that we before
us a celestial globe, with stars and other obfects upon
it. How are we to define the positions of those?
The thing to which T desire to call your attention is
this—that where we have anything of a surface, real
“or imaginary, we must have fwo elements of some
kind to define the position of any point upon it. In
Figure 8, suppose that AB represents a wall; D &

B_

g
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speck of dirt upon it. I want to define the position
of that speck of dirt. What could I dot I couid
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measure the distance AC horizontally from one end
of the wall, and CD vertically from the floor. That
would define it accurately, and I could write down
the measures in figures, so that a person at any dis-
tance could make a speck in a position cxactly similar
on another wall. I might do it in other ways. I
might measure the distance AD from-the corner A,
and the distance ED from the corner E, and describ-
ing circles with these sweeps in my compasses from
each corner in succession, I should be able to find
exactly the position of that speck of dirt. I might
do it in another way, too. I might say, if I go from
the corner A to that speck of dirt D, the distance is
80 many feet, and the inclination of the line AD to
the horizon is such an inclination as I can represent.
‘ZThst womnld do. But, in whatever way I do it, I
i;nust jwameaaums there:snowaymwhlch

t is possible, in the nature of things, that the posi-
tion of that speck of dirt on the wall, or the position
of a star in the sky, can be represented, except by
two elements.

Now the question presents itselfl What are the
two elements most convenient for representing the
position of a star in the heavens? There are two
elements which, ever since accurate astronomical
observations began, have been fixed on by all astro-
nomers as the most advantageous. Ome is thus
described : supposing we can fix on the imaginary
pple or place of rotation of the stars, then one element
is the distance of the star, s measured from that pole
in degrees. I will spea.kmsshorthme of what is
really meant by a degree. The other is, supposing
the celestial globe, or the sphere of the heavens, to
turn round an axis, as we have shown it does ; then
tbﬂqueshonm,howfarhnsmtoh:mfmmacertam
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’ position before that star, whatever it ig, comes under
the meridian. If wocsnwntedownmﬁgures (for
‘these are the things by which alone we can preserve
“a satisfactory record)—if we can write duwn in figures
how far the globe has to turn from a certain position,
till any one star comes under the meridian of the
globe, or under the imaginary meridian which passes
pver our heads ; and if at the same time we can tell
*how far the star is from this pole, round which the
whole of the sphere turns, we can fix the place of the
star. These are the two co-ordinates. I pray your
attention to these things, which are necessary for
-determining the position of a star—ang, how far the
‘globe must turn before the star is on the meridian ;
the ofher, what is the measure of the distance from'
“the poie of the heavens to the star at the time when
it does come on the meridian, or, indeed, at any
ot.herda time, as that distance does not sensibly change
ina
Thothmgtowhchlwouldﬁrstdnectyour
attention is, the way in which we ascertain how far
the globe must turn before the star comes into the
meridian, Figure 9 represcnts what is called the
"Transit Instrument. It is an instrument in perpetual
‘use in every observatory. You see the instrument is
‘not adapted to gaze at all points of the heavens; in
ordinary use it can be turned round the axis AB, and
has no other motion whatever. Now, what we want
to do with this transit instrument is, to supply the
‘place of the brass meridian of a common celestial
globe. 'We cannot put a brass meridian over the
theavens, or over our leads; but we want to make a
talescop:lznova‘ in 1;‘;sluch & manner that the line CDE
-passing along the telescope,and prolonged to the starry
iheavens, shall exactly describe a curve resembling
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the brass meridian. Consider, now, the various
conditions necessary. First, every person who is

Fia. 9.

acquainted with the cclestial globe, knows that the
brass meridian ought to be perpendicular to the
thorizon ; for securing that condition in the curve
idescribed by the transit instrument, the two points
AB must be exactly level. In the next place, the
,brass meridian of a common globe is not what is
:called a small circle, but it divides the globe into two
sequal parts. For that purpose it is necessary that
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the telescope CD should be sguare to its axis AB.A
Mhe astronomer ascertains wheger it be truly square
.or not, by looking at a distant mark, first with the
pivots A,B, of the instrument resting on the piers a, b,
and then with the axis turned over, so that the pivots
A,B, rest on the piers b, a. If the telescope points
oqually well to mark in both positions of the axis,
the telescope is truly square to its axis. The third
condition is, that when the axis is level, and the tele-.
scope is square to its axis—on turning the instrument
round Y&xis; The ne CDE shall pass through the
pole of motion of the celestial sphere. Now, the way*
of obtaining this condition is as follows :—We take '
advantage of that admirable Polar Star, which ia’“
blessing iv astronomers of the northern hemisphere.
The Polar Star, as I have said, turns round like the
rest, although in a small circle. Iet FGHIKL
irepresent the circle in the sky in which the Polar~
Star turns round in the order FGHIKLF. Suppose
that in turning the transit instrument round its axis
AB, the line CDE prolonged will trace on the sky
the line GI or FK, as the case may be. The Polar
Star in its revolution passes that line twice. Now,
what we want is, that that line CDLE, carried on to
“the sky, should be so directed, that in the motion of
ithe telescope it should pass exactly through -the
-centre of the circle which the Polar Star deseribes,
‘and therefore that it should divide into two equal
halves the circle which the Polar Star describes. 'We
ascertain it in this manner. We can measure the
description of the parts of the circle of the Polar Star
by time. One of the most important parts of the
apparatus by which that astronomical observation is
made, is a clock. The clock should go well, amd
should beat loudly and distinctly. The astronomer
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observes the Polar Star when it passes the transit
instrument at its upper passage, as at K, and also
when it passes its lower passage, as at F. If these
.are twelve hours apart, we know that the transit
instrument is in its proper position. For as the star
describes the whole circle in twenty-four hours, if the
times of passing at F and K are twelve hours apart,
there must be exactly half the circle between them,
and therefore the line FK must pass through the
centre of the circle, or through the Pole of the
heavens. But supposing the transit instrument were
a little out of position, so that the line, described by
CDE prolonged, would be GI, then the star would
‘fyquire more than twelve hours to pass from its
visible upper passage at I, through KLF, to its
visible dower passage at G, and fower than twelve
: hours to pass from its visible lower passage at G,
* through H, to its visible upper passage at I. In this
manner we are enabled to adjust this transit instru-
ment to its position with the utmost accuracy.
Having explained the manner in which the transit
instrument is placed accurately in its proper position,
I will now explain its use. I will assume you are
looking to the south. The observer stations himself
at his transit instrument, not looking at all parts of
the sky, but waiting to observe the stars as they pass
the meridian. The clock is going all the time. A
ir is seen to be approaching the meridian : the
( directs the telescope so as to observe the
tar when it actually crosses the meridian, and then
dooks into the telescope. In the telescope he sees
the wires, and sees the image of the star travelling
Plong,,md he observes the passage of the star over
iohrywire. Just before the star begins to pass, he
looks to the clock face for the hours and minutes,
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y %@“ o_the. e

seconds—in manner he gets the heur,
{minute, the second, and the fraction of a second, at
‘which that bright star passes every wire, and by
jtaking the mean or average of these, he finds the
{time at which the star passes the meridian. He looks
again, and he secs a planet coming into the field of
view. Ho directs his telescope to that planet, and
'in like manner he gets the time by the clock at which -
that planct passes the meridian—the hour, the
minute, the sccond, and the fraction of a second.
He sees another star. The telescope is moved to the
. proper position—he notes the time in the same man-
ner, and he finds the hour, the minute, the secondy -
and thr fraction of a second, as before. Another
* star comes in the same way. Such is the duty which *
a transit-observer has to perform—the watching of
objects which are passing the meridian in endless
succession. He has this instrument, which is con-
fined in its motions to the ygeridian, and which admits
of no other motion ; and" the clock, by which he
notes the hour, the minute, the second, and the frac-
tion of a second ; by the use of the various wires, he
observes the time at which the object passes each
wire ; and by taking the mean of all, he finds very
accurately the time at which the object passes the
meridian: such are the duties of the transit-observer.
The next thing is to ascertain the elevation of the,
object when it passes the meridian. Now before we
enter upon the use of the Mural Circle, I must offer
a word or two upon Geometry. I dare say everybody
here, like myself, has in his time, studied books con-
taining measures—so many barleycorns make an inch,
so many inches make a foot, 80 many feet make &
yard, etc., as well as so many yards make & mile,
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and so many miles make a degree. But the publica-
tion in & book of measures of such an expression as
“69 miles make a degree” is in the highest degree
reprehensible, as giving false ideas on one of the most
important expressions in science. No schoolmaster
ought to introduce books into his school, teaching
that 69 miles make a degree. 'What do we mean by
a degree? The use of the word degree is to define
inclination, and it ought to be looked upon as defin-
ing a measure of inclination only, and not as defining
& measure of length. If I had to describe the posi-
tion of two arms of a pair of compasses, I should say
"they were inclined ; but the notion of their inclina-
tion is entirely different from the notion of a moasure
of length. But we want some means for describing
*how much these two arms are inclined. Now the
method of describing how much these two arms are
inclined, is got at in this way: we use the word
degree for a certain small inclination, such that if we
first give one arm an inclipation of one degree to the
other, then incline it on8 degree further, then one
degree in addition, and so on to 360 degrees, the arm
will have gone through the whole circle of inclination,
and will have returned back again to its first position.
But these degrees, as you will perceive, have nothing
to do with lineal measures ; they are inclinations,
and nothing else ; they have noth.mg more to do with
lineal measures than they have to do with pounds
we:ght or pounds sterling. We do, however, find
to use the word degree in determining
whn.t might at first sight appear to be linear measures.
For instance, ﬁastubeqeenatthepomtA Figure
10, andlfanotherstarbeseenatthepomtB and if
I want to measure the distance between them, I say
they are so many degrees apart ; but yet I do not
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mean any number of miles, or any lineal measure.
If T apply the hinge C of a pair of compasses to my
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cye, and direct one arm CD to the star A, and the
other arm CE to the star B, and then if I observe the
inclinations of these arms; if the arms are square, oned
arm has madoe one fourth of the complete turn round$
from the other ; and as we call the whole cirele 360
degrees, ono fourth of the turn round when the com-
passes are square is 90 degrees, and wo say that the
stars are 90 degrecs apart.  1f instead of that, I have
to put the arms of the compasses in a less inclined
position, as in Figure 11, the distance of the stars
may be 50 degrees, or 30 degrees, or some smaller
number of degrees. This must be fully understood
before wo can enter upon the explanation of the
Mural Circle.
., This Mural Circle is an instrument very much
i varied in form. Figuro 12 represents the instruments
l in use at the Royal Observatory, Greenwich, at Edin-
i burgh, and Cambridge. A is a stone pier which
“supports the axis of the instrument, and to which
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microscopes a, b, ¢, d, e, f, are attached. The face of
the pier which carries the microscopes, fronts either

Fia. 12.

the cast or the west. The construction of the instru-
ment is this ; there is a circle I3(}, which turns round
an axis DE, (not visible in the view) that passes
through the pier A. The circle BC has the telescope
FG attached. This circle is graduated into degrees
and minutes and other sub-divisions on its outside,
containing 360 degrees in its whole circumference.
Its position would be sufficiently ubserved for ordi-
nary purpeses if there were a pointer tixed to the pier
at one part, but there are reasons (depending on the
liability of the axis to be disturbed in its bearing, and
on the tendency of the circle to bend under its own
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weight) which make it desirable that there shofild
be pointers at several parts of it. In the instruments
at Cambridge and Greenwich, and other places, there
are six pointers ; they are not ordinary pointers, but
microscopes, by means of which the spaces between
the divisions can be sub-divided with greater accuracy
than they could be by other means. Therefore you-
will perceive very easily, that by the use of these
microscopes, viewing the circumference of this circle,
it is possible to determine and register the position of
this circle, (and consequently the position of the
telescope which is fastened to it,) with very great
accuracy indeed.

In all measures, however, we want a starting-point.
What we want to ascertain with the circle is, how
far th.. telescope is pointed above the horizon. 1t is
thercfore a very important thing to ascertain what is
the reading of the circle when the telescope points
horizontally. There is a contrivance used in most
modern Observatories for this purpose which is
worthy of attention—it is the use of observations by
reflection.  Suppose that a star is seen by the observer
to he approaching the meridiun, he places a trough of
quicksilver O in such a direction that the star can beé
seen by reflection in the quicksilver. 'When the
telescope is pointed towards the reflection in the
quicksilver, then we know that the telescope is
pointed below the horizon, just as much as it is
pointed above the horizon to see the star by direct
vision. 'This results from the optical law of reflection:
For in Figure 13, if FG be the position of the tele-
scopeplaced to receive the light wﬁch comekfrom the
star in the direction SG, and if ¥'G’ be the pesition
of the telescope placed to reccive the light which
comes from the star to the quicksilver in the direction
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S’O, is thus reflected in the direction OG’,
then by the law of reflestion, 8’0 and G’O make
I
8
4 . /,/
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equal angles with the surface of the quicksilver.

But as the quicksilver is perfectly fluid, its surface is
exactly horizontal. So that G’O and %) e equal
angles with the horizon ; and therefore ¥G'O points
g8 much below the horizon as OS’ or FGS points
above it. The observer therefore looks at the star by
reflection in the quicksilver ; he takes the reading of
the microscopes ; he then turns the instrument so as
to see the starbyduectmonmthe telescope, and
then he takes the reading of the microscopes ;. then
by taking the mean between the reading of the circlo
corresponding to these two observations, it is certain
that we have got the reading corresponding to the’
horizontal position of the telescope. That gives usa
starting-point ; and having got that, whenever we
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observe a star in any position whatever on the
meridian, inasmuch as we have got the reading of the
circle when the telescope is directed to that star, and ..
as woe know the reading of the circle which. corre-
sponds to the horizontal position of the telescope—
then by taking the difference between these readings,
we know in dogrees and minutes the inclination of
the telescope, or the degrees and minutes by which
the atar is elevated above the horizon. The method
of observation which I have described is going on at
an Observatory every day. It is necessary, however,
to remark that (as has been already said) every star
appears too high, in consequence of refraction ; a
correction must therefore be subtracted from the
elevationn thus found, in order to discover at what
elevation it would have been seen, if there had been
no atmosphere about us.

Now, suppose that we observe the Polar Star.
This star, though very near the Pole, describes a
small cirele round the Pole, and therefore goes as
much above the Pole at one time when it is highest,
a8 it does below the Pole at another time when it is
lowest. Therefore, by taking the angular elevation
above the horizon, in degrees, minutes, and seconds,
of the Polar star when at the highest point above the
Pole, and applying the proper correction for refrac-
tion; and taking its angular elevation in degrees,
minutes, and seconds, when at the lowest point below
the Pole, and applying the proper correction to this
for refraction ; and taking the mean between the two
elevations so corrected ; we get the true angular
elevation of the celestial Pole. In that manner we
have got the accurate calculation of the angular
elevation of that Pole in the North side, round which
the heavens appear to turn.

D
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Now, allow me to point out what we hate obtained
with regard to these celestial objects.

By the use of the transit instrument, when
properly adjusted, and the clock, we observe the
time of transit of a principal star, and we obscrve the
time of transit of any other objects, smaller stars,
planets, or whatever else they may be. By means of
these observations, we have a difference of times of
transit. We can place no reliance upon the clock,
except this, that it gives us the difference of time
between the passage of principal stars, and that of
other objects. Suppose that our clock is so adjusted,
that if we observe the time of that principal star
passing the instrument to-day, and again ohserve the
time at which it passes the instrument to-morrow,
the clock describes accurately twenty-four hours.
If it does not describe- accurately twenty-four hours,
we know how great its cerror is in twenty-four hours,
and we can apply a proportionate part of the error to
every interval of time; so that it is in every respect
as serviceable as if it were accurately adjusted. Sup-
posing, then, that our clock was adjusted in such a
manner that it indicated twenty-four hours, from the
time of a principal star passing to the time at which
the same object passed again—this amounts to saying,
that it indicates twenty-four hours in the time in
which the whole heavens turn round. Assuming,
then, that the planet which we have observed passes
the telescope one hour after the principal star passes,
then we must conclude that the heavens have turned
fo, one hour; or have performed one twenty-fourth
part of their whole revolution, before that part of the
heavens in which the planet is seen passes our me-
ridian. And this is precisely one of the co-ordinates
which, as I said, serves to determine the position of
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the stars, or the planets, in reference one to another.

‘What we want to know is, the interval of the-
suceessive times at which they pass the meridian.

Assuming that the starry heaven turns uniformly,

this interval (which in the instance above we have
supposed to be one hour,) enables us, if we wish,

for instance, to register the planet’s place on a
globe, to turn the globe one hour, or one twenty-
fourth part of a revolution, from the position in
which the principal star was under the meridian, and

then we know that the planet which we have observed
will be somewhere under the meridian, in that new
position of the globe. That is the result of the ob-
servations with the transit instrument.

The - «xt thing is, by means of the observation of
the Polar Star with the Mural Circle, and by determin-
ing how high any other nbject appears when it passes
the meridian, to determine the angular distance of
any object from the Pole. These two observations
amount to this:—the first gives the angular distance
of the Pole from the north horizon. It is, however,
rather more convenient to refer the position of the
Pole to the point which is exactly upwards—usually
called the Zenith. The change is very easily made ;
for as the angular distance from the Zenith to the
horizon is ninety degrees,* we have only to subtract
the elevation of the Pole (or of any other object)
from ninety degrees, in order to obtain its zenithal

* The reader will o;asily undmtandm:hu. i{:;eremrh that
upon & pair of compasses so one ints exactl:
upw-:m:cfthootherlegpoinﬁwthehoﬁzmmtwohgz
are then exactly square to each other, and therefore one leg
has been turne swayﬁomtheoth:ﬁono—fonrthpntofthe
movement which would bring it i
by one-fourth part of 360 degreee.

D2
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distance on the north side of the Zenith. Thus we
find that between the Zenith and the Pole there are
80 many degrees, and minutes, and seconds, of angular
distance. 'That is obtained from the obscrvations
with the Mural Circle, directed to the Polar Star. By
using the same instrument in the same manner, but
directed to a planet or other object, we find the an-
gular distance from the Zenith to the planet on the
south side of the Zenith. 'We have, then, got these
two things : we have got the angular distance of the
Polar Star from the Zenith on one side, and the an-
distance of the planet from the Zenith on the
" other side. By adding these together, we have the
angular distance of the planet from the North Iole.
This is the other co-ordinate neccessary to define the
planet’s place.
As I said before, by the transit instrument we have
found what is the proportion of a revolution through
- which the celestial globe must be turned in respect
to a certain fixed star, in order that we may fix the
position of the globe when the body passes the me-
ridian ; and by the observations with the Mural
Clrele, we have fixed the distance of the object from
the Pole, when that object passes the meridian.
These are the two co-ordinates which completely
define the planet's place. If we had a globe we
could mark down the place of the object at once.
Or, instead of this, the result of the two kinds of
observation may be registered in figures.
I have referred the times of transit of planets and
small stars to one principal star, supposing it taken
"8 8 point of departure. This method was adopted
by my predécessor, Dr. Maskelyne, and by several of
the best astronomers. Dr. Maskelyne adopted the
bright stax of Aquila, as his fundamental star ; others,
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lowever, have used several bright stars, whose relative
positions have been well ascertained ; and this is
now the more usual course.

The methods of which I have spoken, give us the
means of recording, with the greatest accuracy, the
position of any object as viewed from any point of
the earth, and we come to the same conclusions, as
to the relative positions of the stars, wherever we
may be placed. Thus, at the Cape of Good Hope,
where there is an Observatory in the highest order,
the relative positions of the stars are seen to be pre-
cisely the same as when they are viewed from the
Kuropean Observatorics. If you observe how many
hours, minutes, and seconds, one star is before the
other when it passes the meridian, and how many
degrecs, minutes, and seconds, one star is higher than
the other when it passes the meridian—whether it
is obsorved here or at the Cape of Good Hope, it
amounts to precisely the same thing—there is not
the slightest difference. From this we must draw
one of two conclusions : either that the stars are, as
it were, stuck in a shell of a very great size ; or else,
that the distance between the North of Europe and
the Cape of Good Hope is unmeasurably small, com-
pared with the distances of the stars; or that the
distance of the stars is unmeasurably great as com-
pared with the distance from the North of Europe to
the Cape of Good Hope.

I shall now conclude this lecture. In the next
lecture I shall treat of the figure and dimensions and
rotation of the earth ; of the movements of the Sun
amongst the stars ; and of the motions of the planets.
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LECTURE II.

Recapltuhhon of Lecture I.—Investi tﬁ:hon of the form and
dimensions of the Earth.—Proof that the Earth really re-
volves.—dpparent motion of the Sun amonlg the Stars, or
real motion of the Earth round the Sun.—Permancnce of

an axis of Rotation.

N the last lecture I endeavoured to point out to
I you ‘the principal phenomena of the motions of
the stars as observed on any fine night. And I
called your attention to the fact, that these motions
are performed in such a way, as to give us the idea
of rotation round an axis inclined {o the horizon ;
that some of the stars move very little ; that others
describe larger circles ; that others just touch the
Horizon and descend below it ; that others descend
on one side and rise on the other side. I mentioned
‘the names of two or three stars admitting of easy
observation, as'T am desirous that you should observe
a little for yourselves, because yon will acquire more
knowledge from personal observation than from any
Jectures. The first of these is the Polar Star, which
everybody ought to know; the second is the constel-
lation of the Great Bear, which most people know as
Charles’ Wain ; the third is the bright star Capella ;
the fourth is the bright star of Lyra. I described
their motions : and I then pointed out to you that
the observations were rendered more accurate by
means of the instrument named the Equatoreal,
which makes a telescope turn on an axis parallel to
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the direction of the axis round which the stars
appear to turn ; and that we find, by fixing the tele-
scope to the axis in such a position that it is directed
to any one star, and then, by continuing to turn the
instrument upon its axis, the telescope will follow
the star from its rising to its setting. This I men-
tioned as establishing an important point, that the
stars undoubtedly do appear to revolve round that
axis. 1 then described the use of the clock-work
for causing the Equatoreal instrument to revolve
unifornly.  And I pointed out to you, as a thing of
importance, that when the clock-work is in action,
1o whatever star we may direct the telescope, how-
wver far that star may be from the Pole, or however
near it may be to the Pole, the teloscope does con-
tinue to revolve after it, so that the star is always
kept in sight, or in the %eld of view. Inasmuch,
therefore, as all the stars appear to revolve uniformly
round one axis, it follows that the stars keep their
relative places or positions, that is to say, the heavens
turn as il were all of a piece. Of coursc there is né
oxplanation of that, except one of these two—either
ithat the heavens are solid and go all of a piece ; or
#ihat the heavens may be assumed to be fixed or im-
movable, and that we and the carth are turning
instead of them.

I then particularly mentioned that, taking advan-
tage of this circumstance, instruments are contrived
for daily use in every Observatory in the world, as
adapted to defining the places of celestial objects.
In the first place, I directed your attention to the
transit instrument, as one of the most important
instruments used in taking our observations. This
is mounted like & cannon, turning upon two pivots,
and possessing no other motion ; these pivots resting
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on stone piers, if the instrument is of a large size, or
upon metal piers, if the instrument is of a smaller
size ; the telescope so adjusted, and turning in this
manner, moves only in the meridian. And here it
is important to remark that in all standard observa-
tions in Astronomy, the instrument is not turned to
stars in any part of the heavens, but we have to wait
until the stars come upon the meridian. We must
so manage as not to be too late, or we lose our
observation. The transit instrument must be ad-
justed in reference to our notion of what we want to
observe. The object of all this is to define the places
of the stars, in relation one to another ; the places of
the planets, the sun, the comets, the moon, in rela-
tion to the stars, and so on: in fact the use of all
observing instruments of this class is to define the
place of one object in relition to some one or other
fixed objects. I then endeavoured to explain that,
for exact definition of the place of an object, it is
necessary to use a system of what, in mathomatics,
are called co-ordinates; and that, when the object
is or appears to be upon a surface, two co-ordinates
are necessary. By this term, I mean two measures of
some kind or other; as distances from two fixed lines,
or distances from two fixed points, or length of the line
from o%ci poilfnt agd inclinatio:}:;f that line t(f) tt]l.:e hori-
zon. us, for determining the position of the stars
in reference one to another, it is a matter of importance
to choose the most convenient co-ordinates. Consider-
ing the stars as they are represented on the cclestial
globe, if we wish to define the place of any star, the
most convenient co-ordinates we can use are these: in
the first place, to see how far the globe must have
turned from a certain position before the star passes
under the brass meridian; and in the next place to see,
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when that star passes under that meridian, how far
it is from the Pole round which the globe turns.

I then pointed out that the transit instrument is
ono of the instruments particularly adapted to this
purpose. The transit instrument does, by its motion
on the axis I described, trace on the sky a curve
exactly similar to the brass meridian of the globe,
provided these conditions be observed : first the axis
must be horizontal ; secondly, the telescope must be
square to its axis; and thirdly, when the telescope is
turned to the north, it must in its sweep pass over
the centre of rotation of the stars. All this I fully
explained, but I give this recapitulation that it may
be kept 1 recollection as we proceed with our lec-
tures. By means then of this transit instrument,
the condition of representing the brazen meridian by
an imaginary track of the telescope through the
bieavens is fulfilled. 1 then mentioned that we make
u+e of a clock in all our observations ; that the way
of using it is, having noted the time when some star
or ohject passes the meridian, to find by the clock
the interval of time until other stars or planets pass
the meridian.

I may now add one subject which I omitted, and
it is to state what we mean by a Sidereal Day. We
observe on this day a bright star, for instance Arc-
turus, passing the meridian. We note the time by
our clock, in hours, minutes, and seconds, and the
fraction of a second. To-morrow we again observe
the passage of Arcturus across the meridian. The
interval between these passages is a sidereal day. A
sidereal day is not quite the same as a common day.
But I do not insist on that at present, because it is
connected with other things, one of which is the
motion of the sun. It is important to understand
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that that is what we mean by a sidereal day. I can-
not tell you now what sidereal time is, and for this
plain reason : T have not yet got the starting-point
which marks the beginning of the sidereal day. All
that I can at present say is, that the interval from
the time of the passage of one slar onc day to the
time of the passage of the same star the next day is
understood 1o be twenty-four hours of sidereal time.
Having proceeded so far in relation to the times of
the passing of the stars, and the quantity of rotalion
which the globe must perform from the meridional
passage of a fixed star which we know, o that of a
planet or similar object whose position we want to
determine, T mentioned the use of the Mural Circle,
by which we determine the altitude of the object
when it is passing the meridian. And here 1 must
observe, that one of the most important adjustments
of the Mural Cirele depends on reflection from the
surface of quicksilver. It is not my province now to
allude to oplics as a scienee ; T wmerely allude to it 1o
indicate a thing important to our present purpose :
the law of reflection of light from-a surfuce of (uick-
silver. The surface of the quicksilver takes a position
parallel to the horizon, with a degree of suddenness
and cortuinty to which we know mnothing similar.
Light is reflectecd from the surface of the quicksilver,
just as it would be from a looking glass. Now, the
thing which I wished to point out as the great prac-
tical fact is this: that supposing SG and 8’0, in
Figure 13, to represent the direction of the light
coming from the star, and OG'F’ the direction of the
light reflectod from the quicksilver ; then the inclina-
tion of 8’0 or 8G to the horizon is the same as the
inclination of OG’ to the horizon; and if 8’0 or 8G
.wh nearly to a {lat with the horizon, OG’ will
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approach mnearly to a flat with the horizon ; and if
§°0 or 8SG approach nearly to a perpendicular to the
horizon, OG’ will approach nearly to a perpendicular
1o the horizon. These are the facts upon which the
use of obscrvations by reflection is founded. If we
place this small trough O in such a position that the
telescope looks into it, and if we see a star, we know
that the light which comes from that star is reflected
in such a manner that the position of that telescope
must be as wuch inclined downwards as the position
of the direct ray of light from the star is meclined
upwards.  From these observations we infer the
position «f the telescope when it is horizontal, 1
then pemted out to you that by the use of this, we
ascertain the elevation of the Polar Star at its highest
and its lowest positions, and that by taking the mean
of these we have the height of the Pole ; and there-
fore, getting the elevation of the Pole on one side of
the Zenith, and gotting the elevation of any other
star or uny object whatever, passing either on the
same side of the Zenith or on the other side; hy
means of these we ascertain the angular distance of
any object from the Pole.

Incidentally 1 had occasion to point out to you
some other things. One of these was the use of the
wires in the telescope. And I constructed, as it
were, a telescope, Figure 7, though it has no tube.
The telescope I have here made consists of a lens,
representing the object glass of a telescope, and a
screen, representing the field of view. Formerly tele-
scopes were made without any tubes at all, so that
the tube of a telescope is tolally unessential. The
construction I have got there is a proper representa-
tion of a telescope, forming an image of the object on
the screen, which screen is in the place in which you
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would see the object. Instead of looking at the
screen from a distance, you may come close to it,
and view it with an eye-glass on the side opposite to
the object glass, and then the resemblance to the
telescope is complete. You see upon it bars repre-
senting wires in the field of view. The object of
these is to give definitencss and distinctness to the
observations. Supposing I use the telescope by
directing it to a star: if I see a star somewhere in
the telescope, this is a very loose observation, because
I have not sufficiently defined the place; but if T
have wires in the telescope, and observe the star on
any one of these wires, then I have observed it in a
definite part of the field of view. The accuracy
gained by that observation is very great indeed ; it
is the most important adjunet connected with the use
of the telescope. Every surveyor knows the value
of the wires in his theodolite telescope.

There was another thing I pointed out, which was
that the rotation of the stars, when it is cxamined
closely, is not so accurate as might be supposed at
first, for this reason : that we always find that the
stars near the horizon appear higher than they really
are in fact—whether east, north, or west, they are
always a little too high—I ’ascribed that to refraction.
And I pointed out, as a law of refraction, by refer-
once to a glass trough or prism of water, that if the
light falls on a surface of glass, it is bent there in
such a manner as to go more square to the surface.
I had occasion in the last lecture to mention strongly
my disapproval of the use of some words in a wrong
sense. I shall now mention another word which
is often used in a wrong sense : I allude to the word
¢ perpendicular.” Many people think that the word
¢ perpendicular” means the position of a plumb-line.
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Tt means no such thing. The proper word for des-.
cribing that position is “ vertical.” Perpendicular is
a relative word, and it ought not to be used without
reference to something clse. Vertical is an absolute
word. Thus, in speaking of the word perpendicular,
with reference to that trough of water or prism in
the experimentul case before us, I mean a line per-
pendicular, not to the horizon, but to the surface of
the trough. I explain that particularly, because in
connection with these matters, from defective eduea-
tion and other causes, false meanings are often given
to words. The law of refraction is this: that when
that beam of light represented by AD, in Figures 4
and 5, .nters the side of the prism, it is bent into a
position approaching more nearly to the direction of
the line perpendicular to the surface. The refraction
of light produced by glass or water is well understood.
We know by cxperiments too, that air produces re-
fraction. We apply the same laws which relate to
water or glass, to the computatiofi of refraction by
atmospherie air.  'We find that air will alter the
course of the light in such a manner that the beams
of light enter our eye more vertically than they
otherwise would do ; that all objects will necessarily
appear to be higher than they are in reality; and
applying then a proper correction by the law of re-
tion, based upon experiments with water or glass,
we find everything properly adjusted, and that the
stars revolve round one axis most accurately in the
manner we have represented. These, with some
additions, were the main points of the subject of
zfestmday’s lecture ; T will now proceed to the lecture

T have stated my intention of explaining how we
measure the distance of the sun, and the moon, and
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the stars from the earth by a yard measure. 'When
I say that we really mecasure these distances by a
yard measure, I do not wish to weary you by the
word, and I do not wish to introduce anything in-
elegant ; but I do wish to produce distinct and
definite ideas in your minds ; to urge this, that we
really do make use of a yard measure, or something
equivalent to it, as our fundamentul measure for thesc
purposes. I will now proceed to explain the first
steps towards taking these measnres.

The object we have in view is to measure a great
distance upon the earth; a distance, for instance,
extending the length of a kingdom. Figure 14 (see
Frontispiece) represents nearly the wholeof the Dritish
Tslands. I wish to point out how the distance is
measured from the Isle of Wight at A, to the Shetland
Isles at B. 1In the first place I must tell you, that the
distance has been measured with such accuracy that
I think it likely that the distance is known with no
greater error than perhaps the length of this room.
Now, measures of this kind are effected by a system
of triangulation. This is in some degree or other
well known to every surveyor, but still I esteem it
so important to the whole subject before me, that I
shall point out to you the way in which it is done.
Suppose, then, that wo have three places, EFG,
Figure 15 ; the two ncarest, E and ¥, on a plain

J’\/a
y
F1a. 15.

with even ground between them, and perhaps six or
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eight miles apart ; a third, G, at a considerable dis-
tanco, perhaps inaccessible, at least in a struight line.
from K and F. T can measure the distance between
F and ¥, because there is even ground between them.
But how do we get the distance of G? In the first
place we actually measure the distance hetween the
two nearest, E and F. In the prosecution of surveys
of this kind, it is a great object that we should choose
ground favourable for taking the measure; it is
necessary that the ground should be very level, and,
if possible, firm. The line so measured is called the
Base Line. Bases have been measured in the British
survey on Hounslow Hceath, Romney Marsh, Mister-
ton Carr, Salisbury Plain, and other places ; but the
principa! basis measured in the United Kingdom for
several years past, and on which the measure of
almost every part of the kingdom depends, is one in
Ircland, traced along the east side of Loch Foyle,
ncar Londonderry. It was measured on the sand ;
and the smoothness and level of this soil served well
for the purpose.

Now this hase is measured by a very troublesome
operation indeed. You may think it easy to measure
o straight line, but, in fact, there is nothing so
difficult. In the first place, what are you to measure
it by? Are you to use bars of metal? They expand
by heat. It is to be measured by the yard. 1If so,
what do you mean by a yard? By the measure of a
yord we mean a certain distance, not something
imaginary or variable, but a distance definite and
certain,  But we do not mean the length of any
piece of metal, because it changes its state by tho
action of temperature : it becomes longer when hot,
and shorter when cold. If T use a piece of metal, 1
say a yard means the length of this bar of iron or
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brass at a certain temperature. Now, many bases
have been measured with bars or chains of iron or
brass, but in every part of the operation every possible
care has been used to screen them from changes of
temperature, by covering them with tents; putting
perhaps half-a-dozen bars at a time in a row, with
twenty yards of tent over them, so as to protect
them effectually from the sun and wind. Having
taken these precautions to guard them from the
effects of changes of iemperature, thermometers are
placed by the side of the bars. Then by carefully
observing the state of the thermometer, and knowing
the expansion of the bars by heat, or their contrac-
tion by cold, we can ascertain what length these bars
represent under the circumstances under which they '
are used. But there was another contrivance used
‘specially ih the Loch Foyle base. It was used for
the first time there ; it has been since used in India,
‘and at the Cape of Good Hope. Figure 16 represents

;I . L

F1a. 18,

a combination of twd bars ; one, ABC, of brass, and
the other, DEF, of iron, connected at the middle BE,
and having projecting tongues, ADG and CFH,
which are connected with both bars at the two ends
of the bars. Now, the use of the combination is this:
brass expands by increase of warmth considerably
mhore than iron, in the proportion of 5 to 3, as nearly
o possible. If I arrange the bars in this manner,
«jatid choose points G and H in such positions that
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DG is threefifths of AQ, and FH is three-fifths of
CH ; then the distance between H and G is not dis-
turbed by the expansion of the two bars. The iron
bar expands, the brass bar expands more ; and by
that increased expansion of the brass bar, the two
points G and H are brought inwards by exactly the
proper quantity. In this manner a means of mea-
suring has been attained, which, in the judgment of
many persons who have used it, is better suited to
the puipose than anything elsc that has been used or
adopted. T have described in detail this apparatus to
show the catreme caution necessary in these matters.

A succession of combined bars like these are placed
one aftor wother, with a small interval hetween each
and its successor; and then the question is, how is the
mterval between them to be measured? It will not
do to mnake one bar touch the other, because expan-
stons may be gomng on in one of the series of hars,
an it would jostle the others throughout the whole
extent. In the measure of which 1 spoke, this small
distance was measured by means of microscopes; and
these microscopes were so mounted (on the same
prnciple as thoe bars) that the measure which they
gave was not affected by temperature. In some of
the surveys on the ("ontinent, glass wodges have been
dropped between the suceessive bars; in some others
there have been sliding tongues*used ; indeed an in-
finity of contrivances have heen used to overcome the
difficulty. The effect of all this has been, that a
distance of 8 or 10 miles has been measured to
within a very small fraction of an inch. This is the
first application of the yard measure, by which the
distances of the sun, the moon, and the stars are to
be measured. In figure 17,* EF represents the base

. ¢ See lithographic plate fronting title page.
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on Misterton Carr, connected with the triangulation,
by which the distance from A (Shanklin Down, in
the Isle of Wight) to D, (a place called Clifton, in
Yorkshire,) was measured.

The next thing to be done, having measured the
length of the line EF, Figure 15, is to measurc the
distance of the signal G. It is, perhaps, on a moun-’
tain, perhaps with sea between it and IF. The
object is to get the signal as far off as it can be seen.
These signals have been observed at the distance of
110 miles. Signals in Ireland, on the Wicklow
Mountains, and on Slieve Donard, have been obscrved
from Ben Lomond, in Scotland ; from Precelly and
Snowdon, in Wales ; and from Scaw Fell, in Cum-
berland. Having, then, measured EF, I wish to as-
certain the distance of G. For that purpose I take
away the signal at E, and plant a theodolife in its
place. The thoodolite is adjusted on the point E
with the utmost care. Now, by means of this theo-
dolite, making uso of it in the usual manner, first of
all T observe the signal F at the end of the base, and
then turning it until I observe the signal G on the
distant hill, I obtain the angle of an imaginary tri-
angle GEF, if you may so call it. The friangle is,
in fact, formed by the rays of light which come from
the signal at one station, to the eye, or instrument,
at the other ;" when I turn the telescope of the theo-
,dolite at E towards F, it is in the direction of one
side, EF, of the triangle ; and when I turn it so as
to view the distant signal G, it is in the position of
the other side of the triangle; and therefore the
angle, by which the theodolite turns, is the measure
of that angle FEG of the tfiangle. I then plant the
thoodolite at F; I direct it in like manner to the
end of the base E, and then the light it receives is in
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the direction of the side of the triangle FE ; I turn
it then to the same distant signal G.  Therefore, by
these observations, I have really and truly got, by
the theodolite, the measure of the two angles of the
triangle at K and F. Now, that is sufficient. Every
person who has a knowledge of trigonometry, knows
that if we have got the measurcs of the side EF,
and of these two angles, we are ablg, either to con-
struct the trianglo on paper, or to determine, by
caleulation, the whole of its parts. Or, without
pretending to understand or to have heard of such a
word as triconometry, any person can sco, that by
ohserving how much I turn the telescope at E, for
instanc: , I can make the same turn of a line on paper;
that 1 can make the two directions of the line incline
to cach other by that angle. Knowing how much
this telescope has been turned from one object to
the other, I can make the same angle on paper here;
I can do the same for the other end of the base, and
then, prolonging these lines until they meet, T get
the distance of the distant signal. This is sufficient.
Dut, to make assurance doubly sure, it is usual to
place a third theodolite at (&, and then to observe the
signals at 1l and ¥. And the reason is this: we
know by geometry that if we take the measures. of
the three angles at A, at B, and at C, in degrees,
minutes, and seconds, and add them together, the
sum will be 180 degrees; so that the observation of
the angle at G is & verification of the measures of the
two angles at E and F.

Now, then, we have made the first step in trian-
gulation. Iaving measuwred the base line EF, by
means of a yard measure, as represented by some of
our standard rods, and having measured the angles,

B2 '



52 POPULAR ASTRONOMY.

we have, by the process I have described, got the
length of these other sides of the triangle. Then, in
like manner, having thus got the length of the side
FG, we can use it as a base measure to determine the
distance of the signal on another distant point ; and
thus we go on, step by step, until we get from one
end of the kingdom to the other. I have represented,
in Figure 17, the triangulation connecting Shanklin
Down with Clifton Beacon. This is & part of the
great Meridional Arc of England. Some persons, 1
have no doubt, are present now who have seen a
place in the Tslo of Wight, called Shanklin. North-
east of the village is a high swelling Down ; a point
on this Down is the southern extremity of this tri-
tion. The names of the stations which follow
are marked in the diagram. Signals were placed
upon the successive stations ; at ew.,h of thcse theo-
dolites were placed ; from cach of these the signals
were observed upon the other stations ; and so we
step on from one point to another, till We arrive at
Clifton, a village in the south of Yorkshire ; and (by
continuing the triangulation) at Balta, in the Shetland
Islands. The outlines of the counties through which
the survey was made are roughly drawn on the dia-
gram, in.order to give a notion of the size of the
es. The line, for instance, which connects
Brill with Stow goes over the widest part of Oxford-
“ghire, from a signal external to it on the eastern side,
to another signal external to it on the opposite or
western side. In this way we step over a country at
fow steps ; and when the angles of all the
are decurately measured, the results may be laid down
on paper Thave spoken of beginning from the seuth
end of the triangulation; but in the process of
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making the computation, we must (in this instance)
begin from the north end, because it happens that
the base EF is there.

The next thing is to get the direction of one of
these lines. This is got by a transit instrument, or
something equivalent to it, adjusted in the same
manner which I described yesterday, by the Polar
Star. The transit instrument suppose at K, Figure
17, is adjusted to the morth, so that the telescope
passes through the Pole: the telescope is turned
down to the horizon, and a mark L is fixed by means
of it in the true morth direction on the horizon.
Then the theodolite is used to measure the angle
LKM between this mark and some other signal: and
knowing the northern direction in that way, we are
cnabled to lay down the whole of the trinngulation on
paper, and to see how many yards the point D is
north of the point A. That is the first result of the
meridional friangulation through a country ; it is a
point which it is most important for us to understand
by way of beginning.

Now, let us see how this is to be used. "What do,
we want to ascertain? ‘We want to ascertain some-|
thing about the size and form of the earth. T
remember a man in my youth who used to say he’
should like to go to the edge of the earth and look -
over. 1 don't think that many people, who ‘have
ever considered carefully the state of things around¥
them are impressed with mnotions of that kind ; but
my friend was in his inquiries an ingenious man, a
sort of philosopher in his way. 8till, if he had
looked about him, he would have seen that the earth
did not present such a condition as would enable him
to go to the edge of it and look over.. I dare say
that there are many persons here who have. tome by
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sed from London to Ipswich, and have observed
‘Walton Tower rising out of the edge of the waters.
Many persons, too, who have gone across the Irish
Channel, have seen the mountains on one side dis-
appear, as if they dipped into the sca, and they have
also seen the mountains arise out of the sea on the
-other side, perfect in shape, coming out by degrees,
just as if seen rising over the brow of a hill. The
inference is, that the water is curved, to produce these
phenomena. These are to be seen in the course of
ordinary expeditions ; but those who voyage further,
those who have gone to the Cape of Good Hope,
know that, as they go on, every night they lose sight
of our stars by degrees, and other stars come up on
the other side. In a southern latitude they lose the
northern stars, and they get more of the southern
stars. All this leads us to the conclusion that the
earth is something curved. Again, people have sailed
round the earth. This was done for the first time by
Magellan and his successors in command ; and for
the second time by Sir Francis Drake. From the
time of Sir Francis Drake this has been done every
year ; ships are indeed almost daily prosecuting such
voyages. It is a common- thing for ships to sail in
an easterly direction to Australia, and to retwrn by
continping their eastward course, and not by coming
back the same way they set out. The carth, there-
. fore, roughly speaking, is something round, and there
are limits to its extent.

¢ ,.Now, the question is, what is its extent? Having
“got a measure of considerable length by such a pro-
cess 88 I have described, how can we use.that to
determine what is the size of the earth. In order to
explmn this, suppose Figure 18 to represent a slice
of eemh,curvedaaashce of the earth would be,
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Now, you will understand from
the description which I have
given, that, in the first place, by
measuring a base by means of a
yard measure ; in the next, by
measuring  successive triungles
originating with that base ; and
therefore, in fact, computing the
length of every side of these
triangles by means of a yard
measure ; you will understand
wo have really ascertained, by
means of the yard measure, the
distance from the Isle of Wight
A to the little Island of Balta B,
in the Shetland Isles. Now, we
want to measure the correspond-
ing curvature of the ecarth, that
is, to find how much the line
drawn from A to B on the sur
face of the carth is bent. TFor
that pwpose we use an instru-
ment called the Zenith Sector,
Figure 19—a telescope swinging

st D14

upon pivots AB, and having .

attached to it an arc CDE grad-
uated into degrees and gpinutes.
There is a plumb-line con-
nected with the upper end'af the
teloscope, or with one of the
pivots ; it is a very fine silver
wire, supporting a weight F,
which weight is hanging in
water, to keep it steady. It
gives us the direction of the
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vertical there, or the direction of the perpendicular
to the horizon, (see page 16.) Now,
. assuming that we are observing a star
i G very nearly overhead—it is plain
if the telescope be directed to the star,
then by observing the point of this
divided arc CDE, which is crossed by
the plumb-line, I have got a measure
in degrees, minutes, and seconds, of
how far the star is from the vertical
And the peculiar advantages of

using
¢ this instrument, instead of the Mural
N\ x Circle, are these: first, it is 'easier

to carry about from one situation to

another ; and next, the observations

F16. 10. made by it are confined to that part

of the heavens where the refraction is scarcely sen-

sible. Refraction is a thing which, (from the uncer-

tainty attending the calculation of it,) baulks us

perpetually, and which it is very desirable to get rid
of as much as possible.

Now then, the way in which this instrament is
used, in order to ascertain the form of the earth, is
as follows : we take our Zenith Sector to Shanklin
Down and to the Shetland Islands. Now, consider
for a moment. What do I mean by the earth and
water being curved? The direction of the vertical is
perpendicular to the surface of water ; and therefore,
if the water be curved, it is connected essentially
with the circumstance that the direction of the verti-
cal is varied, or that the direction in which the
plumb-line hangs is not the same at different places.

- Therefore, if the earth, Figure 18, be curved, as we
suppose, nndu previous rough considerations have
given us reason to think, the plumb-line at A would
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hang in the direction CG¥, and that at B in the
direction ¢ g £. The place of the star, however,
which I observe, is unaltered. The telescope is to
be pointed in the same direction, whether we use it
at Shanklin or Dalta : or the line CD is parallel to
¢ d. Suppose, thercfore, 1 have gone through the
observations in the way I have described, by observ-
ing what part of the limb of the Zenith Sector is
erussed by the plumbline ; I get different parts of
the limb in the observations at these two points.
When I uin observing the star at Balta, the plumb-
line crosses at g ; when T am observing it at Shanklin
Down, the plumb-line crosses at G.  Thus we obtain
the difference of the direction of the vertical at the
two places,

Now, then, I have arrived at something which I
can use for taking the dimensions of the earth. In
the way that 1 have described I have the inclination
hetween the line, which is perpendicular to the sur-
face at A, Figure 20, and the line which is perpen-
dicular to the swfaco ot B, If
T continue these two lines down-
wards until they meet at & great
distance below, as at H, I shall
get a centre from which I may
make a sweep to describe the
cirvature of this part; or, in
other words, a centre, about ;
which I may describe & circle
passing through A and B, and F1a. 20.
such that its arc AB shall "be exactly as much bent
as the line AB on the earth’s surface. If the earth
be spherical, or round, it is plain that these lines
come to the earth’s centre, and the distance AH
which I have found is the semi-diameter of the earth.
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If you take nuinbers, you will see how we assume
this to bo effected. Suppose the measure of AT is 830
miles. Suppose I find that the directions of the two
vertical lines AH and BH in the two places A and
B make an angle of 12 degrees.  You will remember
what a degrec means. It is not a measure of length;
it is o meusure of inclination of these two lines. 1
have to pass over a distance of 830 miles, in order to
get from one place to another, where the direction of
the vertical changes 12 degrecs. From that I infer

Jthat the curvatare of the earth is such, that I have
to pass over 69 miles to find the distance of two
places whose vetticals are inclined one degree.
Having got that, it is casy to find what is the semi-
diameter of the circle which you must sweep, in
order that that distauce of 69 miles may give one
degree of inclination of the two lines, drawn from the
centre to the ends of the 69-mile arc. Making the
calculation, you find the semi-diameter is abont 4000
miles. And this is the way in which the mea>ure of
the earth was ascertained in the first instance. The
first accurate mensure was made in MHolland, by a
man numed Snell ; the next by a celebrated man,
Ticard, in France.

Shortly after this, Sir Isanc Newton's theory of
gravitation wus broached. e predicted, as a result
of theory, that the earth would he ascertained not to
fbe round, not spherical, hut sphoroidal, or flattencd,
'furni ped. It was a matter of importance to
verify this’ The first expedition for this purpose
was made by the French Government, under the
Kings of France ; and all honour be to the French
for the part they took in this matter! Many of you
are aware that Guizbt, the late Prime Minister of
Jipgpce, before he was appointed Minister of the
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Crown, was Professor in omle of the French Colleges.
He gave lectures on the History of Civilization,
and he maintained that France had becn the great
pioneer in_science ; that civilization gencrally had
vriginated in France. I believe that in matters of
#cience it is as stated by Guizot. When the question
8f the figure of the earth came to be debated, two
lebrated expeditions were made under the auspices

pf the ¥rench Government : the first greal scientifie
expeditions ever made in the history of the world.
The party composing one expedition was sent to
Lapland, 1o make a triangulation in the way T have
described, wind to make corresponding obscrvations
with the Zenith Sector, beginning at Tornea, at the
head of the Gulf of Bothnia, and carrying the survey
northward for about fifty miles. Amnother party was
‘gent to Perm to make a similar measurement, but
about two lmndred miles in length. And no two
expeditions ever rendered themselves more justly
celebrated than these. Now, observe the results.
'In Figure 21, AD represents the Lapland measure,
va b the Peruvian measure.

It was found, that in Lap- .
land they had to go 69%

miles, or somecthing like

that, in order that the 3

dircctions of the verticals

should change one degree.

It was found in Peru that

they had to go only 69 Fra. 31,

miles, in order that the direction should change one
degree.  From this, it follows that the verticals AH
and BH in Lapland meet at a point H, whose dis-
tance from A or B is about 4000 miles; and that
the verticals ¢ % and b % in Peru meet at a point
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h, whose distance from a or b is about 3950
mil

o8,

‘What is to be inferred from this? We have said
that the estimation of the semi-diameter of the earth,
supposing it to be a sphere, would depend on the
distance you have to go, in order that the direction
of the vertical might be altered by one degree. We
have to go further in the northern measure than in
the equatorial measure. It would seem at first sight,
a8 a consequence, that the earth was not turnip-
shaped, but egg-shaped ; and this was maintained by
many respectable people at the time. On considera-
tion, it appeared that this was not a correct inference.
And the reasons were these: when we assume that
the earth is spheroidal, not spherical, then, inasmuch
as we mean by the direction of the vertical “the
dixection of a line perpendicular to the surface of the
water,” the direction of the vertical will not go to the
earth’s centre at all. It is necessary to consider
something different, and, that is, that the measures
which we have obtainéd, give us information of the
curvature of different points of the earth. They tell
us that at AB the curvature is little, but that at a
the curvature is very sharp. Altogether, when pro-
perly considered, they lead us to the inference that
the form of the earth is something like the oval in
Figure 21 ; that it is flatter at the Poles, and sharper
in its curvature at the Equator. The rule which
theory gave was, that the earth would be spheroidal;
that is, that its form would be that which is produced
by the curve called the ellipse,* Figure 21a, revolving
round its shorter axis BB. Adopting then the

+ ®The of this ourve is more full ined in the
et najmre J y explained
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supposition that the earth is spheroidal, it was a

B

m:na.

matter of calculation to determine from the geometri-
cal propertics of the ellipse, what would be the
proportion of the two axes, AA’, BD’, of the earth,
which would make the proportions of the curvatures
al AD and ¢ b similar to those determined from the
observations. It was inferred that they were in a
proportion something like 299 to 300.

Since (hat time, extensive mecasures have been
taken on other parts of the carth. At the Cape of
Good Hope, o mceasme was made by Lacaille, a
Frenchman, in the fint instance. At the present
tune, I am happy to say, that this measure has heen
repeated and much extended, under the direction of
the Dritish Government, by Mr. Maclear, the Astro-
nomer at the QObservatory of the Cape of Good Hope.
In Englaud, the arc from the Tele of Wight to the
Shetland Islands, to which I have several times
alluded, has been measured. In India, an are, ex-
tending from Cape Comorin to the neighbourhood of
the Himalaya Mountains, has been measured under
the direction of the East India Company. In Russia
the measurement of an are is going on at the t
time, oxtending from the mouth of the Danube
to the North Cape. It will form one of the best
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means of determining accurately the dimensions of
the earth. There is also one measure which is worth
mentioning, on account of the extraordinary times
in which it was effected. It was the great measure
extendmg from Dunkirk, in France, to Barcelona,
in Spain, and which was afterwards continued to
Formentera, a small island, near Minorca. It is
worth mentioning, because it was done in e hottest
_$imes of the French Revolution. 'We are accustom
to consider that time as one purely of anarchy and
bloodshed ; but the energetic Government of France,
though labouring under the greatest difficulties, could
tind the opportunity of sending out an expeditioh for
these scientific purposes; and thus did actually,
during the hottest times of the revolution, complete
a work to which nothing equal had been attempted
by England.

Now, from all these measures put together, we are
able to infer a propurtion of the axes of the earth,
and we are able to try whether all these different
measures agree well with the supposition that the
earth is a spheroid. There is a quantity of mathema-
tical calculations concerned in it; the problem is this:
suppose the earth to be a sphermd with axes in any

* proportion that we choose to tay ; then to caleulate
mathematically the length of the measure correspond-
ing to the observed inclination to the vertical in
different parts of the earth, and to find how nearly
these calculated measures agree with the measured
arcs ; to ascertain whether they agree so nearly, that
thgre is no discordance beyond what can be fairly ex-

od by the.circumstances of the ohservations.
come to this: the proportion of the two axes
the earth is as 299 to 300 : the shorter axis of

41,707,600 feet would pass through the Pole, and
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the longer one of 41,847,400 feet would pass through
the Equator: and the measure; 1:.}::)mputeddon this
supposition for different of the earth do agree
wg)lf(:ith the measures acpatul;ﬂhily made. ,

There is another method used for the same purpose,
founded on the observations of arcs of longitude,
which has not, however, been used so extensively as\
the other. Suppose we place a transit instrument at '
Greenwich, and observe the time when a star passes
the meridian ; suppose we place a transit instrument
on the coast of Ireland, and observe the time when
the same star passes the meridian there. It will be
found that they do not pass at the same time. 'Why?
Because the carth is curved. Let figure 22 be

*S

Fiq. 22.

understood to represent the earth, with its Pole P
turned towards the cy¢ K and L, two stations, and
S a star that is viewed ; and consider what will be
the positions of the transit instrument at K and L.
If T place a trunsit instrument at K (which may
represent Greenwich), the plane in which the instru-
ment will move is the plane of PK, (see page 25,)
and the instrument will catch the stars where they
pass through that plane. If I erect a transit instra-
ment at I, (which may represent a station en the
west of Ireland,) its plane of movement will be PL,
intlined to the plane PK. They both pass thr¢

the axis of the earth. The two planes will be-H#$
clined ; and the stars will not appear to pass these
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two planes, or through the two transit instraments,
at the same time, The intetval of time will depend
entirely on the inclination of the meridian at these
two places. If, then, we erect a transit instrument
in ome place, and another transit instrument at
another place, and compare the times at which the
game star passes the two transit instruments, we
have the meuns of seeing how much the planes of

meridian are inclined. It makes no difference
whether we suppose’the earth to turn round so as to
bring the plane of PL to pass through 8, or suppose
the star to turn round the earth, so as to make S pass
through the plane of PL; the result is just the same.
Now there are various ways* in which the comparison

® Since the dclivery of these Lectures, the comparison of
cloock-times, by means of the Eleotric Teclegraph, has been
applied to the detormination of the difference of longitudes,
firet in America, and subsequently in Europe. The mode of
lure is as follows: su 1t is desired to ascertain the

i co of longitudes of Paris and Greenwich. At the mo-
ment when a star crosses the meridian of Paris the clock-time
is obscrved ; and simultancously tho observer, by means of the
Electrio Telegraph, transmits a signal to Greenwich ; the time
at which the signal arrives at the latter is noted by an observer
there, If electricity travelled instantancously the one
to tho other, the differcnce in hours, minutes, and seconds,

the times at which the si was despatched and re-
coived, would be exactly the di between Paris and
Greenwich time; but, the velocity of tho electric fluid being
ﬂnito,theqmﬁtginquuﬁnniﬂkuthmthpdﬂemnoebe-
tween Paris and wich time by the time occupied in the
transmission of the signal: Zess, because Greenwich time is
behind Paris time, Again, when the star reaches the meridian
of Greenwich, a signal is in like manner sent to Paris by the
observer: the difference in hours, minutes, and seconds, be-
tveenthat'mesot‘itlbeingmtmdmeeivedianow%nm
than the difference between Paris and Greenwich time by the
time in the tremsmission of the u%:.l:grutar,be—
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of the times may be effected. One ofthsmisbithe
use of an instantaneous signal of light. If I fire

gunpowder on a high mountain, and if my assistants

observe, from the two places where the instruments

are placed, the time when the flash of gunpowder is

secn, I can compare the clock at the two places.

One person observes the clock-time at the one place
when the flash occurs, and another observes the

clock timo at the other place when the flash occurs ;

and therefore, as soon as a letter can be sent by post
from one place to another, I know how much one
clock is faster or slower than the other. Another
method is, by conveying watches, or small chrono-

meters from one place to another. For instance, an
expedition was arranged by myself some years gince,

to observe the difference of time between Greenwich
and Valentia, on the south-west coast of Ireland. I
had thirty chronometers carried backwards and for-
wards more than twenty times from Greenwich to

Valentin, to compare the clocks. The chronometers

were conveyed by railwuy carriages, by steam boats,

by mail coaches, and by Irish cars, between Green-
wich and the west of Ireland. DBy means of these I
was enabled to compare the clocks at the two places;
and by transit observations made with the assistance
of these clocks, and with proper calculations, the

times of the transits of the stars were compared,
and therefore, I got the inclination of the planes of
the meridian. By a survey-triangulation, extending
in the east and west direction from Greenwich to'
Valentia, the distance was known in yards; and,:
knowing the distance, and knowing the inclination
of the plancs, the whole circumforence of the parallel
the two quantitics thus determined by observation, is the dif-

ference between Paris and Greenwich time.

¥
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of latitude passing through Greenwich was easily com-
gnted. Then we have to examine whether this circum-
erence corresponds to the circumference calculated
on the supposition that the earth is a spheroid, with
a shorter axis of 41,707,600 feet, and a larger axis
of 41,847,400 feet, and it is found to correspond well.
. By means, then, of meridional measures by triangu-
lation, and the Zenith Sector, and by means of east
and west measures by triangulation, and observations
with the transit instruments and comparisons of
clocks, we have got sufficient information upon the
form of the earth. Now, observe the very important
eonclusions to which that leads. In the observations
given in the former lecture, we found that the whole
of the heavens appeared to revolve, and we say,
either the heavens revolve in the direction from the
east, through south, to west; or the earth revolves
in the direction from west, through south, to east.
‘Which of these is the more likely? Astronomers agree
without exception, that it is the carth which revolves.
d T will tell you why. I dare say every person
hom T see here has been brought up in_the belief
t the earth does turn round. But, I ask, if they
not been brought up in that belief, whether they
uld believe it now from what I am telling them ?
do not think they would. Amongst all the subjects
f natural philosophy presented to the human mind,
is neme-that.staggers it so effectually as the
assertion that the earth mévés.” "We imust not be
uncharitable, then, towards people in the middle ages
who did not believe it. 'To think that the solid earth
mboves, that the solid gapmnd is going round at the rate
of one thousand miles.an hour, do you believe it?
I will endeavour to give Iyou grounds for the belief.
"In the first place, I must say that even the
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astronomers of antiquity had got a rough notion of
the distances of some of the celestial bodies. But one

will do for our present purpose. The moon is a long

way off. There is a phenomenon of the moon ob-

-served frequently, in the interpretation of which
‘there can be no mistake, namely, eclipses of the

moon. We see that the moon, in her motions

‘through the stars, dips into something which ob-

scures her.  There cannot be a doubt that it is the

shadow of the earth. The moon goes into this

shadow on one side, and comes out of it on the

other side. The time which the moon occupics in

passing through this shadow is, raughly speaking,

four hours. The moon, then, is at such & distanoex
- that in passing through the shadow of an object as

"big as the earth, she is occupicd only.four hours.?
iThe moon, therefore, in her course describes the:
[ breadth of the earth in four hours; in ome day she
describes six times the breadth ; and as thirty days

is a rough measure for the time of her revolution, she
:ldescribes in one revolution 180 times the breadth of
ithe earth, and therefore the whole circumference of
ithe moon’s orbit is something about 180 times the:
tbreadth of the earth, and the diameter of the moon’s |
torbit is about 60 times the breadth of the earth.

{ Therefore the moon is distant from us by about 30

[times the earth’s breadth.

y  But there are other facts founded on observation.

éThe sun is further off than the moon. There are

‘phenomena called eclipses of the sun. 'We know

!\thnt these correspond to times when the moon ap-

parently approaches the sun; they are undoubtedly
caused by the moon passing in front of the sun. -
) Again, the stars are further off than the moon;.
‘because the moon passes in front of the stars,

r2
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[
Fmducing what is called occultation. But they are
not only further off than the moon, but they are a
deal further off than the moon ; and the reason
or knowing it is this: suppose one object is close
behind another, then the more distant object will
either be hidden by the nearer, in whatever part of
the earth we may observe it, or will not be hidden
at all. Dut, suppose the more distant object to be a
long way off, then, when it was hidden from one
part of the earth, it would be visible to another part
of the earth. Now, that is the case with regard to
the eclipscs of the sun and occultations of the stars.
If we examine into the appearances of an occultation,
as secn ab different parts of the earth, in some parts
a star is hidden by the moon, in others it is not
hidden at all. If we examine into the circumstances
of a solar eclipse, as seen at different parts of the
earth, in some parts the moon is seen on the north
side of the sun ; in other places the moon covers the
sun ; and in other places the moon is scen on the
south side of the sun. 1t follows that the sun is a
good deal further off than the moon. Thus it appears
that the system of heavenly bodies which surrounds
the earth is of considerable size. The moon is far
ofl ; the sun and stars are much further off' than the
moon. The moon, therefore, is not a small body ;
and the sun (which in spite of its greai distance
appears so large) must be a very large body. The
stars are either connected in one system, or are so
veiy far off that their relative movements are in-
sensible.
Now, is it more likely that this large frame of
 $hingg is turning one way, or that this small earth is
turnixg the other way? Anybody must see at once,
{ from the magnitudo of things, that it is most probable
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the earth is turning round. And, as regards the
stars, the mere circumstance of their seeming to move
1l in a piece is a strong proof that they do not move
msibly, but that the earth moves. If you apply the
‘same reasoning to any ordinary sublunary consider-
‘ations, you will be struck at once with the conclusion.
If 1 am sailing in a ship on the open sca and see
~vessels moving about me in all directions, and if any
,person in the ship asserts that our own ship is at rest
;and that all the others are moving, there is nothing
' particularly unreasonable in it. But if I am enter-
ing into the Ipswich river, and I see not only ships
moving, but every church and warehouse, and the
-solid banks which connect them, moving past me,
and if a friend at my elbow should say, “you are not
‘moving, but all these solid things, churches and
‘houses, and fixed objects and banks, are in motion,”
i1 should consider him to be a madman. The argu-
ment is precisely the same as applied to the heavens.
It we had nothing but the sun and moon turning
about in various ways, even then, and remarking
thoir great size and their great distance, and the
igreat speed with which they must be supposcd to
iturn, (for the moon must be supposed to move at
the rate of 60,000 miles an hour, and the sun
ery much quicker,) their daily revolution round
the earth would be very unlikely. But when we
have things of such an immovable character as the
‘system of the stars, (like that of the banks of & river,
or the solid erections which are there visible, as com-
:pmd with our small sailing ships,) then the feason
{of man tells him at once that these things must be
{things of a fixed character—and that if these things
+be things of a fixed character, it is we who a¥e turn-
['ing and the earth which goes round. This is reason-
ing which ought to be received, and I cannot see why
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,it was not received by those who were able to redson
.on the matter in more distant times.

But when tho telescope was invented, fresh objects
presented themselves for contemplation, and new
arguments were furnished. We then obtained a
sight of the planets, particularly of Jupiter. We
saw that he is a spherical, or rather spheroidal planet,
like the earth, but probably much bigger. We can
see spots_uponJupiter, and by these we can ascertain
that he revolves in a much shorter time than the
earth, or in about ten hours. Now, the knowledge
of these things in later days has become a very strong
argument indeed. Jupiter is a large planet that
turns on his axis, and why do not we turn? We are
very mych alike in our general character.

But, finally, we come to another observation,

" founded on our determinations of the figure of the
yearth. We have found, from measures, that the
iearth is flattened at the Poles, or turnip-shaped.
is leads, thien, to the question—is that connected
with the rotation of the earth? <Most certainly it is.
If we take anything circular which admits of a change
vof form ; if, for instance, we mount a hoop, as in

Fia. 23
ig. 23, in such a manner that we can make it revolve
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motion of rotation takes place, the hoop becomes
flattened.
From all these considerations then, put together
in proper order, we infer, as a matter of positive cer-
!tainty (however hard it may be at first for our minds
'to recerve it), we infer as & matter of cerbiinty that it
is the earth which rovolves.*  &ef FAfert évas
I shall now proceed with the next subject—the

'np]mrmnt motion of the sun amongst the stars. 1
make a point of entering upon this subject at the
present time, that I may address to you some rough
observations for your guidance in the enquiries which
this subjoct involves. 1 shall explain to you the
evidence which is within your own reach, and which
proves that the sun apparently moves through the
stars. I have not yet specially alluded to the sun in
speaking of revolution ; my remarks on that point
referred only to the stars. I am now, however, going
1o speak of the sun a little, though it is necessary to
have the stars to begin with, as fixed points in the
heavens.
;  Lverybody knows the leading difference between
summer and winter ; we know that the days are
‘longer in the summer than in the winter. If you
;consider for a moment something else which you
‘lknow and have remarked, you will see this, that the
i position of the sun is different in summer from what
it is in winter. In summer, the sun at noon-day is
high in the heavens ; in the winter at noon-day he is |

rapidly, and whirl it round; then as soon as the

* Since these Lectures were delivered, M. Foucault has de-
1 vised some experiments for rendering the rotation of the Earth
 visible to the eye. An account of these will be found in the

i Appendix.
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low. In summer tho sun is a long time above the
horizon, and a short time below; in winter he'is a
short time above the horizon, and a long time below.
In summer, the sun rises north of the east point, and
sets north of the west point; in winter he rises
south of the east point, and sets south of the west
point. These observations are all explained by
saying that in summer the sun is nearer to the North
Pole, and in winter nearer to the South Pole. And
this you can verify without the smallest trouble, from
your own obscrvations,

Now, I will offer a few words in regard to the
stars visible at different times of the year. I will
suppose that at eleven o’clock at night you look out
to see what stars are on the meridian. On the first
of January, if you look out at eleven o’clock at night,

;you will see the grand constellation Orion on the
‘meridian ; Aldebaran and Pleiades arc west of the
meridian. The bright star Sirius has not yet come
,to the meridian. I now suppose that you look out,
Jm the same way, on the first of Fehruary, taking the
same hour. On the first of February, at eleven o’clock
at night, you see that Aldeburan and the Pleiades
1 are setting in the west ; that Orion has got a good
way to the west; and that Sirius has passed the
meridian a little way. There are three conspicuous
'uins near the meridian, well known by everybody
who is accustomed to look at the constellations ; 3
inamely, the pair of twins, Castor and Pollux, and
Pro:{on, or tcllle Little Dog. On the first of March,
t eleven o'clock at night, you again I out ;
Castor, Pollux, Sirius, and the Dog Star, 1‘1):50 then
gone away to the west ; Orion is now setting ; and
then have the stars of tho constellation *Leo,
hich is a bright constellation, approaching the
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.meridian.  On the first of April, at eleven o’clock at
Inight, you again look out, and you see what is the
dstate of things. The constellation Leo then has
;almost passed the meridian, except the bright star B
i(Beta) Leonis. On the first of May, at eleven o'clock
{at night, you again look out. You then observe
‘that Leo and the whole set of stars are travelling
i away to the west ; and then we have the bright star
- Spica_in the constellation Virgo on the meridian ;
and we have the great red star Arcturus approaching
the meridian. In the following month, on the first
- of June, at the same hour of the night, we again look
out. We find that Spica has gone away to the west;
that Arcturus has passed the meridian; and that
other less conspicuous stars are on the meridian. In
the same manner, if we go through the other months
of the year; if, at eleven o'clock at night, on the
first day of every month, we watch the appearances
of the stars on the meridian, and compare them with
those of the preceding month, we find that, from one
-month*o another, they all travel on in the same di-
trection towards the west.
" Now, what is the inference? Is there any pecu-;
liarity in the motions of the stars? No, it is the
-motion of the sun. Our hour of eleven at night is™
referred by habit to the motion of the sun ; and thus,
when we speak of eleven o’clock at night, we mean
that the sun is%ﬁm; and, therefore,
) that the stars Kave ;direction from east to
west, with respect to the sun.
y But,$his may be interpreted another way. Re-
:garding’ the stars as fixed objects, we get this: the
{sun travels round in the direction from west to east
{among the stars. Besides this, we have found that
| e travels in such a manner, that he goes nearar the
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North Pole in summer, and further from it in winter.
These are the general facts deduced from our obser-
vations. But, supposing we do not trust to them ;
supposing we muke use of the Transit Instrument,
and the Mural Circle. By the former we observe
how long the sun is passing the meridian after a star;
we find it is later and later every day ; that every
time the sun comes to the meridian, he has travelled
(with respect to the stars) towards the left or towards
the east, in such a manmner, that, in the apparent
diurnal motion, or passage, he is later and later, with
respect to 1he stars, every day. Suppose that with
the Mural Circle we observe the altitude of the sun
,every day when he passes the meridian ; we find that
,he is nearer to the North Pole in summer than in
winter. Thus, the sun travels to the left, and at the
same time changes Ius distance from the North Pole.
Now, putting these things together, if we were to
ldot on the globe a succession of observed places of
the sun, we should find they would follow each other
in a curve, like that marked on Figure 24, (see Fron-
tispiece,) which represents two views of a celestial
globe, on opposite sides. This curve is called the
ecliptic. 1t is convenient now to refer our descrip-
tion of this curve to the equator, which is the great
circle on the globe e¢qually distant from hoth Poles.
Now, we find that the sun’s path, or ecliptic, crosses
the equator at two puints. One of these is called the
First Point of Arics, and this is the sun’s apparent
.place at the beginning of spring ; from this point the
tsun appears to approach nearer and nearer to the
tNorth Pole until midsummer. Heo then appears
to recede from the North Pole, and crosses the
{equator in the first point of Libra, at the begin-
'ning of autumn, and approaches the South Pole till
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‘mid-winter ; after which he turns towards the first
-point of Aries.
. Now, upon examining that curve or ecliptic, we
‘find that it is one of those circles which are called
“great circles”; they divide the globe into equal
halves. T have stated this as a thing which would
be one of rough evidence ; that if, by means of the
observations 1 have mentioned, (namely, how long
the sun is in passing the meridian after a star, and
what is its angle of elevation when it passes the
meridian,) if by means of these we mark on a globe
the successive places of the sun, we shall find all the
‘successive points in a curve, such as I have described.
When I say that it goes on the globe in such a curve,
ou must understand that there are ways of compu-
ting these things; that having got the interval of
time between the sun and a star in passing the me-
ridian, an the angular elevation of the sun when it
does pass the meridian, it is possible, by computation,
to find whether it is going on in such a curve as I
have described ; but that these computations, though
they amount to the same thing as dotting the sun’s
laces down on the globe, are a great deal more accu-
gate. It is thus found that the ecliptic, or apparent
‘path of the sun through the stars, is accurately a
}ﬁ&t circle, or one which divides the globe into equal
Ves.
! The first point of Aries, as I have said, is one of
fthe places where the ecliptic crosses the equator ; it
.is the point which the sun passes at the beginning of
‘spring ; it is not marked by any star, or fixed object
lof any kind. Though it is an imaginary point, yet,
“g:m having a series of places of the sun, defined by
tthe differches of times at which the sun and a bright
‘star pass the meridian, we can tell as exactly where
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that intersection is, as if it were marked by a con-
spicuous point in the heavens,

Now, the statcment that the sun appears to move
lilllw a great circle on the globe amomts to h:;h}ils : that
the sun a to move in a plane which passes
 through ﬂfep:rtmh. For all globes represent the stars
|as they would appear if the observer were at the
1 centre of the globe ; and a great circle is one whose
plane passes through the centre of the glohe. If we
found that the sun was describing one of the smaller
!oimles on the globe, then we should say the sun was
not moving in a plane round the earth. Dut, as it
appears to describe a great circle, then we can assert
*that the sun appears to be moving in a plane round
the earth. Now we come to the question. Cannot
explain this differently in another way? Is it
in that the sun is moving in a plane round the
arth, or is it certain that the earth is moving in a
lane round the sun? Either supposition will do.
t the present moment we have no evidence to guide
; we have nothing to tell us whether the sun is
ing round the earth in a plane, or whether the
h is moving round the sun in a plane. Dut we

hall shortly have evidence on the point.
+ In the meantime I will mention this: that there
1i8 no inconsistency in supposing that the earth does
move round the sun. As regards the position of the
jearth’s axis thero are two suppositions : eithor that
ithe earth remains with the place of its centre un-
moved and with its axis in a certain position, and
;that the sun goes round af a certain inclination to
ithat axis, thereby causing the change of seasuns; or
ﬁthemmﬁxedmdtheemhgoesm\mdthe
> the position of the earth’s centro is ehanged with
to the sun, but the position of the axis must
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.tremain the same relatively with itself This is a
* $point of great importance. You will remark that all
ﬁese conclusions are derived from observations of
the stars ; that observations of the Polar Star are
used to determine the Pole round which the heavens
appear to revolve; or on the more rational suppo-
sition, to determine the point of the heavens towards
which the axis of the rotation of the earth is supposed
to be directed ; sumier or winter, the Polar Star is
the Polar Star still, and guides our observations ;
swnmer or winter the axis of the earth is directed
towards that same part of the heavens where the
Polar Star is seen. Therefore, if the earth does
revolve round the sun, we must suppose it to revolve
in such a manner, not that its North Pole is always
inclined towards the sun, but that it is sometimes
inclined away from the sun; in point of fact, the
motion will be imitated by the motion of the earth
in the simple orrery,* represented in Figure 25.

F16. 26.

* In Figure 25, A ts & block to be screwed to the
table; B, & grooved pulley fixed firmly to A, and having no
motion whatever; C, a stand supporting & lamp D, w!
represents the sun ; E, an arm which turns round the axis of
B, running upon & small roller F; @, a grooved pulley of the
samo size as B, which turns in E and carries the axis of the
earth H at the inclination 28%&0@&!&0 vertical. A band
is passcd round B and G. Then, when earth is turned
round the sun, its axis moves always parallel to itself,
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Everybody who knows the character of the seasons
at the different parts of the earth, will know that this
representation is cntirely in conformity with their
respective changes. Therefore, we must make the
following supposition : that if the earth does turn
round the sun, its axis of rotation remains parallel to
iteelf, having no reference whatever to the sun,
whilst the earth is going round the sun; or, to
express it in other words—-that the earth has the
power of preserving its axis of rotation in the same
position all the time.
Now, it is remarkable, as a mechanical fact, that
*nothing is so permanent in nature as the axis of ro-
tation of anything which is rapidly whirled. We
‘have examples of this in every-day practice. The
first is the motion of a boy’s hoop. You will think
perhaps that this illustration is of rather a superficial
character, but it is of great importance. 'What keeps
the hoop from falling? 1t is its rotation. 1 cannot
now enter upon the explanation of this, which is one
of the most complicated subjects in mechanics.
Another thing pertinent to the question hefore us, is
the motion of a quoit. Everybody who ever threw a
yquoit knows, that to make it preserve its position as
'it goes through the air, it is necessary to give it a
whirling motion. It will be,seen, that while whirl-
.ing it preserves its plane, whatever the position of
{the plane may be, and however it may be inclined to
{the direction in which the quoit travels. Now, this
,has greater analogy with the motion of the earth
sthan anything else. Another admirable illustration
' 18 the motion of a spinning top. I hope I shall not
1be thought derogating from the dignity of science by
giving such an illustration. The greatest mathema-
s tician of the last century, the celebrated Euler, hase
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written a whole book on the motion of a top, and his

" Latin Treatise ¢ De motu Turbinis” is one of the most
remarkable books on mechanics I ever read in my
lifs. The motion of a top, I repeat, is a matter of the
greatest importance ; it is applicable to the elucida-
tion of some of the greatest phenomena of nature.
In all these instances, there is this wonderful ten-
dency in rotation to preserve the axis of rotation
unaltered.

Now, from all these circumstances, we see sufficient
reason to explain how, whilst the carth is going round
the sun, its axis of rotation should remain parallel to
itself without being disturbed, that is to say, that the
position of the axis has no respect whatever to the
sun. Whatever the position of the axis of rotation
‘be, the earth will travel through space keeping that
\axis of rotation in the same position with regard to
the distant ~tars. Having reached this very impor-
%ant point in the science, I will stop for the present.
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LECTURE 11l

Recapitulation of Lecture IT.—. t motion of the planets.
—Greek Theory of Eotmno.—Eﬁllﬁycle-. Defer-
ents, &o. -—Copemmm Theory.—.

—Theory of Central Fomel.—ans of l[ohon.—Com-
ition and Resolution of Forces,—Motion of & Planet in
its grbit deduced from these laws.—Measure of distance

he subject of the lecture of yesterday evening was
the dimensions, the figure, and the rotation of

the earth. I then thought it necessary to put before
you some details of evidence relative to the rotation
of the earth ;.and in again entering upon that sub-
ject, but not exactly in the same order in which I
took it last might, I shall feel it necessary to remark
that it is highly important, in beginning a subject
like this, to divest yourselves, as far as you possibly
can, of notions acquired in the ordinary routine of
education. Every person here has, without doubt,
boenbroughtupmthebehefthattheearthmm
motion ; and, because they have had this heliaf ip-
%@ into_their minds from their earliest infancy,
y may have concluded that it is necessarily and
obviously true. This is a thing most dangerous, and
instances are not wanting to prove that .in every
branch of science, absurdities have arisen from it. I
may mention one which just at this moment occurs
. to my mind, and which influenced the mind of one
of the earliest philosophers of the Royal Society of
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London. At the beginning of that Society, as at the -
beginning of most Societies, although some care
might have been taken that no absurdities should
creep in, it was difficult to avoid them entirely. And
in a paper which was intended to prove the truth of
the Copernican theory, for which purpose the writer
(I do not remember why) thought it necessary to
prove that the stars are at tolerably equal distances,
he begins by establishing the latter proposition by
means of the following assumption : “Now we all
know that hell is the centre of the earth.” It seems
perfectly absurd at the present time that anybody
should start with a proposition like that to work out
a physical theory. Yet it is equally absurd to assume
at onco that tho earth is in motion, and for that
reason I have been anxious to convey to you the
evidence by which it is proved generally that the
carth is in motion. And I shall now proceed to re-
capitulate, in as few words as I can, the main points
of what was said yesterday in regard to the earth.

I e¢ndeavoured to point out to you the method of
measuring the earth, and I told you that we wanted
the means of measuring hundreds or thousands of
miles. In some instances it is obvious that to
measure a long meridional arc, in the most direct line
that the earth’s curvature permits, is an impossibility.
The way is, to measure a short line which I call the
base line, being a few miles in length ; and great

{ trouble is necessary to give even to this measurement
}the requisite accuracy. When the base is measured,
we plant theodolites at its two ends, and by means
of these we observe a signal upon a hill, or any other
distant place. It is then usual to carry a third theo-
dolite to the signal station : this is not absolutely:

_ ohecessary, but it is done as a matter of prudence, to

G
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verify the observations in case of suspicion of error.
Now, having the base of the triangle, and the two
angles next that base, there is then no difficulty in
laying them down on paper, or in calculating the
other sides of the triangle. Then we may use one of
these computed sides as a measured base, and if from
its two ends we can see some other signal, we can
observe it with our theodolites, and compute its dis-
tance in the same manner: and in this way the
triangulation goes on. Thus, in Figure 17, a scries
of triangles was formed, extending from Shanlklin-
Down, in the Isle of Wight, to Clifton, in the south
of Yorkshire.

I called your attention particularly to the remark,
that this is the first instance in which we use the
yard measure, which is done by actual application in
measuring the length of the base, and by computation
from this in measuring the length of every one of the
sides of the triangles ; and thus we do really get the
different distances in the triangulation, by the use of
a yard measure.

I then mentioned to you that, supposing we had
extended the survey over a very long distance, the
next thing was to make use of the Zenith Sector,
Figure 19, which consists in its important feature of
a ’wlescope with a graduated arc CE attached to it,
turning on two pivots AB, and with a plumb-line
suspended from, or passing over, one pivot B, and
crossing the graduated are. (The Mural Circle may
be used for the same purpose, but the Zenith Sector
is rather more convenient.) We have then to con-
sider that, whatever the form of the earth may be,
using the expression as applying to the fluid part of
the earth, we must suppose also, from the nature
of a fluid, that the direction of the plumb-line is,
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perpendicular to the surface, and therefore, if we sup-
pose the earth to be fluid, the plumb-line will he always
perpendicular to its surface, If, then, we plant the
Zenith Sector at A, Figure 18 or 20, the plumb-line
will hang in a direction perpendicular to the sur-
face at A.  But if at B, the plumb-line must hang in
the direction perpendicular to the surface at B: there-
fore if at A we observe a star nearly overhead, then
the plumb-line will fall over the point G of the arc;
but if we carry the Zenith Sector to I3, and turn the
telescope to the same star, the plumb-line will fall on
the point g of the are. Inasmuch, thercfore, as the
telescope, from being direetod to the same star, which
is excessively distant, takes the same direction in
different places; and, inasmuch as the plumb-line
takes different directions in different places; by
means of these we get the variable positions of the
plumb-line referred to the invariable position of the
telescope. I then called your attention to Figures
20 and 21, and said, if we suppose the vertical lines
at A and D to be carried down till they meet at H,
the angle made by these two verticals, or by the two
plumb-lines; would be the difference of the Zenith-
distances of the star as observed at A and B, that is
to say, the differcnce of the two angles made by the
telescope with the plumb-line, first at A, and secondly
at B. Having got the angle of these two lines, AH
and BH, and the length of the line AB which con-
nects their ends, we are enabled to calculate the
length AH or BH, or the number of miles of distance
of their intersection H. This is, in point of fact, the
semi-diameter which must be taken in order to sweep
the curvature of the arc AB; or, if you please, we
may put the result in this shape : we may say that,
having travelled 830 miles, we find the inclination of
G 2
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the verticals to be 12 degrees, and therefore we should
have to travel 69 miles to make the inclination of
the plumb-lines one degree, and that is commonly
expressed by saying a degree on the earth’s surface is
equal to 69 miles.

I then pointed out to you the principal lines
which have been accurately measured. All these
lead to the conclusion, that towards the Poles of the
earth you have to travel 694 miles in order to pass
over the space where the direction of the vertical
changes by one degree, but that near the equator
you have to go only 68§ miles, in order to pass over
the space where the direction of the vertical changes
one degree.

Now, I call your attention to the interpretation of
this circumstance : it shows that the earth’s dimen-
sion is greater in the direction of the equatoreal axis,
as shown in Figure 21. It is necessary to consider
that the direction of the vertical is not to the centre
of the earth—it is perpendicular to the surface ; a1l
the intersection of the two verticals at H or & does
not give the distance from the centre, and does not
depend on the distance from the centre, but on the
curvature at each place. And inasmuch as, when
noar the Pole, you have to travel the greater distance,
in order to go through the same change of the direc-
tion of the earth’s surface, it proves this: that the
‘earth is less curved at the Pole than near the equator,
and that you come to a shape something like Figure
21. About AB the surface is comparatively fat;
about ab the curvature is sharpened; and at the Cape
of Good Hope, or about A'B’, it is flattened again.
Bo that we come to theeonoluslon,so far as our mea-
sures go, that the form of the earth is somewhat
turnip-shaped, or is what we call an oblate spheroid.
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But there is another kind of evidence derived from
the measure of arcs of longitude, obtained by ascer-
taining the difference of time at which the transits
of stars are seen at different places. Thus, in
Figure 22, the star 8 is not on the meridian at the’
two places K and L at the same moment of time,
Now, we want to measure the difference of time at
which a star passes over the meridian at the two
places: and this is done by using some means of
comparing the times of the two clocks at the two
stations—thus ascertaining how much one clock is
before or behind the other. And inasmuch as we
have the transit instrument, we can determine
the absolute times at which the same star passes at
both stations ; so that by observing transits of the
star with the clock at one place K, and by observing
transits of tho same star with the clock at the other
place L, and comparing the clocks, we have the
weans of ascertaining the ahsolute difference of time
of transit ; and when we have done that, we can tell
fiow great a fraction of the revolution of the earth
ass been performed. Clocks may be compared by
vbhservation of instantaneous signals, such as the
flashes of gunpowder fired on elevated stations.
There is one long arc, commencing in the neighbour-
hond of Padua, in Italy, crossing the Alps, and ter-
minating at Marennes, near Bordeanx, in France.
Intermediate places, A,B,C,D, &c., were chosen for
clock stations, in such positions that one set of
signals on an intermediate mountain could be seen
both at A and at B; another set of signals on
ancther mountain could be seen both at B and at C,
and so on to the end of the arc; and thus clock A
was compared with clock B, clock B with clock C,
&c., to the end of the arc, Another method of
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performing the same operation is that which has
been used on the arc from Greenwich to Valentia, in
the south-west of Ireland. Thirty chronomoters were
carried backwards and forwards twenty-two times,
and in this manner the clocks were compared with
great accuracy. Surveys have also been carried on
by triangulation, connecting the extreme east and
west stations (as Padua and Marennes, or Greenwich
and Valentia) on the same principles as the surveys
in the north and south direction. Thus, then, from
the comparison of the clocks, and the observations of
transits, we have the means of knowing the {raction
of a revolution which the earth has performed, from
the time when a star passes over the meridian of one
place, to the time when the same star passes over the
meridian at another place. Thus the difference of
these times at Greenwich and Valentia was found to
exceed 41 minutes 23 seconds. Now, the problemr
becomes this: if in 41 minutes 23 seconds so many
miles pass under the meridian of the star, how many
miles will pass under the meridian in 24 hours?
This is a mere question in the rule of three. The
whole girth of that particular part of the carth may
thus be obtained.

‘We have thus got the measures of the meridian in
various parts, giving us the length which it is neces-
sary to go for a degree; we have got two grand
measures of paralle]l (as they are called), and also
some smaller ones, giving us the girth of the earth in
different parts. The question then is, what sort of
figure do they belong to? Do they belong to a
spheroid? Upon trying this we find they do belong
to a spheroid, so that by giving certain dimensions
to the spheroid, the measures of all the different arcs
will be very well represented. The diameter passing
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through the Poles must be about 7899 miles ; that
passing through the equator about 7926 miles.
Therefore we may consider it as established, that the
form of the earth is spheroidal.

The next thing we have to consider is, what in-
fercnee we are to draw from that, in reference to the
movement of the carth. By a rough experiment it
was shown, that if we take any circular substance
that is susceptible of a change of shape, and whirl it
round an axis, it will change from a circle into an
oval ; we think, therefore, that even supposing we
Lad nothing clse to guide us, there is good reason to
infer, from the oval shape of the earth, that it does
turn upon its axis. But, in addition to this, wo see
the sun, moon, and stars, cvery day turning from
east to west. We know (by the duration of the
Iunar eclipses) that the distance of the moon is con-
<iderable ; and (by the fact that solar eclipses
and occultations of stars do not extend over all the
earth) that the distances of the sun and stars are very
much greater ; we also seo that the system of stars
appears to move all in a piece ; we judge it unlikely
that these distant bodies should thus revolve round
the earth every duy. And we conclude that the ap-
parent movement is caused hy tho emth’s turning
from west to cast. It is worth mentioning, that the
plunct dupiter; the-lasgest planet-of the system, turns
visibly round its axis in a shorter time than the
earth. You may suppose, then, that Jupiter is 1much
more flattened by the velocity of his rapid rotation
than the earth ; and indeed you can see it at once
with a telescope without the aid of a micrometer, the
equatoreal being to the Polar dinmeter as 16 to 15,
nearly—a proportion which makes the former mea-
sure 5000 miles greater than the latter.
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1 then spoke of the apparent movement of the sun
amongst the stars ; and in speaking of their move-
ments, I endeavoured to impress upon you how much
you can observe for yourselves. You can learn more
‘by your own observations than by the lectures I can
deliver, or by all the books you can read. _ In speak-
ing of the apparent motion of the sun amongst the
stars, I told you, that in summer the sun is longer
above the horizon and goes higher than in winter;
the sun also rises more to the north in summer than
in winter. Thus it describes a daily circle nearer to
the North Pole of the heavens in summer than in
winter ; or, in other words, its place among the stars
is nearer to the North Pole in summer than in winter.
But there is also another set of facts, though not
quite so familiarly known as these, which you can
yohgerve for yourselves. If you watch the appearance
iof the stars at a certain hour every night, you will
¥ind that these stars are to bo found in a position on
;the night of one month different from the position
{they are in on the corresponding night of the follow-
.ing month. You will observe from one month to
janother (if you always look at the same hour of the
(night) that they will travel away to the west. These
jmotions are referred to the sun, by our habit of using
?sola.r time ; that is to say, at the same solar hour, or
iwhen the sun is at the same distance from the
meridian, the stars are travelling away to the right ;
r, in other words, the sun travels away to the left
amongst the stars. And at the same time, as T have
xlgneftioned, it changes its distance from the North
ole. .

. Now, I will endeavour to point out to you how
this is more accurately observed. I remarked that
the Mural Circle is used to determine how far the
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Polar Star appears above the north horizon, at ite
highest and lowest positions, and thus to determine

th: hoight of the Pole above the north horizon. It

is also used to determine how far the sun is above the

“south horizon; and from these two measures the sun’s

angular distance from the Pole is obtained. When
we were speaking of the transit instrument, I des-
cribed its use in this manner: suppose we observe
the time when some well-known star passes the
meridian, (for instance, the bright star of Aquils,
adopted for that purpose by one of my predecessors,
Dr. Maskelyne,) and also the time when the sun
passes the meridian. The sun passes the meridian
so many hours, minutes, and seconds after the star.
‘We bring the place of the star on the celestial globa
under the meridian, and then we turn the "globe
through the corresponding angle ; then we know that
the sun’s place will be somewhere under the meridian.
At the time that it passes, it has a certain elevation
above the horizon, and thereforc a certain distance
from the Pole, expressed in degrees and minutes,
which is found by the Mural Circle: we take this
number of degrees and minutes along the meridian
from the Pole; and thus we find the place where the
sun was at the time of observation. We make a

"mark on the globe at that place. We repeat these

e

observations every day of the year; we get measures '
of the same kind ; and we find a series of places such
as these shown in Figure 24. When we come to
examine all these as laid down together, which may
be done roughly on a globe, or more accurately by
culation, we shall find that they are all lying in a
great circlee. You must understand what is meant
by a great circle ; it is a circle dividing the sphere
into equal parts. Its plane thercfore passes through
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the centre of the sphere. Now, our use of the celes-
tial globe or sphere is founded on the assumption
that it is a representation of the heavens, on the
supposition that the eye of the observer is at the
centre of the sphere. This circle, then, in which the
sun appears to move, being one whose plane passos
through the centre of the sphere, or through the eye
of the observer; it comes to this, that the sun appears
to move around the earth in a plane, or that the carth
moves around the sun in a plane.
, If the sun moves round the carth, we have only
;to suppose that the earth stands with its centre sta-
 tionary, but that it is whirling round its axis, and
; that the sun travels round and round. If you suppose -
that the earth travels round the sun, it is necessary
. to suppose that the earth’s axis retains its parallelism
“to itself without any respect to the sun.  Now, is it
.likely that the axis of the earth would remain par-
-allel to itself without respect to the sun? In my
; former lecture, I called your attention to the motion
{ of a quoit and a top, in order to show you the strong
t tendency which rotatory motion has to muaintain the
" position of its axis unaltered. It is the quoit whose
* motjon has the most striking analogy to the motion
of the earth. The quoit is not impeded by contact
{ with the floor as the topis. This has been made the
. subject of mathematical investigation, as well as of
} experiment, and the result of hoth is, that tho earth,
z if revolving round the sun, would carry its axis of
rotation always parallel to one line, as we see it.

To this I may add one remark. Geologists have ob-
served that important changes have taken place in the
climates of different parts of the earth. Some have
supposed that the axis of the earth must have changed

_its position; but there is no greater impossibility
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than that the axis of the earth should change
its position. So strong is the tendency of rotation
to preserve the position of the axis unaltered, both
in parallelism to itself, and with respect to its position
in the rotating body, that we may assert boldly that
the cartl’s axis has always been in the same general
position within the earth as when tho earth first
recoived motion. And its position, as regards the
place among the stars to which it points, is affected
only by the very slow motion called Procession of
the Equinoxes (of which more will be said hereafter) ;
and even this does not affect its inclination to the
plane of the ecliptic.

Having got through this part of my subject, I will
now proceed to speak of the apparent motion of the
planets. The movements of the planets are extremely
complex., At the present time,* Venus is what is
callerd the morning star; she is to he seen before
.sunrise. If you watch her movements through the
.Btars, you will see that her motion is in the same
‘dircction as the motion of the sun. You will

i remcmber what I said in regard to the motion of the
sun : that it moves in regard to the stars, in a direc-
ttion opposite to the movement of the hands of a
{watch. You cannot see the stars surrounding the
sun ihough astronomers can see them with their tele-
scopes ; but by watching the stars from month to
month, you find that the stars appear tu move away
from the sun towards the right, or that the sun moves
mmong. the stars towards the left. That is ecalled
diroct motion. If you look at Venus at the present,
ﬁme’, ‘Youwilt~see that she is moving in a direc
otion faster than the sun. She will go behind

* 15th March, 1848,
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sun, and after that ghe will be seen as an evening
star ; she will thensbe going away from the sun ; she
will go away for a ‘certkin distance, but more and
more slowly, and the sun will be approaching towards

r ; she will become stationary ; then she will turn

kwands and seem to meet the sun.

Can we make reasonable theory to account for this?
We can do it more easily if we refer the apparent
motion of Venus to the sun and not to the stars.
Venus sometimes passes the sun in going from left to
right (relatively to the sun), and sometimes going
from right to left (relatively o the sun); and her ex-
treme angular distance from the sun towards the right
is almost exactly the same as her extreme angular
distance towards the left. The Greck astronomers
began with a good assumption; they laid down at
once the notion which they conceived must be the
most natural and most proper, which was this : that
every planet revolved in a circle. They then sup-
posed that the earth is fixed, and that the sun moves.
They supposed that a bar, or something equivalent,
is connected at one end with the earth, and that
on some part it carries the sun; and as they saw that
the planet Venus was apparently sometimes on one
side of the sun and sometimes on the other side, they
said that the planet Venus moves in a cirele, whose
centre is on the same bar. 'Whether they have ex-
pressed themselves distinctly concerning this har I
. cannot say, but all thieir notions of the position of the
centre orbit of Venus come to the same thing. Then,
+.suppose that Venus is revolving round the centre at
the same time that the :&i]: moving, we then get a
perfect representation of¥he apparent motion of
‘Venus and the sun, as seen from the earth. These
suppositions will be represented on Figure 26, by
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supposing E to be the fixed earth; E v 8 m %, a bar
turninginacircle,havingohe'%ﬁxedasatE; B,.

. Fia. 26,

the sun carried by it ; o, the centre of the orbit in
which Venus revolves; V being the planet Venus,
connecled with » by a bar (real or imaginary), and
thus describing a circle round o, while v itself is
carried on the bar round the earth.

They supposed that Mercury (see Me in Figure 26)
revulves in another circle, and that its centre is on
the same bar, but perhaps beyond the sun, as at m.
They did not, however, pretend to judge exactly
where these centros are; all that they were certain of
was this : that the centre of the motion of each
planet is on the sap® bar that supports the sun,
Now, you may easil§ see that, on these suppositions,
the planets being viewed from. the earth, Venus is at
one time to the right, and at another time to the left
of the sun, and the sun is carried round the carth in
one year. The same is the case with regard to
Mercury.

With regard to Mars, they found out that its mo-
tion can be represented extremely well, by supposing
that this same bar carries another centre as %, aroun
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which Mars revolves as at Ma, carried by an arm so
long that it projects beyond the earth, so that its
orbit completely surrounds the earth, as well as the
sun, in descnbmg its whole motion.

It is, however, rather difficult for us to conceive
how the centre of this motion can be carried. There
is no bar that we can see. It was, however, neccs-
sary for them to suppose that there is a bar which is
attached at one end to the earth, and which carries
the sun, and carries also the centres of the motion of
the other planets. It does appear strange that any
reasonable man could entertain such a theory as this.
It is, however, certain that they dil entertain such
a'notion ; and there is one thing which scems to me
to give somethmg of a clue to it: in speaking to-day
and yesterday of the fanlts of education, I said that
we take things for granted without evidence ; man-
kind in general adopt things instilled into them in
early youth as truths, without sufficient examination ;
and I now add, that philosophers are much influenced
by the common belief of the common people. There
is one passage in Herodotus, where he is endeavour-
ing to account for certain phenomena in Egypt,
which I bave often read, and which, so far as I see,
can only mean this : “ That certain periodical winds
do’ carry the sun from north to south, and that thus
the change of seasons is produced.” I think it likely
that Herodotus (who was a learned man for that
time) believed that the sun was something in the at-
mosphere little better than a cloud, perhaps not so

t as an aurora borealis, and that it might be
carried along by the winds. "We know, also, that
atahmanotverydutantfromthat a Greek phi-
losopher, named Anaxagores, dissented from this
notien, saying—* That the sun was solid, and as big
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as.the country of Greece,” and that he was persecuted
forsaying so. Having these things before us, I am not
much surprised that the Greek sstronomers considered
ke sun as completely subordinate to the earth, and
therefore supposed it {0 revolve round the earth; and
when they had once adopted this idea, they were
compelled to take the complicated and unnatural ex-
planation which I have given of the motion of the
planets.

The motions of the planet Mars, however, still
presented some discordance, and there were some
smaller discordances with regard to all the other
planets.  Then were invented those things, kxllloziv:
by the name of epicycles, deferents, &e. of whic!
nature may he thusxe?pﬁmm: By the contrivance ‘
of which I have previously spoken, (and which is
represented in Figure 26), they found that the move-
ment of the point Ma at the end of the rod » Ma
would nearly, but not exactly, represent the motion
of Mars. To make it represent the motion more
exactly, they supposed that another small rod MN -
was carried by the longer rod, jointed at M, and
turning round in a different time. To make it still
more exact, they supposed another shorter rod carried
at N, and that its extremity carried the planet Mars;
and so for the other planets, Of all the complications
of systems that ever man devised, there never was one
like this Ptolemaic system. The celebrated King of
Castile, Alphonse, the greatest patron of Astronomy
in his age, alluding to this theory of epicycles, said
“If he had been consulted at the Creation, he could
have done the thing better.” It was merely express-
ing his absolute inability-to receive, as a ible
explanation of nature, such a complexity of m&

But there was one consideration so simple, that it
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“Seems astonishing that it did not oceur to people
Before. . When we ‘W¥ppese the earth fixed as at E,
Figure 27, and takéWenus (for instance) revolving

= L
F16. 27.

round a centre, we may alter the place of that centre
and its distance from the earth as much as we please,
and we shall then get the same appearances, provided
we alter the dimensions of the orbit of Venus in the
same proportion. As, for instance, in Figure 27,
suppose E to be the earth, and suppose the small
eircle in which V is to be the orbit of Venus, the
sun being a} S; then, in revolving in her orbit, Venus
‘appearsto go to a certain extent to the right and to
the left of the sun.’ But we might take any other
point on the bar, even the point 8 itself, for the
centre of the orbit of Venus, provided we give Venus
a larger circle to revolve in. In the large orbit in
which V' is seen, Venus will appear (as viewed from
the earth) to move to the right or left of the sun; and
.if we do but make the orbit large enough, it will, as
viewed from E, appear to Jjust as much to the
ight or left of the sun as if it moved in the small
orbit. 'We may then fix the centre of the orbit of
Venus where we please.. When we have got thus
far, we may easily make another step. Suppose we
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assume the centre of the orbit of Venus to be the
same point as the centre of $he sun: we shall not
have so much complexity. Suppose now we assume
also that the centres of the orbits of the other planets
are in the centre of the sun: we have seen that we
can thus account for the motion of Venus, by giving
proper dimensions to her orbit ; and we can do the
samo thing for Mercury, and for Mars, and for every
one of the planets. Just observe the state of things
we have got to, as in Figure 28 ; instead of having

Fic. 28,

different centres of motion for different planets, we
have got them all in'the centre of the sun; and the sun
turns round the earth, carrying the orbits of the
planets with it. That is a considerable simplification.
In this state, I believe, the theory was received by
the great Danish Astronomer, Tycho Brahé.

_ But now, instead of supposing the sun to be travel-
ling, being itself the centre of the other orbits, and
by some imaginary power causing the planets to re-
volve round itself as their travelling centre, suppose

n *

-
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we say tlnt the earth revolves yound the sun, and
that the sun is a fixed, or nearly fixed body, and
that all the planets, including the earth, go round the
sun ; that is, in Figure 28, instead of supposing S
with the whole system of orbits to travel round E,
suppose Me, V, E, Ma, and others, to travel in
separato orbits round 8. ‘The appearances of the
planets, as viewed from the earth, will bo represcnted
exactly as well as before. How it could then happen
that a theory like that of the Greek astronomers could
still be received as true, after the publication of the
gimple explanation which I have now given, is beyond
my conception. It did, however, very much change
the relative importance of the sun and the earth ; it
made the sun the most important body of all, and
the earth one of the least important ; and perhaps it
was this which really occasioned the difficulty of re-
ceiving it. This great step in the explanation of the
planetary motions was made by Copernicus, an ecclr
siastic of the Romish Church, a Canon of Thorn, a
city of Prussin. The work in which he pubhshed it
is dedicated to the Pope. At that time it would ap-
pear that there was no disinclination in the Romish
Church to receive new astronomical theories. But in
no long time after, when Galileo, &' philosopher of
Florence, taught the same theory, he was brought to
trial by the Romish Church, then in full power, and
he was compelled to renounce the theory. How these
two different courses of the Romish Church are to be
reconciled I do not know, but the fact is so.

Soon affer the time of Copernicus the telescope
twas invented by Galileo. One of the most impor-
tant discoveries made with it was, that the planets do

{ not always appear to be round, and that they ob-
viously are not fullyﬂlummated at all times, The



LECTURE IIL K

planet Venus puts on all the phases of the moon.
‘When the planet Venus is &t that part of her orbit
at which, in conformity with our theory, she is
beyond the sun, as at V’, Figure 28, we then see her.
as round as the full moon; and when the planet .
Venus is at those parts at which, in conformity with
our theory, she is almost between us and the sun, as
at V”, it is found, by observation with the telescope,
that she then puts on the phases of a young moon.
These are preciscly the appearances.that would be
seen if the theory is true. This is a most important
confirmation, which was wanting in the time of Co-
pernicus, and which with us is so convincing, that
any one who has seen Venus will not doubt the truth
of the theory....
The great step made by Copernicus was the as-
sumptirs that the sun is the centre of the motion of
y 11 the nlanets (including thoe carth). Dut he could
tnot wrel 1id of the epicycles. As in Figure 26, where
Mors is emaried at N, at the extremity of a small arm,
Joinsed -n to a longer arm and revolving round the
jom t, . 1t was still necessary to suppose that each
of the yianots, as well as the earth, was carried by a
similar apparatus ; and even this did not ropresent
the movements with perfect accuracy. This was re-
served for Kepler to explain, who—not so much from
his own observations as by examining accurately the l
observations which Tycho Brahé had made of the
planets, and especially the planet Mars, and com-
paring them with his own—ascertainod that the
whole would be represented to-the utmost accuracy
by supposing that Mars moves in an ellipse. Tt is
impossible now to explain in a foew words how Kepler
came to that conclusion; generally speaking, it was™
by the method of trial and error. The number of:
H 2
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suppositions he made to account for the motions of
the planets is beyond belief : that the planets turned
round centres at a little distance from the sun ; that
their epicycles, deferents, &e., turned on points at a
little distance from the ends of the bars to which
they were jointed, &c. It is by this kind of inves-
tigation, by trial and error, that truth is established.
The way in which he has published his adoption of
this theory is very striking. After trying every
device with epicycles, eccentrics, and deferents, that
he could think of, and computing the apparent places
of Mars from these different assumptions, and com-
paring them with the places really observed by Tycho,
he found that he could not bring them mnearcr to
Tycho's observations than by eight minutes of a
degree. He then said boldly that it was impossible
that so good an observer as Tycho could be wrong by
eight minutes, and added, “ out of these eight minutes
we will construct a new theory that will explain the
motions of all the planets.” He then proceeded to
explain the theory of motion in ellipses.

T shall now speak of ellip-
tic motion. I must first state
what an ellipse is. There are
different ways of describing an
ellipse. I dare say there arc

? many mechanical persons near
me who are acquainted with a
carpenter’s trammel. An el-

T

lipse, or an oval may be de-

scribed in this way, in Figure
B 29. Suppose AB, ,DE, to re-
F1e. 29. present the longer and shorter

diameters of the ellipse, at right angles to each other ;
then, if we have a bar GFH, with two pins FG fixed
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in it, so arranged that the pin F shall always move
along the long diameter AB, and the pin G shall
always move along the short diameter DE ; then any
point H of the bar describes an accurate ellipse. This
15 the principle used in carpenters’ trammels and oval
chucks, It describes an accurate ellipse, exactly sim-
ilar to that described by another method, of which I
am going to speak, but it has no relation to the
various parts of the ellipse upon which I am going
to remark. In Figure
30, if we stick a pinin a
board at S, and call that
point a focus ; and if we
stick another pin in the
board at H, and call that
a focus; if we then fasten
a strino by its two ends
to these two pins, keep-
ing it always stretched ' .
by the point of a pencil, F Y]
as at P, and carry the Fia. 30.
pencil round, it will describe an ellipse. 8 and H |
are the two focusses of the cllipse ; but in all the
treatment of astronomical theory, we have only to do
with one of them.
If the ellipse in Figure 30 be the orbit of a planet, .
I8 will bo the place of the sun. The sun is at one ;
{focus of the ellipse described by every planet. Every |
;planet describes a different ellipse. Tho degree of |
‘flatness of cvery ellipse is different for every planet ;!
‘the direction of the long diameter of the ellipse is |
different for every planet; there is cvery possible |
variety among them. .
Now, one of the important things that Kepler |

jmade out was this: that the orbits of plancis are;
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ellipses. Another important thing made out was ;
this: that the planets describing these ellipses move |
with very different velocities at different times. Each
; Planet, when in that part of its orbit which is near-
i est to the sun, travels quickly, and when in that
' which is furthest from the sun, travels slowly. The
way in which ho expressed the law of motion is this:
if in one part of the orbit I draw two lines SK, SL,
from the sun, inclosing a certain space, (when I say
“inclosing a certain space,” 1 mean inclosing a super-
ficial area, containing a certain number of acres, or of
square miles,) and if in another part of the orbit I
draw two lines Sk, 8I, and if the two lines Sk, SI,
inclose the same number of acres as are inclosed by
SK, SL, then the planet will be just as long moving
over the long arc K1, as in moving over the short
arc kl. From that law of equal areas in equal times,
you will see that the planet is moving much more
rapidly between K and L, than between & and 7.
Having spoken so much of the motion in an ellipse,
I will now proceed to speak of the cause of that mo-
tion ; the force of the sun’s attraction, which acts
upon every planet. 'We are now coming to a thing
totally different from what we have had before. We
have spoken of the form of the orbits of plancts, and
the proportion of their speed in the different parts of
their orbits, as determined from the obscrvation of
the planets ; and I will now proceed to the consider-
ation of the causes of these motions, in reference to
the mechanical theory, first propounded by Sir lsaac
Newton, and received by every person who possesses
a competent acquaintance with the subject. The
theory is this : that if we suppose the planets to be
once set in motion, (by some cause which we do not|
ipretend to know,) then the attraction of the sun
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accounts for the curved form of their orbits, and for|
all their motions in those orbits. Now, in speaking
of this, I must observe that there is a term froquently
used by persons not acquainted with its real meaning;
persons speak of “projuctile force” as if such a thing
was constantly in action. The planets are in motion ;
they have been put in motion somehow; but there is
no force to maintain their motion afterwards, that we
know of, and there is no necessity for us to suppose
the existence of a force which keeps up that motion.
‘But, having been once started with a certain velocity,
iit is neccssary to suppose that there is a force con-
«stantly pulling them towards the sun. The planets
will sometimes go away from the sun, the sun will
pull them back, and afterwards they will go away
again, and be again pulled back, and so on.
t In orier to explain this, I must proceed. with a
Ivery rude experiment on what is called the sccond
'law of motion. The first law of motion is simply
!this : if a body be once set in motion, and if it have!
j a certain veloeity given to it, it will continue to'move’
i (if not acted on by another force) in a straight line
with unabated velocity. We cannot make experi-
wments proving this law in the simple furm in which
I have mentioned it, but we can make experiments
on it in combination with other laws; and we are
compelled to believe that the law is true, that if a
body were started in motion, and if nothing were
acting upon it, it would continue in the same motion.
{ The second law of motion is that which may be illus-
i trated by a very rough experiment. Suppose a body
; to be projected horizontally, like a cannon ball, or
1like a stone thrown horizontally, you will observe
; that it begins to curve in its path, under the attrac-
“tion of gravity, and it falls to the ground. The
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second law of metion is, that the force of gravity
draws it just as far from the place which it would
have reached if no gravity were acting, as the force
of gravity would draw it in the same time from the
! position of rest. Suppose, for instance, that a body
18 thrown in the direction of AB, (Figure 31,)

(4
Fra. 8L

with a speed which would have carried it from A .>
B.in one second of time ; and suppose I know from
experiment that it could have dropped from A to C
in one second of time ; then the second law of motion
is this : that at the end.of one second of time the
body will really be found at D, having, by the action
of gravity, been pulled away from the place B, which
it would have reached with the original direction and
the original velocity, just as much as if pulled away
from the state of rest.

The law may be illustrated by experiments in this
menner : AB, Figure 32, is a board ; CD an arm
moving upon it, turning on a hinge at C, and driven
by a spring E; at tho end D of the arm is a hollow,
with its opening in the side of the arm large enough
to contain a small hall, so that when the arm is
driven by the spring E, the ball will be thrown
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horizontally from the hollow at I ; at F is another
chamber opening downwards, its lower opening being

Fia. 32,

stopped by a board G, which will be knocked away
by a blow of the arm CD ; then it is plain that if
one ball be put in D and anothér in E, the very same
movement which throws one ball forward causes the
other ball to drop at the same instant; and if the
seeond law of motion be true, one of them will fall
down vertically to the floor at H at the same instant
at which the other, which is projected forward, reaches
the floor at K. And this does really happen so; the
two balls do reach the floor at the same instant.
‘What it proves is this : that if a ball is thrown hori-
zoutally, it falls from that horizontdl line down to
the ground just in the same period of time es a ball
which dropped from a state of rest.

I have described this experiment as applicable
only to a horizontal throw ; but it is equally ap-
plicable to an inclined throw, if the floor upon which
the balls full be inclined exactly in the same degree,
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a8 is shown in Figure 33, the ball which drops down
to H, and the ball which is thrown in the inclined

F1c. 33.

direction and reaches the floor at K, will arrive at
the floor at the same time.

Now, it is important to observe what are the ecir-
cumstances on which the curvature of the path of a
projected ball depends. In the first place, if any-
thing were to increase the force of gravity, the track
of the ball would be more curved. Thus, in Figure

A

aQ
[*]

Fa. 84
34, if the velocity with whieh the ball is projected
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would carry it in a second of time to B, and if gravity
were 80 strong that in one second the body would
fall from rest to.C, then the ball would describe
the curve AD ; but if gravity were so much increased
that a ball would fall from rest to C’ in one
second of time, then the ball would describe the
curve AD)’, which is more curved than AD. In the
next place, if two balls are projected with different
velocities, without any alteration in the force of
gravity, the path of that ball which is projected
with the smaller velocity will be more curved. Thus,
in Figure 35, if the force of gravity were such as

4 B ’,

c

Fic. 85.

would make a ball fall from rest to C in one second,
and if two balls are projected, one with a smaller
velocity which would carry it to B in one second,
and the other with a greater velocity which would
carry it to B’ in one second, then the former ball (or
that projected with the smaller velocity) will reach
D in one second, describing a very curved path AD ;
while the latter (or that projected with the greater ve-
,locity) will reach I)’, describing the path AD’, which
is much more nearly straight than AD. Everybody
knows the motion of a stone thrown from the hand ;
its path is much curved, and it reaches the ground
before it has gone far. But if you watch the motion
of a cannon ball, which you may do if you stand
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behind a cannon when it is fired, as you can then see
the ball from the time that it leaves the cannon’s
mouth to a distance of helf a mile or more, you will
perceive that its path is curved, but very much less
curved than the path of a stone; in fact it is nearly
straight, but still not quite straight. The ball
dropped downwards through the same space as the
stone in one second of time ; but the ball travelled
further in the horizontal direction than a stone in a
second of time. Now, from this consideration, we
shall be able to explain something of the most puzz-
l.ingl:‘n;atters in the motion of planets.

irst, however, we must proceed to another con-
sideration, which is called the resolution of forces.
This may be illustrated by a model, represented in
Figure 36. Suppose A and B to be two pullies fixed

r
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upon an upright frame, and suppose two cords to pass
-over them, carrying the two weights C and D at their
ends ; andwher:ngheymeetatEletathird cord be
attached, carrying the weight F ; then you will see
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that the tension or pull produced by this one weight
F, acting at the place E, does really support two
tensions in different directions acting at the same
point, namely, the tension produced by the weight C
acting in the direction EA, and the tension produced
by the weight D acting in the direction EB. Thus
we may correctly say, that one pull in the direction
EF does exert two pulls in different directions, AE
and DE, for it really docs keep the two cords strained
to such a degreo as to support the two other weights.
‘We muy say, on the other hand, that these two out-
side weights C and D support the middle one. The
three pulls of the cords keep the point E in equilib-
rium ; but they will support it only in one determi-
nate position, according to the amount of weight
which is hung to each cord. If I put another weight
upon C, the position of the point K and the direction:
of the cords will immediately change ; showing that
for one proportion of the weights or tensions there ix
only one sct of angles between the different directions
at which the tonsions will keep the point E at rest ;
and, conversely, one set of angles of inclination re-
quire the tensions to be in one certain proportion, in
order that E may be kept at rest. Regarding the action
of the two tensions in the directions EA, EB, as sup-
porting the one tension in the direction EF, this may
be considered as an instance of the combination of
forces ; and regarding the one tension in the direction
EF as supporting two in the directions AE, EB, this
may be considered as an instance of the resolution of
forces, the one force in the direction EF being
resolved into two forces in the directions AE, BE,
and producing in all respects the same effects as two
forces in the directions AE, BE. It may seem
strange that a force acting in ome direction can
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produce two forces acting in two different directions;
yet we have plenty of familiar examples of the same
thing. For instance, in driving a wedge by means of
one force, we produce two forces in different direc-
tions. I mention that as a case which must be
notorious to everybody, and one which may well
furnish food for thinking. By pushing at the back
of the wedge with a small force you do exert two
great forcos at the sides of the wedge; and in like
manner, by pulling at E (Figure 36) in a downward
'direction, you may exert a force even greater than
your downward pull at the two inclined directions ;
and both these are accurate instances of what is called
the resolution of forces. It must be understood,
therefore, that having got a force in any one direction,
we may say that instead of one force we have two
forces acting in any two directions suited to the na-
ture of the case, whose magnitudes are determined by
certain laws depending upon the angles of inclination ;
and we may use those two forces instead of the one
force which we had originally.

From this consideration, in combination with the
considerations which I stated relative to the depend-
ence of curvature of path upon velocity and deflecting
force, I shall endeavour to give you a little idea of
the motion of a planet in its orbit. The thing that
I wish specially to explain to you is, how it happens
that when a planet has once begun to approach to
the sun, it does not go quite to the sun, but after a
time recedes again from it. If you understand this,
you will understand the rest. I will suppose, if you
please, that in Figure 30 a planet is moving from 7,
through M, towards L. The attraction of the sun
pulls it in the direction of the line MS. Upon the
principle of the resolution of forces, of which I have
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just spoken, we may consider the force in the direc-
tion of MS to be resolved into two, one of which is
in the direction of NM, perpendicular to the orbit,
and the other is in the direction of OM, parallel to
that part of the orbit. Now, observe this carefully.
That part of the force which. is in the direction NM,
perpendicular to the orbit, produces an effect similar
to that which gravity produces in the motion of a
cannon ball ; it makes the orbit curved. But that
part which acts in the dircction of OM, parallel to
the orbit, produces a different effect ; it accelerates
the planet’s motion in its orbit. Thus,in going
from 7 towards L, the planet is made to go quicker
and quicker. If you suppose the diagram (Figure
30) turned in such a manner that MS is vertical, S
heing downwards, you will see that the planet is
under the same circumstances as a ball rolling down
a hill. If 4 ball is going down a hill, as at M,
Figure 37, the force of gravity, which is in the
direction MS, may be

resolved into two parts,

one of which is a force

in the direction NM,

perpendicular to the

hill side, and mercly

presses the ball towards

the hill ; the other is a

force in the direction s
OM, meking it to go Fi6. 97.

the faster down the hill. In this manner, as long as
the planet goes from % through M towards K, it is
going quicker and quicker. This accounts for the
difference of speed in different parts of the orbit,
which T mentioned before. Now, remember how it
has been explained that the curvature of a planet's
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orbit, or the curvature of the path of a cannon ball,
depends upon two circumstances; one is the velocity
with which it is going, and the other is the force
which acts in such a direction as to bend its path.
'The greater its speed, the less its path is curved ; con-
sequently, as the planet is going so exceedingly quick
in the neighbourhood of K, its orbit may be very
little curved thero, even though the sun is there pull-
ing it with a.very great force. The effect of the
planet’s path being so little curved thero is, that the
t passes the sun and begins to recede from it.
- But it does not recede porpetually. Suppose, for
instance, that it has reached the point M’, and we
examine the nature of the forces which act on it there.
The foree of the sun in the direction M’S may be re-
solved into two, in the directions N'M’, O'M’, of
which the former only curves the orbit, while the
{ latter retards the planet in its movement in the orbit.
Therefore, as the planet recedes from the sun, it goes
more and more slowly, till at last its velocity may be
diminished so much, that the power of the sun, re-
duced as it is there, is enabled to bring it back again.
That is the way the planet goes, revolving in its orbit,
alternately approaching to, and receding from, the
sun. Of course, in a series of lectures like these, T
cannot go into every detail; but enough has been
said to show that a planet when approaching the -un
will not necessarily fall to the sun, and when recei.ng
from the sun will not recede beyond the hope of re-
turn. This is a stumbling-block to many a young
astronomer who has not'considered the subject well,
but the remarks I have here made will, on considera-
tion, be found to be perfectly clear, and theré is no
doubt of their application. .
From what I have shown, you will see that there
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is a tendency in the planet to go off again when it
has come nearest to the sun; but whether it wﬂJ,a'bso-
lutely go off again depends upon another ei

it Gepends upon the amount of force when the planet
is nearest to the sun ; as, though the speed be great,
it may happen that the foree is very great also, and
it may happen that the forceis so great, that after all
wo cannot, merely upon gencral considerations, answer
for its coming back again. I wish to point out the
general explanation, but it is quite impossible here to
enier fully into these particular details, and to show’
to you whether, when the planet is coming near to
the sun, the force will not be too great to allow it to
recede again; or whether, when it is going away
fronu tho sun, the force will be great enough to bridle
it in or nol. That is a thing for which you must
trust me for st moment. If, as we assume in the law
of gravitation, when the distance of the planet from
the sun is doubled or trebled, the foree of the sun is
roduced 1o one-fourth or to one-ninth, and so on ; if
that Ye the law of force, then the velocrl;‘y of the
planet, on coming near to the sun, is 8o ncrcased
that the temlcncy 1o recede increases inm a greater
proportion than the forco, and it is certain that the
body will begin o recede.  But this would not be
the case with all Jaws of foree; if we supposed that
when the distance was doubled the force was one-
sixtecnth instead of one-fourth, this law of alternate -
recess and approach would not be true, Mathe-
matical investigations are made to ascertain whether
cortain  conditions are fulfilled. .A planet is in-
variably moving quickest ab that part ®f its érbit
whero 1t is nearest to the sun, and in consequence of
that increased velocity of motion, it*is able to over-
come a degree of attractive force which #'v- v '3 «-¢

I
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overcoms if its velocity were not so increased. Under
certain ciroumstances it would go out and come back
agam,andsoon that is the case with regard to the
law of grawitation.

- I will now take a fow minutes only for the next
section. 'We will depart from the consideration of
mechanical forces and consider the measure of dis-
tances, The thing which I wish to explain fo you is,
how we can measure the distance of the moon from
the earth. The distance of the moon is measured by
the method of Parallax. This is a technical word
of which we are obliged to make perpetual use in
Astronomy. I will explain in as few words and in
as familiar a manner as I can what parallax is. There
is an experiment pleasing and profitable, and which
I have made in my youth, and which I have no doubt

“most of you have made in your time. It is this: if

ou your head in the corner of a room, or on a
{.'gh- ed chair, and if you close one eye and allow
another person to put a lighted candle upon a fable,
and if you then try to snuff your candle with one eye
shut, you will find that you cannot do it ; in all pro-
bability you will, fail nine times out of ten. You
will hold the snuffers too near or too distant ; you
cannot form any cstimation of the distance. Dut if
you open the other eye the charm is broken ; or if,
without opening your other eye, you move your head
sensibly, you are enabled to judge of the distance.
I will .not speak of the effect of motion of the head
at present, but will call your attention to_the cir-
cumstance, that when your head is perfectly still you
will be unable, with a mngle eye, to Judge with
accuracy of the distance of the candle.
38,let A and B bethetwoeyas,CanobJeetwhch
iaviewed&stwiththeeye.&only. This eye alone
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has no means of estimating the distance of C. All
thatitcantellis,thatitiainthednechon?fthn

(4

Pro. 9.

line AC ; but there is no phenomenon of vision by
which it can judge accurately of its distance in that
line AC. Suppose, now, the other eye B is turned
to C, then there is a circumstance introduced “which
is aflected by the distance, namely, the differerice of
direction of the two eyes. While the object is at C,
the two eyes are turned very little inwards to ses it ;
but if the object is brought very close, as for instance
to D, then the two eyes have to be turned consider-
ably inwards to see it ; and from that effort of turn-
ing the eye, we acquire some notion of the distance.
‘We cannot lay down any accurate rule for the esti-
mation of the distance ; but we soce clearly enough in
this explanation, and we feel distinctly enough when
we make the experiment, that the estimation of dis-
tance does depend upon this difference of direction
of the cyes. 'When the object is brought very near,
the feeling becomes very amnoying. This is the
principle upon which is founded this experiment of
which I have spoken. Now, this difference of direc-
tion of the two eyes is a veritable parallax ; and this
12



116 POPULAR ASTRONOMY.

is what we mean by parallax, that it is tho difference
of direction of an object as seen in two different
places. The two different places in the experiment
which I have illusirated, are the two eyes in the
head. This is the way in which, as will he socn, the
distance of the moon from the earth is to he found.
The iwo eyes in the head will be two observatories ;
and will be supposed to be placed at a considerable
distance from each other on the earth. Without
any cxception at all, the principle is preciscly the
sgwe. You will thus see how, by the observation of
the difference of directions, the distance of the moon
from the earth may be obtained. T shall give a
moro dotailed explanation of this in the course of
my next lecture,
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LECTURE 1IV.

Recapitulation of Lecture ITT.—General notions on Parallax.—
Mcthod of finding the Moon’s Parallax and Distance.— ,
Methods of finding the Sun’s Parallax by Transits of Venus
across the Sun's Disc.—Causes of failure of other methods.

N the course of tho present lecture I shall depart
completely from that part of astronomical ohser-
vation with which we have been engaged for some
tine, relating to the apparent motion of the heavens;
and in leaving this pmit of the suhject, I shall remark,
as L have dene before, that there is nothing of so
much importance as that you should know the stars
and the apparent diurnal motion of the heavenly
bodies yourselves; and for this purpose the thing that
you should have is a celestial globe. Every person
who wishes to know anything of Astronomy should
hecome acquainted with the principal constellations,
80 as to he able to recognize them at sight in the
heavens; to ohserve their diurnal motion, and the
diffurence in the appearances of the stars at different
seasons of the year. This is of the greatest impor-
tance, in order to give yon an idea of the apparent
motion of the sun and planets among the stars,
There are two particular subjocts which I have
omitied to mention so fully as I would have wished,
but I will now allude to them finally. The first is
this. In treating of the apparent motion of the sun
among the stars, I pointed out to you that it appears
to describe a path through the stars which is inclined
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to the axis round which the heavens appear to turn;
but I said that it is a great circle; which amounts to
the same as saying that the path is in a plane which
passes through the centre of the globe; or, to express
it otherwise, the path is in a plane which passcs
through the eye of the spectator. If we take a pair
of compasses, and open them so that one leg is squure
to the other, or (as we usually cxpress it) that their
angle of inclination is‘90 degrees, and if wo Lold one
leg fixed in position, and make it scrve as a spindle
round which the compasses are fo be turned ; then
the other log will move in a plane : and if the eye of
an observer be placed at the angle of the compasses,
the plane which is described by that moving leg will
be scen by him as a great circle of the celestial sphere;
while by looking along the fixed leg he will sce a
point in the sphere which is the Pole of that greut

. circle: (the word “Pole” being here used in a general
sense, as rolated to any great circle). From this it
appears that the angular distance of the Pole of a
great circle, from any point of the great circle, is 90
If then we suppose a circle to be traced

through the heavens, of which every point is 90 de-
grees from the North Pole, that circle will be a great
-circle, or will be in a plane passing through the eye
of the spectator. That great circle is the equator.
Now, as I mentioned in the second lecture, if we
trace (by the use of the transit instrument and mural

- circle) the annual path of the sun through the stars,
(which is called the ecliptic), we find that the ecliptic
is also a great circle ; but it is not the same great
cirele as the equator. It is inclined to the equator,
‘and crosses it at two points, which are called the first
_“point of Aries and the first point of Libra. The first
% point of Aries is that crossing of the equator at which
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the sun 1 seen at the Spring Equnox The first
pomt of Libra 13 that pomt ab which the sun 18 seen
at the Autwinnil Lgumox  Nether of these puints
15 (s utly muked by any stn or other mark in the
hawens  the fiust pomnt of Ares 1 not very far fiom
the thm 1 <bu of P wus, (Algemb) and the fust
pomnt of Tilna s not tu from the Wi ht star m the
tal ot 1o, towards the bright star of Virgo

The 1 ntnce of wquinng 1 knowledse of these
pomts 1s thns  Thave spohen of the method of using
the 11t m tinment m combmation with the use of
the ek, wlach T sud was to detanmme the mtaval
of tune Tetwoen the mendian passige of some knoan
r it stn, wd the mandim pusige of wmy other
oby <t which we se 1 the heavens Tt wis plun,
therdor, tht by nemg 1t m this way we can deter
mmne the v uwrval hetwoen the pawssi,e of the olject
md thit «f my stu ot every star, and aso that we
o detamnume, with the sane preasion, the mtery s
of the pusyges of Al the briht stus , and we must
do tins, 1if we wish to mike our acpresent aon of the
he wens mnd of 1he posttion of 1 objut m the
honvens vl compldc Thas, however, would he a
mo t tc hcus way fdomgt 17 cre 15 uo Sood waiy
of domg whnat 15 cquav dent to this, except by 3cfur-
g cvary mbay d of prssige to some onc nnginary
pomt o Zcxo  and the mmnary pomt or Zuro
which 2l Astronomas have found 1t convenient to
adopt, 15 the first point of Anes It 19 a pont, as T
have s ad, which we ¢umot sue i the heavens, hut
which we ¢an determine by tr wang the motion of the
sun unong the stus  'We must obscrve, by means
of the muril cxrck,_on what diy or between w
days the sun 15 90 degrues from the Pole, then
sun 18 neecssanily at the place wheae his path
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the equator (which, as I have smd f5 90 degrees
from the Pole,) and thereforo is nomasm'ﬂy cither ab
tho first point of Arics or the first point of Libra.
‘We must, at the same time, by means of the transit
instrument, determine the intervals hetween the pas-
sages of the sun, and scveral fixed stars on those days;
and then we shall have the interval between the pas-
sages of the first point of Arics and those stars.  'We
can then use the first point of Aries, so determined,
as a starting point for sidercal time; and then instend
of measuring our sidercal time from the passage of
any star, we shall measure it from the passage of that
imaginary point. Now, suppose that our ob-ervationy
of transits on any cvening are to he compared with
the obscrvation of the transit of the bright star of
Aquila ; even though we do take that Inight star of
Agquila as the practical starting point of our observa-
tion, yet we do not make our clock to point 0 hours,
0 minutes, and 0 seconds, when the star conwes to the
meridian, but we put our clock to poiut 19 hours, 13
minutes, and some seconds ; because if we put our
clock to point 0 hours, 0 minutes, and 0 seconds,
when the first point of Aries is passing the meridiw,
it shows 19 hours, 43 minutes, and some seconds,
when the bright star of Aquila passes the meridian.
And that is the use of the fimst point of Aries, which
cannot be seen in the heavens. It is hetter that sn
imaginary Zero he chosen for the starting point than
any one star; and the first point of Aries is peculiarly
conl:.enient, on account of ils relation to the suw’s
put

The next point of which T omitted to speak is, the
difference between a sidereal day and a solar day. I
pointed out to you how, by very rongh meuns, the
passage of the sun tluough the stars wmight be
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observed. T said that it might be observed by any
person, if he watched, at a given hour of the night,
the appearance of the stars on successive days and
months ; when he would find, on going from ome
month to the next in the order of snccession, taking
always the snme hour of the night, that the stars ap-
pear to go round towards the right, or towards the
wesl, (our faces being turned towards the south);
which, ax [ explained, proves that the sun appears to
go through the stars towards the left or the east.
From this it is plain that the. stars set a little earlier
every day, in reference to sun-time; or,_that they
pass_the meridian a little earlier every day in_refer-
ence to sup-time ; and therelore, if we define t
sidereal day to he the time that eclapses from th
pas e of a star over the meridian one day to th
passae of 11 ¢ same star another day, that interval or
the sidercal day will be less than a solar day. It is,!
in fact, about 23 hours, 56 winutes, and 4 seconds of
ordinary clock time: the mean solar day being 24
houss.  To sum it up in a few words, the stars appear
to be guing overy day in their diurnal motion from
east to west, and they appear to be passing the
meridian  quicker than the san docs. The sun”
appears to be travelling from woest to east among the™
stars ; and therefore, though the apparent diurnal
motion of the sun through the heavens from east to
west is quick, yet, in consequence of this apparent
motion through the stars in the opposite direction, it
passes the meridian slower than the stars do. _

In speaking of surveys, I explained that by the
use of the transit instrument and the theodolite, we
might ascertain the angle made by any one side of a
trinngle with the meridian. This can of course be
done at as many stations as we please; it is commonly
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done at two or thres. In the English language we
have no term for expressing that peculiar act of de-
termining the direction of a side of a triangle, or the
direction of a chain of triangles, and therefore we
have adopted a word from the French, “orientation”;
it is, however, a bad word, used only for the want of
a better word in the English language. Where the
. word “orientation” is used, it is understood to mean
the ascertaining the general direction of a chain of

les.

In regard to the use of the Zenith Sector, of which

I have spoken so frequently, I should wish you to
charge your memory with this one notion: when
that instrument is used for determining the measure
of a degree of the carth, by being transported to two
different stations, as A and B, Figure 18, and by
béing employed for observing the sameo ‘chosen star
a% both places, the direction of the tclescope is really
the same at the two places, but the direction of the
plumb-line is different at the two places. But, if we
congider it only as a matter of observation at each of
xthe places, then we fancy that the direction of the
plumb-line is apparently the same in the two places,
and that the direction of the teloscope is apparently
different. Thus the direction of the telescope, when
pointed fo the samo star, is apparently different at
§hanklin from what it is at Balta ; but, in point of
fact, the direction of the telescope is the same at both,
and the direction of the plumb-line, or the direction
in which a stone would fall, is different at the two

In yesterday’s lecture I entered upon the subject

of the motion of the planets ; and I endeavoured to
. give you anotion of the complexity of the phenomena
yof the planets, and of the system first used to explain
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them. I remarked that for the inferior planets, this
was mado casier by referring their apparent motien
to the sun. I pointed out that Venus moved
(apparently) sometimes to tho left of the sun, and
sometimes to the right of the sun ; never exceeding
acertum:mgularhmttothalaﬁornghtofthem
I told you that her motion was sometimes backward
and sometimes forward ; and when referred to the
sun, was protty nearly similar, first on one side of
the sun and then on the other side of the sun. All
those couclusions are obtained by determining .the
places of Venus and the sun, mth respect to the
stars, by means of the transit instrument and mural
cmSlg, in the way described in my first lecture, and
then laying them down on a globe, or treating them
by other methods of calculation. There is no
difficulty at all in figuring to ourselves, as the
ancients supposed, that this apparent motion .of
Venus may be gencrally represonted by supposing
that she describes a circle round some imaginary
centre, which centre is always in the line joihing the
earth and sun; and that the earth is at no very.
great distance outside that circle : as, for instance, in
Figure 26, if we suppose Venus to revolve in the
circle V, whose centre v is in the line ES, They had
similar notions in regard to Mercury, the centre of
whose orbit might be supposed to be in some other
place, as m.

With regard to Mars, Jupiter, and Satum,l.twas
supposed by the ancicnts that they also moved in
circles, and that tho centres were somewhere in’the
same line ESmn, but that the circles were so large
that they completoly surrounded the earth. TIf we
consider the apparent motion of Jupiter at the present
time, when he is seen nearly opposite to the sun,
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rising nearly at sunset, and setting noarly at sunrise,
and if we watch his course among the stars from day
to day, or if we determine his place on different day:
by observations with the framsit instrument anc
mural circle, we find that at this time Jupiter is
;moving among the stars towards the right hand.
~H1t is convenient to have sstronomical tevms to
“describo this direction, without speaking of the right
hand or left hand.  Now, I have explained to you
that the appearance of the stars, at dafferent months
of the yeur, shows that the sun must be supposed to
move through the stars towards the lett ; and the
moon moves visibly towardy the left.  Astronomers
therefore have agreed to deseribe this kind of motion
by the term ¢ direct,” and the opposite motion by
the term ¢ retrograde.”  Now the planets sometimes
move in a relrograde direction : thus, when Mercary
}qr Venus is in that part of ity orbit which is nearest
the earth, its motion, as veferred to the stars, is re-
Frograde.  And the apparent motion of Jupiter at the
present time, from the deseription of it which T have
}just given, is retrograde ; and so in all cases is that
of Mars, Jupiter, Saturn, Uranus, Neptune, and the ®
’ smaller planets, when they are seen on the side op-
posite to the sun. At other times their apparent
I motions are direct with respeet to the stars.

All these motions are tolerably explained by the
construction adopted hy Ptolemy and the Greck
astronomers : taking the assumption that the carth
was fixed ; that there was something like a har,
(Figure 46,) of which one end was fixed in the earth,
and which turned round in a year; that that har
carried the sun, and carried also the centres of the
orbits of Mercury, Venus, Mars, Jupiter, and all the
planets ; and that all the plancts revolved in their
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own orbits round their respective centres; the planets
Mars, Jupiter, and Saturn, being supposed to have
a retrograde mnotion with respect to the bar. T also

agid that il was found necessary, in order to account
for the motion a little more accurately, to suppose
that the planets did not revolve strictly in circles,
but that the radial bar as nMa, Figure 26, carried
another bar as MaN, jointed on it, and moving on
the joint, and that this sccond bar carried the planet.
Supposing a similar construction of each of the
planets, we get a terrible complexity of mgjions, and
all independent of the sun.

I then remarked, it was a strange thing that persons
did nol think of connecting these motions more
closely with the sun. 1t would have answered their
purpose quite as well to take one centre as another
centre for the orbits of the plancts, provided it were
in the same direction, and provided the proper di-
mension were given to the orbit : that, for instance,
in Figure 27, the apparent motion of Venus, as seen
from the carth E, would be the same, whether it
moved in the small orbit V, whose centre is v, or in
the large orbit V’, whose centre is 8. Having, then,
the power of choosing the centre of the orbit as we
please, we might as well take the sun for the place
of the centre ; and it is wonderful to me that such a
simplification was not sooner adopted by the ancient
astronomers.

The systom Copernicus fixed upon in his successive
steps was, first to bring all the centres of the orbits
to the sun—still retaining the notion that this sun,
together with the various orbils connected with it,
were cartied round the fixed earth—and then to sup-
pose that the earth was in motion round the sun,
(which would explain the appearancos just as well,)
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or that the earth, as well as the other planets, moved
round the sun. 'With this supposition, the motions
lof Mars, Jupiter, and Saturn are direct, but slower
than that of the earth. And that was the state &g
which Copernicus reduced it ; but still Copernicus
was not freed from the notion that the small bars
attached to the large ones carried the planets, as I
have described. XKeopler, a man who never spared
his labour in working out any theory, after an infinity
of trials, at last found out tha.t he could represent
ing perfectly well, by supposing that everyone
of the ts moves in an ellipseiof which the sun
is the focus ; that the orbits of the different planets
have different degrees of cllipticity ; that the long
axis of the ellipso is in different positions for cach
different orbit : of course it required an infinity of
trouble to work that out. He established what is
called Keplers first law—that each of the planets
revolves in an ellipse, of which the sun is one focus.
I will mention at once the third law which Kepler
estnblished, and which relates to the proportion of
the penochc times of the different planets, and the
proportion of their distances from the sun.  Know-
ing the proportion of the distances of the planets from
the sun, end lmowmg the periodic times of the
lanets round the sun, he was able to work out this
le. Ifwes% the number of the days in the
i the planets going round the sun, we
find that the squares of the times of revolution
the different planets are in the same proportion as
e cubes of their mean distances from the sun.
That was a most important thing to establish,
b The second of Kepler's laws was this. In Figure
0, let 8 be the place of the sun in the focus of a
lanet's orbit ; ; suppose that in one day the planet
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goes from K to L, and that in another part of the
orbit it goes in one day from % to I; the law which
Kepler made out was this : taking the aress which
are included by the lines drawn from the extremities
of these arcs straight to the sun ; then the area KSL
is ogual to tho area /81 You will observe from this
law, that it is quite evident that each planet moves
quicker in that part of its orbit which is nearest to
$he sun than in that part of the orbit which is more
rd.lsta.nt from the sun; because the whole area de-
‘seribed in one day or in a certain number of days is
the same in the twtrcases. This was ascertained from
‘obscreations, and without any notion of mechanical
gﬁry ; Kepler did not possess any notion of that

There is only one more matter which I will men-
tion hefore I procecd to the mechanical consideration
of the subject. 'Without knowing the distance of the
earth from the sun, and without knowing the dis-
tances of the planets from the sun, we do know the
proportion of their distances. This is hocause, a8 a
matier of observation, we know how much the planet
(Mercury or Venns, supposc) appeags to go to the
tight or to the left of the sun. In Figure 27, it will
do just as well to explain the phenomena of the
planet Venus, whether we suppose that the sun is at
S, or whether we suppose that the sun is at o,
vided wo suppose that the dimensions of the orbit V’
are large, and thoso at the orbit V are small, in the
same proportion as the propertion of the distances of
S and » from E. For instance, we may make one
supposition that the earth is a ‘bundred millions of
wiles from the sun ; and that Venus is seventy-two
millions of miles from the sun. Or we may make
another supposition—that the earth is only ffty



128 . POPULAR ASTRONOMY.

millions of miles from the sun, and that Venus is
only thirty-six millions of miles from the sun. With
the latter supposition (in which the distances are in
the same proportion as in the former) we should find
“that Venus will appear to go just as much to the
xight or to the left of the sun as with the former.
And, thengfore, when we find that the apparent
:notlons, computed on the supposition that the dis-
tances of the earth and Venus from the sun are
respectively one hundred and seventy-two millions of
mniiles, do agree with those which are really observed,
we cannot tell whether the real distances are one
hundred and seventy-two millions of miles, or fifty
and thirty-six millions, or any other number; all that
we know is that they must be in that proportion.
It is important to observe that this was the founda-
tion of the third of Kepler's laws, and that he knew,
a8 well as we do at the present time, what is the
proportion of the distance of Venus from the sun to
the distance of the carth from the sum, although he
had not the slightest knowledge of the absolute dis-
tancé of the earth from the sun.

I shall now proceed with the mention of the me-
chanical laws of orbital motion. In the first place,
I shall take into consideration the general cffects of
attraction, or force ; in which expression by the word
Jorce 1 mean pressure producing an effect on the
motion of bodies that are free. Suppose we drop a
stone from our hand, or from a high building, every-
body knows that it begins to fall with a very small
velocity, and that it gains velocity as it falls, If I
were to drop a stone from my hand at tho height of a
foot from the floor, it would fall lightly; but if I were
to drop it from the height of a hundred feet, it would
M witli-a great shock. It is therefore evident that
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any fafling body is accelerated in its motion. This
shows that the effect of gravitation is not to create
a sudden velocity, but to add velocity to wvelocity,
and continually to increase velocity. Now, that is'a
thing which you must consider in regard to the mo-
tion both of bodies falling in a straight line apd of
| bodies projected and allowed to fall in a eurve.

It will be remembered that I exhibited an experi-
ment to this effect—that if any body wero projected
horizontally at the same time that another body was
allowed to fall freely, thcy would both reach the
ground at the same time. The apparatus, Figure 32,
by which the experiment was made, is so constructed
that, of necessity, when one body is projected forward
the other is allowed to drop at the same time. Now,
let us consider what sort of a curve the projected
body would deseribe. Suppose a shot is projected
from a cannon, as A in Figure 35 ; as I said before,
if a ball would fall from the cannon’s mouth to the
peint C in a second of time, then the shot which was
fired out of the cannon would have dropped to D in
one second of time. What sort of course would it
have deseribed? It would have fallen from its original
dircetion in cxactly the same proportion, so far as
regurds the divisions of the time, as the ball which
dropped from the cannon’s mouth. The ball drop-
ping from the cannon’s mouth does not acquire all ite
velocity downwards at once, but by degrees. In like
manner, if this other ball is supposed to be thrown
out horizontally towards B, it does not begin to drop
suddenly, bui drops more and more rapidly; it
follows, therefore, that the path of tho cannon-shot
begins to turn more and more downwards, and
assumes the form of the curve which is shown in the-
figure. You see that tho form differs very little from .
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the ciﬁle, and it is what mathematicians call a
parabo

The same consideration is applied to the motion of
," lanet, in this manner. 'We must suppose that the
II:.M has heen put in motion ; wo cannot tell how
| the glanets have been put in motwn, but they are in

motion ; that is sufficient for our pwrpose. The
! planets if there were nothing to pull them aside,
‘wotld go on in a straight course, without altering
their velocity. The supposition which Newton made,
and on which is founded the theory of gravitation,
and which is perfectly conformable with every result

; of observation, is, that all the planets are attracted
‘towa.lds the sun; that the force is different in dif-
forent parts, but still always directed towards the
‘sun ; that the force is of such a chaacter that it is
gmter the nearer they go to the sum. Thuy, if a
lanet started from P, Figure 30, in the direction 1°Q,

t would go on in a straight line if it was not pulled
y the attraction of the sun ; but, by the attiaction of
he sun, the orbit becomes hent, and the planet de-
scribes the curved orbit PA’TMKL. Now, thongh this
reasoning shows most clearly that the planet will
‘move in a curved orbit of some kind, it is entitely
impossible for me in this oral lecture to tell you how
the precise nature of this curved orbit is found out;
it is, however, found out completely ; and T must
bog of non-mathematicians to take my worll for
the result. ‘When the investigation is conducted
k\b ly we obtain these results. First, taking for
Keplor's second law “that each plnnet con-

mdered without reference to other planets, does in
ual times describe equal areas by the line connect-
% it with the sun,” which law was ascertained
purely from observation : it is found that this is
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explained by supposing that the planet is at all times
wn by some force toward the sun. Sccondly,
pposing a planet put in motion, and then continu-
ally actel upon by any force whatever, directed
lalways to the sum, it is found that it will describe
sequal areas in cqual times by the line connecting it
{with the sun. Thirdly, taking for granted Kepler's
first law, which was ascertained from observations
ronly, “that the planets in their revolutions describe
cllipses,” we can ascertain what is the force with
which they are drawn towards the sun, and which
causes them to describe ellipses ; it is found to be an
attraction towards.the sun following the law of the
inverse square of the distance; that is to say, when
the planet is half-way distant from the sun, it will be
drawn with four times the strength, or, when the
planct is one third distant from the sun, it will be
fdrawn with nine times the strength. Fourthly, we
may propose to ourselves this problem : suppose the
planet to he once put in motion, and then continually
attracted hy the sun with a force inverscly as the
quare of the distance from the sun, what curve will
t describe ? It is found, by the invesligation which
have spoken of, that the curve which it will des-
ibe will be one or other of the following—a circle,
ian cllipse, a parabola, or a hyperbola ; and that the
isun will be in the centre of the circle, or in the focus
of the ellipsc, parabola, or hyperbola. In nature we
do not know any instance of the hyperbola ; comets,
as we shall see hereafter, for the most part move in
parabolas ; some comets and all the planets move in
ellipses ; and some of these ellipses approach very
nearly to circles. I am exceedingly sorry that it is
impossible for me to give you an idea of the steps of
these investigations ; but I say, and I am sure you,

K 2
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will agree with me, that half o man’s life would be
well spent in mastering them.
Kepler's third law is this : that if we compare the
Yprbits of the differcnt planets, the syuares of the peri-
dlc. times are in the same proportion as the cubes of
¢ mean distances from the sun.  This also, in con-
ormity with the result of the theory of attraction
following the law of the inverse square of the distance.
T suppose there i no seience in the world in which
such important laws have been first discovered inde-
pendently friom observation only, and which have
afterwands heen shown to be the result of one grund
principle of theory.
T neat endeavoured to point out to you how it is
that plancts do not entirely depart from the sun. It
has been wondered by some persons that, when the
planets approach to the sun, they are not compelled
by ity attractive force to fall into the sun ; and when
they go away from the sun, it has Deen wondered
that they do not go quite away from the sun’s in-
fluence. I endeavoured to give you a notion of the
mechanical causes which produced that alteration in
the velocity of the planets, which is in fact embodied
in that law of Kepler's, which states that a planet
describes, by the lines comnecting it with the sun,
equal arcas in equal times. In introducing that mat-
ter, I said, that the curvature of the orbit of a planet,
in tho sume manncer as a curvature of the path of a
cannon ball, depends not only upon the foree which
Is the planet or the ball so as to curve its orbit,
ut also upon the amount of velocity with which it is
moving. Therefore, in order to ascertain what is the
curvature of an orbit, we must consider not only the
antount of the sun’s attraction at any part of it, but
also what is the mmount of velocity with which the
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planet is moving at that point. If, then, it can be
shown that when the planet is nearest to the sun it
moves_with-a greater velocity, it will follow that,
though the attractive force is greater than when far-
thest from the sun, its orbit may not be more curved
than when it is farthest from the sun.

For this purpose, I introduced to you the model,
represented in figure 36. T pointed out to you that
the tension of the cord EF, acting in the direction EF,
does produce the effect of keeping in equilibrium the
tension of the two other cords, one acting in the direc-
tion of EA, and the other in the direction EB ; and
theretore, a force acting in the direction EF does pro-
duce two forces acting in the directions AE, DE.
This is what we mean by the resolution of forces.
The way in which I desire to apply this consideration
to the motion of the planets is this. The sun’s

ttraction acting in the direction MS, Figure 30, can
here be resolved into two forees, in conformity with
he law just mentioned ; one in the direction of the-
ine OM, touching the orbit, or in the same direction
the motion of the planet, and the other force in
he direction NM, perpendicular tg the orbit.. As
gards this part of the force which is perpendicular
to the orbit, its effcet may be considered as similar to
hat of the force of gravity on the cannon hall ; its
tion is square to the planet’s path at that time, and
ts tendency is to curve the planct’s path. But the
ther resolved part pushes the body along in its orbit,
that the planet, instead of being allowed to go on
in one uniform speed, is by the sun'’s attraction accel-

ted in its course. This amounts to so great a
quantity that, at the time the planet has arrived at
the part L of its orbit, it is going at a very great speed.
‘When the planet has arrived at the part of the orbit
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where the force is so great, it has been-accelerated so
uch that its velocity also is very great. If the body
not "been moving quicker, its path would have
n much curved ; but in comsequence of its great
elocity, its path may be very little curved ; the
ower of the sun may be unable to bridle it any
‘Ylonger, and it may go on from that point increasing
its distance from the sun,  'When it has thus reached
point as M’, if we resolve the sun’s force into two
#Korces, one perpendicular to the orbit, and one in the
irection of the orbit, then that which is perpen-
icular to the orbit bends it, but that which is in the
irection of the orbit retards it ; and when it has got
a certain distance, its velocity is small indeed ; and
ough it is so far off that the sun’s force is very
1, nevertheless, in consequence of the planet’s
inished speed, the attractive power of the sun
y be able to pull it in and make it describe the
me orbit again; and thus the planet nced not either
into the sun when nearest, or go quitc away
hen farthest.
There is another thing which I think it very proper
to mention, because many persons have a very erro-
ncous notion upon it. Some persons have a notion
that there is some remarkable adjustment, so that if
‘anything however small was to disturl the motion of
o planet, it would cither fall to the sun or go quite
away from the sun. That is not the cise; the effect
of the disturbance of a planet would be to change its
orbit, but nothing else. 1 will endeavour to point
out to you what T mean. Suppose that a planet has
been going on describing the orbit LPRM, Figure 39,
for, ages, contimually describing the same curve in an
ellipse round the sun. Now, I will suppose that,
““syhen it is nearest to the sun at L, Something comes
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in the way and refards its motion. Many persons
suppose that, in consequence, the planet would fall
into the sun. No such R
thing wil! happen ; the only
effect it would have is this:
it woull cause the planct to
deseribe  a different  orbit,
such as is shown by the
dotted line Lprm. I8 ve-
locity would he diminished
by the interruption at L, and
it would consequently  be
more hridled in by the at-
traction of the sun there,
and the planet would then .
deserahe a new orbit of such Fia. 50.
a natuie as to have a greater curvature at L ; but if
nothing distwbed it again, it would then go on con-
tinually deseribing that new orbit over and over again.
Whenever the serics of disturbances ceases, whatever
orbit the planct is moving in, it will continue to go
onmoving in that orhit.  The planet’s orbit is changed
Ny any sudiden disturbaned, hut the orbit so changed
will conlinue, and the planet will be no nearer de-
struction thaa if it had not beeu disturbed at all
There is only one more point regarding the lauw of
gravitation, on which 1 shall here speak ; it is the
velodity, or the change of motion, which an attract-
ing hody produces on another body. T have spoken
of attraction as if it was directed towards the sun;
hut we shall find that experiments of various kinds
lead us to this conclusion: that every particle of
matter attracts every other particle of matter ; and
that cvery planct attracts every other planet, that
every plunct attracts the sun, that the sun attracts
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the planets, that the sun attracts-the moon,and the
moon attracts the sun, and that every budy attracts
every other body. Now, the thing T wish you to
understand is this : suppose Venus and the sun are
at equal distances from the carth, then the earth pulls
the sun out of its way just as much as it pulls Venus
out of the way. The enormous difference of magni-
tude of the attracted bodies makes no difference in
the movement which the action of the attracting hody
produces on them. If there are two bodies, a great
onc and a little one, and if something else attracts
them, the great body is pulled through as many feet
or miles in an hour as the little one.

I shall say nothing more about this subject at
present, but proceed at once with the measure of the
distance of the various heavenly bodies. I en-
deavoured to give you a motion of what we call
parallax ; I endeavoured to illustrate it by showing
the combined effect of the two cyes in our head. I
pointed out to you, by a familiar experiment, that it
is not easy to obtain, with a single eye and when the

" head is held unmoved, a correct notion of the distance,
but that if we open both eycs, we then get an accurate
knowledge of the distance. This T remarked is ex-
actly similar to the effect of observing the same ohject
at two observatories, which are planted at two parts
th the earth at a considerable distance from each
other.

Now, in Figure 40, let GC be the earth, M the
moon. I wish to measure the distance of the moon
from the earth. I have two observatories from which
I view this moon. One of them, G, we will suppose
to be at Greenwich or at Cambridge ; the other, C,
to be at' the Cape of Good Hope. In remarking on
the grounds of a person’s judgment of the distance
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of an ohject D, Figure 38, as observed with the two
eyes, I said that it depends on this: that the object

Fiq. 40.

is seen by the two eyes in two different directions.
In like manner the measure of the distance of the
moon, by means of ohservations made at the two ob-
servatories G and C, will be based upon this circum-
stance : that the moon is seen in two different
directions.

Tlow can that difference of direction be ascertained %
Tt can be asecrtained by obsorving, at each of these
obscrvatories, the Polar distance of the moon. It
will bo rememhered (sco page 33) that, by the use of
the mural circle at Cambridge, or at Greenwich, we
observe the clevation of the celestial North Pole;
and by the use of the same mural circle, we observe
the elevation of the moon on the other side of the
Zenith ; or to use a more convenient measure, which
we more frequently employ, we measure the angular
distances both of the Pole and of the moon from the
Zcenith. Thus, suppose that by observaticns made
at G on one side the Pole is 38 degrees from the
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Zenlith, on the other side the moon is 70 degrees
from the Zenith ; if we add together these two angles,
we shall see that the moon is 108 degrees from the
North Pole, as scen at Greenwich, G, This 108 de-
grees is the measure of the angle PGM, GI’ being
supposed to be directed to the celestial North Pole.
At the same time observations are going on at the
Observatory G, at the Cape of Good Iope, where
they cannot sce the North Pole, but they can see the
South Pole, and thercfore they must refer their ob-
servations there to the South Tole; suppuse that
there they find the angular distance of the moon from
the South Pole to be 73} degrees, this is the measure
of the angle P’CM, CP’ being suppesed to be directed
to tlig celestial South Pole, and therefore parallel
to GP.

Now, we have got these two measures, from which
we see, that by the combinations of the Zonith dis-
tances at Greenwich, the moon is seen at 108 degrues
from the North Pole; and by a similar combination
of the Zenith distances at the Cape of Good Hope,
the moon is seen 73} degrees from the South Pole.
If we were observing a star S at an immense distance,
we should get this relation between the two angnlar
measures ; that the sum of the two angular measures,
one from the South Pole and the other from the
North Pole, must be 180 degrees ;. inasmuch as the
two directions GP and CP’ are exactly opposite, and
the two diroctions GS and CS, on account of the im-
mense distance of a star, are exactly parallel ; and
therefore, in turning a line first from the position GP
to GS, and then from the position GS or CS to CP’,
we have turned it exactly half-round. But the thing
which we have found out with regard to the moon is
this ; that the sum of the two angular measures is
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more than 180 degrees, for the measure at Greenwich
being 108 degrees, and that at the Cape of Good

| Hope beis 73} degrees, the sum of these is 1811 de-
grees.  How are these 14 degrees to be accounted ford
This angle of 1} degrees is the anglo made by the
two lines GM, CM. I have arrived thus at the con-
clusion : that at the distance of the moon, the angle
Detween the two lines, of which one is direeted to
the Greenwich Ohsarvatory, and the other to the Ob-
servatory ab the Cape of Good Hope, 1s 1} dégrees.
TLaving the position of Greenwich and the Cape of
Good Hope, knowing the angle is 1} degrees, and
kuowing the diveetions of the lines from the two Ob-
servatories, T can compule the distance of the moon
ab once.

Il ve we must remark, that the observatjons of
which T have spoken would be of no use, if we had
not got the measure of the emth. That measure,
however, as T explained in a former lecture, has been
oblained by the aid of our yard measure ; and it is
worth while to 1ecall the principal steps of the pro-
cess. DBy means of the yard weasre we measured
a base line in a survey- by means of the base line,
with triangulation, we obtained the length of some
very long lines upon the carth’s surface ; and by the
use of the Zenith Seetor at different parts of the
carth, in combination with the weasures of these long
lines, we got the general dimensions of the carth as
expressed in yauds ; then, knowing the position of
the Ohservatoty at Greenwich, and knowing the
position of the Observatory at the Cape of Good
Hope, wo huve the means of getting from these
general Jdimensions of the carth the length of the line
GC in yards, and its position in regard to the other
lines ; we know also that the angle GMC is 1§
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degrees, and therefore. we have the means of com-
puting the length of GM or CM expressed in refor-
ence to our yard measure; that is, of ascertaining
how far off the moon is from the earth as expressed
by a yard measure.

In the middle of the last century, the celebrated
French Astronomer, the Abbé de la Caille, was sent
to the Cape of Good Hope to make the requisite ob-
servations ; observations were also made at the same
time at the Observatories at Paris and at Greenwich,
to determine the angle spoken of. A few years ago,
Mr. Henderson and Mr. Maclear, who were succes-
sivoly sent to the Cape of Good Hope, were partly
employed in making observations for the same pur-
pose; and from the observations also made at the
same {ime at Greenwich and at Cambridge, the dis-
tance of the moon from the earth has been deterwined.

I will now mention the only failure likely to take
place in consequen"e of pursuing the method which
I have deseribed. It is this: I pointed out to you
in the first lecture that a correction for refraction is
necessary for every ohservation made with the mural
circle. In consequence of that refraction all ohjects,
in every part of the heavens, appear higher than they
really are; a correction is applicd to that circumstance,
but that correction may be liable to a small un-
certainty. The angular distance of the line GM from
the line GP, directed to the North Pole of the
heavens, may therefore beslightlyin error : wecancome
very near the truth indead, and perhapswe should not
he wrong a single second, or half a second—but still
there is always some uncertainty; and I may say,
that refraction is the very abomination of astronomers.
In like manner there may be a small error in the
angle MCP’, and it may happen that the two errors
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are combincd, 8o as to affect the determination of the
angle GMC by a larger error.

Now there is another way in which this ohserva-
tion can be shaped, in which the cffect will not be
quite 8o had. This is by rcferring the place of the
moon, as seen at cach Observatory, not to the North
and South Pole as T have spoken, but to a star. Let
S, Figure 40, be a star at a very great distance, and
suppuse we observe the moon when she is nearly in
the direetion of that star. Now, the thing which it
is our ohject to ascertuin, is the angle made by the
two lines GM, CM. At G the moon is seen some-
what below the star; we have then only to measure
the angle SGM, about which there can e very little
uncertainty, cither from refiaction or from any other
cause. At C the moon is seon still more nearly in
the same direction as the star; the angle SCM can
thercfore be measured with great accuracy. The
angle GMC is the difference between the two angles
SGM, SCAL  Suppose, for instance, that at G the
moon is seen two degrees below the star, and at C is
seen only half a degree helow the star, then the differ-
ence or the angle GMC must be 1} degrees ; and this
angle is scarcely linble to any possible error. 'Weé
have then got this angle GMC accurately, and we
have got the directions which the two lines GM,
CM, muke in reference to the line GC; and the cal-
culation is then much the same as with a triangle in
a survey, where we have a base measured from which
we can begin our computations. This is the way in
which the distanece of the moon is measured ; and
we may say, as a general result, that the distance of
the moon from the earth is about thirty times the
breadth of the carth. '

It is necessary now to explain with a little moro
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precision what we mean by the word parallar. Ttis
convenient to make all our calculutions of the moon’s
place with reforence to the centre of the carth. Now,
in Figure 40, it will be seen that the moon, if viewed
from the centre of the earth, would he seen in the
direction EM; but, as viewed from Greenwich, she
is seen in the direction GM. The difference hetween
these two directions is the angle GME, and this is
called the moon’s parallax at Greenwich. In like
manner, the angle EMC(' is the moon’s parallax at the
Cape of Good Hope ; and therefore the angle GMC,
which has been found by observations in the way
already described, is the sum of the parallaxes of the
moon at Greenwich and the Cape of Good Hope.
Now, the method in which the caleulation of the
moon’s distance is actually effected is thix. From a
knowledge of the eath’s dimensions, the length of
the line EG is known with considerable accuracy.
Aund though (as T stated in the second lectnre) the
plunbline at G is not directed actually to the cartli's
centre, hut in a slightly different direction, H'(GE’,
yet, from knowing the form of the earth, we ean eal-
culate accurately bow much it is inclined to the line
HGE, which is directed to the carth’s centre.  Thus,
we know the angle H'G1I, and we have observed the
angle H'GM with the mural cirele, and the difference
is the angle IIGM, which therefore is known. Then
we assumne, for trial, a value of the distance EM,
With the length EM, the length EG, and the angle
HGM, it is easy to calculate the angle GME. The
same process is used to calculate the angle C'ME.
‘We then add these two calculated angles together,
and find whether their sum is equal to the angle GMC,
which we have found from observation. If the sum
is not equal to that quantity found from observation,
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we must try enother assumption for the length of EM,
and go through the calculation again. And this we
must do over and over again, till the numbers agree.

It has been supposed that the observations are
made at the same jnstant at Greenwich and the Cape
of Good Hope. This is not strictly correct ; but the
difference of time is known, and the moon’s motion
is well enough known to enable us to compute how
much the angle P'CM changes in that time; and
thus we can find what would have been the direction
of CM, if the observation had been mado at exactly
the same instant as the observation at G.

After having got this notion of the value of the
moon’s distance, and knowing the method of compu-
ting the parallax, it is necessary to apply that com-
puted parallax to every observation mede, in order to
find the position of the moon as seen from the centre
of the carth. Now, if we have made a considerable
series of ohservations of the position of the moon as
viewed from an Observatory, and then, by calculating
cvery parallax, if we have got the corresponding
places of the moon as viewed from the centre of the
earth, we find this, that the same law holds in the
motion of the moon round the carth as in the motion
of the earth and planets round the sun; that is, that
the moon moves in an ellipse which is in a plane
passing through the earth’s centre. _

‘When we consider it sufficiently established that
the moon does revolve in a plane passing through the
earth’s centre, we can take that assumption as the
basis of calculation to be compared with observations;
and we can find what the moon’s distance is, from
observations at a single Obscrvatory. The effect of
parallax is always to_make the object appear lower.
If the moon were viewed from the centre of the earth,
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its path (which is in a plane passing through the
centre of the earth) would appear to be a great circle
inclined to the equator; and if we compared its
places when nearcst to the celestial North Pole,
and when furthest from it, onesof these angular
distances from the celestial North Pole would
be as much less than 90 dogrees as the other
is greater than 90 degrecs ; and their sum would be
180 degrecs. Dut, in consequence of parallux, cach
of these angular distances as viewed at Greenwich is
increased and therefore their sum is greater than 180
degrecs. Dy ascertaining, therefore, what cach of
these distances is, and what their sum is, and how
much that sum excceds 180 degroes, we have the sum
of two parallaxes ; and from this we can find the
moon’s distance by calculation, (assuming a dis-
tance for trial, and altering it as often as may be
necessary, and for every alteration compuling the
two parullaxes, adding them together, and sceing
whothoer their sum agrees with the observed sum),
nearly in the same way as when the moon was ob-
served at Greenwich and the Cape of Good Hope.
It is remarkable that this principle was used as long
ago as by Ptolemy, (about A.p. 130) and rospectable
estimation of the proportion of the moon’s distance
to the cartl’s diameter was obtained by him; but, as
he did not know the dimensions of the earth, he was
unable to express the moon’s distance by an absolute
measure. '

I shall now proceed to & subject of much greater
difficulty, viz. the computation of the distance of the
sun from the earth. This most difficult problem
might not have been accurately solved but for a sug-
gestion of Dr. Halley, who, in the ycar 1716, pub-
lished -2 papér in the Philosophical Transactions of
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the Royal Society of London. He was an old man at
the time, nearly sixty years okl.  He explained what,
as he said, would be a satisfactory method of solution,
by obscrvations of the “transit”™ (or “passage”) of
Venus over the sun's disc or face; and he pointed
out the possibility of secing the transits of Venus
across the sun’s dise, which were to occur in 1761
and 1769 ; and he bequeathed, as a task to posterity,
the problem of ascertaining the distance of the sun
from the earth. For, understanding the following
statement, it is important to remark, that the method
of finding the distance of the sun by observation of
the transit of Venus, requires that observations be
made (as in the first methad for the moon) at two
Observatories at widely different positions on the
carth. In 1761 a transit of Venus occurred, which
was vigible in many parts of Europe ; it was ni
to observe it in other parts of the carth, and expedi-
tions were sent out for that purpose ; amongst others,
Dr. Maskclyne was chosen by the GGovernment to go
to St. Helena, (where, however, clowls preventod any
part of it being scen), and a Mr. Mason to the Cape
of Good Tope. In 1769 another transit of Venus
occurred, which wag visible in the North of Lapland,
but in no other parts of Europe ; it was necessary, in
order o procure a good station for observations to be
compared with those in Lapland, to send out an
expedition to the Pacific Ocean.  Captain Cook was
seut out by the British Government to the South
Seas, in the year 1769, in order to observe the transit
of Venus in the island of Otaheite. I wish to men-
tion with regard to this expedition that, so far as I
can understand, the expenses incurred in that part

® The word “transit” signifios nothing more than “passage
across,”

L
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which related to the ascertaining the distance of the
sun from the earth, were defrayed from the private
purse of George the Third.

The next transit of Venus will occur in the year
1874. Tt will be followed by one in 1882 : affer
which there will be none for more than a century.

From the transits of Venus in 1761 and 1769, but
especially from the Iatter, the sun’s distance from the
earth was ascertained to be about 95} millions of
miles. It was long believed that the determination
was all but perfectly accurate : but recent investiga-
tions seem to point to the conclusion that the value
of the sun’s distance so found is too great by more
than three millions of miles. The source of ecrror
appears to Ye traced to the untrustworthy nature of
the observations made in Lapland : and astronomers
now look to the coming transits in 1874 and 1882°
for the precise settlement of this important question.

‘When the distance of the sun is obtained, the dis-
tances of the other planets are easily found by calcu-
lation from the proportion of distances, which, as T

" said, was known long before the rcal distance of any
one was known.

Before entering on the explanation of the principles
of this method, I will point out to you the nature of
other attempts which had been made to ascertain the
distance of the sun from the earth, some of which
were totally unsuccessful. In the first place, we
might use the same method to ascertain the distance
of the sun from the earth as that used for ascertaining
the distance of the moon from the earth. 'We might
take the angular distance of the sun from the North
Pole, as viewed from an Observatory on one part of
the earth (as Greenwich) ; and the angular distance
of the sun from the South Pole, as viewed from
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another Observatory ati another part of the earth (as
the Cape of Good Hope) ; and then, by adding these
two angles together, if the sum exceeded 180 degrees,
we should consider that excess as due to the parallax,
and should calculate the sun’s distance in the same
manner as in the case of the moon. But then comes
in refraction, which is here a serious mattor. The
sum of the parallaxes of the sun at the two stations,
that is to say, the angle GMC, Figure 40, (supposing
M now to represent the sun), does not exceed eight
or nine seconds ; it is an exceedingly small angle.
The uncertainty of refraction in the observation of
the sun is always two or three seconds ; the air being
hot at the time the obscrvations are made, and the
sun almost always appearing, in a telescope, tremulous
and ill defined. It is plain, therefore, that where
there is such an uncertainty, it is useless to attempt
to determine an angle which is not greater than eight
or nine scconds. You may say, perhaps, that we
could do the same thing with the sun as with the
moon, by referring it to tho stars. But there is this
difference ; we can see the moon, and we can see
small stars elose to the moon, and at the time that
we observe the moon and the stars the air is not dis-
turbed by the heat of the sun ; everything is steady
and is seen well ; but in the heat of the day objects
are unsteady and are never soen well : we cannot see
a faint star at all ; and we can only see bright stars
at a distance from the sun ; therefore we are cut off
entirely from observing the parallax of the sun in that
way. Wae cannot observe its angular distance from
the North and South Poles from the uncertainty of
refraction, and we cannot compare the sun with the
stars, because we cannot see stars near to the sun
when the sun is shining.

L2
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There is a second method, a very ingenious one,
.proposed by astronomers in the middle ages. You
will observe, by the preceding operations which I
have mentioned, that wo have made soveral good
steps for the purpose of measuring the distunce of the
sun from the earth. DBy a yard measure we have got
_the length of an arc on the méridian, and from that
‘we have found the dimensions of the earth, and from
these we have got the distance of the moon ; and
possibly, from the distance of the moon from the
carth we shall be able to get the distance of the sun
from ghe earth. In Figure 41, let S be the sun, E

Fig. 41.

the earth, and M the moon, and suppose the distance
of the sun to be not particularly greater than that of
the moon. The sun illuminates half the moon at
once, and no more. In the position which is repre-
sented in Figure 41, when the angle SME is u right
angle, persons on the earth will see tho moon half
illuminated, but not at an angle of 90 degrees {from
the sun. For when the angle SME is 90 degrecs, the
angle SEM must be less than 90 degrees, inasmuch as
the sum of the two angles SEM and ESM is 90 de-
grees. From this it is plain, as a matter of theory,
‘that when we see the moon half illuminated she is
less than 90 degrees from the sun, and the angle at
which she really is distant from the sun depends upon
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the proportion of her distance to the sun’s distance. *
If the sun’s distance from the earth is not excessively
greater than the moon’s, then that angle SEM will be
sensibly less than 90 degrees ; but if the suw's dis-
tance from the earth is very much greater than the
moon’s, then that angle will be very nearly equal to
90 degrees.  This observation, therefore, gives us,
theomtlmllv, the way to determine the sun’s distance
from the earth, if we can determine exactly the time
when the moon is half jlluminated. Unfortunately,
the roughmoess of the moon’s surface, which resembles
very mueh a volcanic surface, makes it impossjble to
observe, with any degree of exactness, at what time
the moon is half illuminated, and this principle fails
totully in practice from that cause.

The next method pointed out for ascertaining the
distance of the sun from the earth, and which has
Deen used with considerable suceess, is founded upon
the observation of the planet Mars.  Although the
distances of the planets from the sun were not known
to the ancient astronomers, yet the proportions of
their distances were known to them. I have already
pointed out to you that Venus is the planet which
exemplifies this hest. Dy observing how far Venus
goes to the richt and to the left of the sun, we can
ascertain the proportion of the distance of Venus
from the sun to the distance of the earth from the
sun, which is a proportion of 72 to 100 nearly ;
although we do not know the absolute distances at
all. The same remark applies to other planets ;
although we do not know their absolute distances,
yet we can see or ascertain the proportions of the
dinmeters of thoir orbits, which explain their differ-
ent apparent movements. With regard to Mars,we
are able to assert (knowing the proportion of the
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distances of Mars and of the earth from the sun, and
the form of their orbits) that at certain times, when
tMars is in opposition to the sun, the distance of Mars
from the earth is only one-third of the distance of the
sun from the earth ; therefore, if we can ascertain the
distance of Mars from the earth at that time, and
multiply it by three, we get the distance of the sun
from the earth. The distance of Mars can be got at
with considerable accuracy, by observations made at
Greenwich and the Cape of Good Hope, in exactly
the same method as that which I have explained for
getting the distance of the moon. Our observations
a8 to the angular distance of Mars from the cclestial
North Pole must be referred to the same fixed star at
“the two places. In the Nautical Almanack, for several
years past, (a work which is published three or four
years in advance,) there is prepared a list of stars,
which it is recommended shonld be observed and
compared with Mars, not only at tho European Ob-
servatories, but also at the Cape of Good Hope and
elsewhere in the Southern Hemisphere. Accordingly,
at the opposition in 1862, observations were made in
pursuance of these recommendations : and from them
it has been deduced, that the distance of the sun
from the carth is rather more than 91} millious of
miles, a smaller value, it will be observed, than that
found from the obscrvations of the last transit.
This method is a pretty good one; but it is not the
most accurate method, which is that founded upon
the transit of Veuus, and to the explanation of it I
now proceed.
There is one point, with regard to the motion of
ltha planets, to which I should wish to allude in the
fizst place, as I have hitherto made no mention of it.
It is rather important in reference to the transit of



LECTURE IV. 151

Venus. The orbit of each planet is in a plane pass-
ing through the sun, but the orbits of all the planets
are not in the same plane ; the orbit of Venus is not
in the same plane as the orbit of the earth. In
Figure 42, let 8 be the sun, K the earth in its orbit,

— N
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and V Venus in her orbit. Tt is plain that Venus
in her motion crosses the plane of the earth’s orbit
in two positions,-and no more. Suppose, now, that
E and V represent the relative positions of the earth
and Venus, at the time when they are, generally
speaking, in the same direction from the sun. If a
person on the carth looks at Venus now, he will see
her above the sun.  1f it happen that the two are,
generally speaking, in the same direction from the
sun at E' and V', then when the conjunction takes
place she will he seen below the sun.  But there is
one state of things to be considerad, viz.: when the
conjunclion ocewrs at V” and E”, Venus being very
near that part of her orbit where it crosses the plane
of the caril’s orbit. At this time, if an observer
on the earth were to look at Venus, he would sce her
upon the sun’s face. The same would happen if the
conjunction took place on the side of the orbit op-
posite to V” and K”. 1t is a matter of great impor-
tance to ascertain at what times this will occur ; at
what time the conjunction takes place when Venus
is near that point (called the mnode) of her orbit.
Now, whenever the conjunction occurs at V” or on
the side exactly opposite, then there is an opportunity
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of secing Venus on the sun’s face. The most cele-
brated transits of Venus, as I have said, occurred in
1761 and 1769 ; and the next will occur in the years
1874 and 1882,

I will now procced to show you the method by
which these transits are made available for measur-
ing the distance of the sun from the earth. I nust
first point out to you what we know and what we do
not know. From observing the distance which
Venus goes to the right and left of the sun, we do
know,the proportion of tho distance of Venus from
the sun to the distance .of the earth from the sun.
This thust be remembered carefully. We do not
know the absolute distance of the earth from the sun,
nor the absolute distance of Venus from the sun, but
we know their proportion. Now, with respect to the
diameter of the sun : suppose that T have an instru-
ment like a pair of compasses, and that T use this so
as to be able to observe the apparent angular hreadth
of the sun. I apply the joint of the compasscs to my
eye; I direct one of the legs to the lower part of the
sun, and the other to the upper part of the sun; I
then know the apparcnt angular breadth of the sun ;
and from this I determine the proportion of the ab-
solute diameter of the sun to the distance of the sun,
and whatever distance T assume for the sun 1 must
take the diameter proportionately to that distance.
If the distance of the sun is one hundred millions of
miles, the breadth of the sun (roughly speaking)
must be one million ; if the distance of the sun is
- fifty millions of miles, the diameter of the sun is
half-a-million of miles. let Figure 43 be a perspec-
tive view of the state of things in which the sun's

. digtance is supposed to bo one hundred millions of
miles ; and the breadth of the sun is one million of
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miles. Lot Figure 44 be a perspective view of the
slate of things in which the sun’s distance is supposed

— ¥ oz

£, e
Fia. 43.

to be fifty millions of miles, and its breadth to be
half-a-million of miles. In Figure 43, the distance
of Venus from the sun must be seventy-two millions

Fia. 44.

of miles ; hut in Figure 44, the distance of Venus
from the sun is only thlrl;y-slx millions of miles. Of
all these measures we do not know anything absolute,
we only know their proportions. .
But there is one measure which we do know accu-
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rately. The diameter of the earth is mearly eight
thousand miles, and from the knowledge of that we
shall be able to determine all the others. It must
then be carefully horne in mind that the diamcter of
the earth AB, in Figurc 43, is the same as the diam-
eter 'of the earth A’B’, in Figure 44.

Suppose, then, that there is to occur a transit of
Venus : that is to say, a conjunction of the sun and
Venus is about to take place, when Venus is near
the node of her orbit, in which case Venus is seen to
pass across the sun’s face. 'We will suppose that the
observation is to be made at two Observatories, one
of which is near the North Pole of the earth, and the
other near the South Pole of the earth. Fromn the
relation of the motions of different planets exprossed
in Kepler's third law (that the squares of the periodic
times are proportional to the cubes of the distances),
it follows that the periodic times increase in a greater
proportion than the distances from the sun, and that
the actual wotions of the more distaut planets in
their orbits are slower. Thus, suppose one planct is
4 ‘times as far from the sun as another; then its
periodic time is 8 times as great (since the square of
8 is equal to the cube of 4) ; but the orbit which it
describes is only 4 times as large; and thus it moves
with only half the speed in that orbit. In like
manner the motion of the earth in its orbit is slower
than the motion of Venus in her orbit. Therefore,
ad the earth is moving in the direction from AB
towards a, and Venus is moving with greater speed
in the direction from V towards », the inhabitants of
the earth will see’ Venus moving appaiently across
the sun in the direction from E towards F, or from

C towards D, (or in a retrograde direction). Now,
first, let us examine in Figure 43 what will be the
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apparent path of Venus over the sun's face, as seen
at the point A, near the North Pole of the earth.
Let a straight line be drawn from A through V ill it
meet the sun’s face, and the end of that line will de-
scribe the path CD on the sun’s face, (considering
the sun’s face as a flat disc, which will suffice for
this purpose). Thus from the northern station we
see Venus travelling along the line CD.  In a similar
way we find that, from the point B on the south side
of the earth, Venus is scen to travel along the line EF.,

Suppose the distance hetwoeen the points A and B
to be 7000 miles, and let us calculate the distance
between the two lines C1), EF. The supposition is,
that the distance of the earth from the sun is one
hundred millions miles, and the distance of Venus
from the sun seventy-two millions of miles, and con-
sequently the distance of Venus from the earth
twenty-eight millions of miles. Tt follows that the
interval betweon the lines CD), EF (which must have
the same proportion to AB that 72 bears to 28), is
18,000 miles.

‘We will now go on the supposition represented in
Figure 44, that the distance of the earth from the sun
is only fifty millions of miles, and therefore that the
distance of Venus from the sun is thirty-six millions
of miles, because, as 1 have said, the proportion of
the distance of Venus from the sun to the distance
of the earth from the sun is known beforchand, and
the distance of Venus from the earth fourteen millions
of miles; and let C’D’ bo the path of Venus as
viewed from A’, and E'F’ the path of Venus as
viewed from IY; and, still supposing the distance
between A’ and B’ to be 7000 miles, let us calculate
what is the interval between C'D’ and E'¥’. This
interval is in the same proportion to A’B’ as 36 is to
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.14, and therefore it will be 18,000 miles, exactly the

same as in Figure 43. Thus the interval between
the two lines of the apparent path of Venus is the
same, whether we suppose the earth’s distance from
the sun to be one hundred millions of miles, or fifty
millions of miles.

But there is this canse of difference in their effects,
that on one of theso suppositions the whole diameter
of the sun is one million of miles, but on the other it
is only half-e-million of miles. Thus, as taken in
ahsolute measures of miles, the parallel lines CD, KF,
are just as far apart as the parallel lines C'I)’, E'F’ ;
but they are drawn across a circle whose dinmeter in
one case is double what it is in the other. But, as
viewed from the earth, the apparent dinmeter of the
sun is the same on the two suppositions, but the lines
CD, EF, (if we could see them painted on the sun),
would uppenr nearcer together, on the supposition of
Figure 43, than on that of Figure 44. Now, inasmuch
as in the two figures we make no difference of suppo-
sition as to the position of Venus as viewed from the
earth’s centre, the lines will cross the sun’s disc in
the same general position in hoth figures ; and, there-
fore, they will meet the edge of the sun's disc at
nearly the same angle®; and, therefore, as the interval
hetween them is the same, tho difference of length in
miles hetween CD and KF is the same as tho differ-
ence of length between C’D’ and E'F'.+ Dut as the
lines CD and EF are about double the length of C'1)’
and E'F', the proportion of the difference of lengths

# This will be true if the difference between the radii of the
circles which are compared with one another be small compared
with either radius,

fItutobebormm mind that the interval between CD and
EF is small in comparison with the diameter of the sun.
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to the whole length in Figure 43 is only half what it
is in Figure 44. Thus, suppose the position of the
lines to be such that CD is longer than KF by one-
thirtieth part : then C'1) is longer than I'G’ by one-
fifteenth part. And if the emth’s distance from the
sun is one hundred millions of miles, and if Venus be
seen to cross the sun’s dise in the direction which we
have supposed, the dificrence of the times occupied
by the passage of Venus over the sun, as viewed from
A and from I, will be only one-thirtieth part of the
whole time ; hut if the distance of the earth from the
sun is only fifty millions of miles, the difference of
times will be one-fiftecenth part of the whole time.

Now we have come to something that can be com-
pared immediately with ohservation.  'We can observe
at the two stations A and I the whole time that is
occupied in the passage of Venus across the sun’s face.
And having ascertained the whole time of transit at
cach of these stations, we can take the difference he-
tween the two times, and find what proportion it bears
to the whole time. 1If, (supposing the lines to cross
the sun’s dise in the dircetion supposed above,) the
difference is found to he one-thirtieth of the whole,
then we conclude that the sun’s distance is one hun-
dred millions of miles ; if it is onedifteenth of the
whole, we conclude that the distance is fifty millions
of miles ; and so from :ny other result of observation
as to the difference of times occupied in the passage,
wo draw an inference as to the sun’s distance.

It is now proper {o remark that the observations
cannot be made strictly as we have supposed, at two
stations A and B, which preserve the same relative
position during the whole transit, because the carth
is during all this time revolving on its axis, And it
will be worth while to remark how advantage may’
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be taken of this circumstance to increase the difference
of times of passage of Venus over the sun’s disc as
seen at the two places, and thus to render the result
more accurate. (For if, on the supposition that the
sun’s distance is one hundred millions of miles, we
can by proper choice of stations increase the diffcrence
of times from 16 minutes to 24 minutes, and if the
uncertainty in observation from chance errors is five
seconds, then that uncertainty is ;1; of the whole in the
former case, and 2, of the whole in the latter case;
and the proportionate uncertainty in the sun’s dis-
tance will be the same.) The transit of Venus in
1769 occurred on June 3, a day very near to the
summer solstice. The North Pole of the earth was
turned partly towards the sun. Venus appeared to
pass across the sun’s disc from left to right, or in the
retrograde direction. 'The earth was revolving from
right to left, or in the way which we call direct.
Now let Figure 45 represent the view which wonld
be had hy a person (for instance,

an inhabitant of the planet Mars,

if it had happened fo he in the

proper position) looking over the

earth, and seeing the sun beyond

it. To avoid confusion, Venus

is omittted from this figure. The

South Pole, P/, of the ecarth

vlg_ould 'b; lseunb:)y him, but the

L orth Pole, being nearer the
"—gz: sun, would be invisible. A
Fie. 46. station near the South Pole
would, in the course of its di-

urnal revolution, describe a circle, of which the greater

. part (represented by the dark arc of a circle) would be
towards his eye, and the smaller part would be on the
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side noxt the sun. A station ncar the North Pole
would describe a circle, of which the smaller part
wonld be towards his eye, and the greater part
towards the sun. The whole passage of Venus occu-
pied about six hours. Now, it was possible to choose
a station A (Wardhoe, in Lapland) such that, at the
beginning of the transit Wardhoe was at A, that it
then passed the dark part of its revolution, and arrived
on the sunny side at @ at the end of the transit ; in
other words, that the transit began in the evening and
ended the next morning. And another station B
(Otaheite) might be chosen, such that the transit
began soon after Otaheite entered into the light at B,
(or in the morning) and ended shortly before Otaheite
came to the darkness at 4. Now, we have already
seen that Venus as seen from A deseribed the longer
path CD, merely becanse A is higher in the figure
than I3 ; but now we may see that, in consequence of
A being to the left, Venus will he seen to enter at C
sooncr than if A had been in the central line ; and,
in consequence of « being to the right, Venus will be
seen to leave the stun at 1) later than if @ had heen in
the central line ; and for both reasons, the time in
which Venus appears to deseribe the path CD will be
lengthened.  In like manner, it will be found that,
as scen from B and b, the time in which Venus ap-
pears to describe the path EF will be shortened.
And, therefore, the diflerence of the whole durations
of the transit as scen at the two stations will be con-
siderably increased.

I have mentioned specially Wardhoe and Otaheite.
Many other stations were used, but these were the
best of alL. The whole duration of the transit at
‘Wardhoe was about 5 hours 54 minutes. The whole
duration at Otaheite was about 5 hours'32 minutes.
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The difference of durations was about 22 minutes.
We may perhaps say that 7 minutes of this was
caused by Wardhoo heing north of the earth’s centre,
5 minutes by Otfsheite leing south of the emth’s
centre, and 10 minutes by the circumstance that at
‘Wardhoe the transit began necar sunset, while at
Otaheite it hegan near sunrise.

On computing, from the known dimensions of the
earth, the distances of the points A,q,B,b, in miles,
and finding (by the proportion- which I have men-
tioned Lefore) how distant in miles were the lines C1),
EF, how much they differed in length, and how nmch
they appeared to differ when respect was had to the
different positions of the two stations at the heginning
and end of the transit; and finding what must be the
actual diameter of the sun in miles, in order that the
difference between these lines CD, EF, thus altered
for the changes of positions of the two stations, might
bear to their whole length the smine proportion which
the ditference of observed durations of transit bore to
the whole duration of transit, and computing from
this diameter of the sun in miles what his distance in
miles must be to make his apparent angular diameter
what we know it o be ; it was found that the mean
distance of the sun is 95,300,000 miles. If the dis-
tance of the sun had been only 47,650,000 miles, the
difference of durations of transit at Wardlhoe and
Otaheite would have been 44 minutes,

The method of determining the sun’s distance,
which I have thus attempted to illustrate, is one of
the mosi difficult subjects for a public lecture that T
know; and if I have given you a few notions of it 1
shall be perfectly satisfied. I shall make some further
remarks on this subject in the next lecture.
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LECTURE V.

Recapitulation of Leeture IV.—Precession of tho Equinoxes.—
Lunar Nutation.—Aberration of Light.—Measure of the
Distances of the Stars.

N last evening'’s lecture T treated more especially

of the measures of the distance of the moon and
the sun from the carth ; and first of the distance of
the moon from the earth. 1 endeavoured to point
out 1o you thal the method of parallax, by which the
distance of the moon from the earth is measured,
might e illustrated by the combined operations of
the two eyes in the head, by which the distance
of objeots near us may be approximately estimated ;
Dut that in measuring the distance of the moon from
the carth, instead of making use of the two eyes in
the head, we make use ol two ohservatories on the
carth, placed at a considerable distance from cach
other, from which places we observe the same celes-
tial object. T then pointed oul to you two places that
are peculiarly adapted for this measure ; one of these
is the Observatory at the Cape of Good Hope, and
the other is Greenwich or Cambridge, or any other
Ewopean Obscrvatory. At the European Observa-
tory, by means of the mural circle, we observe the
apparcnt angular distance of the moon from the
North Role, at the time when it passes the meridian;
and wo alsgobserve on the same day, at the Observa-
tory at the Cape of Good Hope, what is the apparent
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angular distance of the moon from the South Pole of

the heavens. The reason why we must make the
observations in this way is, because at the Furo
Observatory we can see the North Pole, while at the
Cape of Good Hope they can only see the South
Pole. The angle between the two celestial poles is
necessarily 180 degrees exactly, because the directions
of the lines drawn from the two places to the celestial
poles are parallel to the same line, namely, the axis of
the earth. I then remarked that the moon, as viewed
from the Cape of Good Hope, does not pass the
meridian precisely at the same time as when viewed
at the Observatory at Greenwich or Cambridge. Dut
the difference of time is well known ; and we have
only to take into account the change in the moon’s
place during the interval which elapses between the
observations at the two places. That is done with
very great accuracy, and we can reduce the angular
distance of the moon from the South Pole, to what
it would have been if it had been observed at the
same time as at Greenwich. Thus we have, for the
same instant of time, got the apparent angular dis-
tance of the moon from the North- Pole, as seen at
Greenwich or Cambridge, and the apparent angular
distance of the moon from the South Pole, as seen
_from the Cape of Good Hope. The sum of these two
*angular distances, if a star were observed, would be
180 degrees; but when the moon is observed, the
‘sum of these two angular distances is found to be
more than 180 degrees, and the excess above 180
degrees is the effect of parallax. It is the same as
the angle which is made at the moon by two lines,
one drawn from the European Observatory and the
other from the Cape of Good Hope. Here we have
got everything in much the same state as when
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measuring any distant object by means of a base line.
For, from our knowledge of the form and dimensions
of the earth (Figure 40), we know the length and
position of the line GC ; and the observations made
at Greenwich and at the Cape of Good Hope give us
the angles MGC and MCG ; and thus we have the
elements for computing the lines GM and CM, and
then the distance EM can be found with little
trouble.

I then added, that there is one cause of uncertainty,
which is refraction, and which produces its effect in
this way: we refer: the observation of the moon at
Greenwich to the North Pole of the heavens ; and
we refer the observation made at the Cape of Good
Hope to the South Pole of the heavens. In dedu-
cing the real places of the moon from the apparent
places, it is necessary to take into account the quan-
tity of refraction which enters in these two cases.
Thore is one calculation of refraction, amounting to
a great many seconds, or, perhaps a minute or two,
to be taken into account in the observations made at
Greenwich; and another calculation of refraction,
perhaps amounting to a like quantity, to be taken
into account at the Cape of Good Hope. As I said
before, refraction is the plague of astronomers, and
owing to it, there is always a little uncertainty in the
measurement of large angles on the celestial meridian.
On that account it is desirable, if possible, to diminish
that refraction. If we suppose that there is a star 8,
Figure 40, at a distance so great that its position is
sensibly the same when seen from any part of the
earth, and if two observers select the star by previous
concert ; and if the person at G- observes with his in-
strument the place of the moon as well as that of the
star, he finds how many degrees, minutes, and seconds,

u 2 .
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the moon is below the star. This is the angle SGM,
and the comparison by which it is determined is al-
most independent of refraction. By similar ohser-
vations at C, the angle SCM is found with equal
accuracy. And the difference between these angles
gives tho angle CMG with great accuracy. And it
is this angle upon which the distance of the moon
mainly depends.

I then explained that the calculation, in point of
fact, is not made by treating MGC as one triangle in
a survey, but by dividing the angle GMC into two
parts by the line EM, and then assuming for trial a
value of the distance EM and computing the angle
EMG, and with the same assumption computing the
angle EMC, and adding them together, and finding
whether this swn agrees with the observed angle
GMC; if it does not agree, the assumption of dis-
tance must be varied till it does agree. There is no
difficulty in each of these computations; because,
from the dimensions of the carth, it is easy to find
the inclination df the line GE to the vertieal 1II'GE’;
and thereforoc from tho observed angle II'GM the
angle HGM is found ; also the length GE is known;
and the length KM is assumed for trial ; and then
the calculation of EMG is casy.

It is now proper to mention that astronomers very
scldom refer to the actual length EM in yards or
miles. 1 explained that the angle EMG is called
the parallax of the moon at (3, and the angle EMC
is the parallax of the moon at C. Now, (referring
for the present to the place G only,) if the line GM
were perpendicular to the line E(, that is, if the
moon were in the horizon as viewed from. G, the par-
allax would be greater than in any other position of
the moon, (supposing the distance EM mot to be
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altered.) This is called the horizontal parallaz.
And as the earth is not spherical, and thereforo dif-
feront places are at different distances from the
earth’s centre, the horizontal parallaxes will not be
the same at different places; it is therefore con-
venient to fix on some one place as a standard. The
place fixed on by the consent of astronomers is the
equator ; ande+the horizontal parallax of -tho moon
at the oquator is called the horizontel equatoreal
parallax.  This is the quantity used by astronomers
in relation to the moon’s distance ; it is convenient
for their calculations, and it amounts to the same
thing as using the distance ; for if the distance is
known, the horizontal equatoreal purallax is known ;
or if the horizontal equatoreal parallax is known, the
distance is known. The moon’s horizontal equato-
real parallax varies (according to the moon’s distance),
from 54 minntes of a degree to 611 minutes ; theso
correspond  respectively to the distances 252,390
miles and 222,430 miles,

I then stated, that when every observation of the
moon made at any one place is corrected for parallax,
80 as to infurm us what would be the position of the
moon as viewed from the centre of the earth, it is
found that her orbit is sensibly a planc ; and this
conclusion may then bhe properly used as a basis for
determining with greater accuracy the moon’s hori-
zontal parallax at that place. For the moon’s angular
distance from the Pole when she is nearest to it will
fall short of 90 degrecs, just as much as it will exceed
90 degrees when she is farthest from the Pole, pro-
vided that the proper correction for parallax is made
to as to reduce the observed place to what it would
have been as seen from the earth’s centre. If, the
condition which I have mentioned is not satisfied, it
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is a proof that the assumed value of horizontal par-
allax is wrong, and a new trial must be made. I men-
tioned to you that this method is interesting, not only
as being in use at the present time, but also because
it is the method first used by Greek Astronomers.

Both in the last and in the present century, the
distance of the moon has been found with great ac-
curacy by these methods. Its mean®value may be
roughly stated to be 240,000 miles, or about thirty
times the breadth of the earth. It seems a long way,
and it is a long distance to measure, considering that
it is ascertained by the use of a yard measure. You
will observe that it is really and truly measured so.
A yard measure was used to measurc the base in the
trigonometrical survey; by means of this, and a series
of triangles, a long line was measured on the carth ;
by knowing its length, and by making observations
with the Zenith Sector, the form and dimensions of
the earth were found ; and by knowing the size of
the earth, and by observing the angles which rclate
to parallax, the moon’s distance is found. You see
we have thus proceeded step by step from the yard
measure to the moon’s distance. We may thus pic-
ture to ourselves the distance of the moon. If a
railway carriage travelled at the rate of 1000 miles a
day, it would at that rate be eight months reaching
the moon.

I then proceeded to point out to you by what
means the measure of the sun’s distance had been
attempted ; and first I pointed out to you some
methods which have failed. In the first place, I re-
marked that the distance of the sun from the earth
might apparently be measured, just in the same way
as the distance of the moon from the earth, by ob-
servations at two distant observatories. This method
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practically is inapplicable, because the uncertainty of
refraction is great, for the air is in a heated state,
and it is thereforc in a state unfavourable for the ob-
servation ; and because no star can be obscrved near
the sun. Inm this case, a small uncertainty produces
a far greater cffect than in the case of the moomn.
Suppose, for instance, that there is an uncertainty in
the observation which will produce an uncertainty of
one second in the horizontal parcllax. The smaller
.is the parallax, the greater is the distance in the same
proportion.  If, then, by this error, the moon’s hori-
zontal parallax is altered from 57 minutes to 57
minutes 1 sccond, the measure of distanco is altered
by only 3&; part of the whole, or by 70 miles. But
if the sun’s horizontal parallax is altered from 9
seconds to 10 seconds, the measure of distance is
altered by L part of the whole, or by more than 9
millions of miles. On this account, the method of
|simple parallax cntirely fails in ascertaining tho dis-
tance of the sun.
I then mentioned another very ingenious method,
onc founded on the observation of the place of the
moon when it is “dichotomized.” This is a Greek
expression used to denote that state of the moon when
it i half illuminated. If we can fix upon that time
exactly, we shall know that the angle at the moon
made by lines drawn to the sun and the earth is a
right angle, and if wo can then measure the angle at
the carth between the sun and the moon, and subtract
that angle from 90 degrees, wo shall have the angle at
‘the sun made by lines drawn to the earth and moon;
and from this we shall ho able to compute the pro-
portion between the sun’s distance and the earth’s
distance, This method fails because the surface of the
moon is so exceedingly rouglk
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T then pointed out a third method, which has been
tolerably successful, (although it is not the ome
regarded as being the most accurate), namely, by ob-
serving the parallax of Mars, which moves round the
sun in an orbit between those of the earth and
Jupiter. It is founded upon these considerations.
First, that from seeing how the planets go right or
left of the sun, or how much their motion deviates
from. motion in a circle round the earth, the propor-
tion of the distance of Mars from the sun to the dis~
tance of the earth from the sun is known quite
independently of any knowledge of the absolute
distances; and that in fact this proportion was known
with considerable accuracy many centuries ago. In
the year 1700 it was nearly as well known as it is
now. Secondly, the proportion of the distances from
the sun being known, it followed that the proportion
of the distance of Mars from the earth to the distance
of the earth from the sun was known. Suppose then,
at a certain time, (I am obliged to say at a certain
time because the orbit of Mars is very cecentrie,) when .
the sun, the earth, and Mars, are in a straight line,
suppose at that time we know the distance of Mars
from the sun is four-thirds of the distance of the earth
from the sun, it follows from that, that the distance
of Mars from the earth at that time, is one-third of
the distance of the sun from the carth. If we can by
any method find the distance of Mars from tho earth
at that time, and if we multiply it by three, we shall
get the distance of the sun from the earth. Thirdly,
the distance of Mars from the earth can be obtained
by the simple method of parallax, as in the first
method for the moon ; and with considerable accuracy.
At two observatories, as in Europe and at the Cape
of Good Hope, the pgsition of Mars when on the
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meridian, may be compared with some fixed star, the
same star being observed at the European Ohserva-
tory and at the Observatory at the Cape of Good
Hope. I am afraid that it will seem that I am dealing
in generalities in this matter ; but all that I can en-
deavour to do is to make the principles of the com-
putation.intelligible. 1t is mearly impossible to go
into details. The method which I have just described
is not, however, the best method, although it has been
used with tolerable success.

The fourth ethod is, by observing the transit of
Venus over the sun’s dise. The transit of Venus
occurs rarcly. Tn explaining this, it was necessary
to point out that the orbits of the different planets
ar, inclined to each other, as in Figure 42, where EE’
represents tho orbit of the carth and VV’ that of
Venus.  You will observe that at 'V Venus is con-
siderably elevated above the plane in which the earth
moves. 1f the conjunclion takes place at V, that is,
if the sun, Venus, and the earth, are nearly in the
line at 8, 'V, T, still, however, they are not and cannot
be exactly in the smme direction ; and if a spectator
upon the earth looks at Venus, he will see her con-
siderably above the sun. If the conjunction takes
place at V', she will he secn below the sun.  But if
the conjunction takes place at V”, Venus, the earth,
and the sun, are exactly in a line when the conjune-
tion takes place ; at this time a spectator on the earth
will see Venus on the sun’s face as a black spot. I
believe it is visible to the naked eye. With a tele-
scope it is seen extremely well. T have seen Mercury,
which is a much smaller body, on the sun; and a very
beautiful black spot it is.

In the observation of which I am going to speak,
it is necessary to know beforehand the time whep
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the conjunction will take place, that is to say, the
time when Venus will be seen on the sun’s face.
eight years Venus goes round the sun thirteen times
with very considerable accuracy, but still not with
perfect accuracy. Suppose, then, that a conjunction
of Venus and the earth tukes place, at a particular
position of the two planets ; eight years after that
time there will be another conjunction, nearly but not
precisely at the same place. In eight ycars-after that
there will be another conjunction at a point still more
distant than the first, and thus the points of conjunc-
tion will recede gradually from V”, and it will be a
long time before a conjunction occurs again, either at
V” or on the opposite side. Venus was scen on the
sun’s face in 1761 and 1769, at the position opposite
to V”: she will next be scen on the sun’s face in 1874
and 1882, at the position V*'

I then proceeded to point out the principle of the
method in which these conjunctions are used for
determining the linear distance of the sun from the
earth. Figures 43 and 44 represent the state of
things at a transit of Venus on two assumptlions :
Figure 43 on the assumption that the distance of the
earth from the sun is one hundred millions of miles,
and Figure 44 on the assumption that the distance
of the earth from the sun is fifty millions of miles.
‘Venus moves in her orbit faster than the earth, and,
in consequence, as the earth moves towards a or «’,
and Venus moves fuster towards v or v, she will be
secn when between the sun and the earth to move
across the sun in the direction CD or C'D’. I re-
marked that, before the observation is made, one
linear measure only is known, namely, the size of the
earth; but that we do not know the distance of
‘Venus from the sun, or the distance of the earth from
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the sun, but we know that proportion to be as 72 to
100 nearly ; and, similarly, that we do not know the
absolute breadth of the sun, but we know that, what-
ever the distance of the sun may be, the breadth of the
sun bears a certain proportion to that distance, namely,
that it is ncarly the hundredth part of the distance.
Then I pointed out that if the transit of Venus be
observed at two points of the earth, A and B, or A’
and B, which are 7000 nules apart, Venus will a pea.r
to describe ou the sun’s face tho line CD or C
seen from A or A’, and EF or E'F as seen from B or
I/, apd that the distanco between the lines EF and
LD or between E'FY and C'I, will be the same quan-
tlty in linear measure, namely, 18,000 miles, whatever
be the supposition as to the distance of the sun; and
therefure, as the gencral position of the lines on the
sun’s face must be the same on any supposition, and
therefore they will cut the edge of the sun’s disc at
nearly the same angle, the differenco of the lengths of
the two paths CD and EF, or C'D’ and E'F’ must be
the same number of miles ; but, as the linear breadth
of the sun is not the samo on the two suppositions,
and thercfore the linear length of the lines CI) or
EF is about double the length of C'D’ or E'F, it
follows that the difference of their lengths bears a
smaller proportion to their whole length in Figure 43
than in Figure 44 ; and therefore, the difference of
the times occupied by the apparent passage of Venus,
as seen from A and from B, bears a smaller proportion
to the whole time on the assumption of Figure 43 than
on that of Figure 44. It is plain that here we have
something which will guide us immediately to a de-
cision on the distance of the earth from the sun, if we
can but make observations at two stations, as A and
B. For, observing with telescopes and clocks the
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entrance and departure of Venus on the sun’s face at

$both places, and therefore ascertaining the whole du-
ration of the passage at both plages, and consequently
the difference of durations; if"that difference bears
the same proportion to the whole time as what we
have computed on the assumption of Figure 43, then
the assumption of distance in Figure 43 is a true one;
if the proportion of the difference to the whole time
is the same as that computed in Figure 44, then the
assumption of distance in Figure 44 is trme; if
neither of these agree, another assumption may be
made which will come near the truth.

I then pointed out that the difference of duritions
(on any supposition of distance) may be much in-
creased by choosing two stations, one as at A (Figure
45), such that it has nearly turned to the shady side
of the earth when the transit is commencing, (or in
other words, such that the transit hegins shortly be-
fore sunset,) and has just turned to the illuminated
gide when the transit is ending, (or in other words,
such that the transit ends shortly after sunrise,) as
the former circumstance makes the beginning of the
transit earlier, and the latter makes the end of it
later, and therefore, the time occupied by the apparent
passage along CD, which is the longer, is still more
increased ; and by choosing another station B, such
that the transit begins in the morning and ends in
the afternoon, in which case the time occupied- by the
passage along EE, and which is already the shorter, is
still more diminished. And thus, upon any suppo-
gition of the sun’s distance, the difference of the
durations of the transit is increased, and therefore, in
comparing the observed difference of durations with
the computed difference, a small error of observed
durations will be a smaller proportional part of the
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whole, and therefore, the result for the sun’s distance
will be more accurate. I also mentioned that, ing
the transit of 1769, Wardhoe and other places in
Lapland answered well to the former of these
conditions, and Otaheite and other places in the
Pacific answered well to the latter ; and that these
in fact were the places of observation upon which the
measure of the sun's distance principally depends.

I may now mention that, although the principles
of the method are stated with most perfect correctness
in the explanation given above, and although the
process must be thus contemplated by an astronomer,
in order to cnable him to select stations in the most
advantageous positions, yot an astronomer’s calcula-
tion is not made in that form. 1Ilis calculation is
made entirely by the method of parallax. The pro-
coss, strictly speaking, is algebraical ; but it may be
correctly described in the following manner. Ie as-
sumes a certain value in seconds for the sun’s hori-
zontal cquatoreal parallax; then from the known
proportion of the distances of Venus and the sun, he
computes the horizoutal equatoreal parallax of Venus
(the parallax being greater as the distance is less).
Thus, if the sun’s horizontal equatoreal parallax be
assumed at ten seconds, and if it be known that at
that time the distances of Venus and the sun from
the carth are in the proportion of 28 to 100, then he
must take the horizontal equatoreal parallax of Venus
at thirty-five seconds and five-sevenths. Then, from
knowing the earth’s form, he computes the horizontal
parallax of each at the place of observation; and then
from knowing the apparent elevation of the sun and
Venus, he calculates the actual parallax of each at the
time of observation, that is, how much each of them

is apparently depressed by parallax: Venus being
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nearer than the sun is apparently more depressed
than the sun, and is therefore moved by parallax off
the sun’s limb if she is lower, or upon the sun’s limb
if she is higher. From thisWhe calculates, by a
troublesome mathematical process, how much the
time of Venus’ entering or leaving the limb has been
either accelerated or retarted by the effect of parallax.
And this is done for both observations at every
station. And thus he calculates what will be the
difference of durations of the transit at different sta-
tions. All this is upon the supposition that the sun’s
horizontal equatoreal parallax has a certain value, say
ten seconds. Then he compares the computed differ-
ence of durations with the observed difference of
durations. If they agree, the sun’s horizontal equa-
toreal parallax is ten seconds. If not, the true value
will be found by this proportion. As the computed
difference of durations : is fo the observed diffcrence
of durations : :so is the assumed horizontal equatoreal
parallax ten seconds) : to the true horizontal equato-
In this manner it was found that the

suns horizontal equatoreal parallax, when the earth
is at its mean distance is eight seconds and six-tenths
very nearly ; and this corresponds to the distance
which I have stated before, of about 95,300,000 miles.
It was supposed by Dr. Halley, when he gave the
outline of this method of observation, that the dif-
ference of durations could be determined accurately
within g part of the whole difference, and that, con-
sequently, the sun’s horizontal equatoreal parallax
could be found within }; part of the whole, and
therefore that the sun’s distance could be ascertained
to within g; part. This is & most remarkable degres
of certainty, considering how great the distance is,
and that 1tmmmsumd(sotospeak) by one step
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only from the dimensions of the earth, which, if the
measure were conducted in any ordinary way, would,
be too small a base for so long a measure.

I said, that the Mistance of the moon from the
earth is 240,000 miles, and that if a railway carri
were to travel at the rate of 1000 miles a day, it
would be eight months in reaching the moon. But
that is nothing compared with the length of time it
would occupy a locomotive to reach the sun from
the earth ; if travelling at the rate of 1000 miles a
day, it would require 260 years to reach it.

T will now proceed with explanations of some of
the higher branches of Astronomy, which, though
difficult, will be found most valuable : first, as in-
stances of very important applications of the prmclple
of gravitation ; secondly, as showing the nature of
some of the corrections to observations, which it is
necessary to understand, in order to see clearly the
different steps that must be made before we can
arrive at a measure of the distance of the fixed stars.

I shall speak first of the Précession of the Equi-
noxes. This is a thing which was known as a fact of
observation to the ancients. ® The person who dis-
covered it was the Greek Astronomer Hipparchus, a
hundred and fifty years before the Christian era. It
was first explained by Sir Isaac Newton, by whom
the principles of gravitation were made known. I
will endeavour to convey the cxplanation $o you; but
it is & thing not to be done without much difficulty.
For this purpose I must, in the first place, recal to
your minds the laws of gmvita.tion. The fundamental
law of gravitation is this: that every particle of every
body attracts every particle of every other body: one
body does not attract another body as a mass, but
every body attracts every other body as a collection
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of separato particles : attracting every particle, inde-
pendently of the others. It is
essential to bear this in mind.
The next thing is, that it at-

§ tracts every particle with a
E force which depends upon the
distance of the attracted par-
ticle from that body which is
the cause of attraction; and
the nearcr that body is, the
more strongly the particle is
pulled by the attracting body.
You will see then, that the
sun attracts those parts of the
earth next to it with a greater
force than those parts near the
centre of the carth. At A,
Figure 46, the sun’s attraction

is stronger than at C, and
thercfore the sun is always
acting upon the part A nearest
to it, as if it were pulling it
!zway from the eartl’s centra
This is not merely because the
whole force which the sun
exerts upon A is directed
towards 8, because if' the sun

7 pudled the centre and the su-
faco of the carth cqually, it
would not tend to separate
them; but it is because it pulls

5 the part at A more than it
g pulls the central part C, and
& thus it tends to pull it away
from the centre of the earth
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towards 8. In like manner, if the sun wore to pull
the centre C of the earth and the part B with equal
force, it would not tend cither to push B towands the
centre or to draw it away from the centre ; hut, as it
pulls the centre more powerfully than it pulls B, it
does tend to separate them, not by pulling the oppo-
sito side 1B from the centre, but by pulling the centre
from the opposite side I The general effect of the
sun’s attraction, therefore, as tending to affuct the
different parts of the earthy, is this: that it tends to
pull the nearest parts towards the sun, and to push
the most distant parts from the sun.

If the carth were a perfeet sphers, this would be a
maticr of no consequence—it would produce tides of
the sca, but it would not affect the motion of the
solid poarts. But the earth is not a sphere; it is
flattened like a turnip, or has the form of which I
have spoken to you under the description of a sphe-
roid.  Morcover, the axis of the carth is not perpen-
dicular to the ecliptic; the earth’s cquator is inclined
to the line joining the carth’s centre with the suu at
all times, excepting at the equinoxes.

Let us now consider the position of the earth at
the winter solstice, ropresentel in Figure 46. The
North Pole is distant from the sun, the South Pole is
turned towards the smi. This spheroidal earth, at
this time, has its protuberance, not turned exactly
towards the sun, but elevated above it. As I said
before, the attraction of the sun is pulling the part D
of the earth more strongly than it pulls the ceritre.
‘What 1s the tendency of that action? The immediate
tendency of that action is to bring the part D towards
a, supposing « to be in the horizontal circle passing
thirough 8. In like manner, in consequence of the
sun attracting the centre of the earth more than it

N
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attracts the protuberance E, which amounts to the
same thing as pushing the protuberance E away from
the sun, there is a tendency to bring E towards b.
It is very important that you should see this clearly:
that if I were standing in the place 8 where the sun
is, and if T had a line fastened by a hook to the place
D, and if I pulled it, I should tend to bring that part
towards @. The immediate tendency of this pull,
therefore is, so to change the position of the earth
that its axis will become more nearly perpendicular
to the plane of the ecliptic. You might suppose then,
that the effect of that pulling will be to change the
inclination of the earth’s axis to the line which con-
nects the earth and sun. No such thing ; the effect
is entirely modified by the rotation of tho earth.
Undoubtedly, if the carth were not revolving, and if
the earth were of a spheroidal shape, the attraction of
the sun would tend to pull it into such a position
that the axis of the earth would become perpendicular
to the line 8C ; or (if in the position of the winter
solstice) it would become perpendicular to the plane
of the ecliptic; but, in consequence of the rotation of
the carth, the attraction produccs a perfectly different
effect. Let us consider the motion of a mountain in
the earth’s protuberance, which, passing through the
point ¢ on the distant side of the earth, would, in the
semi-revolution of half a day, deseribe the arc ¢ D e,
if the sun did not act on it, (¢ and e being the points
at which this circle ¢ D e intersects the plane of the
ecliptic, or the plane of the circle & b that passes
through the sun). While the protuberant mountain
is describing the path ¢ D e it is constantly nearer to
the sun than the earth’s centre is; the difference of
the sun’s actions therefore tends to pull that mountain
towards S, and therefore, (a8 it cannot be separated
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from the earth,) to pull it downwards, giving to the
earth such a tilting movement as I have already
spoken of ; it will therefore, through the mountain’s
whole course, from ¢, make it describe a lower curve
than it would otherwise have described, and will
make it describe the curve ¢ f g instead of the curve
¢ e. 'What will the result of that he? As it mounts
from ¢ to £, the sun’s downward pull draws it towards
the ecliptic, and consequently, renders its path less
steep than it would otherwise be. At fit will be a
very little lower than it would otherwise have been
.at D; but as the sun’s downward pull still acts upon
it till it comes to g, the steepness of its path between
fand g is increased more than belongs naturally to
it- elevation at f, and becomes in fact the same as it
was at ¢, or very nearly so; so that the inclination of
the path to the plane of the circle a b is the same as
at first. But, instead of crossing the circle @ b at ¢, it
will cross at g: in other words, it will, in consequence
of the sun’s action, come to the crossing place earlier
than it would have come had the sun not acted.
Now, consider what will be the motion of this pro-
tuberant mountain in thoe remaining half of its
rotation, from g towards ¢ again. 1In this part of its
rotation, it is further from the sun than the earth’s
centre is; therefore the sun’s action does in fact tend
to push it away (as I have already explained) ; and
as it cannot be scparated from the earth, this force
tends to push the mountain upwards towards the circle
b, tilting the earth in the same direction as before; the
mountain therefore, in this part, will move in a path
higher than it would have moved in if not suffering
the sun’s action, and therefore it will come to its in-
tersection with the circle @ b sooner than it would if
not subject to the sun’s action. The inclination of

N 2 :
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its path (just as in tho former half of its rotation) will
not be altered. Thus the effect produced by this
action of the sun, in both halves of the rotation of
this mountain, is, that it comes to the place of inter-
section with the plane of the circle @ b, or with™the
plane of the ecliptic, sooner than it othermse would.

And whatever number of points or mountains in the
protuberant part of the carth we consider, we shall
find the same effect for every one ; and therefore, the
effect of the sun’s action upon the entire protuberance
will be the same ; that is, its inclination to the cirele
a b or the plane of the ecliptic will not bhe altered,
but the places in which it crosses that plane will be
perpetually altering, in such a direction as to mect the
direction of rotation of the earth.

I have spoken of this as if the protuberance were
the only part to be considered. But in reality, this
protubu-ancc is attached to the remaining spherical
part of the carth ; and the action of the sun on the
different massos of that spherical part balances exactly;
so that, as regards it, we need not consider the sun’s
action at all. The effect therefore of that spherical
part will be, to impede the motion which the pro-
tuberant part would otherwise have ; not to destruy
it, but to diminish it.

On the whole, therefore, tho effect of the sun’s
action on the spheroidal earth will be, that the points
at which the earth’s equator intersects the plane of
the ecliptic move very slowly in the direction opposite
to that in which the earth revolves; but the mcluma-
tion is not altered.

All that T have said here applies to the position of
the earth at the winter solstice. But if we consider
theeaﬂhatthesummersolshce,asmFlgum 47, we
ghall find that the effect of the sun’s action is exactly
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the same. The sun's greater attraction upon any part
of the protuberance when nearest to the sun, at which
time that part is, in the case of Figure 47, helow the
ecliptic, tends to raise it towards the plane of the
ecliptic, and therefore it cuts the ecliptic sooner than
otherwise it would. And the sun’s smaller attraction
upon it when furthest from the sun, producing the
effect of a pushing force upon it when ahove the
ecliptic, tends to make it descend to cut the plane of
the ecliptic sconer than it otherwise would, and there-
fore, in hoth halves of the diurnal rotation (as at the
winter solstice) the place of intersection of the earth’s
equator with the ecliptic will move in the direction
~pposite to the carth’s rotation. ~

At the equinoxes, the plane of the carth'’s equator
passes throngh the sun, and then the sun’s action
does not tend to tilt the carth at all, and consequently
does not tend to alter the position of its cquator at
all; but at all other times the sun’s action produces a
motion, greater or less, of the intersection of the earth’s
equator with the plane of the ccliptic, in a direction.
oppusite to the direction of the carth’s rotation. And
this is the motion called the Precession of the Equi-
n0xes.

It is to he observed, that the principal part of pre-
cession is not produced by the sun, but by the moon.
The moon’s mass is not a twenty-millionth part of the
suw’s ; but she is four hundred times as near as the
sun. Still she does not pull the carth, as a mass,
with more than a hundred-and-twentieth part of the
sun’s force. But, hecause the difference of the dis-
tances of the different parts of the earth from the
moon bears a greater proportion o the whole distance
than for the sun, the differential effect of the moon in
pulling the near parts of the earth from the earth’s
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centre, and in pushing the distant parts of the earth
from the earth’s centre, is about treble the effect of
the sun. And as the precession depends entirely
on this differential effect, the precession produced by
the moon is about treble that produced by the sun.

It will be well for you here to consider the con-
sequences of this precession on the position of the
earth’s axis. In Figure 48, after a certain number

e, 4.

of days or years, the position of the-earth’s equator
has changed from ¢ £} to g % 1; its inclination to the
circle @ b in the plane of the ecliptic romaining the
same as before. The earth’s axis of revolution must
be always perpendicular to the plane of the earth’s
equator. From this it will be seen that the earth’s
axis has changed its position from such a direction as
CP to such a direction as Cp. If we draw a line CQ
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perpendicular to the plane of the ecliptic, the inclina-
tion of the eartl’s axis to CQ will be the same as the
inclination of the earth’s equator to the ecliptic ; and
that, as wo have already seen, undergoes no alteration.
Consequently, the inclination of CP or Cp to CQ is
always the same. Therefore, we may represent the
motion of the earth’s axis by saying that it twms
slowly round an axis perpendicular to the ecliptic,
but kecping the sane general inclination to it, in the
dircction in which the hands of a watch turm, (as
viewed on the outside of a colestial globe,) or in what
astronomers call a retrograde direction. Now, the
Pole of the heavens is the point in the heavens to
which the earth’s axis is directed, and therefore that
Pole is not absolutely invariable, but turns slowly in
a circle in a retrograde direction (or in the same direc-
tion as the hands of a watch, as viewed from the out-
side of a celestial glohe) round another point to which
the line CQ is directed.  The latter point is called the
Pole of the ecliptic.

This motion of the carth’s axis admits of a most
remarkable illustration in the motion of a spinning
top ; and the more remarkablo bhecause the forces
which act in that casc are of an opposite character to
the forces which act on the earth, and the effect which
they produce is of an opposite character to the effect
produced on the carth, The earth’s axis being inclined
to the line CQ, in Figures 46, 47, and 48, we have
seen that the immediute tendency of the sun's forco
upon the earth is in all cases to bring the earth’s axis
CP nearer to CQ, and that if the earth had no motion
of rotation, this force would bring the earth’s axis CP
nearer to CQ ; but that, in consequence of the earth
having a motion of rotation, the effect really produced
is, that the earth’s axis CP revolves slowly round CQ
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in the direction opposite to the direction of rotation.
Now, in Figure 49, let CP be the axis of a spinning

@
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top, CQ the vertical line ; the immediate tendency of
the force of gravity is to bring the axis CP further
from CQ (or to make the top fall) ; and if the top
were not spinning, it would make CP recede further
from CQ ; but it will be found that, in conseyuence
of its spinning, the inclination of CP to CQ does not
sensibly alter (till the spinning motion is retarded by
friction), but CP revolves slowly round CQ in the same
direction as the direction of rotation. So that if
Figure 50 represent a view of the top from above, if
tho top be spun in the direction marked by the arrow,
its axis will 7¢el in the dircction PRS. This, as I
have said, is strictly analagous to the precessional
motion of the earth, although, from the dmmediate
tendency of the forces being ‘of an opposite kind, the
ultimate offect is of an opposite kind.

The following astronomical effects of this precession
deserve attention.

First, the cclestial equator, which, as I said in a
former lecture, is the great circle in the heavens which
at every point is 90 degrees from the Pole, is in fact
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in the same plane as the equator of the earth, whose
axis (perpendicular to its equator, or making an angle
of 90 dogrees with every part of the equator) is directed
to the Pole. Thereforo, as the earth’s equator changes
its interscetions with the plane of the ecliptic, the
celestial equator also changes its plane and changes
its intersections with the ecliptic. These intersections,
a3 | mentioned, are called the first point of Aries and
the first point of Libra : and one of the co-ordinates
by which the place of a star or other body is defined,
tochnically called the Right Ascension, is the interval
of time butwesn the passage of the first point of Aries
over the meridian, and the passage of the star or other
object over the meridian. But as this first point of
Arics travels to the right, it passes the meridian every
successive year earlier (with respect to the stars) than
it would have done if it had been stationary ; and
thercefore, the right aseensions of stars (for tho most
part) increase a little every successive year. :

Sceondly, as the place of the Celestial Pole changes
from year to year, the North Polar distances of the
stars chango from year to year ; some of thew increase
and some diminish.

The annual amount of precession, although a for-
midable quantity in delicate astronomical ohservations,
is a very small quantity for ordinary observers. The
annual motion of the fivst.point of Aries is about fifty
seconds in a year : it will require ahout 26,000 years
to perform the entire revolution. The change in the
distance of a star from the North Pole does not in any
case amount to twenty-one seconds in a year.. But
these are quantities so large that we must be perfectly
acquainted with their laws and magnitudes when we
treat of small changes in the places of stars not exceed-
ing one or two seconds.
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The noxt thing which I have to mention, as onc of
the calculations which must be applied to observations
in order to obtain an accurate result from them, is the
nutation of the earth’s axis, The nutation of the
earth’s axis may bo described as arising in this way.
I have explained that the aétion of the sun will pro-
duce a motion in the earth’s equator and in the posi-
tion of the carth’s axis, principally at and near to the
times of the winter solstice and the summer solstice,
when either the North Tole or the South Pole of the
earth is turned towards the sun. It matters not
whether the North or Sonth Pole is tarned towards
the sun, for the tendency is to produce equal motion
of the axis, and in the same direction, in both cascs.
But at the time of the equinoxes, when neither Pole
is turned towards the sun, the sun’s attraction has no
tenduncy 1o produce precession. From this you muy
casily see that the precession of the equinoxes goes on
more rapidly in summer and in winter than in the in-
termediate months; there is therefore a certain irregu-
larity in the precession, and this irregularity is one
part of the solar nutation. The other part arises from
the circumstance that the inclination of the carth's
axis to the ecliptic, though unaltered on the whole, yet
suffers slight changes from one instant to another; as
clearly appears from the foregoing explanation.

Istated also that the moon produces a considerable
part of the precession. There is a very small irregu-
larity of precession produced by the moon in different
parts of her monthly revolution, similar to that pro-
duced by the sun in different parts of his apparent
yearly revolution. But the principal irregularity arises
in this manner. The moon does not move in the
plane of the ecliptic, but in an orbit inclined to the
plane of the ecliptic ; and this orbit (from an effect
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of the sun’s attraction, exactly similar to the motion
of the eartl’s equator produced by the sun’s attraction)
moves 80 a8 to change the place of its intersection
with the ecliptic, performing a complete revolution in
19 years. Therefore, during nearly half of this time,
the moon’s orbit is inclined to the ecliptic, in the samo
way as the carth’s equator, (but not so much,) as at
m n, Figure 51 ; and therefore the moon’s path is
little inclined to the earth’s equator.
And during nearly the other half of -
the time, the moow’s orbitis inclined
to the ecliplic in the way opposite
to the earth’s equator, as at p ¢,
Figure 51, and the moon’s path is
mauchinclined tothe carth’s equator.
In the former state, the moon’s force
to tilt the earth is small, and the
precession goes on slowly ; in the
latter, the moon's foree to tilt the
earth is great, and the precession
goes on rapidly. The consequence
of this is, that there is a very sen-
sible irregularity in the motion of
the cartl’s axis every 19 years, and
the place of the Pole is irregularly
shifted in different ways through
more than18seconds. This is lunar
nutation. As the right ascensions
and North Polar distances of all
stars and other objects are affected ¥ %
by this irregular disturbance of the
Pole, it is necessary to take it into account in com-
paring obscrvations made at one time with observa-
tions made at another timo.

These corrections, then, (precession and nutation,)

19 "OIL
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are two of the irregularities of which it-is necessary to
take account in obtaining accurate results from obser-
vations ; but there is a third; which is greater in its
magnitude than nutation, and totally different in its
nature. It is the aberration of light. It was long
ago umde. out that vision is produced by somecthing
coming from the ohject to the eye, and that this some-
thing comes from the object to the eye with a definite
velocity. Now, in consequence of this light coming
from the object to the eye with a definite volocity ;
and in consequence of the earth’s moving with a
definite velocity ; hy the combination of these two
things, there is produced a distprbance in the visible
place of every ohject not commected with the earth
which we look at.  Perhaps.one of the simplest ways
of giving an idea of the effect of this combination, in
relation to the aberration of light, will he to refer you
to the chance experiment which suggested the theory
of aberration to one of my predecessors (D)r. Dradley),
by whom in fact the aberration of light was discovered
and reduced to law. He suys, ho was being rowed on
the Thames, in a boat which had a small mast with a
vane at the top. At one time the hoat was stationary,
and he observed, by the position of the vane, the di-
rection in which the wind was blowing. The men
commenced pulling with their oars, and he observed
that, at the very time they commenced pulling, the
vane changed its position. He asked the watermen
what made the vane change its position? The men
said they had often observed the same thing before,
but did not pretend to explain the cause. Dr. Bradley
reflected upon it, and was led by it to the theory of
aberration of light. I may here offer a slight illustra-
tion of it, which every person may observe if he walks
out in a rainy day. If you can choose a day when
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the drops are large, then if you stand still for a mo-
ment, and observe the direction in which the drops
are fulling, when there is little or no wind, you will
see that the drops fall vertically downwards ; but if
you walk forward, you will see the drops fall as if
they were meeting you ; and if you walk backward,
you will immediately observe the drops of rain ﬂﬂhng
as if they were coming from behind you, This is an
accurate illustration of the principle of the aberration
of light. I will now offer another. In Figure 52, lct
A be a gun in a battery, from
which a shot is fived at a ship
DE that is passing. Let
ABC be the course of the
shot. The shot enters the
ship’s side at B, and passes
out at the other side at C.
But in the meantime the ship
has moved from the position
DE to the position ¢ ¢, and
the part B where the shot
entered has been carried to
b. Now, il tho ship were a sentient and reflecting
being, when it perceived that the path which the shot
made through it, entering at b and going out at C,
was in the inclined direction b C, it would say, “The
shot came from somewhere ahead.” You will see in
this, the effect of the combination of the movements;
that the shot appears to have come from a part further
ahead than it would havo seemed to come from if the
ghip had been at rest. And you will also see that the
mc]nmtlon of the apparent direction of the shot & C
to the true dircction BC depends on the proportion of
b B to IC, that is, on the proportion of the velocity
of the slnp to the velocity of the shot. The greater

Fi6. 53,
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is the velocity of the shot, the smaller will be the
space b B described by the ship while the shot is
passing across her, and therefore the smaller will be
the angle b CB between the apparent direction of the
shot and its real direction. *

The same thing happens with regard to the effect
of the motion of the earth on the apparent path of
light, and it will produce an apparent change in the
places of the stars. And if we find that there is such
an apparent change, it will be a certain proof that the
earth is in motion ; but if we find the change to be
small, it will prove that the velocity of light is much
greater than that of the carth.

Now I will point out to you the visible effect of
! the aberration of light upon the place of a star. The
immediate interpretation of the consideration which I
have mentioned is this. In whatever direction the
earth is moving, the apparent position of any star
whichi we are looking at, is displaced in the direction
towards which the earth is moving. In Figure 53,
let C be the sun, E,E"E"E", the earth in four
successive positions of its orbit (viewed in
lspectwe), its motion at each place being in the direc-
ition of the arrow drawn there ; S the true place

fof a star. Then, in consequence of the aberration,
when the earth is at E', as its motion is in the direc-
tion of the arrow drawn from E/, the light coming
from the star will enter the eye of a spectator or the
tube of a telescope, not as if it came from S, but as if
it came from &, the line 8¢’ being parallel to the arrow
at E'; and therefore the observer, when the earth is
at E’, does not see the star at S but at &, In like
manner,when the earth is at E” he sees the star at ”;
when at E" he sees the star at #” ; and when at Er
he sees the star at &, Thusyouwﬂlsee that, in
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every position of the earth, the star’s place is affected
by the aberration of light ; and from this cause every
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star apparently describes a small ecircle every year
parallel to the earth’s orbit. It is a minute circle; its
angular diameter, as seer: without any foreshortening,
is found to be about forty seconds. This quantity is,
however, 80 serious that it cannot be omitted in the
computation of any observation whatever.

From the measure of the apparent semi-diameter of
the small circle described by the star, corresponding to
the angle BCb in Figure 52, we are able to compute
the proportion of the earth’s velocity to the velocity of
light ; and we find that the velocity of light is about
10,000 times as great as the earth’s velocity in its
orbit, or about 200,000 miles in a second. In other
words, light travels a distance equal to eight times the
circumference of the earth between two beats of a
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clock. This is a prodigious velocity, but the measure
of it is very certain.

These "three quantities, (precession, nutation, and
aberration,) are the corrections to a star’s apparcnt
place, which it is necessary for us to take into account
in every observation of a ¢tar, at whatever part of the
earth it is observed ; and besides these, it is nccessary
at every place to apply the proper correction for re-
fraction, which may be different at every diflerent
place of observation. Having obtained these clements
of calculation, we can proceed at once with the
measure of the distance of the fixed stars,  °

In Figure 54, let I/, X" K" X", be four positions of

the earth in its orbit (seen in perspective), P a place
of obscrvation, 8§ a star, (the earth being in such a



LECTURE V. . 193

part of its rotation that the meridian of P passes
through the star) ; also let S’ be another star in the
plane of the carth’s orbit, and in the direction cor-
responding nearly to the earth’s solstitial position.
And suppose (in conformity with the asscrtion that
we have made all along, hut which we shall now sub-
ject to the severest proof) that the earth’s axis remains
strictly parallel to ditself in its motion round the sun,
with no other motion than those which wo have
described as produced by precession and nutation.
And suppose that with a mural circle at P we observe
the zenith-distances of the stars § and 8’ when they
pass the meridian of T, and apply the proper corroe-
tions for refraction ;. and then, by applying corrections
for the ecffects of aberration, we tind the place in
which the star would have been scen, if unaifected
by the carth’s velocity : and by applying corrections
for procession and nutation, we find the zenith-
distances which the stars would have had if the posi-
tion of the carth’s axis hal not been affectud by
precession and nutation. Now, if our assumption
(that the carth’s axis hus no motion but these depend-
ing on precession and nutation) be correct, the result
of the vbservation of the star ', whatever be its dis-
tance, will be, that its corrected zenith-distance when
observed on the meridian will be the same whether
the earth be at E, E", E”, or E™, This is found to
be strictly in agreement with the results deduced from
actual obscrvation, so that it is certain that the carth’s
axis has no motion but those depending on precession
and nutation. Moreover, for the vast majority of
stars in all parts of the heavens, when the same cor-
rections are applied, the corrected meridional zenith-
distances are found to be the sume whatever be the
position of the earth in its orbit; and this proves,
(o]
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both that the eartl’s axis has no motion except those
of precession and nutation, and that the stars are at
an inconceivable distance.

But there may be other stars, as S, whose distance
we have some reason for conjecturing to be not so
enormously great. Now, the only way in which we
can measure its distance is one strictly analogous to
that used for measuring the distance of the moon;
with this difference, that we cannot observe from two
places at once. On account of the immense distance
of the stars, it would be necessary to observe the
place of the star from two positions, as far distant as
the breadth of the earth’s orbit; but we cannot do
that. We can, however, ohserve the position of the
star from the carth when the earth is in two positions,
as E' and E", on opposite sides of the cartl'’s orbit ;
that is, at times half a year apart.

T have used, as an elucidation of parallax, the effect
of the two eyes in the head. If you have your head
in any fixed position, and you shut one eye, you
cannot determine accurately the distance of an object;
but if you open both eyes, the distance is secn imme-
diately. But with one eye, a person can judge of
distance very well, if he moves his head. In like
manner, one observer on the earth can observe the
distance of a star, provided he takes advantage of the
change of places at different times ; that is, provided
he allows his eye to be moved round for him by the
revolution of the earth round the sun ; it is, however,
necessary for us to be fully possessed of every element
for correction of the star’s place, so as to clear it of
every source of change,-except the difference of ap-
parent place depending on the star’s distance and the
earth’s place in its orbit. This is the reason why I
have defgred the mention of this measure until I had
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mentioned the subjects of precession, nutation, and
aberration. The stars’ places most sensibly change
from circumstances unconnected with the parallax.
‘We must know these accurately beforchand ; and
knowing these accurately beforchand, we proceed as
follows. .

‘We ohserve the star with the mural circle while
the carth is in the position E'. 'We apply the cor-
rections for precession, nutfation, aberration, and
refraction ; and we shall know what the corrected
position of that star should be half a year honce, as
observed when the carth is at E”'.  Now, suppose
we go to this sccond stato of things, and when the
earth is- at E”/, we observe the meridional zenith-
distance of the star, we correct it for refraction, pre-
cession, nutation, and aberration. Now, do thcse
two corrected zenith-distances agree? Are the stars
(after all these corrections are applied) scen exactly
in the same direction when the earth is at E’ and
when it is at E’’? All calculations for these acci-
dental canses of disturbance being effectad, the result
is this. For the vast majority of stars we do not
discover any sensible differenco ; the difference is, at
any rate, exceedingly small ; the stars are so far off
that, for the vast majority of them, we can see no
difference in the directions of the line E’'S and the
line E’’S. There are some stars, however, that are
not at so great a distance, so that the inclination of
these lines to each other can be ascertained ; but the
angle is exceedingly small, and is measured with
much difficulty. In the southern hemisphere, thero
is the bright star of the Centaur, (Alpha Centauri,)
for which it would seem that the inclination of the
two lines from the opposite sides of the earth’s orhit
to the star, is an angle of two seconds and no more,

o2
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An angle of two seconds is that in which a circle § of
an inch in diameter would be seen at the distance of
amile. This is the star which shows the greatest
parallax of all. The parallax of the bright star of
Lyra is not more than a quarter of a second. Struve,
at the Observatory of St. Petersburgh, has deduced,
as he thinks, from observations, that for stars of the
second magnitude the goneral average of parallax
is , of a second. This is so small an angle that it is
almost impossible to answer for it.  Supposing, how-
ever, that it is & of a second, then the distance of the
star from the sun is two million times as great as the
distance of the earth from the sun. It seems almost
inconceivable that we should be able to measure, even
in a rough way, a distance so great.

I will only mention gne more thing. There is one
ocorrection upon which I said there was a little doubt,
and that is that troublesome thing, refraction. It is
one of those things which throws a doubt upon every
obscrvation of a delicate kind. Refraction enters
liere, because we must necessarily observe the zenith-
distance of the star; and in comparing observations
of zenith-distance at opposite times of the year, thero
is this unfortunate circumstance; the same star which
is observed on the meridian in the day-time at winter
will be seen on the meridian at night in the swmmer;
or the star which is observed in the night in the
winter will be observed in the day-time in the
summer, when the state of the air is very different ;
so that the amount of refraction at the two obscrva-
tions will be very different, and we cannot determine
the correction to the zenith-distance accurately, so as
to answer for 4 of a second between the observations.
Under these circumstances, this determination of a
difference between the observations at E’ and E”,
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amounting to only & of a second, is more than I can
undertake to answer for. In consequence of that
uncertainty, another method has been introduced,
admitting of far greater accuracy; it is by comparing
two stars whose declinations are nearly the same.
And here we fall upon another method, very similar
to that which is used for measuring the distance of
the moon.  Suppose we have two stars 8 and 87, and
suppose that the star 87 is at such an immeasurable
distance that we cannot see in it any change of posi-
tion. Dut suppose that I think it possible that the
star § lLas a sensible parallax, these two stars being
seen in nearly the same dircction. T have already
menticned that we have obtained the parallax of the
moon with the greatest aceuracy, by comparing it
with a fixed star, which is seen nearly in the same
direction. 'We get rid of the uncertainty of vefraction
in this case, as the moon and the star are scen near
to cach other, and are therefore affected with almost
exactly the same refraction. In like manner, if we
compare a near star with a distant star, seen nearly in
the smine direction, we get rid of the uncertainty of
refraction ; and we also get rid of precession, nutation,
and aberration ; because they produce sensibly the
same effect on hoth stars.  Now, if I suppose S to be
near, and $” to he at such an enormous distance that
it will have no sensible parallax ; then when the
carth revolves round the sun, I have only at E’ to
ohserve the angle 8”E’S hetween the two stars, and
then in another position E” to observe the mlfr.xle
S"”E"'S botween the two stars ; and, because E'S" is
sensibly parallel to E”S”, the difference hetween these
two measured angles is the angle E'SE",

This is the method which the celebrated Bessel, of
Konigsherg, used for determining the distance of the
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small star, known by the name of No. 61 in the con-
stellation Cygnus. He found that the change in the
place of that star, as viewed from F' or from E”,
produced by pamllnx is about § of a second ; and
this corresponds to a distanco of 660,000 times the
radius of the earth’s orbit, or 63,000,000,000,000
miles. Enormous as this distance i is, I state it as my
deliberate opinion, founded upon a carcful examina-
tion of the whole of the process of observation and
caleulation, that it is ascertained with what may be
called in such a problem considerable accuracy.

The distance of the stars of the sccond magnitude,
founded upon Struve’s conclusions to which I have
already alluded, is not far from two millions of times
a8 great as the distance of the sun from the earth.
In this determination I have much less confidence.
The distance of Alpha Centaun, if reliance may be
placed on the observation, is only two hundred thou-
sand times as great as the distance of the sun from
the earth.
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LECTURE VI

Recapitulation of Lecture V.—Velocity of Light deduced
Romer from observations of the Eclipses of Jupiter's Satcl-
lites.—Proper motion of Stars.—Motion of Solar System in
space.—Theory of Gravitation.—Mcthods of computing At-
traction.—Perturbations of the Moon.—Mutual Perturbations
of the Plancts.—Long Inequality of Jupiter and Saturn.—
Calculation of Figure of the Earth from Pendulum Experi-
ments.—Experiments on the Density of the Earth.—Sche-
hallicn Experiment.—Cavendish Experiment,—Weight of -
the Earth.—Weight and Density of the Sun.—~Weight of
some Planets and of the Moon.~—Conclusion,

N the lecture of yesterday evening, the first subject
to which I alluded was the Precession of the Equi-
noxes, in reference to its mechanical canses. This is
a thing so important, partly in itself and partly in
connection with the canses which produce it, that I
have no hesitation in speaking of it again. The thing
which I particularly intended to convey to you was
this: that if we consider the attraction of ihe sun
upon the carth, and if we consider that the earth is
not a sphere, but has a flattened turnip-like shape
which we call an oblate spheroid ; if we also remark
the laws which apply to gravitation, namely, that the
force which the sun exerts is greater the nearer the
Lody is to it, and that the law of gravitation is to be
understood as applying to every particle, not to the
Lody as & mass ; that it attracts the earth not as a
whole, but as a number of parts separately ; if we
mark these things, we find that the sun attracts that
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swelling part of the earth which is nearest to it more
powerfully than it attracts the central part of the
earth ; and that it attracts the centre of the earth
more powerfully than the parts further off. The sun,
therefore, is endcavouring to pull, as it were, the
nearest part of tho earth from the centre towards the
sun ; and it is endcavouring to pull the centre from
the distant parts towards the sun, which is the same
as saying that it is pnshing this distant part from the
sun. Now, if the earth were a complete sphere, the
pulling at any part above the ccliptic would not
disturb its motion ; because there would be a corre-
sponding pull on the corresponding part below the
ecliptic; but, inasmuch as the earth is not a complete
sphere, but has this flattened, turnip-like shape, pro-
tuberant at the middle ; at the time of the solstice
this protuberant part in the direction of the sun being
ahove the ocliptic, then the extraordinary pull which
the sun makes on that place is not balanced by a
corresponding pull at the part below the ccliptic,
because there is no protuberant part there on which
the sun can act ; and the action of the sun on that
part which is above the plane of the ecliptic tends to
pull it down towards that planc.

I remarked that the first effect of this would seem
1o be, to change the inclination of the axis on which
the carth revolves, and to bring that axis more nearly
perpendicular to the ecliptic. And that would be the
effect, if the earth were not revolving on its axis; but
in consequence of the revolution of the carth round
its axis, a totally different effect is produced. I illus-
trated that by calling your attention to the motion of
a single point, as for instance, a mountain at the
earth’s equator. 'While that mountain is near the
sun and above the ecliptic, the force of which I have
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spoken tends to pull it downwards. And as the
rotation goes on, the forces still tend to pull it down-
wards and downwards, until at last it comes to meet
the plane of the ccliptic at a point sooner than it
otherwise would. 'This takes place with regard to
the attraction of the sun on every part of this pro-
tuberance. The tendency of this forco is to bring
cvery part which happens to be above the ccliptic
lower and lower towards the ecliptic ; and to make
its path interseet the circle aed, Figure 48, sooner
than it otherwise would. Tt amounts to this, that at
the earth’s equator the motion of each point is affocted
by such forces, that it tends constantly to como to its
intersection with the plane of the ecliptie sooner than
it otherwise would ; or, to speak in other words, that
intorscetion travels backwards to meet the rofatory
motion of the earth. The same thing (as 1 fully ex-
plained) will happen if we consider the action of the
sun on the distant parts of the earth, which I repre-
sented as being equivalent to a pushing force.

I then mentioned to you that the moon produces a
larger part of precession than the sun does, although
the moon is so very much smaller than the sun,
(only waman part of the sun). She is, however, 400
times noarer than the sun; and this makes her whole
attraction, in proportion to her mass, 160,000 times
as great as the sun’s; still hoer whole attraction is
only ; of that of the sun. But the important thing
to be remarked in the c¢xplanation above given is,
that preccssion is not produced by the whole attraction
of the sun or moon upon the earth, but by the differ-
ence hetween the attractions which they exert upan
the earth’s centre and upon the earth’s nenrest ;
For the moon, the proportion of the distance of these"
parts is nearly as 60 to 59, and then the differenpe of
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the attractions is about 4 of the whole attraction of
the moon. But, for the sun, the proportion of dis-
tances is nearly as 24,000 to 23,999, and then the
difference of the attractions is about pjy of the whole
attraction of the sun. The consequence is, that that
difference of attractions of the moon is actually three
times as great as that of the sun, and the precession
produced by the moon is three times as great as that
produced by the sun.

This is the mechanical explanation of the precession
of the cquinoxes. It was discovered as a fact by Hip-
parchus, a Greek Astronomer, one hundred and fifty
years before the Christian era; it has been recognized
ever since by all astronomers, and is now known with
very great accuracy; and, in all probability, when Sir
Isaac Newton first applied the theory of gravitation
to the explanation of the movements of the solar
syslem, the explanation of this discovery of 1Iippar-
chus’ was one that struck his mind, and that of his
contemporaries, more than any other.

The next subject which I pointed out as an impor-
tant one in connection with obscrvations, was nuta-
tion, and 1 described it in this way: that nutation is
a want of uniformity in precession. For the expla-
nation of precession, I had taken the position of the
earth at one of the solstices. At this timo the carth’s
equator is much inclined to the line connecting the
sun with the earth’s centre, and the precession of the
equinoxes is going on very rapidly. But if the carth
were in the equinoxial position, then the sun would
shine equally on the North and South Poles, and the
gotuberance of the earth would be directed exactly

the gun; and the action of the sun upon that pro-
tuberance weuld not tend to change the position of
the globe. From these causes it will be scen that
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precession is not uniform. But in our calculations
{or the application of a correction to the places of the
stars, as dependent on precession, it is convenient to
begin in the first place by using a precession increasi:
uniformly with the time. And therefore, inasm
as precession does not increase uniformly with the
time, we are ohliged to apply a correction to the pre-
cession computed as uniformly inereasing, in order to
take into account the inequality (both in the place of
intersection of the equator with the ccliptic, and in
the inclination of the equator to the ecliptic) with
which precession goes on at different times ; and that
correction is the quantily ealled solar nutation.
There is, however, a much 1nore important want of
unifermity called lunar nutation, which I described
in this way. The precession produced by the moon
depends on the inclination of the moon’s orbit to the
carth’s equator; and this inclination is not uniform.
For the moon revolves in an orbit inclined to the
ecliptic; and the sun attracts the earth and tho moou,
and disturbs the motion of the moon with regard to
the earth when le acts unequally on the two, nearly
in the same way as the sun disturbs the motion of the
supposed mountain at the earth’s equator ; and the
effect produced is similar, namely, that the intersee-
tion of the moon’s orbit with the ecliptic travels back-
wards ; and thus, at periods nearly ten years apart,
it is alternately more inclined and less inclined to the
earth’s equator. And thus, for nearly ten years the
Pprecession is going on too fast, and for an equal period
it is going on too slowly ; and thus a considerable
inequality is produced in the motion of the intersec-
tion of the equator with the ecliptic. Moreover, for
nearly ten years the moon’s orbit is so inclined that
the moon’s action tends fo diminish the inclination
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of the carth’s equator to the ecliptic, and for an equal
time it tends to increase the inclination of the earth’s
equator to the ecliptic; and thus a considerable in-
‘equality is produced in the inclination of the carth’s
equator to the ecliptic.

The general effects of precession will be more easily
conceived if, instead of considering the intersection of
the equator with the ccliptic, we consider the motion
of the earth’s axis ; as the change in the intersection
of the equator with the ecliptic must produce a change
in the position of the earth’s axis as directed towards
the stars. In consequence of this, the real Celestial
Pole does change among the stars. The bright star
of the Little Bear, for instance, now our Polar Star,
is not at the same distance from the Pole now at
which it was one hundred years ago. In the time of
Dr. Dradley, the Polar Star was more than two de-
grees from the Pole ; now it is one and a half. In
the course of a great many centuries the Celestial
Pole describes a circle among the stars, and different
stars suceessively take the position of the Polar Star.
Abont 4500 years ago the Polar Star was the bright
star of the constellation Draco.

The third subject which I mentioned was the aber-
ration of light; an effect produced by the combi-
nation of the earth’s motion with the motion of light.
1 endeavoured to illustrate this in several ways. One
was this : if in a summer shower you stand still and
watch the rain, you will see it falling in its proper
direction ; but if you walk forward, you will see the
drops falling in an inclined direction, as if they were
mecting you; and if you step backwards, you will see
immediately that the drops of rain appear to be falling
as if they were coming from behind you. As another
illustration, I supposed that & ship is sailing past a
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battery, and that a shot is fired at the ship, and I
remarked that the direction which the shot takes
through the ship is not a direction exactly correspond-
ing to that in which it is fired, but has an inclined
direction, which inclination depends upon this, that
after the shot has entercd the first side of the ship,
and before it comes out at the second side, the ship
has advanced sensibly. The magnitude of the incli-
nation depends therefore on the proportion of the
velocity of the ship to the velocity of the shot. From
this it is plain that if we know the cxtent to which
the appurent diroction of that line of the motion of
the shot wus changed when passing through the ship,
we shall huve the meaus of computing the proportion
of the velocity of the ship to the velocity of the shot.
Now this is a case strictly analogous to the motion of
light. The carth is travelling along, and whilst it is
so travelling along, light comes upon it from different
objects, for instance from the stars, Aud the effect
is tho same as in the case of tho ship ; that in con-
sequence of this motion of the earth, the light appears
to come, not from the real place of the star, hut from
an ideal place of the star, which is in advance, as es-
timated by the direction of the earth’s motion. If we
know in what direction the earth is moving, the light
of the star appears to come from a point more in that
direction than it should.

I then endceavoured to point out to youn the influence
which this would have on the apparcut places of the
stars. 'We have an earth revolving in an orbit round
the sun. The place of the star then will not appear
always the same, but will always be found in & circle,
whose centre is the true place of the star, tho line
from the true place to the apparent place being always
in the direction in which the earth is moving. If
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wo can observe the star in different scasons of the
year, we can infer from our observations how much
the place of the star is perverted by this cffect of aber-
ration ; we shall sce how much the apparent path
of the light is inclined to the true path of the light,
as in the analogous instance of the breach made
through the ship. Thus we have the means of com-
paring the velocity of the ship with the velocity of
the shot, or the velocity of the earth with the velocity
of light. And the result of the observation is this :
that the place of the star is disturbed one way or the
other in different directions at different seasons of the
year, twenty seconds and one-third. The inference
from this is, that the velocity of light is ten thousand
times as great as the velocity of the earth in its orbit.
The velocity of light is perhaps the most inconceivable
of all things ; the velocity is so enormous, 200,000
miles in a second.

But these are things which we must often look at
with suspicion. What I have stated scems at first
an indirect way of getting at these results. Even by
a person properly conversant with these matters, such
results are hardly received without additional con-
firmation. There are phenomena which give con-
firmation, which I will now explain. Jupiter has
four satellites. Their orbits are, in proportion to his
diameter, comparatively small. Our moon is at such
a distance from the earth that she is not eclipsed very
often; her distance being about thirty times the
breadth of the earth. Jupiter's satellites are com-
paratively close to him; so close that three out of the
four are eclipsed every time they go round. On
watching the appearances of Jupiter, one of the most
remarkable things observed is, the eclipses of the
satellites, (first seen by Galileo). 'When the earth is
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in one position with respect to Jupiter, we sce the
satellites go into the shadow ; that is, we seec them
disappear without any apparent cause. In another
position we see them come out of the shadow ; that
is, we sec them begin to appear in the dark spacé.af
a short distance from Jupiter. Figure 55 is adapted

Fra. 66.

to the supposition that the satellites are coming out
of the shadow. Suppose that C is the sun; F, K",
the earth in two positions; J’, J”, Jupiter, in two
corresponding positions. The time which is most
favourable for the observation of Jupiter’s satellites
is that when the earth is nearly between the sun and
Jupiter, as at E/, because then Jupiter is seen necarly
the whole night. In a short time after the invention
of telescopes, Galileo and other astronomers observed
the satellites, and found that their eclipses could be
observed with great accuracy, and registered them
with great care. Thoy were able in no long time to
form tables and calculations of the eclipses of Jupiter's
satellites. These occurred principally when the earth
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and Jupiter were in such a position as E'J’. The
earth went travelling on in its orbit, and came to such
a position as I'. Jupiter, who is very slow in his
motions, travelled perhaps as far as J” in his orbit.
And now came the remarkable thing : it was found
that, when the earth came to. such a posilion as I,
the tables and preliminary calculations upon which
had been founded the predictions of the eclipses of
the satellites would not apply. Tho eclipses of the
satellites invariably occurred later than they ougit to
have done. This occurred year after yeal, and it was
a long time before people could guess at the cause.
Every time the earth came to that part of its orbit in
which it is nearcst to Jupiter, the eclipses of the
satellites happened as predicted: every time the carth
approached the part of its orbit furthest from Jupiter,
tho eclipses of the satellites occurred lator than pre-
dicted. At last a vory celebrated man, a Dane, of the
name of Rémer, gave the explanation, that in these
latter observations the earth was further off' from
Jupiter than at the time when those observations
were made on which the tables and calculations were
founded : and therefore, the light from Jupiter had
to travel over a path longer by very nearly the hreadth
of the earth’s orbit. Upon this calculations were
made, and the result was this: that the time occupicd
by the passage of light across the semi-liameter of the
earth’s orbit is 8m. 18s.; and therefore the time occu-
pied by tho passage of light across the whole breadth
of the carth’s orbit is 16m. 36s. Upon applying cor-
rections, proportionably to the distance, to the observa-
tions made in other positions, it was found that they
all harmonized perfectly well, and no doubt was left
of the truth of the result, that the time the light occu-
pies in travelling from the sun to the earth is 8. 18s,



LECTURE VI 209

The question for us now is this: does this deter-
mination of the velocity of light agree with the
deduction made from the aberrations of the stars?
‘We found that the light travels ten thousand times
faster than the carth moves in its orbit ; if the light
occupy 8. 18s. in coming from the sun to the earth,
does that imply & speed ten thousand times as great
as the speed of the earth ¢ The fact is, that the two
calculations, though perfectly independent, support
each other with the greatest nicety ; and there is no
doubt of the correctness of the measure of the ve-
locity of light.

The subject on which I then proceeded at the
lecture yesterday was the measure of the distances of
some of the fixed stars; and I observed in the first
plece, that it was necessary for me to premise these
various things, namely, the explanation of precession,
nutation, and aberration, and for this reason: that
the apparent places of tho stars are disturbed by
them to a very sensible degree, both in right ascen-
sion and in Noith Polar distance ; and that the very
utmost accuracy is necessary in everything relating
to the obscrvatiors upon which the measure of the
distances of the stars are to be founded. I assume
that we now know the meaning of the term “parallax.”
Between the apparent places of the moon, as seen at
one point of the ecarth and as seen at another point
of the earth, there may be a difference of a degree and
half, or more. Now when we havo a degree and half
of difference, an error of a second is of no particular
consequence. The parallax of the sun, as found in
tho way described in a former lecture, is a very much
smaller quantity, between 8 and 9 seconds ; that is,
there is a difference of 8 or 9 seconds in the sun’s
places, as seen at the centre of the earth and on the

P
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surface. A second or two either way becomes of
great importance. But when we come to treat of the
distances of the stars, we find that the parallax which
can be exhibited, even in the difference of the position
of tho stars as seen when tho earth is at different
parts of its orbit, (which is frequently called the
annual parallax,) is not certainly in any case two
seconds ; and in every case but one is certainly less
than a single sccond. An error of a fraction of a
second is here of very great importance ; it deranges
the whole of the results. It is therefore of the ut-
most importance to take into account the quantity of
precession, which amounts to 50 seconds in the year;
nutation, which amounts to 9 seconds onc way or
another; and aberration, which amounts to 20 seconds
in one direction or another. All this we must know
perfectly well before wo enter into the question as to
the parallax of the stars.

Now, with regard to the observations of the dis-
tances of the stars, I remarked that those ohservations
were, in character, not exactly similar to the obser-
vations which are made for ascertaining the distances
of the sun and the moon and Mars, which we have
spoken of before. In all other cases we were able to
plant Observatories at different parts of the carth,
and from these different parts of the earth to make
observations at the same instant on the subject in
question, whether it was the distance of the sun, or
of the moon, or of Mars, that was to be measured.
But we cannot do so with respect to the stars, and
for this reason : the mere observation of the stars
from two points of the earth does not present any
sensible difforence whatever. We have no reason to
believe that the apparent places of a star, as seen from
one part or another of the earth, are different by the
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ten-thonsandth part of a second. We can, however,
do this: we can make observations on the place
of a star, when the earth is in two positions widely
different. If S is a star, Figure 54, whose distance
we wish to estimate, we can do it if we can observe it
when the carth is in the position E’, and also in the
position E’”, There is half a year between these ob-
servations ; but still, if we can take into account all
the changes in the star's apparent place that happen
in the course of half a year, we shall be able to get
some notion of the real change in the position of that
star which arises solely from the different position of
the earth in its orbit. Now let us sec what we have
todo. The position of the star at each of these times
is aftected by the three causes I have mentioned :
precession, nutation, and aberration. The way in
which we must reduce the obscrvation of the star is
this: we must make such a correction to the place in
which we do really see the star, as will reduce it to
the place in which we should have seen the star at a
certain time, provided that the variable purts of the
corrections were done away with. For instance, I
observe the star on the 1st of February ; precession
has been going on for many centuries; I do not,
however, reduce the place of the star very far back,
I only apply the correction which is due to the
change between January 1 and February 1, and thus
refer the star’s place to the beginning of the year. I
then remark that nutation has sensibly disturbed the
stars place, I do not, however, apply the correction
(as regards nutation) to show where the star would
have been on the 1st of January ; but I apply a cor-
rection to show where the star would have been seen
if there were no such thing as nutation at all. I take

P2
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the same steps as regards aberration ; that is to say,
T correct the place of the star so as to show where it
would have been seen if there were no such thing as
aberration. I lave then got my observation of the
star corrected for these various causes in such a
manner, that its place is totally freed from the dis-
turbances of a preriodical nature, and from the change
of precession which it has undergone from the 1st
January. About the 1st August I repeat the obser-
vation. I then apply, to this observation, corrections
of the samne kind ; that is to say, 1 correct it for the
change which, by precession, the place of the star hag
undergone since the 1st January. I apply the corree-
tion for nutation on August 1, so as to show what its
place would have been if no nutation existed ; and I
then apply the correction for aberration on August 1,
50 as to show what its place would have heen if no
aberration existed ; and then from the obscrvation
made on August 1, 1 have the position of the slar as
it would have been seen at this part of the earth’s
orbit ; all the periodical causes of disturbance being
removed, and the precession existing in just the same
stale as it did on the lst January. There then
remains only one disturbing cause, and it is that
which depends on the position of the earth in the
different parts of its orbit. In order to find whether
the plac~ of the star is really affected. by that cause,
the step most convenient is o observe the North
Polar distance of the star. If the magnitude of the
earth’s orbit be not anything sensible, as viewed
from the star, then the North Polar distance of the
star, corrected as I bave mentioned, will be the same
in theso two positions of the earth, But if the North
Polar distance of the star, duly corrected, be not the
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same at these times, then it is to be inforred that
there is a sensible difference in the direction of the
lines E’S and E"S.

Now you will observe, that there is a good déal
assumex in this. In the first place, wlhen we observe
the North Polar distance of the star, the thing: %o,
which we refer it is the position of the Pole in the
heavens.  The Tole of the heavens is in reality that
point of the heavens defined by cont:nuing the earth’s
axis in a straight line to the region of the stars, so
that when we observe the North Polar distance of
tho star, we do really determine the position of that
star in rclation to the position of the earth’s axis.
We assume, therefore, that we can account fully and
accurately for the change of position which the carth’s
axis has undergone, and which arises from precession
and nutation. Now, there is always a very minute
uncertainty ahout these, which it is desirable to get
rid of. Another cause of uncertainty arises from
aberration ; on this account there is always an un-
certainty of a fraction of a second, which eners into
the obscervation.  There is also in most cases another
cause of uncertainty ; it is that of which 1 have
spoken so frequently, refraction, which is such a
trouble to astronomers. Nearly every ohservation
which we make upon the positions of the stars is
affected by refraction, and after making ali proper
allowance, we cannot always answer for the results.
These considerations serve to cast some doubts on
the observations made for determining the distances
of the stars. Still there is one star of which the par-
allax seems to be determined with considerable accu-
racy, and that is the bright star of the Centaur, Alpha
Centauri. It appears cortain that this star has an
annual parallax of one second (using the term “annual
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parallax” to denote the extreme difference of appar-
ent positions of a star, as seen from the sun on the
one hand, and from the earth on the other hand),
which amounts to this: the distance of the star is
200,000 times greater than the distance of the sun
from the earth. That is a-thing, however, which
requires many observations for its verification.

I then mentioned another way in which the dis-
tances of the stars may be ascertained; a method
which is free from all those defects of which 1 have
spoken. This method is by the observation of two
stars, of which one is believed to be very much nearer
to the sun than the other. For then we may assume
that the distant star will have no sensible change of
place from parallax, depending on the position of the
earth in its orbit. And then, in observing the stars
from the various parts of the earth’s orbit, we can
compare the apparent place of that star which we
believe to be tho nearer with the place of the other.
Practically this is of importance. The refraction,
precession, nutation, and aberration, are sensilly the
same; and there is no uncertainty whatever frum the
computation of the various quantities which cast so
much uncertainty on the results derived from other
observations. This is the method pursued by Dessel
in determining the distance of the star 61 Cygni.
He mecasured the angular distance of this star
from {wo small stars near it, by means of an instru-
ment, called the Heliometer, well known on the
Continent, but of which there was at that timé no
specimen in England. 'With this he determined the
parallax of the star 61 Cygni to be one-third of a
sccond ; that amounts to the same as saying that the
distance is 600,000 times greater than the distance
of the earth from the sun. It is deserving of
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attention that 61 Cygni is a double star; but we know
from long observation that'the two stars partake of
the same motions, and probably are a connected
system like the earth and moon, and therefore we
speak of them and of their distance as if they were
only one star.

I have here spoken repeatedly of our supposition
that some stars are nearcr to us than others. The
grounds of this supposition are gencrally the amount
of what is called the proper motion of tho stars.
Upon comparing the places of the stars, as we observe
them in different years, and applying the corrections
for -precession, nutation, and aberration, so as to
redure cvery obscrvation of every star to what it
ought to exhibit on the first day in the year, agree-
ably to the common practice of astronomers, we find
that a great number of the stars have what is called
proper motion. 'We are obliged to give up the idea
of fixity entirely. The term “fixed stars” is a good
term for young astronomers to use; bubt the vast
majority of the stars which have been well obrerved,
seem to bave a motion of their own, and that is
known by the term proper motion. In all good cata-
logues of stars there is reserved a column, distin-
guishing the proper motions of the stars, showing the
direction in which the stars appear to Leemoving
through other stars, and the amount of their motion
ina year. This has only been discovered after muny
years’ observation ; it is in every case a small quantity;
but still in most instances the quantity has been cor-
rectly ascertained. Those of Sirius and Arcturus are
pretty large ; but the largest known are those of two
small stars, 61 Cygni (whose motion is nearly three
seconds in a year), and a star known by the name of
Groombridge, 1830, (whose motion is nearly four
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seconds in a year.) The attention of astronomers.
has therefore been directed to both those stars, and
it appears certain that the former has sensible par-
allax, and probable that the latter has parallax of a
somewhat smaller amount.

In closing this account of ‘the method of mensur-
ing the distance of the stars, I will only remind you
that I have redeemed my pledge of showing how the
distance of the stars is measured by means of a yard
measure, and I will very briefly recapitulate the prin-
cipal steps. By means of a yard mcasure, a hase-line
in a survey was measured ; from this, by the trian-
gulations and computations of a survey, an arc of
mcridian on the carth was measured; from this, with
proper obscrvations with the Zenith Sector, the
surveys being also repeated on different parts of the
earth, the earth’s form and dimensions were ascer-
{ained ; from these, and a previous independent
knowledge of the proportions of the distances of the
earth and other planets from the sun, with observa-
tions of the transit of Venus, the sun’s distance is
determined ; and from this, with observations leading
to the parallax of the stars, the distance of the stars
is determined. And every step in the process can be
distinetly referred to its basis, that is, the yard
measures

Before dispatching the subject of observation of
stars, I will make one remark. The proper motions
of many are very irregular in direction and magnitude;
but with regard to some others there is a rude regu-
larity which may be conceived in this way. I speak
of it in connection with what is supposed to be the
motion of the solar system in space. Suppose that I
am walking through a crowd of people, or through a
forest, if 1 keep my attention on those objects that
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are exactly in front they do not appear to change
their places; but if I look at the objects to the right
or to the left, they appear to be sprealding away to
the right or to the lefl. Even if I did not know that
I was moving myself, yet by sceing these ohjects
spreading away, I should infer with tolerable cer-
tainty that I was moving in a certain direction. Now
if it should appear that, taking the stars generally,
we can fix on any direction and sce that the stars in
that direction do not appear to be moving, but that
the stars right and left appear to be moving away
from that point, then there is good reason to infer
that we are travelling towards that point. This spec-
ulation was first started by Sir William Ilerschel
He found a point in the heavens, in the constellation
Hercules, possessing this property, that a great ma-
jority of the stars about this constellation had not
any sensible proper motion, but that the stars right
and left of it had apparently motion to the right and
left respectively. He inferred from this that the
solar system was travelling in a body to that point,
and this notion has been generally received amongst
astronomers. I believe that every astronomer, who
has examined it carefully, has come to a conclusion
very nearly the same as that come to by Sir William
Herschel, that the whole solar system is moving
bodily towards that point in the constellation Her-
cules. DBut it is a thing on which the computation
is not very accurate, and it will probably remain in-
accurate for many years to come. This is the last
subject which I have to mention in regard to the
fixed stars, .

I shall now proceed to the last division of my lec-
tures : a general view of the evidence that applies to
the theory of gravitation, with which is inseparably
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connected the determination of the masscs of the
different hodies of the solar system. And here I
must observe that, on entering minutely into this
subject, it is impossible to take one thing alome.
‘When I take the theory of gravitation, I must begin
by taking the evidence relating to the laws of motion,
for these were described and defined long before the
theory of gravitation was expounded. Now the laws
of motion, in the shape in which they have been
commonly expressed, are these: in the first place, if
a body De started in motion, axid if no force act upon
it, that Lody will continue in motion in the same
direction and with the same velocity. Of all things
in tho world, this is the most difficult to prove
immediately. It is obvious that we cannot put a
body in motion so that it shall go on in one unvaried
direction, and that it shall go on for ever, for we
cannot put it in .notion in a place where no force
will act on it ; and we cannot observe it through in-
finite space and infinite time. This is one of those
instances in which wo can examine a law only in
connection with other laws. 'We must investigate
by profound mathematical process what will bo the
ceffect of combining this law with others, so that we
may oh: ;rve whether the results, which are produced
practically, agree with the results which we have
found from the mathematical process.

For instance, one of the cases which we can
observe is, that where rotatory motion is continued
for & very long time, and where the velocity very
slowly diminishes, as the motion of a wheel or spin-
ning top. Contrivances have been made for the
purpose of spinuing tops and wheels in the exlwusted
receivers of air pumps. They go on spinning and
spinning, and the motion seems as if it would never
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come to an end. Now, how does this apply to the
first law of motion, that a body moves in the same
straight line and with the same velocity 3 All T can
tell you is this : if it is true that each part of a body
would, if unconstrained, move steadily in a straight
liney and if (by the connection of the parts) each part
is constrained to move in a circle, then it appears by
mathematical investigation that the hody will revolve
with a uniforin velocity; but if it were not true, then
the body would not move in a circle with a uniform
velocity. There is another instance which is perhaps
still more remarkable. I allude to the motion of a
pendulum. The motion of a pendulum backwards
and forwards is a result of the first law of motion,
taken in combination with the disturbing force of
gravity ; this motion of the pendulum being the most
permanent of all that are the subjects of ordinary ex-
periments. If a pendulum be properly constructed,
mounted with a steel edge (like that of the lest
balances) moving on a flat plate of hard agate, and if
it be set in the exhausted receiver of an air punmp, iv
will go on for 24 or 30 hours, without the action of
anything to keep up its motion. But still it scems
a very strange thing to infer, from this backward and
forward motion, the law which asserts that the pen-
dulum would go on continually in the same direction
in a straight line, if there were nothing to disturb or
counteract the operation of that law. Upon making
the proper mathematical investigation, it is found
that the only way of explaining the motion of the
pendulum is, by saying that it would go on in a
straight line continually, if it were not acted on by
certain causes which woe are able to take into
account.

It is right you should understand how the matter
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stands. When we speak of the evidence of these
things, we cannot give the evidence simply as it
applies to any one law, but we can give it in com-
bination with other laws.

The sccond law of motion we have endeavoured to
illustrate (}2 ¢ 104) by apparatus, which showed that
when a ball was allowed to fall freely it was carried
to the ground in the same time as a ball projected
horizontully. The third law of motion relates to
the eflect of pressure, with which I have no occasion
however to trouble you at present.

Having said so much on theso subjects, we now
come to gravitation. It is necessary to make this
mention of the laws of motion first, because the
movements connected with gravitation are but an in-
stance of the application of the laws of motion to the
movements produced by a certain force. The planets
and satellites are in motion, and, according to the
first law of motion, they would” move on in straight
lines, if they were mot bent aside by some force.
This force, according to the theory of gravitation, is
the attraction of another body. Let us now examine
whether such a force, following the law of decreasing
as the square of the distance increases, will account
for some of these motions; and we will begin, as
Newton did, with the moon.

The moon’s motion with respect to the earth is in-
fluenced (according to this theory) almost entirely by
the attraction of the carth ; because though the sun
attracts both the earth and the moon, yet it attracts
them nearly in the same dogree, and therefore pro-
duces little disturbance in their relative motions.
And though the moon attracts the earth, still the
moon is 5o much smaller than the earth, that we may
omit the consideration of that at present. We shall
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however hereafter allude to the effects of Toth these
circumstances. Now the principle of calculation in
this and all similar cases will Le the following : in
Figure 56, let MN le the are which the moon
describes in ler course round tle

earth E, in one hour, or one minute, ___ m M
or one sccond, or any other short

time that we may choose 1o fix on

(we shall, for the present, take ono

second). If no forte had aeted on

the moon, she would have moved in r

a straight line Mam. Thercfore the
force with which the emth has at-
tracted the moon, has drawn her from m to N, or
through the space mN. Wo must therefore compute
the length of 2N ; we shall then know how far the
earth’s attraction draws the moon in one second ; we
also know how far the eaxth’s attraction makes any-
thing at the swface of the earth fall in one sccond ;
and the proportion of these will give the proportion
of the earth’s attractions in these two different places.
Now, considering the moon as moving in a circle
whose semi-liameter is her meun distance, EM is
238,800 miles. Also the whole circumference of the
moon’s orbit is 1,500,450 miles; and her periodic
time is 27 days, 7 hours, 43 minutes; hence the
length of the line Mm, which would have been
described in one second if mo force had acted, is
06356 of a mile. With these two lengths of the
sides of the right-angled triangle EMm, by the usual
rule of squaring the two sides, adding the squares to-
gether, and extracting the square root of the sum, the
hypotenuse Em is found to be 238800-0000008459
miles. Therefore the line mN is 0°0000008459 of a
mile, or 00536 of an inch; and this is the space

F1c. 56.
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through which the earth’s attraction draws the moon
in one second.

Now at a place on the earth’s surface, which is
3,959 miles from the earth’s centre, it is found by
experiment, that a stono falls 193 inches in ome
second. And it is found (by a difficult mathematical
investigation), that if our theory is true in this
respect, “that the attraction of the stone to the earth
is produced by the attraction to every particle of the
earth,” (seo page 175,) then the attraction of the
whole earth (considered to be a sphere) will be the
samo as if the whole matter of the earth were collected
at its centre. Thus the question upon which the ex-
planation of the moon’s motion by gravitation must
depend is this: the earth’s attraction at the distance
of 3,959 miles draws a body 193 inches in one
second, and the earth’s attraction at the distance of
238,800 miles draws the moon 00536 inch in one
second. Are these effects of the earth’s attraction
inversely as the squares of the distances? They are,
almost exactly. To make them exactly so, the space
through which the earth draws the moon should be
0-05305 inch. Now it is found (by a process which
I cannot hope fully to explain to you) that the two
circumstances which I mentioned, namely, the moon’s
action on the earth and the sun's disturbing force, do
exactly explain this small difference; so that it is
certain that the attraction of the earth which canses
a stone to fall, and the attraction of the earth which
bends the moon’s path from a straight line to a circle,
are really the same attraction, only diminished for
the moon in the inverse proportion of the square of
her distance.

T have used, for the time through which I compare
the attracting power of the earth in the two cases
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(upon the moon and upon the stonc), one second,
because the experiment of the distance through which
a stone falls in one second, and its result are the
most familiar to our minds. If I had used one
minute, I should have found for the space through
which the earth draws the moon 0-0030452 of a mile;
or if T had used one hour, I should have found 10- 963
miles ; and I should have had corresponding numbers
for the space through which a stone would fall in the
same time. These numbers, it is to be observed, in-
crease in the proportion of the squares of the times;
and so do those for the fall of a stone (for a stone falls
in two seconds four times as far as in one second ; in
three scconds it falls nine fimes

as far as in one second ; and so on). i

I will now compare the spaces

through which the sun’s attraction
draws the planets in one hour,
and as an instance, I will take the
earth and Jupiter. In Figure 57,
let EF be the path described by
the earth in one hour, Ee the path
in a straight line which the earth
would have described in one hour
if nothing had disturbed it. JK
the path described by Jupiter in
one hour. Jj the path which
Jupiter would have described in
one hour if nothing had disturbed
it. Then ¢F is the space through
which the sun’s attraction has
drawn the earth in one hour, and
JK is the space through which the
sun’s attraction has drawn Jupiter
in one hour; and we shall proceed F1a, 5l




224 POPULAR ASTRONOMY.

to find the proportion of ¢F to jK. Now taking CE
a8 95,000,000 miles, the circuinference of the earth’s
orbit is 596,900,000 miles, which the earth desciibes
in 365°26 days ; and therefore the line Ee which is
the earth’s motion in one hour, is 68,091 miles.
Adding the square of CE to the square of Ee, and
extracting the square root of the sum, we find that
CE is 95000024:402 miles ; and therefore ¢k, the
space through which the sun draws the earth in an
hour, is 24:402 miles. For Jupiter, CJ, is 494,000,000
miles ; the cireumnference of its orbit is therefore
3,104,000,000 miles ; which is described in 433262
days; therefore Jj, the motion in one hour, is
29,850 miles ; and the length of Cj, found in the
same manner, is 4940000009019 miles ; and jK,
the space through -vhich the sun draws Jupiter in
one hour, is 0:0019 miles. Ilence, the attractive
force of the sun on the carth is to the attractive force
of the sun on Jupiter, in the proportion of 24:402 to
0:9019. Dut if we compute from the rule of the
inverse square of the distances, what would be the
proportion of the foree of the sun on the earth to the
force of the sun on Jupiter, we find that it is the
proportion of 24402 to 0-9024. These proportions
may be regarded as exactly the same, the trifling
difference between them arising mainly from the cir-
cumstance, that I have only used round numbers for
the distances of the two planets from the sun. And
thus for these two planets it is true that the strength
of the sun’s attraction is inversely proportional to the
square of the distance of the attracted body from the
sun.

If T had compared any two planets, I should
have arrived at exactly the same agreement. And
generally, I may state (though I cannot at present
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demonstrate it to you), that whenever this rule (see
page 1206) is found to hold “the squares of the pe-
riodic times of several bodies moving round a central
body are proportional to the cubes of the distances
of the several bodies from that central body,” then it
will be found, by a process exactly similar to that
which we have gone through, that the cffects of the
central body’s attraction at the different distances are
inverscly as the squares of the distauces. Now, this
law (that the squares of the times are proportional to
the cubes of the distances) was discovered by Kepler,
long hefore the theory of gravitation was invented, to
hold in regard to the times and distances of tho
planets in their revolutions round the sun. Moreover,
in regard to the four satellites of Jupiter the same
law holds. For we are ahle without difficulty to
observe their periodic times; we are able also (by
observing the transits and the difference of Polar
distances of Jupiter and each satellite, or by other
methods) to ascertain their apparent angular distance
from Jupiter; and from this, knowing the distance of
Jupiter from the earth in miles, we can compute the
distance of each satellite from Jupiter in miles ; and
we find that the squares‘of their times are proportional
to the cubes of their distances; and therefore the
attraction of Jupiter upon his several satellites is in-
versely proportional to the squares of their distances
from him. In like manner, it is found that the at-
traction of Saturh upon his seven satellites is inversely
proportional to the squares of their distance from him;
and, as far as we can examine, the same law holds
with regard to the attraction of Uranus on his satel-
lites. Thus, for every body which we know, around
which other bodies revolve, the force of attraction of
the central body on the different bodies that revolve

Q
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round it is- inversely proportional to the squares of
their distances.

But, though it is thus established that the attraction
of the central body on the different bodies follows
that law, is it true that its attraction on the same
body alters in the inverse proportion of the square of
the distances, when the distance of that body is
altered? It is quite certain, But so difficult are the
mathematical operations by which this is proved, that
I can do little more than refer you (as I have done
once before) to the results. The following, however,
are the principal steps.

The planets do not revolve in circles but in cllipses,
(see page 126,) and therefore, the distance of each
planet from the sun undergoes considerable alteration.
Kepler's second law of planctary motion was this :
that if we draw a line from the sun to a planet, that
line passes over equal areas in every successive hour;
that area not being the same for different planets, but
being constantly the same for the same planet ; or,
which is the same thing, it describes areas proportion-
able to the times. Now, if wo assume the first and
second laws of motion to be true, we find that this
equal description of areas compels us to admit that
the planet is attracted towards the sun ; but it does
not give us any information as to the law of the at-
tractive force. But the circumstance that the planets
move in ellipses, with the sun in one focus of each
ellipse, settles this question. It has already been
proved that the attractive force must be directed to
the sun, that is, to the focus of each ellipse; and then
it is proved by a mathematical investigation that if
a planet moves in an ellipse, and if the force is directed
to the focus of the ellipse, that force in different parts
of the orbit must be inversely as the square of the
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distance from the sun. Thus it is proved that the
attraction of the sun on each planet, at its different
distances, is inversely proportional to the square of
the distance. The same thing also is proved with
regard to those planets which have satellites ; for
several of the known orbits of satellites are elliptical
(the others being circular).

There is, however, another very remarkable set of
bodies, each of which in its motions sometimes goes
nearer to the sun than any other known body, and
sometimes passes further from the sun than any other
known hody ; 1 mean the comets, the explanation of
whose motions is one of the most remarkable of
Newton’s discoveries. A very few comets, (not more
than five or six,) it is now known, move in very long
ellipses, and return periodically to our sight ; and to
these the same remarks apply which have been above
applied to the motion of planets. But at the time
whon Newton investigated the motions of comets, the
idea of periodical comets was totally unknown, and
Nowton’s investigations in regard to comets procoeded
entirely on the supposition thut the comet did not
return. It is difficult for me to attempt to explain
here how the orbit of a comet is investigated; the
hest way perhaps will be to give you something like
a history of the thing,

‘When Newton had investigated the forces which
apply to the motion in an ellipse, it was very natural
that he should endeavour to see whether the same
law of force (namely, that the force is inversely as the
square of the distance) which accounts for motion in
an ellipse, would account for motion in any other
curve. You will see easily that there are two things
npon which the motions of a planet depend. Onme is
the force of the attraction of the sun ; the other the

Q2 ’
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velocity with which the planet is set going. It is
quite conceivable that if a planet were started with
very great velocity, it might go away and ncver come
back. The idea which Newton suggested was, that
the motion of a comet was of that kind. And, upon
pursuing the investigation, he found that a body sub-
Jject to thé attraction of a central body (as the sun)
might, if the force varied inversely as the square of
the distance, describe the curve called the parabola,
(sec page 131); but no other law of force would
account for the description of such a curve. The
form of the parabola is represented in Figure 58, C

® being the sun; and this curve
¢ it is evident, possesses two of
the peculiarities which most
markedly distinguish tho mo-
tions of comets; it comes very
near to the sun at one part,and

it goes off to an indefinitely

Fra. 5s, great distance at other parts.

Now, when Newton bad found out that the same
laws of gravitation which were established from the
consideration of elliptic motion would account for
motion in a parabola, he began to try whether the
parabola would not represent the motion of a comet.
It was found, that by taking a parabola of certain di-
mensions, and in a certain position, the motions of
the comet which had been observed most accurately
could be re ted with the utmost precision.
Since that time, the same investigation has been re-
peated for hundreds of comets, and it has been found
in every instance that the comet's movements could
be exactly represented by supposing it to move in a
parabola of proper dimensions and in the proper posi-
tion, the sun being always situated at a certain point
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called the focus of the parabola. This investigation
tends most powerfully to confirm the law of gravita-
tion; showing that the same moving object, which at
one time is very near fo the sun and at another time
is inconceivably distant from it, is subject to an at-
traction of the sun varying inversely as the square of
the distance.

But if it is true that evory particle of matter attracts
every other particle of matter, with a force varying
inversely as the square of the distance, the effects of
these attractions will be shown in other ways besides
influencing the periodic revolutions of planets round
the sun, or of satellites round their primaries. For
in~tance, the sun attracts both the earth and the
oon, and, as they are always cither at different dis-
tances from the sun or lie in different directions from
the sun, they will be differently attracted by the sun;
and hence their relative motions will be disturbed.
Thus arise the perturbations of the moon’s apparent
motion. Theso purturhations naturally divide them-
selves into several classes ; and they had been dis-
covered from observation and divided into these
classes, long before the theory of gravitation was in-
vented. One of the first triumphs of the theory was
the completo explanation of these classes of pertur-
bation of the moon; and the suggestion of many
others, which have becn verified by the observa-
tions made since that time with more accurate
instruments. .

Of these applications of the theory of gravitation
to explain the different perturbations of the moon, a
great deal might he said. It is a subject involved in
mathematical perplexity beyond anything else that I
know. But there is one perturbation of the moon
which is of so singular a character that probably I



230 POPULAR ASTRONOMY.

may be ablo to give you some notion of it. Itis tlmt
which is called the Moon's Variation.

In Figure 59, suppose E to be the earth, M'M"M'”
M"*” the moon’s orbit, and C the sun. The sun, by
the law of gravitation, attracts
bodies ‘which are mear with
greater force than those which
are far distant from it. There-
fore, when the moon is at M’ the
sun attracts the moon more than
the earth, and tends to pull the
moon away from the -carth,
‘When the moon is at M’ the
sun attracts the earth more than
the moon, and thercfore tends to
pull the earth from the moon,
producing the same effeet as ab
M’ or tending to separute them.
‘When the moon is at M” the
force of the sun on the moon is nearly the same as
the force of the sun upon the earth, but it is in a
different direction. If the sun pulls the earth through
the space Ee, and if it also pulls the moon through the
space M"m, these attractions tend to bring the carth
and the moon nearer together, because the two bodies
are moved as it were along the sides of a wedge which
grows narrower and narrower. Thus, at M’ and M"’
the action of the sun tends to separate the carth and
the moon, and..at M” and M’*” the action tends to
bring the earth and the moon together.

You might perhaps infer from this that the moon’s .
orbit is elongated in the direction M’ M"””, No such
thing : the effect is exactly the opposite. The fact
really is, that the moon's orbit is elongated in the di-
rection M” M""”’,  And if you consider what has been

F1c. 59,
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said bofore about the curvature of the orbit, and ex-
amine the subject for yourselves, you will sce that it
must be so. The mooen I will suppose is travelling
from M"”” to M’. All this time the sun is attracting
her more than the earth, and therefore increasing her
volocity till she reaches M. When she is passing
from M/ to M” the sun is pulling her back, and her
velocity is diminished till she reaches M”.  From this
point her velocity inereases again till she reaches M™
and then diminishes again till she rcaches M™,
Therefore, when the moon is nearest to the sun, and
farthest from thp sun, she is moving with the greatest
veloeity 5 when she is at those parts of her orbit at
wlkich her distance from ilre sun is equal to the carth’s
distance from the sun, she is moving with the least
velocity. T mentioned in a former lecture (seo page
106) that the curvature of the orbit depends on two
considerations : one is the velocity ; and the greater
the velocity is, the less the orbit will he curved : the
other is the foree ; and the less the force is the less
the orbit will be curved. The consequence is this ;
that as the veloeity is greatest at M/ and M”, and the
force dirccted to the earth is least (becanse the sun’s
disturbing force there diminishes the earth’s attrac-
tion,) the orbit must be the least curved there. At
M’ and M™ ihe velocity has been considerably
diminished ; the foree which draws the moon towards
the earth is greatest there (becanse the sun’s disturb-
ing forco there increnses the earth’s attraction), and
therefore the orbit must be most curved there. The
only way of reconciling these conclusions is by saying
that the orbit is lengthened in the direction M” M”;
a conclusion opposite to what we should have sup-
posed if wo had not investigated closely this remark-
able phenomenon. It will easily be understood thab
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tho amount of this effect is modified in some degree
by the change which the earth’s attraction undergoes
in consequence of the change of the moon’s distance,
(tho carth’s attractive force varying inverscly as the
square of the moon’s distance) but still the reasoning
applies with perfect accuracy to the kind of alteration
which is produced in the moon’s orbit.

This particular inequality was discovered by Tycho
Brahé before gravitation was known ; and it under-
went an examination and was explained by Newton
as a result of gravitation. There are other pertur-
bations even more important than ths, (the Progres-
sion of the Apse, tho Evection, the Annual Equation,)
of which 1 only mention the names ; they were dis-
covered before gravitation was known, and they were
most fully and accurately explained by gravitation.

The next point which I shall mention is this: that
the planets disturh one another generally. For it is
to be remarked, that the attraction of plancts is not
confined to'the sun, although, in consequence of the
sun’s very great magnitude and very great attraction,
accurate and long-continued observations may be
necessary for discovering the comparatively small
effect of the planets. But the law of gravitation
asserts that every particle of matter attracts cvery
other particlo, and therefore overy planct attracts
every other planet ; and therefore the motions of the
planets are not exactly the same as if only the sun
attracted them. The differences of the real move-
ments from the movements computed on the suppo-
sition that only the sun attracts the planets are the
porturbations or disturbances of the planets. These
disturbances are exceedingly complicated. In fact
there is nothing in science which presents the degree
of complication that these perturbations of the
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planets and their satellites present. There is one
kind of disturbances, however, of which possibly
some notion may be given; they arc the most
remarkable in Jupiter and Saturn. Thero arc many
books, written as late as the beginning of the present
century, in which the motions of Jupiter and Satwn
are spoken of as irreconcilable with the theory of
gravitation. It was one of the grand discoveries of
La Place that the great disturbancos of those two
plancts are caused by what is called the “incequality
of long period,” requiring some hundreds of years to
go through all its changes.

Let Figure 60 represent the orbits of Jupiter and
Saturn.  You must observe
that they are both ellipses,
and the positions of their
axes o mot correspond.
Now, the thing which La
Place pointed out as regards
these planets, aftecting their
perturbations, is one which
appliecs more or less to
several other planets ; it is 1
this : that the periodie F1a. 60.
times of Jupiter and Saturn are very nearly in the
propottion of two small numbers, namely 2 to 5.
Upon the proximity of that proportion depend en-
tirely some of the peculiarities of their disturbances,
And the effoct of this will be seew if we consider in
what part of their orbits their successive conjunctions
will happen.

Inasmuch as these periodic times are in proportion
of 2 to 5, it follows that when Saturn is describing
two-thirds of a revolution in its orbit, Jupiter is
describing almost exactly five-thirds of a revolution




234 POPULAR ASTRONOXMY.

in its orbit. And therefore, if the two planets have
been in conjunction, then about twenty years after-
wards Saturn has described two-thirds of a revolution,
and Jupiter a wholo revolution and two-thirds, and
the planets will be in conjunction again, but not in
the same parts of their orbits as before, but in parts
more advanced by two-thirds of a revolution. Thus
in Figwe 60, 1, 1, to be the place of the first con-
junction of which we are speaking. Saturn describes
two-thirds of his orbit as far as the figure 2. Jupiter
goes on describing a whole revqjution and two-thirds
of a revolution, and arrives at the same time at the
figure 2 in hLis orbit, and the plancts are in con-
junction at 2, 2. Saturn goes on describing two-
thirds of the orbit again, and comes to figure 3.
Jupiter goes on describing a whole revolution and
two-thirds of another, and he comes to figure 3, and
they are in conjunction there. The next time they
are in conjunction at figuro 4, the next at figure 5,
and the next at fizure 6, and so on. These con-
junctions occur in this manner from the circumstance
that the periodic times are mearly in the proportion
of 2 to b ; there are threc points of the orbit at nearly
oqual distances at which tho conjunctions occur.

But we will suppose that they occurred exactly at
three equidistant points, and that time after time
they happened exactly at the same points. It is
plain that in that case there would be a remarkable
effect of the distugbances, particularly at those purts
of the orbit 1,1, 2,2, 3,3, &c., where Jupiter and
Saturn are nearer to each other than at other times.
They are very large planets, each of them bigger than
all the rest of the solar system, except the sun ; they
exercise very great attractive forco each upon the
other; and therefore they would disturb each other,
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in a very great degree and a very curious way, if
their conjunctions occurred exactly at the same
place.

Now these conjunctions do not occur exactly at the
same place. The periodic times are nearly in the
proportion of 2 to 5, but not exactly in that pro-
portion. In consequence of the periodic times heing
not exactly in the proportion of 2 to 5, their places
of conjunction travel on, until after a certain time
the points of conjunction of the series 1,4,7, &e.,
would have travelled on until they met the series
3,6,9, &c. Not fewer than 900 years are required
for this change.

Now so long as three conjunctions take placo at
any definite set of points, the effect on the orbits is
of one kind. As they travel on, the effect is of
another description (because, from the eccentricily of
their orbits, the distance between the planets at
conjunction is not the same), and so they go on
changing slowly until the points of the series 1,4,7,
&e., are cxtendod so for as to join the serics 3, b 9,
&c. ; and then the conjunctions of the two plunets
occur at the same points of their orbits as at first,
and the offcct of each planet in disturbing the
other is the samne as ab first ; and thus we have the
same thing recurring over and over again for ages.
During one-hulf of cach period of 900 years, the
effect that one planet has upon the other is that its
orbit has been slowly changing, and then, during the
other half, it comes back to the same thing again.
Suppose tlmt during half the 900 years, onse planet
has been causing the other to move a little quicker,
and that during the other half of that 900 ycars it
has been causing it to move a little slower; although
that change may be extremely small as regards the
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velocity of the planets, yet as that velocity has 450
years to produce its effect in one way, and an equal
time to produce its offect in the opposite way, it does
produce a considerable irregularity. If the place of
Saturn be calculated on the supposition that its
periodic time is always the same, then at one time
its real place will be behind its computed place by
about one degree, and 450 years later its real place
will be before its computed place by ahout one
degree, so that in 450 years it will scem to have
gained 2 degrees. The corresponding disturbances
of Jupiter are not quite so large.

These are the most remarkable of all the planetary
disturbances, their magnitude being greater than any
other, on account of the magnitude of the planets,
and the eccentricity of their orbits, There are, how-
ever, others of the same kind. One of these was
discovered by myself ; it depends upon the circum-
stance, that eight times the periodic time of the earth
is very nearly equal to thirteen times the periodic
time of Venus. I am afraid I have not conveyed to
you any very definite notions of these things; but
the foregoing is, I think, the best that can be done.
In cases of this kind it is only possible to give a
glimmering of what I desire to convey. I wish to
impress upon your minds the fundamental circum-
stances on which these remarkable perturbations
depend, and to what they tend, so that you may be
able to think and in some measure to investigate for
yourselves, I would observe that I have attempted
to do all which I believe can be done in the way of
popular explanation, in a book which I published
B0me ycars ago, entitled Gravitation, which was
re-published as an article in the Penny Cyclopadia.

I must however remind you, that I have attempted
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to explain only one limited class of perturbations.
There are some which may be described as a slow
increase and decrease of the eccentricities of the
orbits, and a slow change in the direction of the
longer axes of tho orbits; but there are others of
which no intelligible account can be given to you.
In order, however, to bring these theories into
actual calculation, it is necessary to know, not ouly
the general tendency of the disturbances, but also
their actual magnitude. In the perturbations pro-
duced by the earth, by Jupiter, and by Saturn, there
is no difficulty in doing this. I have already shown
you how we can calculate the number of miles through
which the carth’s attraction draws the moon in one
hour. 'We are certain, from most careful experiments
made by Newton and (in the present century) by
Bessel, that the earth’s attraction draws every hody
at the carth’s surface through the same space in the
same time ; or in other words, that a ball of lead, a
cricket ball, and a feather, will fall to the ground
with equal speed, if the resistance of the air is
removed. We say, therefore, that the earth’s attrac-
tion would draw a planet through the same space as®
the moon, provided the planct were at the moon’s
distance ; and for the greater distance of the planet,
we must, on the law of gravitation, diminish that
space in the inverse proportion of the square of the
distance. Now I have already shown you how to
compute the space through which the sun draws a
planet in one hour; and therefore the problem now
is, to compute the motion of a planet, kmowing
exactly how far and in what direction the sun will
draw it in one hour, and also knowing exactly how
far and in what direction the earth will draw it in
one hour. Without pretending to explain to you
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how this computation is made, it will be evident
to you that we have thus the bases of accurate
computation.

In like manner we can, from observations of
Jupiter'’s satellites, compute how far Jupiter draws
one of his satellites in one hour, and therefore how
far Jupiter would draw a planct at the same distance
in one hour ; and then by the law of gravitation we
can compute (by the proportion of inverse squares of
the distances) how far Jupiter will draw a planet at
any distance in one hour; and this is to be combined,
in computation, with the space through which the
sun will draw the planet in one hour. In like
manner, by similar observations of Saturn’s satellites,
and similar reasoning, wo can find how far Saturn
will draw any planet in one hour, and we can com-
bine this with the space through which the sun
would draw it in one hour. Thus we are enabled to
compute completely the perturbations which these
three planets produce in any other planets; and then
comes the critical question. Do the planets’ motions,
as computed with these disturbances, agree with what
'we see in actual observation? They do agree most
perfectly. Perhaps the best proof which I can give
of the care with which astronomers have looked to
this matter, is the following: the measures of dis-
tances of Jupiters satellites in use till within the
last 16 years had not been made with due accuracy,
and in consequence the perturbations produced by
Jupiter had all been computed too small by about
part. So great a discordance manifested itself between
the computed and the observed motions of some of
the planets (especially the small asteroids whose
orbits are between those of Mars' and Jupiter, more
particularly Juno), and also in the motions of one of
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the periodical comeots, called Encke's comet, that
many of the German astronomers expressed them-
selves doubtful of the truth of the law of gravitation.
I made, and continued at proper intervals for four
years, a new sct of observations of Jupiter's satellites,
and I had the good fortune to find that the satellites
were further from Jupiter than was supposed, that
tho space through which Jupiter drew them in an
hour was greater than was supposed, and that the
perturbations ought to Do increased by about J, part.
These measures of mine were verified by continental
observers. On using the corrected perturbations, the
computed and the observed places of the planets
agreed perfectly.

For the perturbations produced by Mercury,
Venus, and Mars, which have no satellites, we
have no similar foundation for our computations;
and here we can only go on a method of trial and
error. For instance, assuming for calculation that
one of these planets has as great a disturbing power
as the earth, we can compute how much it will
disturb another planet’s motion in every position ;
and if the disturbing power be altered in any pro-
portion, we know that the disturbance of the other
planet’s motion will be altered in that proportion.
We therefore find by tfrial what must be the pro-
portion to make the calculated place of the disturbed
planet agree most exactly with its observed place ;
and then, having settled to our satisfaction the
measure of the disturbing power of Venus, or Mars,
&c., we can fry in all subsequent observations
whether it makes the computed places agree equally
well. It is found that they do agree perfectly well
- I shall only add to this that the motions of our
moon are sensibly disturbed by the planet Venus.
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An irregularity, which had been discovered by obser-
vation, and had puzzled all astronomers for fifty years,
was explainod about two years ago, by Professor
Hansen, of Gotha, on the theory of gravitation, as
a very curious effect of the attraction of Venus.

We have thus a mass of irresistible evidence to
prove that the attractions of the sun upon the planets
and upon our moon, of the planets upon their satel-
lites, and of the planets one upon another, do follow
the law of gravitation. Bui now comes another
question : how do we know that these attractions
are produced by every particle of matter in each of
these different bodies, as is asserted by the law of
gravitation? To prove this, I must refer you to a
totally dilferent set of computations and observations.
I must meke a comparison of the results of theory
with the facts of observation, in some of the cases
in which it is necessary to consider one body as
attracting separately every particle of another, or {o
consider every particle of one body as separately
attracting another body, or to consider every particle
as separately attracting every particle.

The first subject to which I shall allude, is the pre-
cession of the equinoxes and nutation, which are pro-
duced entirely by the attraction which one body (the
sun or the moon) exerts separately upon every sepa-
rate particle of the earth. Upon these I have already
spoken, (page 175); and there will be no need for me
to detain you further at present, because you will have
been sufficiently aware that there is general conformity
‘between the results which I obtained upon Newton’s
theory and the results obtained by actual observation.
‘With regard to the numerical agreement, I shall make
:;1:19 remarks presently, when I speak of the mass of

moon.



LECTURE VI 241

I will now speak of the ellipticity of the earth ;
and this, it will be found, is a case in which it is
necessary to consider every particle as attracting
ovory particle. First of all, you will remember that
when the hoop, Figure 23, is put in motion round
the vertical spindle, it changes its form. Now in
order to explain this, there is a term commonly used
which I believe I have not in these lectures hitherto
uttered ; the rcason is, that I do not like it; I
allude to the term * centrifugal force.” In order to
explain why this hoop expands horizontally when it
is whirled round the vertical axis, I must recal to
your minds the first law of motion. The first law of
motion as applied to the hoop is this: if the pat @
of the hoop is put in motion horizontally, it would
go on in a horizontal siraight line if it could. No
matter what may be the nature of the force which
puts ¢ in motion, it has no tendency to move in a
circle; and if it were set free, as a stone from a sling,
it would immediately fly off in a straight line. And
by motion in a straight line, it would go further and
further still from the central bar. In order to keep
it at the same distance from the central bar, a
rostraining force is necessary. The term ¢ centri-
fugal force” has been used to express the tendencies
of the various parts of that hoop to acquire greater
distances from the central bar. It is a bad term,
because in reality there is mo force. Perhaps it
would be better to say * centrifugal tendency,” ten-
dency to recede from the centre, which will in all
cases require a force to control it. Now this centri-
fugal tendoncy tends to change the figure of the
earth ; but the consideration of the centrifugal ten-
dency alone is not sufficient to give us the means of
calculating what the form of the earth will be.
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Newton was the first person who made a calcula-
tion of the figure of the earth, on the theory of
gravitation. He took the following supposition as
the only one to which his theory could be applied :
he assumed the earth to be fluid, or at least to be
so far fluid in all parts below the surface that its
form would be the samo as if it were entirely fluid.
This fluid matter he assumed to be equally dense in
every part, so.that it was composed of no heavier
matter at the centre than at tho circumference. For
trias of his theory, he supposed the fluid earth to he
a spheroid ; he then computed the attraction of the
whole spheroid upon every one of its component
particles of fluid ; with this he combined the centri-
fugal tendency ; and then he examined whether, by
giving a proper degree of ellipticity to the assumed
spheroid, the forces computed on this supposition
would be such as would keep the fluid in the
spheroidal form which he had supposed to be the
earth’s form. Now upon the theory of gravitation it
is evident that the attraction of a sphere is not the
same thing as the attraction of a spheroid. It is
necessary to compute what the attraction of this
spheroid is, before we can enter into the effect of its
combination with the centrifugal tendency. This is
the result: suppose that $he spheroid A, Figure 61,
is not revolving at all ; still even in that case the
attraction of the spheroid upon a body at the part A
of the earth is groater than the attraction upon a
body at tho part B of the earth. DBut besides this,
avhen we suppose the earth to revolve round the axis
Aa, there is the centrifugal tendency of which I have
spoken, which does not affect; the body at the part A
of the carth in the axis of rotation, but which affects
the body at B at a great distance from the axis of
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rotation. 'We have to conmsider then that at the
Poles of the earth there is an attraction which may

F1a. 61.

be computed when we assumc that the earth is in
the form of a spheroid ; and at the equator there is
ant attraction which may also be computed, and is
found to be smaller than that at the TPole, and
which is still further diminished hy the centrifugal
tendency.

Thus the whole effective attraction at the Pole is
seusibly greater than the whole effective attraction
at the equator. This is not unfrequently expressed
by saying that “a hody weighs more at the Pole
thian at the equator.” And this statement is corroct,
it it be received with the proper caution. If we
earried o pair of scales with proper weights from the
Pole to the equator, the same woights which balanced
a stone at the Pole would balance it at the equator,
because the effect of gravity on both is altered in the
sxme degree. But if wo carried a spring-halance
from the Pole to the equator, the spring would be
more bent by the weight of the same stonc at the
Pole than at the equator. There is also another

R 2
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effect, to which I shall shortly allude, that a stone
would fall further in one second at the Pole than at
the equator.

Having computed the cffective attractions at the
Pole and at the equator, we must now examine what
is the consideration to be applied in order to discover
whether, with a certain supposition of cllipticity of
the earth, this homogencous fluid will be in equili-
brium. The way in which Sir Isaac Newton pro-
ceeded is the same as that adopted by every other
person who treats of the theory of fluids. You may
conceive a cylindrical tube AR, open at both ends,
to be put down from the Pole to the centre. Sup-
pose you put down a similar pipe BDE from the
equator to the centre ; and suppose that they com-
municate at the centre E—these imaginary pipes will
not at all disturb the state of rest of the fluid, if it
be at rest—by means of each of these pipes we shall
ascertain the stute of pressure of the fluid at the
centre E. Dy the “state of pressure” I mean the
measure of that compression of the fluid at X, which
would enable it to burst any shell that enclosed it at
E, if there were no opposing pressure on the outside
of the shell; and this measure is to be understood as
expressed by so many pounds per square inch ; just
as we measure the pressure of water in the cylinder
of a Bramah's press, by so many pounds per square
inch, meaning by that, the pressure on every square
inch of its case, tendmg to burst it.

Now in order to find the pressure produced by the
fluid in the column AR, it is not sufficient to know
the length of that column, but we must also know
the attraction which acts on every part of it. Im
ordinary cases we speak of the.pressure of “a head
of water,” and we measure it by the depth of the
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water, and that measure is accurate, because gravity
acts equally on all the water in such depths as we
have to treat of in ordinary cases ; but if there were
any part of the water on which gravity did not act
at all, that part would add nothing to the pressure ;
or if there were any part on which gravity acted with
only half its usual foree, that part would contribute
only half its proportion to the pressure. We must
therefore ascertain, not only the lengths of different
parts of the columns of fluid AE and BE, but also
the proportions of the attractions acting on those
different parts.

Now we have just seen that the attraction, as
diminished by the centrifugal tendency, is less at
B than at A; and I may now state as a result
of mathematical investigation, that the attraction
diminished by the centrifugal tendency is less at the
middle of EB than at the middle of EA, and so at
every corresponding part of their lengths. Therefore
when we estimate the pressure produced by the fluid
in the column AE, we have to consider that there is
a short column of flunl, of which every part is pulled
downwards hy a large attraction; and for the column
BE, we have to consider that there is a longer
column of fluid, of which every part is pulled down-
wards by a smaller attraction. And therefore gon
the principles which I have just explained in refer-
ence to a head of water) by choosing a proper ellip-
ticity for the spheroid, or in other words, choosing a
proper proportion of length of the columns AE and
BE, the pressures per square inch which these
columns produce at the centre E may be made
exactly equal.

And now comes into account the fundamental
property of fluids, namely, the equality of pressure
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in all directions. When the fluid is in a state of
rest, the pressure per square inch at E must be the
same, whether it is estimated by the pressure which
it exerts in sustaining the column EA, or Ly the
pressure which it exerts in sustaining the column
EB. This is the fundamental property of fluids,
upon which (as a matter of science) 1 shall not speak
at greater length ; I shall merely remind those who
have to do with steam boilers, or Bramah’s presses,
or other engines in which fluids are in a state of
violent compression, that there is equal tendency to
burst upwards, downwards, or sideways, Therefore
when we have gone through the investigation, taking
into account what is the attraction of the spheroid
on overy part of the fluid in cach column, what is the
amount of the centrifugal tendency in each part of
the column in EB, and what is the length of cach of
the pipes, on an assumed ellipticity of the carth; and
when we have thus found, by considering each pipe
separately, the pressure at X where the two pipes
join, we must have the two pressures equal. And if
the ellipticity which we have assumed for the carth
will not make these two pressures equal, we shall
know that is a wrong ellipticity, and we must try
another, till we find one which will make the pres-
sures equal. If we use a proper algebraical process,
we can diminish the trouble of this so far as to
reduce it all to a single trial ; but still the principle
of the process is exactly the same. And when we
have found ono ellipticity which does make the
pressures equal, we are sure that we have got the
right ellipticity for the earth ; still limited, however,
by our original supposition, that the earth is & fluid
of equal density in every part, and is not more dense
at the centre than near the surface; and if that
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original supposition be wrong, our conclusion will be
wrong. )

It was in this manner, assuming the carth to be a
fluid no more dense at the centre than near the sur-
face, and proceeding in every way as I have described,
that Sir Isaae Newton inferred that the form of the
earth would be a spheroid, in which the length of
the shorter diameter or axis on which it turns, is to
tho length of the longer or equatoreal diameter, in
the proportion of 229 to 230. And this, perhaps,
may Do considered as one of the most wonderful
investigations in modern science.

‘With this proportion, as you will have percoived,
is intimately connected the proportion of gravity at
A and B, that is to say, of the attraction at A to the
attraction dimivished by centrifugal tendency at B.
You must accept it as a result of mathematical in-
vestigation, of which T can give you no further
explanation at present, that if you compare a point #
in the line EA, with a point g in the line EB, such
that 1f : EA :: By : EU, you then find the whole
effective force at f, to bear the same proportion to
the whole effective force ab g, which that at A bears
to that at B.  You must also remember what I have
said about the pressure at E depending not only on
the length of the pressing column of fluid, but also
on the cffective force upon each part of it. Then you
will casily see that the cffective force or gravity at B,
must be to the gravity at A, in the proportion of 229
to 230. Al this depends on the supposition that
the fluid is of equal density throughout.

The next point is, how can we verify this by
observation? How can we find whether a body
appears heavier upon one part of the earth than
upon another? I have already said, that it will not
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do to tzke a pair of scales and weigh the body with
weights. The next suggestion is to weigh it with a
spring-balance. It is not beyond possibility that
a spring-bolance might be made which would bf
sufficiently delicate for this purpose. The principal
difficulty perhaps would be experienced in over-
coming the effects of change of temperature in alter-
ing the elasticity of the spring : but if this could be
done, and if the spring-balance otherwise could be
constructed with very great delicacy, the gravity at
different parts of the earth could be compared. Dut
the method which actually is used for this purpose,
is one depending on the effect of gravity in produ-
cing motion. Theoretically, this effect of gravity may
be measured by observing how far a stone falls in
one second ; but practically it is more accurately
ascertained by the use of a pendulum. This is sus-
ceptible of very great accuracy indeed. _
e pendulum is made of metal ; it turns with a
hard steel prism, having a very fine edge, upon hard
plates of agate, or some very hard stone. It swings
like the pendulum of a clock. But you must observe
that a clock pendulum will not do for this purpose,
because there are other forces besides gravity acting
on the pendulum, that is to say, the clock weights
acting through the train of the clock wheels. It is
necessary to have a detached pendulum. Now I wish
to know how many vibrations that pendulum would
make in a day. It is troublesome to find it out.
Possibly the pendulum will not swing for a whole

day.

{n the experiments made in an expedition directed
by the Spanish Government, & man was stationed on
each side of the pendulum, to count 60 vibrations at
a time ; and they continued to count the vibrations
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as long as the pendulum continued sensibly in motion.
‘When they had got through a great number of 60’s,
they observed tho time which a clock showed. It
was a very tedious method indeed.

In every other instance in modern times, the vibra-
tions of the detached pendulum have been compared
with the vibrations of a clock pendulum. The mode
adopted in the English and French expeditions was
this: a detached pendulum is placed in front of a
clock ; a person is watching with a telescope ; he
watches when the two pendulums are going the same
way ; he remarks whether the vibrations of the de-
tached pendulum recur quicker or slower than those
«f the clock pendulum; he secs that the vibrations
separate more and more, till the two pendulums
actually move in opposite ways; after this, they hegin
to move more nearly in the same way, and at length
move cxactly in the smne way ; perhaps the number
of vibrations clapsed between these two agrecments
of motion may be 500. If you can determinc the
time when the two pendulums swing the same way,
you find how long it is hefore one pendulum gains
two vibrations upon the other. Then the calculation
is this : suppose that the detached pendulum is going
slower than the clock pendulum ; and suppose that
71 minutes elapse between two agrecments of motion
of the pendulum ; then this shows that while the
clock has gone 7} minutes, or while its pendulum
has made 450 vibrations, the detached pendulum has
made only 448 vibrations. Now, the clock is going
day and night, and by means of observation with the
transit instrument, you can find how many hours,
minutes, and seconds, the clock hands pass over in
one day, or how many vibrations the clock pendulum
makes in one day. Then, as the detached pendulum
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makes 448 vibrations for every 450 made by the clock
pendulum, you find at once how many vibrations the
detached pendulum makes in 24 hours.

Some corrections for the effect of temperature in
altering the length of the pendulum, and for other
circumstances, are necessary ; but I cannot enter upon
the details of these at present. The method which I
have described is exccedingly delicate. There is no
difficulty in ascertaining by it, the number of vibra-
tions which the detached pendulum will make in a
day, with no greater error than one-tenth of a vibra-
tion, or with an error not exceeding one eight-hundred-
thousandth part of the whole.

This same pendulum is then carried to different
parts of the carth, and is observed at every place in
the same manner and with the same accuracy. The
most importunt of our modern expeditions were those
conducted by Colonel Subine and Captain Foster,
Each of these officers was entrusted by the (iovern-
ment with a ship, for the purpose of going to different
parts of the earth, in order to observe the same pen-
dulums at difforent places. Colonel Sabine went as
far as a point in Spitzbergen, near the Pole; and
both officers went to many places near the equator ;
to the West India Islands, to South America, and to
South Africa. In this manner it was found that the
number of vibgations which a pendulum makes per
diem is not the same in different parts of the carth.
‘When near the Pole, the pendulum makes about 240
vibrations in a day more than when near the equator.
It is easily seon that this is a consequence of the force
of gravity being greater there. If gravity be very-
small indeed, the motion of the pendulum will bo
exceedingly sluggish. The greater is the force of
gravity which acts upon a pendulum when out of its
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central position, the more brigkly it pulls the pen-
dulum down towards its central position, and the
shorter time is occupied by every vibration, and the
greater is the number of vibrations made in one day.
Thus we have the means of measuring the gravity at
different parts of the earth.

Now, the pructical inference from the experiments
is this : the proportion of the force of gravity at the
Pole to the force of gravity (that is, attraction dimin-
ished by the centrifugal tendency) at the equator, is
not as 230 to 229, as Newton stated, but is very
nearly the proportion of 180 to 179. Now, here wo
have a remarkable departure from Newtlon’s results.
He proved that, if the carth were of equal density
thioughout, the propurtion of the two axes would be
as 229 to 230 ; and the proportion of gravity at the
Pole and the equator would be as 230 to 229. We
find, from trigonometrical surveys, and ohservations
with the Zenith Scetor, as you may remember, that
the proportion of the carth’s axis is as 299 to 300 ;
and we have now found, from experiments with the
pendulwmn, that the proportion of gravity at the Pole
to gravity at the equator, is as 180 to 179, This
shows that Newton was wrong.

The question then is, in what was he wrong?
Now, it must be remarked, that Newton’s caleulation
was founded entirely on the supposition that the earth
is of equal density throughout. When we consider
the malter, it is very unlikoly that, if the interior of
the eurth is fluid, its density is equal in every part.
Accordingly, in the last century, investigations were
made, supposing the carth to be of different densities
in different parts, and specially that the density in-
creases as we approach nearer to the centre. The
principal investigation (to which, in fact, nothing
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important has been added in later times) was made
an eminent French mathematician, named Clairaut.

6 supposition on which he went (and which is really
the only kind of supposition to be made af all in this
investigation) was, that the earth consists of strata of
different densities, but that each stratum is in some
degree clliptical ; the ellipticity of one stratum being
different from that of another; and the investigations
leave these ellipticities to be determined by conside-
rations connectod with the equilibrium of fluids.

For instance, in Figure 62, setting aside the water
and floating matter on the top ; suppose that F is the
region of lava, if you please, that G is the region of
melted iron, and that H is the region of melted pla-
tinnm. Suppose you conccive one tube to be drawn
from the Pole, and anothér from the equator, meeting
at E; you make this a condition, that when you have
investigated properly the gravity, (arising from the
attraction of every particle of the spheroid upon any
one particle, and modified by the centrifugal tendency
from the axis Aa,) acting on the different suhstances
at the different parts of these tubes, and when you
have found the pressure of the fluids in the various
tubes, by taking into account these several circum-
stances—the gravitation, with the centrifugal tenden-
cies, the lengths of the different portions of the pipes,
and the density of the fluid in each of those portions
of the pipes on which the forces are acting ; when
you have taken these into consideration, you find the
pressure of the fluid at the place E where the two
pipes meet ; then, by the principle of the equality of
the pressures of fluids in all directions, you must have
the two pressures at E equal, or the finid will not be
in a state of rest. Suppose then, that we have as-
sumed such a degree of ellipticity for the external
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surface of the earth, and such ellipticities for the dif-
ferent strata, that this condition of equality of pressure
at E is satisfied ; still we have not done all that is
necessary. It is necessary that, if we suppose two or
more tubes of any shape whatover, drawn from any
points of the surface to any point of the fluid, as for
instance the point K, or the point L, in Figure 62,
the pressures at K produced by the fluids in the dif-
ferent tubes abutting at X shall be equal ; and simi-
larly, that the pressures at L produced by the fluids
in the different tubes abutting at L shall be cqual
These considerations nake the problem rather
complicated. Ilowever, it can be completely solved,
whatever be the succession of densities of the different
strata ; and the result is this. According to the law
of density of the successive strata, the law of the
ellipticities of tho successive strats would be different,
and the amount of the ellipticity of the earth’s surface
would be different.  Except you know what is the
structure of the interior, you cannot say what the
ellipticity of the earth will be; but whatever that law
of internal structure may be, you can say that there is
a cerfain relation between the ellipticity of the earth
and the degree of alteration of gravity from the Poles
1o the equator. Suppose you take a vulgar fraction
to express the proportion of the whole diameter by
which the earth is flattencd at the Poles, and suppose
you take another vulgar fraction to express the pro-
portion of the whole gravity by which the gravity is
diminished as you go from the Poles to tho equator ;
if you add the two fractions together, whatever be
the succession of densities of Jho different fluid strata
of the earth, the sum of those two fractions will
be s This particular value ;; depends upon the ve-
locity of the earth’s rotation: if the earth revolved in
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a longer or shorter time than 24 hours of sidercal
time, the sum must be a different quantity.

‘We are enabled thus by the pendulum experiments,
which give us the law of change of gravity, to infer
what is the ellipticity of the earth, provided the law
of gravitation be true, (for that has been the basis of
the whole investigation). When, by means of the
pendulum, we have got the variation of the law of
gravity, we have only to express it by a fraction, and
to subtract that fraction from X, and we get another
fraction which expresses the compression of the earth,
or the difference between the two axes divided by one
of them. And if the compressicn or ellipticity of the
carth which we find by this process (depending en-
tirely on the law of gravitation) agrees with that
which we find from trigonometrical surveys and the
use of the Zenith Sector, (in which the law of gravi-
tation is not concerned at all,) this will be a strong
proof of the correctness of the law of gravitation:
Now, the proportion of gravity at the Poles and the
equator is found to be about 180 : 179, so that the
diminution of gmvﬂ:) in going from the Poles to the
equator m about ; part. And if we subtract the
fraction 3, from the fraction ;, the remainder scarcely
ditfers from 3, showing that according to this theory
the ellipticity of the carth ought to be g, or the propor-
tion of the earth’s diameters ought to be as 300 : 299.
And this is exactly the same proportion which has
been found from triangulation surveys and Zenith
Sector, as described to you in a former lecture. This,
therefore, is a very remarkable proof of the correctness
of the theory of gravitation, when applied with proper
attention fo all the circumstances.

There is another very curious method of deter-
mining the ellipticity of the carth, which also depends
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upon the theory of gravitation. I have said that the
attraction of a spheroid upon any external hody is not
the same as the attraction of a sphere ; and therefore
the attraction of the earth upon the moon is not the
same a8 if the earth was a sphere. There is therefore
a small irregularity in the motions of the moon
depending on the earth’s ellipticity ; and it is very
remarkable that, whatever be the succession of densi-
ties of the strata of the earth, this irregularity is found
upon the theory of gravitation to depend upon nothing
but the ellipticity of the carth’s surface. And there-
fore, if we observe the moon’s motions so carcfully as
to discover the amount of this irregularity, and if we
mahe the proper caleulation from it, we can find the
cllipticity of the earth. Tho ellipticity thus deter-
mined agrees well with that found from the surveys :
and thus another proof is given of the correctness of
the theory of gravitation. 1t may not be amiss to
state here that the motions of Jupiter's Satellites are
much disturbed by the cllipticity of Jupiter's body.
There is another inference from these theoretical
investigations of the figure of the earth, which it is
proper to montion. Though we do not know what
the law of the earth’s internal structure is, yet we can
assume some law of densities of successive strata grad-
ually changing from the surface to the centre which
shall give a value for the earth’s ellipticity agreeing
with the results which I have mentioned : and from
this law we can find what the mean density of the
earth is. The inference was thus made by Clairaut
and his successors, that the mecan or average density
of the earth is about twice as great as at the surface,
and that in some parts at and near to the centre, the
density must boe considerably greater than that mean
density. Remarking that the mean density of the
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earths and rocks at the earth’s surface, taking one
with another, is about twice and § that of water, it
was inferred that the mean density of the earth is
more than five times the density of water. After
this, another experiment was made, applying to the
determination of the eaxth’s mean density.

T have mentioned the liberality of George the Third
in supplying funds for the observation of tho transit
of Venus. The same monarch (as I believe) supplied
the funds for another experiment of great importance;
it was the Schehallien experiment. Probably some
of my auditors who have travelled in the highlands
of Scotland, have secn the Schehallien Mountain ;
it may be observed from the banks of Loch Tay. If
you go from Killin to Taymouth, it is on the left
hand. Now this mountain was selected for observa-
tions of a very remarkable kind. It was argued that
if the theory of gravitation were true, (that is to say,
if attraction were produced not by a tendency to the
centre of the carth, or to any special point, but to
overy particle of the carth’s structure,) then by the
fundamental law of gravitation, the attractibn of a
mountain would be a sensible thing; for a mountain
is a part of the earth, with this difference only, that
though the mountain is small in comparison with the
earth, yet you get so close to the mountain, that its
effect may be very sensible as compared with the
effect produced by the rest of the earth. Some parts
of the earth are 8,000 miles from us, and their atirac-
tion will be comparatively small. It was therefore
thought worth while to ascertain whether the attrac-
tion of a mountain would be sensibly felt ; and the
Schehallien ' observations were a noble experiment
towards the attainment of that result.

The Schehallien Mountain ranges east and west; it
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was possible to make astronomical observations on
the north and south sides; and it was also possible
to connect the two places of obaservation by triangu-
lation. Supposing Figure 63 to represent a section

T1a. 63.

of the mountain north and south, N the northern, §
tho southern observing station. Observations were
made at N and 8 upon stars with the Zenith Sector;
the same instrument of which we have spoken so
froquently, in refercnce to the determination of the
elements of the earth’s figure. Dy the use of the
Zenith Sector, the difference of the directions of
gravity at these two stations was found, exactly in
the sume manner as the difference of the directions
of gravity in two stations of a meridional survey,
i 18.

The dircction of gravity at each station, you will
observe, is the result of the gravity of the whole earth
(as considered for a moment independently of the
mountain), combined with the attraction of the
mountain. And this is the consequerice ;: supposing
that at N, if there were no mountain, the direction
of gravity would be NE; then introducing the,

8
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supposition of the mountain, the attraction of the
mountain would pull the plumb-line side ways
towards the centre of the mountain, and the direc-
tion of the gravity would be Ne. And in like
manner, supposing that if there were no mountain,
the direction of the gravity at 8 would be S¥; then,
introducing the mountain, the effect of its attraction
is to pull the plumb-line towards the contre of the
mountain, and the direction of gravity would be S f.
Obscrve, then, the effect of the mountain; at N
the direction of gravity is Ne instead of NE, and at
8, the direction of gravity is 8 f instead of SF ; that
is to say, the two directions which are taken by the
plumb-line of the Zenith Sector, make a greater angle
than they would if the mountain were not there.
Now, then, we come to the thing which we have
to try. 'We know the general dimensions of the
earth ; we know what the inclination of the plumb-
line at N and 8 would be if there were no mountain .
in the case. We know that this is a general rule :
if we step 100 feet (noarly) forward, the direction of
the plumb-line changes one second. If, then, we can
find the distance from our observing station at N to
that at S, then we can tell from that distance how
much the directions of the plumb-line at N and S
would be inclined if there were no mountain ; and
we can compare that inclination with the inclination
observed by means of the Zenith Sector.
Accordingly, the observations were made in exactly
the same manner as the observations made for deter-
mining the figure of the earth. The Zenith Sector
was carried to N, and certain stars were observed ;
the Zenith Sector was .then carried to S, and the
same stars were observed at that place. By means of
these observations of the stars, the actual inclinations
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of the plumb-line at the two places were found. The
next thing done was to carry a survey by triangu-
lation across the mountain. This was done in the
most careful way in which the best surveyors of the
time could accomplish the task. The result was,
that the distance between the stations was found
such that, supposing that there was no mountain in
the case, the inclination of the two plumb-lines
ought to be 41 seconds. It was found practically from
the obscrvations by the Zenith Sector, that the incli-
nation of the two plumb-lines actually was 53 seconds.
The difference between the two was the effect of
the mountain. The mountain had pulled the plumb-
line at one station in one direction, and at the other
rlation in the opposite direction, to such a degree,
that instead of the two plumb-lines making an angle
of 41 scconds, they made an angle of 53 seconds; or,
in other words, that the sum of the effects of the two
attractions of the mountain, on opposite sldes, was 12
seconds,
The next thing was, to draw from this ohservntlon
a determination of the mean density of the earth.
* The general form of the process was this: the moun-
tain was surveyed, mapped, levelled, and measured,
in every way, so completely, that a model of it might
have been made ; it was then (for the sake of calcu-
lation) conceived to be divided into prisms of various
forms : the attraction of every one of these was com-
puted, on the supposition that the mountain had the
same density as the moan density of the earth; and
by means of this, the attraction of the whole
mountain was found on the same supposition.
Thus it was found, that if the density of the
- mountain had been the same as the mean density of
the earth, the sum of the effects of the attractions of,

8 2
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the mountain at N and S would have been about
wu part of gravity. But the obgerved sum of eftects
was 12 seconds, which corresponds to 1y part of
gravity. Tence the density of the mountain is only
about } of the earth’s mean density; or the carth’s
mean denslty is nearly double of the mountain’s
density. The nature of the rocks composing the
mountain was carefully examined, and their density
as compared with that of water was ascertained ; amd
thus the mean density of the earth was found to be
something less than five tines the density of water :
a result agreeing nearly with that found from the
assumption of the law of density of the earth’s strata,
connecled with the observed variation of gravity,
and observed ellipticity.

This was the nature of tho celebrated Schehallien
experiment, which was so extremely creditable to the
parties by whom it was promoted and undcltakun,
and so important in its results,

After this another set of experiments was made;
first by Mr. Hemry Cavendish, a rich man, much
attached to science, and who made many important
contributions to chemistry, and other branches of
natural philosophy (from whom the experimont of
which I am speaking received the name of the
Cavendish Experiment) ; afterwards by a Dr. Reich;
and finally, in a very much more complete way, by
Mr. Francis Baily, as the active member of a com-
mittee of the Astronomical Society of London, to
whom funds were supplied by the Dritish Govern-
ment. It is an experiment of a different kind—a
sort of domestic experiment—one of those experi-
ments which can be made in your own observing
rooms at home, and which are, in many respects,
preferable to those made on the hill sides of Scotland.
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The shape in which the apparatus is represented
in Figurc 64, is that in which it was used by Mr.
Baily. There are two small balls A,B, (gencrally

Fia. 64,

about two inches in diameter,) carried on a rod ACB,
suspended by a single wire DE, or by two wires at
a small distance fron: cach other. By mecans of a
telescope, the positions of these halls were observed
from a distance. It was of the utmost consequence
that the observer should not go near, not only to
prevent his shaking the apparatus, but also because
the warmth of the body would create currents of air
that would disturb overything very much, even
though the balls were enclosed in double boxes,
lined with gilt paper, to prevent as much as possible
the influence of such currents. When the position
of the small balls had been observed, large balls of
lead F,G, about twelve inches in diameter, which
moved upon a turning frame, were brought ncar to
them ; but still they were separated from each other
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by half-a-dozen thicknesses of deal boxes, so that no
effect could be produced except by the attraction of
the large balls. Observations were then made to sce
how much these smaller balls were attracted out of
their places by tho large ones. By another move-
ment of the turning frame, the larger balls could be
brought to the position HK. In every case, the
motion of the small balls produced by the attraction
of the larger ones, was undeniably apparent. The
small balls were always put into a state of vibration
by this attraction ; then Ly observing the extreme
distances to which they swing both ways, and taking
the middle place between those extreme distances,
we find the place at which the attraction of the large
balls would lold them steady.

Suppose, now, the attraction of the large balls was
found to pull the small balls an inch away from their
former place of rest: then comes the question—what
amount of dead pull does that show? The steps by
which this is computed are curious.

First I must tell you that it has long been known
(from experiment), that when a rod carrying balls
is suspended in this manner by a wire, the space
through which the balls will be pulled sideways is
exactly in proportion to the force which pulls them
sideways. In this respect, the law of forces acting
on the suspended rod, is exactly similar to the law
of forces acting sideways on a pendulum vibrating in
a moderately small are, for the motion of a pendulum
is thus produced. If the pressure caused by the
weight of the pendulum-bob, which acts verhcally,
is resolved into two parts, of which one part is in the
direction of the pendulum rod, and the other acts
sideways upon the pendulum, the former does mnot
affect the movement of the pendulum at all, and the
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latter, which produces the movement, is proportional
to the distance of the pendulum from its place of
rest, and therefore is similar in its law to the law of
the force of twist of the suspending wire by which a
rod with balls is supported (which force of twist is
the same thing as the force which pulls the balls
aside, becauso it exactly resists that force). More-
over, the force which acts sideways on the pendulum-
bob, is in the same proportion to the whole weight
of the bob, as the displacement sideways is to the
Iength of the pendulum. Now the length of a pen-
dulum which vibrates in a sccond, is 39:139 inches ;
and for such a pendulum, if it is pulled one inch
sideways, the dead pull sideways (as I have just exe
plained) will be 5}y part of its weight : and thus
wo know that, for any balls or other things which
vibrate in one second, the dead pull sideways corre-
sponding to an inch of displacement is by part of
their weight,

Then it is known as a general theorem regarding
vibrations, that to make the vibrations twice as slow,
we must have forces (for the same distances of dis-
placement) four times as small ; and so in proportion
to the inverse square of the times of vibration. Thus
if balls or anything else vibrate once in ten seconds,
the dead pull sideways corresponding to an inch of
displacement is y;by, of their weight. So that, in fact,
all that we now want for our calculation, is the time
of vibration of the suspended balls. This is very
easily observed ; and then on the principles already
explained, there is no difficulty in computing the
dead pull sideways corresponding t6 a sideways dis-
placement of one inch; and then (by altering this in
the proportion of the observed displacement, what-
ever it may be) the sideways dead pull or attraction
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corresponding to any observed displacement is readily
found. The delicacy of this method of observing
and computing the attraction of the large balls may
be judged from this circumstance : thatethe whole
attraction amounted to only about g5k part of the
weight of the small balls, and that the uncertainty in
the measure of this very small quantity did not
amount probably to § or ; of the whole.

Then the next step was this: knowing the size of
the large balls and their distances-from the small
balls in the experiment, and knowing also the size of
the earth, and the distance of the small halls from
the centre of the earth, we can calculate what would
Je tho proportion of the attraction of the large balls
on the small balls to the attraction of the.earth on
thesmall balls (that is the weight of the small balls),
if the leaden balls had the same density as the mean
density of the carth. It was found that this would
produce a smaller attraction than that computed from
the observations. Consequently, the mean density
of the earth is less than the density of lcad in the
same proportion ; and thus the mean density of the
earth is found to be 5:67 times the density of water.

The near agreement of this result with that found
from the Schehallien experiment, and that found
from the theory of the figure of the earth, (taking the
obscrved ellipticity of the earth in combination with
such a law of density as would produce that ellip-
ticity,) shows, beyond doubt, that the same law, of
gravitation which regulates the attraction of the sun
upon the planets, and the attraction of the earth upon
the moon, does also apply to the attraction of a leaden
ball upon another ball within a foot of it. In regard
to the slight difference of results, it is probable that
the result of the Cavendish experiment is the more
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accurate of the two, simply becanse there is always
some uncertainty upon the constitution of the rocks
and mineral veins forming the interior of such a
mountain as Schehallien.*

I have gone into this subject, “the evidence for
the theory of gravitation,” at some length. First,
because the law of gravitation is the most extensive
in its application of all known laws; for we are
certain that it applies to every body, and to every
portion of a hody, irr the Solar System, and we have
strong reason to believe that it applies to thé mutual

_action of those stars which are obscrved to revolve in
binary systems, the two stars revolving each round
tho other.  Sccondly, because the explanation of the
tiiethods of calculating its cffects, in several instances
of varied character, leads us to the consideration of
several very interesting principles and applications of
them. And thindly, becanse the assmmuption of this
law is necessary for the estimation of the weight of
the bodies of the Solar Systen, the part of my subject
to which T now proceed.

[ must first allude to the weight of the earth,
bocause the weights of all other bodies of the Solar
System are necessarily referred to it as a standand.
Taking the dimensions of the carth as 1 have stated
them before, the number of cubic miles in the carth
is about 259,800,000,000 ; each cubic mile contains
147,200,000,000 cubic feet ; and each cubic foot,
upon the average, weighs 5°67 times as much as a
cubie foot of water, or 354 Ibs. 6 oz avoirdupois, I
will leave the combination of these numbers to you,

¢ Another determination of the mean density of the carth
has been made by the Astronomer Royal since these lectures
were delivered. A short account of it is given in Appendix III,
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and will only remark at present, that I have shown
you how the first step is made in referring the weights
of the bodies of the Solar System, to the pound
weight avoirdupois.

Next, I shall proceed with the estimation of the
weight of the sun as compared with the weight of the
earth. And this I shall do by comparing the attrac-
tion produced by the sun with the attraction produced
by the earth at the same distance. And here is in-
volved an important principle, ndmely, that theweight
of a body is proportional to the attraction which it
exerts. In order fo explain this, it is necessary to
remark that every calculation of perturbation in the
Solar System requires us to suppose, that the attrac-
tion of one body A upon another body B is not a
mysterious influence by which the presence of A
causes a movement in B, without any reciprocal in-
fluence upon A, but is a real mechanical action which
exerts cqual strains upon both, just as if they were
connected by a contracting spring. Thus, every strain
which a large body A produces upon a small body B,
is accompanied by an equal strain, produced by the
small body B upon the large body A ; and ‘hoth A
and B will be disturbed ; but A will not be disturbed
so much as B, because its mass is greater. In the
computations of perturbations, for instance the per-
turbations of Saturn by Jupiter, it is necossary to
consider that Jupiter attracts the sun according to the
same law, (as regards the motion produced in it,) by
which it attracts Saturn ; else the computed disturb-
ance of Saturn would not at all answer to the.observed
disturbance. If, then, the sun attracts Jupiter and
a comet (when at equal distances from the sun) so as
to produce the same motion in them, this shows that
the mechanical pull upon Jupiter is greater than the
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mechanical pull upon the comet in the same propor-
tion in which the 1nass of Jupiter is greater than the
mass of the comet; and therefore, (considering the
reciprocal mechanical actions upon the sun as equal
to the mechauical actions of the sun upon them,)
Jupiter’s pull upon the sun is greater than the comet's
pull upon the sun in the same proportion as their
masses ; and the movements which they produce are
in the same ratio. I may add, that the same principle
is involved in every investigation relating to the
figuro of the earth. Assuming this principle then, I
shall procecd to compare the attractions which the
sun and the earth would exert upon a body at cqual
distances from them.

In former computations in this lecture, I found
that in Figure 56, the earth draws the moon through
10-963 miles in one hour, the moon being at the dis-
tance of 238,800 miles from the earth; and in Figure
67, that the sun draws the earth through 24-402
miles in one hour, the earth being at the distance of
95,000,000 wiles fron the sun. In order to make
these attractions comparable, we must reduce them
both to the same distance ; and we shall therefore
first say, if the earth draws the moon through 10-063
miles in an hour when at the distance of 238,800
miles, how far would it draw the moon in an hour if
it were at the distance of 95,000,000 miles? Dimin-
ishing 10°963 in the proportion of the inverse squares
of the distances, we find that the earth would draw
the moon through 0:00006927 mile or 4:389 inches
in an hour, if' it were at the distance of 95,000,000
miles. Comparing this with 24-402 miles through
which the sun draws the earth or moon when at the
same distance, we find that the sun’s attraction is
352,280 times as great as the earth’s, and therefare,
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that the sun's mass is 352,280 times as great as the
earth’s. You can, if you please, combine this with
the numbers which I gave before, to express the
weight of the sun in pounds.

The angular diameter of the sun, a8 viewed from
the earth, is 32 minutes of a degrce. Computing
from this the sun's diameter, we find that the sun’s
bulk is 1,400,070 times as great as the carth’s bulk.
Therefore the sun’s mean density is only ahout } of
the earth’s mean density, or about 1+4 times the den-
sity of water.

The principle which has been used above for com-
paring the mass of the earth with that of the sun, is
used without the smallest alteration for comparing the
mass of Jupiter, Saturn, Uranus, or Neptune, with
that of the sun ; and in all cases where the satellites
can be easily observed, it can be applied with very
great accuracy. For those planets which have no
satellites there is considerable uncertainty. The only
way in which thoy are determined is by the pertur-
bation of other plancts. For instanee, we see that in
certain positions, the earth is disturbed by Mars a fow
seconds, say six or eight. 'We compute what would
he the amount of perturbations if the planct Mars
were as big, or half as big, as the earth, and we alter
the supposition till we find a mass which will produce
perturbations equal to those which we observe. Thus
we go through a process which is one of trial and
error. In this manner the masses of Mars and Venus
are determined. That of Mars is mnot very certain ;
that of Venus is more certain ; both because it pro-
duces larger perturbations of the earth, and because
its attraction tends to produce a continual change in
the plane of the ecliptic, which in many years amounts
to a very sensible quantity. The mass of Mcrcury is
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still very uncertain ; lately attempts have been made
to deduce it from the perturbations which Mercury
produces in the motion of one of the comets.

There is, however, one mass which is more impor-
tant than the others, and that is the mass of the moon.
Thero are several methods by which the mass of the
moon is determined.  In speaking of the precession
ol the equinoxes and nutation, I pointed out that
lunar ‘nutation is, in fact, an inequality of lunar pre-
cession, conmected with it by a certain proportion
which is known from the theorctical investigation.
Therefore, as wo can observe the amount of lunar
nutation, we can, by taking that proportion back-
wards, compute the annual amount of lunar preces-
sion ; and we can observe the whole annual precession
produced by both the sun and the moon ; and, sub-
tracting the lunar part, there remains the part dwe to
the sun.  Thus we have got the proportion of lunar
precession to solar precession. Now, you may re-
member, that on a former occasion, I went through
the steps of a ealculation, showing how, if we assumed
the proportion of the meon’s mass to the sun’s mass,
we might find the proportion of the lunar precession
to the solar precession. DBy going backward through
the same steps, knowing the proportion of lunar pre-
cession to solar precession, we may find the proportion
of the moon’s mass to the sun’s mass.

Thore is a second method by which the mass of the
moon may be obtained, from the proportion which its
effect (depending upon the difference of its attractions
upon different parts of the earth) bears to the sun’s
effect (depending upon a similar difference); and that
is, by comparing the tides at different times. Lvery-
body knows that the tides follow the moon generally
but not entirely. They do not follow the time of the
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moon’s meridian passage by the same interval at all
times; and they are much larger shortly after new
moon and full moon than at other times. From a
careful examination of all the phenomena of tides, it
appears that they may be most accurately represented
by the combination of two independent tides, the
larger produced by the moon, and the smaller pro-
duced by the sun; that at spring-tides these twq tides
are added together, and make a very large tide; but
that at neap-tides the high water produced by the
sun is combined with the low water produced by the
moon, and the low water produced by the sun is com-
bined with the high water produced by the moon,
and thus a small tide is produced.

By comparing the spring-tides with the neap-tides,
we can find the proportion of the effect produced by
the moon to that produced by the sun. Now, the
tides are produced, not by the whole attraction of the
moon and the sun upon the water, but by the differ-
ence between their attraction upon the water and their
attraction upon the mass of the earth, by which differ-
ence the moon (and similarly the sun) attracts the
water nearest to it from the earth, and attracts the
earth from the water which is farthest from the moon.

Still these forces undergo some very peculiar modi-
fications in their actions which produce the lunar and
solar tides, which in many cases alter them in pro-
portions slightly different. Thus their tidal effects
are nearly but not exactly in the proportion of their
difference of attractions, of which I have spoken; but
with proper investigation it is possible to find, from
their tidal effects, the proportion of their differences
of attraction. And when this is found, we have ob-
tained a proportion of differences of attraction which
are exactly the same as the differences of attraction
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concerned in producing precession (of which I have
already spoken); and, from knowing this proportion,
and knowing the distances of the sun and moon, we
can, in the same way, find the proportions of the
masses of the sun and moon.

The third method is this. In Figure 65, suppose
C to be the sun, E the earth, M the
moon. Ihave spoken continually of
the sun’s attraction upon the earth
and of the earth’s revolution round
the sun, as if the sun were the only
body whose attraction influenced in
a material degree the carth’s move-
ment.  But in reality the moon also
wets in a very sensible degree upon
the earth. And the immediate effect
upon the motion of the carth is found
by proper investigation to be the
following. Draw a line from E to
M, and in this line take the point
(3, which is called the “centre of ¥
gravity,” so that the proportion of %
EG to GM is the same as the pro- Fic. 65.
portion of the weight of M to the weight of E; orso
that if E and M were like two balls fastened upon
the ends of a rod, they would balance at G. Then
investigation shows that the motion of the earth may
be almost exactly represented by saying that the
Joint G travels round the sun in an ellipse, describing
arcas proportional to the times, (according to Kepler's
laws), axfd that the earth E revolves round the point
G in a month, being always on the side opposite to
the moon.

Consequently, the direction in which the earth
would be seen from the sun (and therefore the

C|
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direction in which the sun is seen from the earth)
depends in a certain degree on the distance EG. And
therefore, if we observe the sun regularly, and if we
compute where we ought to sce the sun, according
to Kepler's laws, the difference between these two
directions will be the angle ECG ; and knowing the
distance CG, we can then compute the length of LG,
and the proportion which it bears to GM ; and this
proportion, as I have said, is the same as the propor-
tion of the mass of the moon to the mass of the earth.

A fourth method of determining the mass of the
moon depends upon an accurate estimation of the
force of gravity at the cartl’s surface. We know the
moon’s distance very accuratoly, and we know the
cartl’s attraction at the curth’s surface (that is, gravity)
very accurately ; und therefore we know the earth’s
attraction on the moon accurately. Bub the force
which thus acts on the moon makes it revolve, not
round E, in Figure 65, but round G. Now, in Figure
56, from a knowledge of the distance EM, and taking
MN to be that proportion of the orbit which is de-
scribed in one hour, we found the length of the line
mN through which the carth’s attraction pulls the
moon in one hour. Here in Figure 65, we have the
opposite problem ; knowing the length of the line
through which the earth’s attraction pulls the moon
in one hour, we have to find what is the length of
(iM, the semi-diameter of the orbit in which it re-
volves. Having found this, we find G ; and then,
as in the last method, the proportion of EG to GM
is the same as the proportion of the mass of the moon
to the mass of the earth.

All these different methods agree very well in
giving the result that the mass of the moon is about
» of the carth’s mass. And when this mass, and the
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known mass of the sun, are used in combination with
a law of density of the strata of the earth whick will
well explain the observed ellipticity of the earth, it
is found that they explain almost exactly the observed
amount of precession.

There remains but one set of bodies whose masses
can be determined; namely, Jupiter's satellites. It
80 happens that these little bodies disturb each other
very much. In consequence of the periodic time of
Jupiter’s second satellite being very nearly double
that of the first, and the periodic time of the third
being very nearly double that of the second, there is
a kinl of “inequality of long period” in their motions
which a/lmits of tolerably accurate observation, by the
ol,gervation of their eclipses. From this their masses
are computed in the same manmner as the masses of
the planets from their mutual perturbations. Com-
putations are made of the effect of one satellite upon
the others, on the assumption, for instance, that the
satellite is ;3 part of the mass of Jupiter; if this does
not produce, in calculation, the perturbations which
are actually observed, the assumed mass must be
alterell in the proper proportion. For the fourth
satellite, there are no perturbations of the nature of
“inequalities of long period,” but there are others
pufficiently sensible, which are treated in just the
same way. In this manner thé masses of these
distant little bodies are ascertained with reasonable
accuracy. The largest of them (the third satellite) is
about as as oxir m(;:in. lodge of

I have thus redeemed my p explaining
how the weights of the principal bodies of the Solar
System are estimated by means of a pound avoir-
dupois. And I will here briefly recapitulate the
principal steps.

T
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First of all, I remarked that this estimation rests
absolutely upon the truth of the Theory of Universal
Gravitation, and I therefore pointed out the principal
evidences of that theory. As these different evidences
are nearly independent of each other, I shall not re-
peat them, but refer you back to what was said upon
each of them.

Then the reference of weights to avoirdupois pounds
begins with the weighing of the rocks of Schehallien
for the Schehallicn experiment, and the weighing of
the large leaden balls for the Cavendish experiment;
or, if you please, by weighing water, because the
weights both of rocks and of lead are conveniently
expressed by expressing the proportion which their
weights bear to the weight of water.

The next step was this: by means of the Sche-
hallien experiment and the Cavendish experiment, as
well as by inferences from the ellipticity of the earth,
we found that the mean density of the earth is
between five and six times the density of water, and
ﬁ‘onlll. that we were able to compute the weight of the
cart

The next step was this : having the dimensions of
the moon’s orbit round the earth, we could find how
far the carth draws the moon in one hour; and
having the dimensions of the earth’s orbit round the
sun, wé could find how far the sun draws the earth
in one hour; and comparing these, with the proper
allowance for the difference of distances, we could
find the proportion of the sun’s mass to the earth’s
mass.

The masses of Jupiter and Saturn I explained to
be found by ascertaining, from the dimensions of the
orbits of their satellites and their periodic times, how
far they draw their satellites in one hour ; and then
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comparing this space with the space through which
the earth draws the moon, or the sun draws a planet,
in one hour, only making the proper allowance for
difference of distances.

For the masses of the other planets, I explained
that there is no method but by the disturbances
which they produce in the Solar System ; and that |
these are made available by computing with an as-
sumed mass what the perturbations would be, and
altering the mass till these agree with the observed
perturbations. Those of Jupiter’s satellites, as I ex-
plained, are found in an analogous way.

For our moon, I indicated several different methods.
One of these was, to infer (by theorctical considera-
tions) from the observed amount of lunar nutation,
what is the amount of lunar precession ; to subtract
this from the whole observed precession, which leaves
solar precession ; and thus to obtain the proportion
of lunar precession to solar precession, which is the
same as the proportion of the force with which the
moon tends to pull the earth’s surfuce from its centre
to the similar force of the sun. A second method
was from the proportion of lunar and solar tides,
which is referred to the same proportion of forces as
in the first method., A third method was, from the
circumstance that it is not the carth, but the centre
of gravity of the earth and moon, which moves very
nearly in an ellipse round tho sun. A fourth method
was, that knowing the earth’s attraction at its surface,
and computing from this its attraction at the moon,
we could infer from that the distance of the moon
from the centre of gravity of the earth and moon.
In the two latter methods we are led to an imme-
diate comparison of the weight of the earth with that
of the moon.

T2



. 276 POPULAR ASTRONOMY.,

I shall now repeat what I said in commencing
this course of lectures: that I fully believe that
there is no part whatever of these suhjects of which
the principle cannot be well understood by persons
of fair intelligence, giving reasonable attention to
them ; but more especially by persons whose usual
occupations lead them to consider measures and
forces ; not without the exercise of thought, but by
the application only of so much thought as is
necessary for the understanding of practical problems
of measures and forces,



APPENDIX.

L
FOUCAULT’S PENDULUM EXPERIMENT.

In the year 1851, a method of rendering the
earth’s rotation visible to tho eye was made known
by M. Foucault, who had becn led to discover it by
considering the effect of the rotation of the earth on
the apparent motion of a pendulum vibrating freely
at the earth’s surface.

If a heavy body, as for example, a sphere of metal
be suspended by a string from a point A, Figure 66,
vertically ahove N, the North Pole of the earth, and
allowed to hang freely, the motion of the earth about
its axis ANS will twist the string, and so cause the
sphere to rotate about its vertical diameter. If, now,
the sphere be drawn aside to a point B and allowed
to drop gently, it will begin to vibrate in the plane
NABD, and as the rofation communicated to the
sphere does not tend to withdraw it from that plane,
it will continue constantly to move in it. A spec-
tator near N, partaking of the earth’s motion, changes
his position with reference to this fixed plane: but
being unconscious that he is moving himself, he
attributes to the fixed plane a motion exactly similar
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to his own, but in the opposite direction. To him it
will therefore appear to revolve from east to west

Fia. 68.

about the line NA, making a complete revolution in
the course of a day. At the South Pole a similar
appearance would be observed.

At places situated elsewhere on the earth’s sur-
face, it is less easy fo anticipate the result; but
some idea of the effect produced on the plane of
vibration may perhaps be conveyed by the following
explanation.

It has been remarked above, (page 108,) that a
single force, acting in a given direction, may be
resolved into two forces acting in given directions :
and that those two forces acting together may he
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regarded as producing the same offect as the single
force acting alone. In like manner a single motion
of rotation about a given axis may be resolved into
two motions of rotation about two given axes: and
if these two motions take place simultaneously, they
may be regarded as together producing the same
effcct as the single motion. Thus, if & body (which
for the sake of simplicity we may suppose to be

A

c

Fio. 67.

spherical) be made to rotate about the line OA,
FFigure 67, any point in it will describe & circle in a
plane perpendicular to OA, with its centre on that
line. Suppose that in a given time the point P is
thus brought from one position P o another R; then
it is possible to produce the same change in position
by giving the body two successive rotations about
two lines, OB, OC. For by virtue of a rotation
asbout the lice OB, P may be made to describe the
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are PQ of a circle having its centre on the line OB,
and thus be brought to the position Q. Again, by
a rotation about OC, Q may be made to describe the
arc QR of a circle, having its centre on the line OC,
and be brought to the position R. Thus, by two
properly chosen steps, P to Q@ and Q to R, P is
brought to R; and by giving the rotations about OB,
0OC, gzoper degrees of rapidity, each of the two steps
may be taken in the same time as was the single origi-
nal step, P to R.  Suppose, now, that the two rota-
tions, which we have hitherto supposed to be made one
after the other, are made simultaneously : then the
steps will, a8 it were, be taken together and in the
same time as the single step ; and P will, under the
combined influence of the two rotations, be brought
to the same position as it would be brought to under
the influence of the single rotation. Thus, two rota-
tions, about (OB, OC, of proper degrees of rapidity,
may be regarded as producing the same effect on’
every point of the body as does the single rotation
about OA.

Now, if Q, Figure 66, be a place on the Equator,
the earth has no motion of rotation about A’QE;
and consequently the plane of vibration, having
itself no motion of rotation, will appear to preserve
a fixed position relatively to an observer at Q.

Again, let NOS, Figure 68, represent the earth’s
axis; let O be the centre of the earth and P a
place on its surface ; and let OR he a line perpen-
dicular to OP and in the plane NP8, or the plane
of P's meridian. Then, instead of supposing the
earth’s motion to consist of a single rotation abhout
NOS, we may regard it as arising from two properly
chosen rotations about OP and OR; and we may
consider separately what would be the apparent
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effects of these rotations 6n the pendulum : just as
at page 111, the effects of the two components of a
force are separately considered. -

) 4

Y

Fia. 68.

If, then, the earth rotated about OP alone, P
would be one of its poles ; and thercfore, as has been
already explained, to a spectator ncar I the plane of
vibration would appear to revolve in the same time
as the earth would revolve about OP alone, but in
the opposite direction. Again, if the earth revolved
about OR alone, P would be situated on the Equator;
and a spectator woulll not observe any change in the
plane of vibration. o Thus at every place not situated
on the Equator, the plane of vibration will appear
to change its position; and such change will be
entirely due to the component rotatien about OP.

It is not difficult to submit these conclusions to
an experimental test, and this has actually been
done at many places. Care must be taken not to
give the sphere any lateral motion at the moment
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when it is dropped ; otherwise, (referring to Figure
66,) it would at once be carried out of the plane
BAN, and the previous reasoning would no longer
hold. In practice, this object is attained by fasten-
ing the sphere to a wall or other fixed body by
means of a second string, so as to keep it in such a
position as AB ; and then setting the second string
on fire at an instant when the sphere is observed to
be completely at rest.

IL
THE GYROSCOPE.

In general, a body which is set rotating about a
line will not continue to revolve about it ; on the
contrary, the axis of rotation will usually change its
position relatively to the body. Whatever be the
shape of the body, however, it is always possible
to find a line fixed relatively to the.body, such that
the body having once begun to rotate about it will
continue to do so, provided nogexternal force act :
such a line is called a permanent axis of rotation.
If the body be perfectly symmetrical about any line
within it, that line is a permanent axis; thus the
diameter of a sphere, the diagonal of a cube, and the
axis of revolution of a spheroid, (page 60,) are per-
manent axes of the sphere, cube, and spheroid. If,
further, when the body has once been made to rotate
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about a permanent axis, no force intervene to alter
the original motion, the axis will always preserve the
same direction in space, as well as the same position
in the7body, a circumstance alluded to in the lectures,

* Suppose, then, a body to be set rotating about a
permanent axis and to be mounted so that the force
of gravity does not interfere with the rotation ; sup-
pose, also, that at the commencement of the motion
the axis points to some star ; then, if it be true that
the star does not move, the axis will always point
to it so long as the rotation lasts, If it be true
that the apparent diurnal motions of the stars are
due to an actual motion of the earth; then to an
observer on the earth’s surface the axis will appear
to move so as to follow the star. But if, on the
other hand, the star move while the earth remains
at rest, the ohserver we have spoken of will observe
no change in the position of the axis. Thus we have
the means of testing, by direct experiment, the truth
of the conclusion arrived at in lecture II, (page 78,)
that it is the earth which revolves and not the stars.

The following is the description of an instrument,
contrived by M. Foucault, for the purpose of making
such an experiment as we have just mentioned.
DD’, Figure 69, is a heavy metallic disc, mounted
on an axis which passes through 0, the centre of the
disc, and is perpendicular to its two sides. The
extremities of this axis terminate in pivots CC’,
which fit into holes made at opposite extremities
of the diamecter of a circular ring BCB‘C’, which is
furnished with two knife edges (similar to those of a
balance) at B and B’, and so arranged that BB’ is
the diameter of the ring perpendicular to CC'. The
knife edges rest in holes made at opposite extremities
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of the horizontal diameter of a vertical circle ABA'B’,
which is suspended by a fine wire SA from the fixed
point 8. At A’, the opposite extremity of the vertical
diameter AA’, is a pivot,
-ﬁ- which rests in a small hole.
5 All the pivots are carefully
polished, so that friction
may be avoided as much as
possible ; and the dimen-
sions of the different parts
of the instrument are so
adjusted that O is the com-
mon centre of the disc an
the rings. .

Now as the disc is sym-
metrical about CC’, that line
is a permanent axis of rota- "
tion ; and as O is the com-
mon centre of gravity of
the different parts of the
machine, and is supported
by the string SA and the
reaction at A’, the force of
gravity will not interfere
with the rotation. Thus
s e B 5 S

e conditions or ing the experiment.
It is also clear, that the axis CC’ may be glaced 80
as to point in any direction we please hy moving
first the ring ABA'B’, and then the ring BCB'C’
into proper positions.

To make the experiment, BCB'C’ is removed
!i-om its supports, and a rapid motion of rotation is
impressed on the dise. The ring BCB'C’ is then
restored to its place. It is found, that if at any

Fia. 69,
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instant CC’ points to a fixed star, it continues to do
so while the disc rotates, and thus appears to an
observer to change its position relative to the surface
of the earth ; unless, indeed, the star be the pole
star, in which case the observer will not notice
any apparent change in its direction.

This instrument is called the “ Gyroscope.”

IIL
THE DENSITY OF THE EARTH.

It is stated in the lectures, (page 222,) that if the
law of universal gravitation be true, it is found (by
a difficult mathemutical investigation) that the at-
traction of the whole earth, considered as a sphere,
on a boly at its surface is the same as if the
whole matter of the earth were collected at its
centre. It is also found that the attraction of the
earth on a body within its surface is the same
a8 if the spherical shell situated between the body
and the earth’s surface were removed; or is the
same a8 if all the matter situated nearer to the earth’s
centre than the body were collected at the centre,
and all the matter situated at & greater distance were
removed.

If the earth were of uniform density throughout,
it would follow from these propositions that the force
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of gravity at the bottom of a mine would be less
than the force at the top. To shew this, guppose
that the mine reached half-way to the centre of the
earth, Then (sinco the volumes of spheres vary as
the cubes of their diameters) the quantity of matter
nearer to the earth’s centre than the bottom of the
mine would be only one-eighth of the whole quantity
of matter in the earth. But the attraction of a
quantity of matter at the earth’s centre would be
more powerful on a body at the bottom of a mine
than on one at the top, in the inverse ratio of the
squares of the distances of the bodies from the earth’s
centre : that is in the present case in the ratio of
four to one. Hence the attraction on a body at the
bottom of the mine would be, on.the whole, less
than the attraction on a body on the top in the ratio
of one to two. .

If, however, the earth be not of uniform density,
but its density increase towards the centre, then

ugh the attracting mass which acts on a body at
the bottom of the mine be smaller, yet the diminu-
tion in the force of gravity so occasioned may be
more than compensated by the comparative near-
ness of the attracted body to the denser parts of
the earth. From the two laws of the attraction
of spheres, which have been stated above, it is
possible to calculate the ratio which the force of
gravity at the bottom of the mine would bear to that
at the top on any supposition we choose to make as
to the ratio which subsists between the mean density
of the earth and the density of the surface; so that if
we know one ratio we can immediately infer the other.
Now, pendulum observations afford us the means of
determining the force of gravity at any place, (page
248,) and therefore, if the times of vibration of a
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pendulum at the top and bottom of a mine be found,
the ratio of the force of gravity at the top to that at
the bottomsnay be calculated, and thence the ratio
oftheypandenmtyoftheemhtothatofm

surface”
?ﬁ mode of determining the mean density was
nt in. practice by the Astronomer Royal, at the

Harton Coal Pit, near South Shields, in the year
1854, The mean density deduced from his obgerva-
tions is 6'565 : a value considerably exceeding that
found from the Schehallien and Cavendish experi-
ments.

THE END.
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