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THE

SYSTEM OF THE WORLD.

BOOK 1V.

OF THE THEORY OF UNIVERSAL GUAVITA-
TION.

-

e i s i s

(tpivionwn commenta delet dies, nature judicia confirmat,
CiC. DI NAT. DEOR,

Hiving, in the preceding Books, ex-
plained the laws of the celestial motions,
and these of the action of forces producing
motion, we have now to compare them to-
gether, to learn what forces aniniate the
solar system, to arrive without the assist-
ance o any hypothesis, but by strict geo-
metrical reasoning, at the principle of uni-
versal gravitation from which they are
derived. 1t is in the celestial regions
that the laws of mechanics arc observed
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with the greatest precision; on the carth
so many causes tend to complicate their re-
sult, that it is very difficult to unravel
them, and still more difficult to submit
them to calculation. But the bodies of the
solar system, separated by immense dis-
tances and subject to the action of a prin-
cipal force, whose eflect is easily calcu-
lated, are not disturbed in their respective
motions by forces sufficiently considerable
to prevent us from including under general
formule, all the changes which a succes-
sion of ages has produced or may hereafter
produce 1 the system. There is no ques-
tion here of vague causes, which cannot be
submitied to analysis, and which the ima-
gination modifies at pleasure to accommo-
date thein to the phenomena.  The law of
unlversal  gravitation has ihis  inesti-
mable advantage, that it may bereduced
to caleulation, and by a comparisen of its
results with observation, i presents the
most certawn tiethod of verifying its exist-
ence.  We shail see that this great law of
nature represents alt the eelestial phenome-
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na even 1n their minutest details, that there
is not one single inequality of their mo-
tions which 1s not derived from it, with the
most admirable precision, and that 1t ex-
plains thecause of several singular motions,
just perceived by astronomers, and which
were either too complicated or too slow
for them to recognize their law. Thus,
so far from having to fear that new obser-
vations will disprove this theory, we may
be assured before-hand, that they will only
confirm it more and more; and we may
be assured that its consequences are equally
certain as if they actually had been ob-
~s£rved.  The most profound geometry was
indispensable to establish these theories: I
have collected them in my Treatise of Ce-
lestial Mechanics. I sball confine myself
here to present the principal results of this
work, indicating the steps that led to them,
and explaining the reasons as far as can be
done without the assistance of analysis.



CIIAP. L

Of the Principle of Universal Gravitation,

O-r all the phenorﬁena of the selar system,
the elliptic- motion of the planets and of
the comets seems the most proper to con-
duct us to the general law of the forces by
which they are aunumated. Observation
has shewn that the areas described by the
radii. vectores of the plavets and comets
about the Sun are proportional to the..
times. Now we Liave seen in Chap. II. of
" the preceding Book, that for this to tuke
place, the force which deflects the path of
these bodies from a right line must con-
stantly be directed towards the origin of
their radii vectores.  'The tendeucy of the
planets and comets to the Sun 15 therefore
a necessary consequence of the proportion-
ality of these areas to the times in which

they are described.

)
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To determine the law of this tendency,
let us suppose the planets moved 1n circu-
lar orbits, which supposition does not
gteatly differ from the truth. The squares
of their real velocities will then be propor-
tional to the squares of the radii of these
orbits divided by the squares of the times
of their revolutions. But by the law of
Kepler the squares of these times are to
each other as the cubes of their radii.
The squares of the velocities are therefore
reciprocally as these radii. [t has been
shewn above that the central forces of se+
veral bodies moving in circular orbits, are

~as the squares of the velocities, divided by
the radn of the circumferences described ;
the tendency therefore of the planets to
the Sun is, reciprocally, as the squares of
the radii of their orbits supposed circular.
This hypothesis, it 18 true, is not rigor-
ously exact, but the constant relation of the
squares of the times to the cubes of the
greater axes of their orbits, being inde-
pendant of their excentricities, it is natu-
ral to think it would subsist also in the

B 3
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case of the orbiis being circular.  Thus,
the law of gravity towards the Sun vary-
ing reciprocally as the square of the dis-
tance is olearly indicated by this relation,
analogy leads us to suppose that this law,
which extends from one planet to another,
 subsists equally for the same planet at 1ts
different distances from the Sun, and its
elliptic motion confirms this beyond a
doubt. To comprebend this, let us fol-
low this motion from the departure of the
_planet’ from its perihelion : its velocity is
then at its maximum, and its tendency to
recede from the Sun, surpassing its gra-
vily towards it, its radius vector augments..
and forms an obtuse angle with the direc-
tion of its motion. The force of gravity
towards the Sun decomposed according to
this direction, continually diminishes the
velocity, till it arrives at the aphelion ; at
this point the radius vector becoming per-
pendicular to the curve its velocity is a
minimum, and iis tendency to recede from
the Sun beingless than its gravity towards
it, the planet will approach it describing



(

the second part of its ellipse.  In this part
the gravity towards the Sun inereases its
“velocity in the saine manner as it hefore de-
creased it, and the planet will arrive at ts
perihelion with its primitive velocity, and
recommences a new revolution similar to
the first. Now the curvature of the el
lipse at the aphelion and perihelion being
the same, the radii of curvatuve are the
same, and consequently the centrifugal
forces of these two points are as the
squares of the velocities. The sectors de-
scribed in the same time being equal, the
aphelion and perihelion velocities are re-
ciprocally as the corresponding distances
of the planet from the Sun ; the st aares
of these velocities are therefore recipro-
cally as the squares of these same dis-
tances: but at the perihelion and aphelion
distances, the centrifugal forces in the os-
culatory ciccumferences ave evidently equal
to the gravity of the planet towards the
Sun, which is therefore in the inverse pro-
portion io the squares of these distances
Thus the theorems of 1{uygens on the cen-
B 4
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trifugal force were sufficient to demon-
strate the tendency of the planets towards
the Sun: for it is highly probable that
this law, which extends from one planet to
another, and which is verified in the same
planet at its aphelion and perihelion, ex-
tends also. to-every part of the planetary
orbit, and at the same time to every dis-
tance from the Sun. But to establish it in
an incontestable manner, it was requisite
to determine the general expression of the
force which, directed towards the focus of
an ellipse, obliges a projeciile to describe
that curve. And it was Newton who de-
moustraied that this force was reciprocally -
as the square of the radius vector. It
was essential also todemonstrate rigorously
that the force of gravity,fowards the Sun,
only varies in one planet from that of ano-
ther from their different distances from it.
This great geometrician shewed, that
this followed necessarily from the law of
the squares of the periodic times being re-
ciprocally as the cubes of the distance,
Supposing, therefore, all the planets in
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repose at the same distance from the Sun,
and abandoned to their gravity towards its
centre, they would descend from the same
height in equal times; this result should
tikewise extend to the comels, potwith-
standing the greater axes of their orbits
are unknown, for we have seen in the se-
cond Book that the magnitude of the areas
described by their radii vectores, supposes
(he law of the squarcs of their periodic
times proportional to-ihe cubes of their
axXes,

A general anal ysis,which embracesevery
possible result from a wiven law, shews
us that not ouly an ellipse but any other
conic section may be described by virtue of
the force which retains the plancts in their
orbits : a comet may therefore move in an
hyperbola, but then it would ouly be once
visible, and would after its apparition re-
cede from the limits of the solas system 10
approach other suus, which it would again
abandon, thus visiting the different By 8-
tems that are scattercd in the immensity of
the heavens. It is probable, considering

T

B J
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the infinite variety of nature, that such bo-
dies exist. 'Their apparition should be a
very rare occurrence ; the comets we
usually observe, are those which, having
closed orbits, return at the end of inter-
vals more or less considerable, 1nto the re-
gions of space that are in the vicinity of
the Sun. The satellites tend also perpe-
tually to the Sun. If the Moon was not
subject to its action, instead of describing
an orbit almost circulav round the earth,
¢ would soon finish by abandoning 1t;
and if this satellite and those of Jupiter
were not sollicited towards the Sun, ac-
cording to the same law as the planets,
sensible inequalities would result in their
motions, which bave not been recognized
by observation. The planets, comets, and
satellites are therefore subject to the same
law of gravity towards the Sun. At the
came time that the satellites move round
their planet, ihe whole system of the pla-
set and its satellites 1s carried by a com-
mon motion and retained by the same
force, round the Sun. 'Thus the relative
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motion of the planet and ifs satellites, is
nearly the same as if the planet was at
rest, and not acted on by any external
force.

We are thus conducted witheut the
atd of hypothesis, by a necessary conse-
quence of the laws of the celestial motions,
to consider the Sun as the centre of a force,
which, extending infinitely into space, di-
minishes as the square of the distance in~
creases, and which attracts all bodies that
are in the sphere of its activity. Every
one of the laws of Kepler discovers a pro-
perty of this attractive force. The law of
the areas proportional to the times, shews
us that it is constantly directed towards
the centre of the Sun; the elliptic orbits
of the planets shew that this force dimi-
nishes as the square of the distance in-
- creases ; finally, the laws of the squares of
the periodic times proportional to the
cubes of the distance, demonstrate that
the gravity of all the planets towards the
Sun is the same at equal distances; we shall
call this eravity the solar atiraction when
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we speak of it as relative to the centre of
the Sun towards which it is directed ; for
without knowing the cause, we may by
one of those conceptions, common to geo-
metricians, suppose an attractive power
residing in the centre of the Sun.

The errors to which observations are
liable, and the small alterations in the el-
liptic motion of the planets, leave a little
uncertainty in the results which we have
Just deduced {rom the laws of motion; and
1t may be doubted if the solar gravity di-
minishes exactly in the inverse ratio of the
square of the distance. DBut a very small
variation in this law, would produce a very '_
sensible difference 1 the motions of the
perihelia of the planetary orbits. The pe-
rihelion of the terrestrial orbit, would have
an annual motion of * 200" if we ounly in-
creased by one ten-thousandth part, the
power of the distance to which the solar
gravity 18 reciprocally proportional ; this
motion 1s only +.56” 4, according to obser-
vation, and of this we shall hereafter sce

— - i
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the cause, 'The law of the square of the
distance, is then at least cxtremely near ;
and its extreme simplicity should induce us
to adopt it, as long as observations do not
compel us to abandon it. At the same time
we must not measure the simplicity of the
laws of nature by our facility of ¢ onception;
but when those which appear to us the
most simple, accord perfectly with obser-
vations of the phenomena, we are justified
1n supposing them rigorously exact.

The gravity of the satellites towards the
centre of their planet, is the necessary con-
sequence of the proportionality of the areas
described by their radii vectores to the
times, and the law of the diminution of thig
foree, according to the square of the d;s-.
tance, 1s indicated by the ellipticity of
their orbits. But this ellipticity is hardly
to be perceived in the orbits of the satellites
of Jupiter, Saturn, and Uranus, which
renders the law of the diminution of the
force difficult to ascertain by the motion of
any one single satellite; but the constant
ratio of the squares of the times of their
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revolutions, with the cubes of their dis-
tances, indicates it beyond a doubt, by de~
monstrating, that from one satellite to.
another; the gravity towards the planet is
reciprocally as the square of the distance
from 1its centre,

This proof is wanting for the earth, 1t
haviag but one satellite, but it may be sup-
plied by the following considerations, -

The force of gravity extends to the sum-
mits of the highest mountains, and the
smalldiminution which it there ex periences,
doesnot permit us to doubt, but that at stil}
greater altitudes it would also be sensible.
Is it not natural to extend this to the Moon,
amd to suppose that the force which retains
14 in its orbit, is its gravity towards the
earth, in the same manner as the solar gra-
vity retains the planetsin their orbits round
the Sun? For in fact these twoforces seem
to be of the same nature: they both of
them penetrate the most intimate parts of
matter, animating them with the same ve-
locities; for we have seen that the solar
gravity sollicits equally all bodies placed at
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equal distances from the Sun, and that the
terrestrial gravity also causes all bodies to
fall through the same height in equal
~ times.

A heavy body forcibly projected hori-
zontally from a great height, falls on the
earth at a great distance, describing a
curve which is sensibly parabolic, it will
fall still farther if the force is greater ; and
supposing it about seven thousand metres
in a second, it would not fall to the Earth,
but would circulate round it like a satellite,
setting aside the resistance of the air. 'To
form a moon of this projectile, it must be
taken to the height of that body, and there
receive the same motion.of projection.

But what compleats the demonstration
of the identity of the moon’s tendency to-
wards the earth with gravity, is that, to
obtain this tendency, it is sufficient to di-
minish the terrestrial gravity according to
the general law of the variation of the at-
tractive force of the celestial bodies. Let
ug enter into the details that are suitable to
the importance of this subject.
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The force which at every instant deflects
the Moon from the tangent of her orhit,
causes it to describe, 1none second, a space
equal to the versed sine of the arc which
it describes in that time ; since this sine is
the quantity that the Moon,at the end of a
second, deviates from the direction it had
in the beginning. This quantity may be
determined by the distance of the Earth,
inferred from the lunar parallax, in parts
of the terrestrial radius; but to obtain a
resuit independent of the inequalities of
tre Moon, we must take for the mean pa-
railax that part of it which 1s independent
of these inequalities. This part is according
to observation * 102417, relatively to the
radius drawnfromtheceutreofgravityofthe
earth, to the parallel of which the square
of the sine of the latitudeisequal to . We
select this parallel, because the attraction
of the Earth on the points corresponding to
1ts surface i1s, at the distance of the Moon,
very nearly equrl to the mass of the Farth,

i " I e » A

* 5651”9,
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divided by the square of thedistance from its
centre of gravity., The radius drawa from
a.point of this parallel to the centre of
. gravity of the Earthis 6369374 metres, (rom
whence it may be computed that the force
~ whiclisollicits the Moon towards the Eartb,
causes it to fall 0™, 00101727 in one second
of time. Tt will be shewn hereafter, that
the action of the Sun diminishes the junar
gravity —i-th part. The preceding height
must therefore be augmented ++sth part,
to render it independent of the action of
the Sun ; it then becomes 0™, 00102011.
Butin its relative motion round the Earth,
- the Moen issollicited by a force equal to the
sum of the masses of the Earth and Moon,
divided by the square of their mutual dis.
tance ; therefore to obtain the height which
the Moon would fall through in one second
by the action of the Earth alone, the pre-
ceding space must be diminished 1o the
ratio of the mass of the Earth to the Sun,
of the masses of the Earth and Moon. But
by the phenomena of the tides, 1t appears
that the mass of the Moon is equal 4+ of
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that of the earth, multiplying therefore
this space by 431, we have ™. 00100300
for the height which the Moon falls thrbugh
in one second by the action of the Earth.
Let us now compare this hetght with
that which results from observation made
on the pendulum. Under the parallel
above mentioned, the length ofthe pendu-
lum vibrating seconds 15 (by Chapter X1I.
Book I.) equal to 3. 65706, But on this
parallel, the attraction of the Karth 1s less
than the force of gravity by % of the cen-
trifugal force due to the motion or nota-
tion of the Earth at the equator; and this
force is z-3-th part of that of gravity; the
preceding space must therefore be aug-
mented 3d part, to have the space due
to the action of terrestrial gravity alone,
which on this parallef 1s equal to the mass
divided by the square of the terrestrial
radius, we shall therefore have 3%¢, 665043
for thisspace. At the distance of the Moon
it should be diminished 1n the ratio of the

square of the radius of the terrestrial sphe-
rald to the gsanare of the distanens nf tha
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Moon: for this it is sufficient to multiply
it by the square of the tangent of the
lunar parallax, or + 105417, this will give
07, 00100483 for the height which the
" Moonshould fall through in one second by
" the attraction of the Earth, This quantity
derived from experiments on the pendulum,
differs very little from that which results
from direct observation of the lunar pa-
rallax ; to make them coincide, it is suffi-
cient to diminish the parallax * 67, and to
reduce it to 110535, Thisis the parallax
resulting from the theory of gravity, dif-
fering only +=th part from that derived
from direct observation, to which I think
it preferable, considering the exactness of
the elements from which it is computed.
It would be sufficient to diminish a little
the mass of the Moon, to obtain by this
theory of gravity the same paraliax that is
given by obscrvation : but all the pheno-
mena of the tides concur in giving to this
satellite a mass more considerable, and

ll-;l—lllll'-"-
i ik Se——

¥ 27, % 5655792, % 56! 537 3,
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such very nearly as we have used in the
above computation. But however that
may be, the small difference between the
two parallaxes s within the limits of the
errors of observation, and of the elements
employed in the calculation. It is then
certain, that the force which retains the
Moon in'its orbit is the terrestrial gravity
diminished in proportion to the square of
the distance. Thus the law of the dimi-
nution of gravity, which, in planets ac-
companied by several satellites, is proved
by a comparison of their periodic times
with their distances, is demoustrated for
the Moon, by comparing its motion with
‘that of projectiles at the surface of the
Karth. |

‘The observations of the .pendulum made
on the summits of mountains had already
indicated this diminution of the terrestrial
gravity ; but they were msufficient to dis-
cover the law, because of the small height
of the most elevated mountains, compared
with the radius of the Earth: it was requi-
site to find a body very remote from us, as
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the Moon, to render the law perceptible,
and to convince us that the forece of gravity
on the Karth is ouly a particular case of a
force which pervades the whole universe.
~ Every phenonmienon throws new light and
“confirms the laws of nature, It is thus
that the comparison of experiments on
gravity with the lunar motion, shews us,
that the origin of the distances of the Sun
avd of the planets in the calculation of their
attractive furces, should be placed in theie
centres of gravity; for it is evident this
takes place on the Earth, whose atiractive
force i1s of the same nature as that of tiie
Sun and planets.

- The Sun, und those planets whuh are
accompanied by satellites, being thas ea-
dowed with an attractive force varying in-
versely as the square of the distance, a

- strong analogy leads us to attribute the

saine property to the other planets. 'I'he
spherical figure cominon to all these bodies,
indicates that their particles are united
round their centers of gravity by a force
which, at equal distances. ecuallyv sollinite
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them towards these points; but the follow-
ing considerations leave no doubt on this
subject. |
We have seen that if the planets and th

comets were placed at the same distance
from the Sun, their gravity towards it
would be in propertion to their masses :
now it is a general law innature, that action
and reaction are equal and contrary, all
these bodies therefore react on the Sun, and
attractin proportion to their masses ; they
are therefore endowed with an attractive

force proportional to their masses, and in-
versely as the square of the distance. By
the same principle the satellites attract the
planets and the Sun according to the same
law, 'This attractive property then is com4
mon to all the celestial bodies: it does not
disturb the elliptic motion round the Sun,
when we consider only their mutual aciiun;
for the relative motion of the bodies of a
system are not changed by giving them a
~common vclocity: by impressing therefore,
in a contrary direction to the Sun and to
the nlanet. the motion of the first of these
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two bodies, and i~ scwon which it expe-
riences on the part o{ ilic second, the Sun
may be considevced as immovable; but the

planet will be sollicited towards it with a
force reciprocally as the squares of the
. distance and pre portional to the sum of the
masses : itsmotion round the Sun will there-
fore be elliptic. And we see by the same
reasoning that it would be so if thé'platlet
and Sun were carried through space, with
l motmn common to each of them.  It.js
equa]]y evident that the elliptic nmthu_,of
a satellite 1s not disturbed by the motjon
of translation of its planet, nor would.it be
by the action of the Sun, if it was always
exactly the same on the satellite and the
planet Nevertheless, the action of a planet
on the Sun influences the length of its revo-
lution, which is dimiiished as the mass of
the planet is more considerable, so that the
relation of the square of its periodic time to
the cube of the major axis of its orbit, de-
pends on its mass. But since this relation
1$ nearly the same for all the planets, their

macoeac mmtrot axrelantlss v wrmwmer meewn 11 o o
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pared with that of the Sun, which 1sequal-
[y free for the satellites with respect to
thesr principal planets.. 'This we may readily
suppose from the smallness of their veo-
bimes, ~ - -

- The attractive property of the heaverly
i;;_bﬁdfea does not only belong to them in a
- mass, but belongs to cach of their particles.
If the Sun only acted on the centre of the
Earth,without attracting particuiarlyevery
one of s particles, there would arjse n
the ocean oscillations mfinitely more cou-
siderable, and very different from those
which we observe. The gravity of the
farth therefore to the Sun is the result of
the gravity of all its partirles, which cog-
sequently attract the Sun in proportion to
their respective masscs ; besides each body
on the earth, tends towards its centre pro-
poctionally to its mass, it reacts therefore,
on it, and attracts it in the same. ratin. Jf
that was not the case, and if any part of
- the Earth, iowever small, attracted aitother
part without being attracted by it, the

—'.'—— -"—-I‘ il g -Iﬁ--.-:-d--'! '-.'.ﬂ-l_'-'-l-] P T -
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virtue of the force of gravity, which is
impossible.

The celestial phenomena compared with
~ the laws of motion, conduct us therefore,
~ to this great principle of nature, namely,
that all the particles of matter attract each
other in proportion to their masses, and
inversely «s the squares of their distance.

Already we may perceive in thisuniver-
a2l gravitation the cause of the perturba-
tions to which the heavenly bodiesare sub-
ject; for the planets and comets being sub-
ject to the action of each other, they must
deviate a little from the laws of the elliptic
motion, which they would otherwise ex-
aetly follow, if they only obeyed the action
of the Sun. The satellites also deranged in
their motions round their planets by their
mutual action and that of the Sun, de-
viate a little from these laws,

We perceive, then, thatthe particles of
the heavenly bodies, united by their at-
traction, should form a mass nearly sphe-
" rical; and that the result of their action at
the surface of the bodv. should nradsqa
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all the phecnomena of gravitation. We sec,
moreover, that the motion of rotation of
the celestial bodies should slightly alter
their spherical figure, and flatten them at
the poles ; and then the resulting force of
all their mutual actionsnot passing through
their centres of gravity, should produce in
their- axes of rotation similar motions to
those discovered by observation. Finally,
we may perceive why the particles of the
ocean, unequally acted on by the Sun and
Moon, should have osciliations similar to
the ebbing and flowing of the tides. bBut
these different elfects of the principle of
oravitation, must be particularly developed
to give it all the certainty of which physi-
cal truth is susceptible.



CHAP, 1L

O/ the Masses of the Plancts, and of Gravity
at their Surface.

Iv appéars on the first view of the subject

impossible to determine the respective mas-
ses of the Sun and planets, and to measure
the height frora which bodies full ina given
time, from the action of gravity at their
surface.  But the connection of truths
with each other conducts us to results
which appeared inaccessible, when the
principle on which they depend was une
known. Thus the measure of the intensi-
ty of gravity at the surface of the planets is
rendered practicable by the discovery of
universal gravitation. Let us return to
ihe theorems on cenirifugal foree given
in the preceding book. 'The result de-
rived from them is, that the gravity of a
satellite towards its planet is to the gra-
vity of the Earth towards the Sun, as the

Fa ' | T Ty i s 1
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divided by the square of the time ol
its sidereal revolution, is to the mean
distance of the Karth from the Sun,
divided by the square of a sidereal year.
To reduce these gravities to the same dis-
tance from the bodies which produce them,
they must bemultiplied respectively by the
squares of the radii of the orbits which
they describe. And as at equal distances
the masses are proportional to their at-
tractions, the mass of the Earth 1s to
that of the Sun, as the cube of the mean
radius of the orbit of the satellite,
divided by the square of the time of
its sidereal revolution, 1s to the cube
of the mean distance of the Earth from the
Sun, divided by the square of the sidereal
year, Let this result be applied to Jupi-
ter. For this purpose we shall observe
that the mean radius of the orbit of the
fourth satellite subtends at the mean dis-
tance of Jupiter from the Sun an aagle of
*]15380/ 86, seen at the mean distance of

W-
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the Earth from the Sun, this radius ap-
peats under an anglé of * 7964"75; the
radius of the circle contains + 636619" 8:

 thus the mean radii of the orbits of the
fourth satellite, and of the terrestrial or-

bit, are in the proportion of these two last
numbers. Theduration of the sidereal re-
volution of the fourth satellite is § |6

6890, and the sidereal year is § 365" 2564.

Setting out from these data the mass of
Jupiter is found to be 4+t 5+, that of the
Sun being represented by unity. To ob-
tain greater exactness, it is necessary to
augment by unity the denominator of this
fraction, because the force which retains

“Jupiter 1n its relative orbit round the Sun,

?

- i& the sum of the atiractions of the Sun and

of Jupiter. The mass of this planet then ig

4se+s5. 1 have determined by the same

method the masses of Saturn and of Ura-
nus. That of the Earth may be calcula-

~ted mn the same manner, but the following

bl . gy ———
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method is yet more precise.  If the mean
distance of the Earth from the Sun be
taken for unity, the arc described by ihe
Earth in a second of time, will be the pro-
portion of the circumference, to radius,
divided by the number of seconds in the
sidereal year,or by *36525638" 4 ; dividing
the square of this arc by the diamcter, we
shall get *4%%%5 ¢ for its versed sine, 1t is
the quantity which the Earth fallstowards
the Sun during one second, In conscquence
of its relative motion round it, It bas
been seen, in the preceding chapter, that
upon the terrestrial paralle], the sine of the
latitude of which is %, the attraction of the
Earth causesbodies to fallthrough the Earth
37 66553 in one second. To reduce this
attraction to the mean distance of the
Earth from the Sun, it must be multiplied
by the square of the sine of the solar pa-
rallax, and this product divided by the.
number of metres contained in this distance.
Now the terrestrial radius, upon the pa-
rallel we are considering, is 6369374 me-
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tres;dividing this number, therefore,by the
sine of the solar parallax,or by * 2172, we
shall get the mean radius of the terrestrial
orbit expressed in metres. It follows
from hence that the effect of the Luarth’s
attraction at the mean distance of this
planet from the Sun, is equal to the pro-
duct of the fraction -3&%5%% by the cube
of the sine of 27" 2; itisconsequently equal
to 2439ss: {akine this fraction from

j:2 O

1409565 we shall have *e22540s for the
effect of the Sun’s attraction at the same
distance. 'T'he masses of the Sun and
Eartharetherefore in the proportion of the
numbers 1479560.5 and 4.48355H ; from
whence it foliows that the mass of the Earth
is 517553 .1fthe parallaxof the Sunis a lit-

tle different from what we have admitted,
the value of the mass of the Earth should
vary as the cube of this parallax compared

to that of 27" 2.
The following dcterminations of the

masses of those planets which have no sa-

i ——— an g Smgplergrrr ———— -
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tellites, have been obtained by the secular
changes which the aetion of these bodies
produces in the elements of the solar sys-
tem. I have determined the masses of
Venus and Mars from the secular dimi-
nution of the obliquity of the ecliptic, sup-
posed tobe * 154’ 3, and from the accelera-
tion of the Moon’s mean motion, fixing 1t
at +34.36 for the first century, setting
out from 1700, The mass of Mercury has
been determined by its volume, supposing
‘the densities of this planet and of the
Earth inversely as their mean distances
from the Sun. An hypothesis really very
precarious, but which corresponds with
sufficient exactness to the respective den-
sities of the Earth, Jupiter and Saturn.
It will be necessary to rectify all these va-
lues when time shall have demonstrated
more correctly the secular variations 1n
the celestial motions and orbits.

The masses of those planets which are
accompanied by satellites should be also
rectified by very precise observations of
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the greatest elongation of the satellite
from their planets, without neglecting the

coysideration of the ellipticity of their

orbits.
Musses of the Planets, that of the Sun

being taken as unity.,

Mercury . . . % . serdes
Venus s e e e e TTEOTT
The Earth C e e« TEVETS
Mars R TS oL n
Jupiter e X )
Saturn e s s e TEIF TS

Uranus e e e e e —+r

The densities of bodies are proportional
to their masses divided by their volumes,
and when theyare nearly spherical their vo-
lumes are as the cubes of their radii. Their
~ densities therefore are as their masses divid-~
ed by the cubes of their radii ; but to obtain
greater accuracy, that radius of a planet
must be taken which corresponds to that
parallel,the square of the sine of whose la-
titude is 1, and which is equal to one third
of the sumn of the radiusof the pole, added
to twice the radius of the equator, It isthus
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found that taking the mean density of the
Sun for unity, those of the Earth, Jupiter,
Saturn, and Uranus are 3.9393, 0.8601,
0.4951 and 1.1376.

We onght to observe that the error in
the measares of the apparent diameter
of the planets, ﬁd the irradiation, which
we have not considered on account of the
greatdifficulty of appreeiating it, may in-
fluence these calculations very perceptibly,
We shall again observe that the preceding
value of the density of the Earth is inde-
Peudent of the solar parallax ; for both its
mass and volume, compared to the Sun, in-
crease as the cube of this parallax.

The measures of the greatest elonga-
tions of satelliles from their planets merit
particularly the attention of ebservers,
since on this depends the knowledge of the
masses and densities of the planets. New-
ton has proposed a very simple method to
divest the apparent diamcter of the effect
of irradiation. It consists in observing, du-
ring the night,the light of a lamp through
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ance, and small enough only to suffera
part of the light to be visible, The brl-
lance of the light and the opening is to be
diminished tili the lamp appears exactly the
same size and brightness as the planet ; the
proportion of the opening to the distance
of the observer, will give with great pre-
cision the diameter of th@® planet. The
appearances of Saturn’s ring may be thus
represented, the dimensions of the inferior
and- exterior ving measured, concerning
which irradiation produces so much un-
certamty. To obtain the intensity of
gravitation at the surface of the Sun and
planets, let us consider that if Jupiter, and
the Earth were exactly spherical, and de-
prived of their rotatory motion, gravity

at their equators would be proportionate
- to the masses of these bodies, divided by

the squares of their diameters ; now at the

meap distance from the Sun to the Earth,

Jupiter’s equatorial diameter 1s *626"286,

and that of the Earth’s equator is + b4 ;

i
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representing then the weight of a body at
the terrestrial equator byunity, the weight
of this body transported to the equatos of
Jupiter would be 2,509, but this weight
must be diminished by about a nintk from
the effects of the centrifugal force due to
the rotation of these planets. The same
body would weagh 27,65 at the equator of
the Sun, and falling bodies would describe
ane hundred metres in the first second of
their descent. |



37

CHAP. I1L

Of the Perturbations of the Elliptic Motion of |
the Planclly

1r the planets only obeyedthe action of the

Sun, they would revolve round it in ellip-
tic orbits, but they act mutually upon each
other and upon the Sun, and from these
various attractions there result perturba-
tions in their elliptic motions, which are
to a certain degree perceived by observa-
tion, and which it is necessary to detera
mine to have exact tables of the planetary
motions, The rigorous solution of this
problem, surpasses at present the powers
of analysis, and we are obliged to have re-
course to approximations.  Fortunately
the smallness of the masses compared to
the Sun, and the smallness of their excen-

tricity and inclination of their orbits, affords
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considerable facility to this object. It is still,
however, sufficiently complicated, and the
most delicate and intricate analysis 18 re-
quisite to detect among the infinite num-
ber of inequalities to which the planetsare
subject, those which are sensible to obser-
vation and to assign their values.

The perturbaﬁons of the elliptic mo-
. tion of the planets may be dividedinto two
distinct classes, 'Thosé of the first class
affect the elliptic motion of the planets,
they increase with extreme slowness and
are called secular inequalities. 'The other
class depends on the configurations of the
planets,both with respect to each other and
to their nodes and peribelia, and being re-
established every time these configura-
tions become the same, they have been
called periodical inequalitics to distin-
guish them from secular incqualities,
which are equally periodic but whose pe-
riods are much longer and iudependent of
the mutual configurations of the planets.

The most simple manner of considering
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‘fhese  various perturbations, consists in
: 'im_a"g;ining a planet moving according to
the laws of the elliptic motion upon an
‘cllipwe whose elements vary by impercep-
tible gradations, and concelving atthe same
time the true planet to oscillate round the
imaginary planet in a sm#ll orbit, the na-
ture of which must depend on its periodic
inequalities. Thus its secular inequalities
arc represented by the imaginary planet,
and its periodic inequalities by 1ts motion
round this same planet.

‘Let us first consider thosesecular inequa-
lities which, by developing themselves, in
the course of ages, should change at length
both the form and position of the planetary
orbits. 'The most important of these ine-
qualities is that which may affect the
mean wmotion of the planets, By compar-
ing together the observations which have
been made since the re-establishment of as-
tronomy, the motion ufJupiter appears to
be quicker and that of Saturn slower, than
by a comparison of the same observations
with those of the ancient astronomers :
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from which it has been inferred that the
first of these motions has accelerated,while
the second has retarded from one century
to another. And to take into account
these variations, astronomers have introdu-
ced into their tables of planets, two secu-
lar equations increasing with the squares
of the times, one additive to the motion of
Jupiter, the other subtractive from that
of Saturn. According to Halley the secular
equation of Jupiter is *106"02 for the first
century reckoned from 1700, the corres-
ponding equation of Saturn is +156”94.
1t was natural to look for the cause of
these equaiions in the mutual actions of
these two planets, the most considerable
of our system. Euler, who first directed
his attention to this problem, found a se-
cular equation, equal for both the planets,
and additive to their mean motions, which
is inconsistent with observation, La-
grange obtained a result which accorded
more nearly with them, Other geome-

tricians obtained other equations. Struck
_____—.—_——-——-————-—-——-——————-——‘
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” with this difference, I examined again
this subject, applying the greatest possible
- care to the investigation, and I arrived
at the true analytical expression for °
the secular inequality of the mean mo-
"tions of the planets. In substituting
the numerical values, relative to Jupi-
ter and Saturn in this expression, 1
was surprised to find that it became equal
to nothing. I suspected that this was not
peculiar to these planets, and that if this
expression was put in the most simple
~ form of which it was susceptible, (by re-
ducing to the least possible number the
different quantities which it contains by
means of the relations which subsist between
them) all its terms would destroy each
other.  Calculation confirmed this sus-
~ picion, and taught me that, in general,
the mean motions of the planets and their
distances from the Sun are invariable ; at
least when we neglect the fourth powers
of the excentricities and inclinations of
the orbits, and the squares of the pertur-
 bating masses, which is more than sufficient
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for the actual purposes of astronomy.
Lagrange bas since confirmeed this resulit,
and shewn, by a beautiful meihod, that it
iscven true, when the powers and products
of any order whaicver of the excentricities
and inclinations are taken into the calcula-
tion, Thus the variations of the iean
motioins of Jupiter and Saturn do not de-
pend on their secular iunequaliiies.

The permanency of the mean motion of
the planets and of the greater axes of their
orbits, 1s one of the most remarkable phe-
nomena 1n the system of the world. All
the other elements of the planetary ellip-
sesare variable, all these ellipses approach
to and depart insensibly from the circular
form ; their inclination to a fixed plane or
to the ecliptic augments and diminishes,
and their perihelia and nodes are conti-
‘nually changing their places. These va-
riations which are performed with extreme
slowness, arise from the mutual actions of
the planets on each other, and require se-
veral centuries for their completion. They
are nearly proporfional tothe times. They
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have already become apparent by obser-
vation; we have seecir, in the first Book,
that the perihelion of the Earth’s orbit has
a directanuual motton of *36~7, and that
its inclination to the equator diminishes
~everycentury +1547 3. It was Euler that
first investigated the cause of this diminu-
tion, which all the planets contribute to
produce by the respective sitnation of the
planes of their orbits. The ancient ob-
servations are not exact enough, and the
modern are too near each other to fix the
exact quantity of these great changes,
nevertheless they combine to prove their
existence, and to shew that their progressis
the same as is conformable to the law of
gravitation, If we knew exactly the mas-
ses of the planets, future observations
might be anticipated, and the true values
assigned to the secular inequalities of the
planets ; but we only know the masses of
those planets which are accompanied by
satellites, the masses of the others can only

i g e el S ,.. ‘—l-_'
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be determined when the progress of time
shall have fully developed the quantity of
these inequalities from whence these mas-
ses are to be computed. We maythen in
imagination look back to the successive
changes which the planetary system has
undergone, and foretell those which future
ages will offer to astronomers, and the geo-
metrician will at once comprehend in his
formula both the past and future state of
the world. The table of Chap, V. of the
second Book, contains the secular variation
which results from the preceding masses
which we have assigned to the planets.
Many interesting questions here present
themselves to our notice. Have the pla-
netary ellipses alwaysbeen, and will they
always be nearly circular? Among the
number of the planets have any of them
ever been comets whose orbits have gra-
dually approached to the circular form by
the mutual attractions of the other plapets?
Will the obliquity of the ecliptic conti-
nuaily diminish till at length it coincides
with the equator. and the davs and nights
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become equal on the earth throughout the
year ¢ Analysis answers these questions,
ina most satisfactory manuer. 1 have
succeeded in demonstrating that whatever
be the masses of the planets, in as much as
they all move in the same direction, in or-
bits of small excentricity, and httle inch-
ned to each other; their secular inequalities
will be periodic, and contained within nar-
row limits, sothat the planetary system will
only oscillate about a mean state, from
which it will deviate but by a very small
quantity ; the planetary ellipses therefore
always have been, and always will be nearly
circular, from whence it follows that no
planet has ever been a comet, atf least if we
only calculate upon the mutual actions of
the planetary system.The ecliptic will never
coincide with the equator, and the whole
extent of its vartations will not exceed
* three degrees.

The motions of the planetary orbits and
of the stars will one day embarrass astrono-
mers when they attempt to compare pre-

pilleegiiirjamiiniele
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cise observations separated by long inter-
vals of time ; already this difficulty begins
{o be manifest ; it would be interesting
therefore to find some plane that should re-
main invariable, that, is constantly pa=
rallel to itself during all these changes.
There fortunately exists such a one, which
possesses this remarkable property,to which
the orbits of the planets may be referred,
just as naturally as the motion of asystem
of bodies to its centre of gravity, This
plane may easily be determined by the
following rule.

If, at any instant of time whatever, and
upon any plane passing through the centre
of the Sun, we draw straight lines to the as-
cending nodes of the planetary orbits refer-
red to thisplane,and if we take on these lines,
reckoming from the centre of the Sun, lines
equal to the tangents of theinclinations of
these orbits to this planc ; and if at the ex-
iremities of these lines we suppose masses
equal to the masses of the planets multi-
nlied respectively into the square roots of
the parameters of their orbits, and by the
costnes of thewr inchinations: and lastlvy, it
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we determinc the centre of gravity of this
new system of masses, then the straight
line drawn from the centre of the Sun to
this point will be the tangent of the incli-
nation of the invariable plane to the as-
‘sumed plane ; and continuing this line to thc
heavens, it will there mark 1ts asccndmg
node.

Whatever changes the succession of ages
may produce in the planetary orbits, and
whatever be the plane to which they are
referred, the plane determined by this rule
will always be the same. It i1s true its
position depends on the masses of the pla-
nets ; but those which have satellites have
- the greatest influence on 1ts position, and
the masses of the others will soon be suf-
ficiently known to determine 1t with exact-
pess. Inadopting the preceding values
of the planets, and the elements of their or-
bits, as given in Chap.V, Book II. we
find that the longitude of the ascending
nodes of the invariable plane was * 114°
3877 at the commencement of 1750, and at

+ha coma 11 146 e lirniatian $a 4ha anlind -
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was * 1° 719, In this computation we have
meglected the comets, which nevertheless
dtizht to enter into the determination of
the invariable plane, since they make part
-of,the solar system. It would be easy to
include them in the preceding rule, if their
masses and the elements of their orbits
were known. But in our present igno-
rance of the nature of these objects, we
suppose their masses too small to in-
fluence the planetary system, and this is
the more probable, since the theory of the
mutual attraction of the planets suffices to
explain all the inequalities observed in
their motions. But if the action of the
comets should become sensible in length
of time, 1t should principally affect
the position of the plane, which we
suppose invariable, and in this new point
of view the consideration of this plane will
still be useful, ifthe variations of this plane
could be recognised, which would be ate.

tended with great difficulties,
The theory of the secular and periodic
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megualities of the motions of the planets,
founded on the law of universal gravita-
tion, has givento our astronomical tables
a precision which proves the correctness
and utility of this theory. By its megns |
- the solar tables which before deviatedt two
minutes from the observations, have acquir-
ed the same precisionas the observations
themselves. It is particularly i the mo-
tions of Jupiter and Saturn that these ine-
qualities are most sensible, but they pre-
sent themselves under 2 form so complica-
ted, and the length of their periods is so
~ considerable, that it would have required
several ages to have determined their law
by observations alone, which has in this in-
- stance been anticipated by theory.

After having established the invariabi-
lity of the mean motions of the planets, 1
suspected that the alterations observed in
the mean motions of Jupiter and Saturn
proceeded from the action of comets, La-
lande had remarked in the motion of Sa~
“turn, irregularities which did not appear
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to depend on the action of Jupiter ¢ he
found its returns to the vernal exquinox
more rapid thanits returns te the autum-
nal equinox, although the positions of Ju-
pW and Saturn both to each other and
to their aphelia, were nearly thesame.
Lambert likewise observed that the mean
motion of Saturn which gseemed to dimi-
nish from century to century by the compa-
rison of antient with modern observations,
appeared on the contrary to accelerate by
the comparison of modern observations
with each other, at the same time that
Jupiter presented phenomena exactly con-
trary. All this seemed to indicate that
causes independent of the action of Jupi-
ter and Saturn on each other had alter-
ed their motions, But on mature reflec-
tions, the order of the variations observed
in the mean motions of these planets,
appeared to me to agree so well with
the theory of their mutual attraction, that
1 did not hcsitate to reject the h}puth{,-
sis of a foreign cause, | | |
Itis a remarkable result of the mutual
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51

tf we only consider the inequalities which
have very long periods, the sum of the
masses of every planet, divided respectively
by the greater axis of their orbits, is al-
ways pretty nearly constant. me t* it
' follows that the squares of the mean mo-
tions being reciprocaily as the cubes of
these axes, if the motion of Saturnis retard-
ed by the action of Jupiter, that of Jupiter
should be accelerated by the action of Sa-
turn, which 1s conformable to observation.
I perceived, moreover, that the law of these
variations was the same as corresponded to
the preceding theory. In supposing with
Halley the retardation of Saturn to be
*256"94 for the first century, reckoned from
1700, the corresponding acceleration of
Jupiter should be + 109”80, and Halley
found T 106”02 by observation. It was
therefore very probable that the variations
observed in the mean motions of Jupiter
and Saturn, were the effects of their mutual
~action; and since 1t 1s certain that this

S — e T i
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action cannot produce any inequality either
constantly increasing or periodic, but of
a period independent of the configuration
of these planets, and that it cannot effect
in ifgany irregularities but what are rela-
tive to this configuration, it was natural to
think that there existed in their theory a
considerable inequality of this kind, of a
very long period, and which was the cause
of these vartations.

- 'The inequalities of this kind, although
verysmalland almost insensibleindifferential
equations, augment considerably in the in-
tegrations,and mayacquire very great values
in the expressions of the longitudes of the
planets. Ieasily recognized the existence of
similar inequalities in the differential equa-
~ tions of the motions of Jupiter and Saturn.
Thescmotions become very nearly commmen-
surable ; and five times the mean motion of
Saturn is very nearly equal to twice that of
Jupiter: from which I concluded that the
terms which bave for their argument five
times the mcan longitude of Saturn, minus
twice that of Jupiter, might by integration
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hecome very sensible, although multiplied
by the rifles and produets of three dimen-
sions of the excentricities and inclinations
of the orbits, I considered therefore that
these termns were the probable cause of§the
' yariations observed in the mean motions of
these planets. The probability of this
cause, and the importance of the object,
determined me to undertake the laborious
calculation, necessary to determine this
question. The result of this calculation
fully confirmed my conjecture ; and if ap-
peared, that in the first place there exists in
the theary of Saturn a great inequality of
v 0)27"7 at its maximum, and of whichthe
period is 9173 years; and, secondly, that
the motion of Jupiter issubject to a similar
inequality, whose period and law are the
same, but itsamount is only 8856"H. It 18
{o these two inequalities, formerly unknown,
that we must attributethe apparent retar-
| dation of Saturn, and apparent accelera-
tion of Jupiter. These phenomena attain-
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ed their maximum about the year 1560
since this epoch, their mecan apparent mo-
tions have approximated to iheir true mean
motions, and they were equal in 1790
Thig explains the reason why Halley, in
comparing the antient and modern observa-
tions, found the mean motion of Saturn
slower, and that of Jupiter more rapid
than by the comparison of modcd®h obscrva-
tions with each other, instead of which
these last indicated to Lambert an accele-
ration in the motion of Saturn, and a re-
tardation in that of Jupiter. And it is
very remarkable that the quantities of these
phenomena, deduced from observation
alone by Halley and Lambert, are very
nearly the same as result from the two
great imequalities which. 1 have just men-
tioned. If astronomy had been revived four
centuries and a half later, the observations
would have presented the contrary pheno-
mena. Themean motions which theastro-
nomy of any peoplehave assigned toJupiter
and Saturn, may aflord us information con-
cerning the time of 1ts foundation. Thus
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1t appears that the Indian astronomers de-
termined the mean motions of these planets,
in that part of the period of the preceding
~ inequalities, when the motion of Saturn was

the slowest, and that of Jupiter the gnost
' rapid. 'Two of their principal astronomi-
cal epochs, the one 3102 A.C. the other
1491 A.C. answer nearly to this condition.
The near@commensurable relation that ex=
ists in the motious of Jupiter and Saturn,
occasionsother very perceptibleinequalities,
the most cousiderable of which affects the
motion of Saturn; it would be entirely
confounded in the equation of the centre, if
twice the mean wmotion of Jupiter was
exactly equal to five times that of Saturn.
The difference observed in this century in
the 1ntervals of the returns of Saturn to
the equinoxes both of spring and autumn,
arises principally from this cause.

In general, when I had recogaised these
various inequalities, and examined more
carefully than had been done before, those
which had been submitted to ealculation,

1 found that all the observed plenomena
— 1
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of the raotions of these two planets adapted
themselves naturally to the theory; they
before had seemed to form an exception to
the law of universal gravitation; they are
now become one of the most striking ex-
amples of its truth. Such has been the fate
of this brilliant discovery, that every difli-
culty that has arisen has only furnished a
new subject of trinmph for i, #Mich isthe
most indubitable chatacteristic of the true
system of nature.

I cannot in this place refrain from mak-
ing a comparison of the real effects of this
relation between the mean motion of Ju-
piter and Saturn, with those which astrolo-
gy had attributed to 1t. 1n consequence of
this relation, if the conjunction of the two
planets arrives in the first point of Aries,
it will in twenty yvears afterwards take place
in Sagittarius, and in twenty years after-
wards in Leo, it will continue to take place
in these three signs for nearly two hundred
years. In the same manner in the next two

hundred years, it wmill go through thesigns
MTaurus. Capricornus, and Virgo. lu the:
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next two hundred years it will proceed
through the signs Gemini, Aquarius, and
Libra ; and finally, in the last two hundred
years it will deseribe the remaining signs
Cancer, Pisces, and Seorpio ; after which
it will again begin with the sign Aries as
before. Krom hence arises a great year,
each season of which is equal to two cen-
turies. Hhey attributed different tempe-
ratures to the different seasouns of this year,
as likewise to the signs which belonged to
them, The assemblage of these three
signs was called a trigon. The first trigon
was that of Fure, the second of Karth, the
third of Air, and the fourth of Water —
Wemay eastly imagine that astrology made
great use of these trigons, which even
Kepler lnmself describes with great exact-
ness, 1in several of hus works: but it 1s very
remarkable that sound astronomy in dissi~
pating the mmaginary mfluence that was
supposed to attend this relation in the mo-
tion of the two planeis, should have recog-
nised in the harmony of this relation, the -

D J
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source of the greatest perturbations of the
planetary system.

The planet Uranus, though lately dis-
covered, offers already incontestable indi-
cations of the perturbations which it expe-
ricnces from the actien of Jupiter and Sa-
turn. The laws of elliptic motion do not
exactly satisfy its observed positions, and
to represent them its perturbati®s must be
considered. 'Their theory, by a very re-
markable coincidence, places it in the years
Yi69, 1756, and 1690, in the same points
of the heavens, where Monnier, Mayor,
and Flamstead, had determined the posi-
tion of three stars, which cannot be found
at present : this leaves no doubt of the
identity of these stars with the new planet.



CHAP. 1V,

Of the Perturbations in the Elliptic Motion of

{ omels,

"TuE action of the planets produces, in the
motion of comets, inequalities which are
principally sensible in the intervals of their
returns to the perihelion. Ilalley having
remarked that the elements of the orbits
of the comets observed in 153}, 1607, and
1682, were nearly the same, concluded that
they belonged to the same comct which in
the space of 151 years had made two revo-
lutions. It is true that the period of the
first revolution is thirteen months longer
than the second, But this great astronomer
thought, and with reason, that the at-
traction of the planets, particularly of
Jupiter and Baturn, might have occasioned

this difference, and after a vague estimation
D 6
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of this action for the course of the follow-
ing period, he judged that it should retard
the return of the comet, and he fixed it
for the end of 1758, or the commencement
of 1759.  'This prediction was too import-
ant in iself, and foo intimately connected
with the theory of universal gravitation, not
1o excite the curiosity of all those who were
interested in the progress of the sciences :
for about this time geometricians were VEry
much engaged in extending the applhication
of this theory. During the whole year of
Y757, astronomers looked for this comet ;
and Clairaut, whe had been one of the first
to solve the problem of the three bodies,
applied his solution to the determination of
the inequalities which the comet had sus-
tamed by the action of Jupiter and Saturn.
‘The 14th November, 1758, he announced
m the academy of sciences, that the inter-
val of the return of the comet to its perihe-
lion, would be 618 days longer in the pre-~
sent actual period than in the former one,
and that consequently the comet would pass -
its perihelion about the middle of Aprils
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1759, He observed, at the same tune, that
the small quantities neglected in this ap-
proximate calculation, might advance or
retard this term a month. That moreover,
a body which passesinto regions so remote,
~and which escapes our sight during such
long mtervals, may be subject to the action
of forces entirely unknown, as the attraction
of other comets, or even of some planet,
whose distance 1is too great to be ever vi-
sible to us.  This philesopher had the sa-
tistaction of seeing his prediction accom-
plished; the comet passed its perilielion the
12th March, 1759, within the limits of the
errors of which he thought his results sus-
ceptible. After a new revision of his cal-
culations, Clairaut fixed this passage at
the 4th of April, and he would have
brougint it to the 23th March, if he had
employed tlic mass of Saturn, such as is
given inchap. IT. ; that is, within thirteen
days of the actual observation. 'This dif-
fercnce will appear very small, if we con-
sider the great number of quantities ne-
glected, and the iufluence which the planet
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Uranus might produce, whose existence
was at that time unknown,

Let us remark, for the honour of the
human understanding, that this comet,
which in this century only excited the cu-
riosity of astronomers and mathematicians,
had been regarded i a very different man-
ner, four revolutions before,when it appear.
ed in 1456, Itslong tail spread consterna-
tion over all Europe, already terrified by
the rapid success of the Turkish arms,
which had just destroyed the great empire.
Pope Callixtus, on this occasion, ordered
‘& prayer, in which both the comet and
the Turks were included 1n one anathema,

In those times of- ignorance, mankind
were far from thinking, that the only mode
of questioning nature ts by calculation and
observation : according as phenomena suc-
ceeded with regularity or without apparent
order, they were supposed to depend either
on final causes or on chance; and whenever
any happened which seemed out of the na-
tural order,they were considered as so many

signs of the anger of heaven.
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But these imaginary causes have succes-
sively given way to the progress of know-
ledge, and will totally disappear in the
presence of sound philosophy, which sees
nothing in them, but expressions of the ig-
norance of the truth.

To the terrors which the apparition of
comets then inspired, succeeded the fear,
that of the great number which traverse
the planctary system in all dircctions, one
of them might overturn the.earth.

They pass so rapidly by us, that the ef-
fects of their attraction are not to be ap-
prehended. It is only by striking the
earth that they can produce any disastrous
effect. But this circumstance, though pos-
sible, 1s so little probable in the course of
a century, and 1t would require such an
extraordinary combination of circumstances
for two bodies, so small in comparison with
the immense space they move in, to strike
each other, that no reasonable apprehen-
sion can be entertained of such an event,

Nevertheless, the small probability of
this circumstance may, by accumulating
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during a long succession of ages, become
very great. It 1s easy to represent the ef-
fect of such a shock upon the earth: the
axis and motion of rotation changed, the
waters abandoning their antient position,
to preerpitate themsclves towards the new
equator ; the greater part of men and ani-
mals drowned in a universal deluge, or de-
stroyed by the violence of the shock given
to the terresinial globe; whole species de-
stroyed ; all the monuments of human in-
dustry reversed: such are the disasicrs
which a shock of a2 comet would produce.

Wesee then why the oecan has abandou-
ed the highest mountains, on which it has
left 1ncontestible marks of its former
abode: we sce why the aniimals and plants
of the south may have cxisted in the cli-
mates of the north, where their relics and
mmpressions are still to be found : lastly, it
explains the short period of the existence
of the moral world, whose earliest monu-
ments do not go much farther back than
three thousand years. 'The human race
reduced te a small number of individuals,
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in the most deplorable state, occupied only
with the immediate care for their subsist-
ence, must necessarily have lost the re-
membrance of all scicnces and of every art ;
and when the progress of civilization has
‘again created new wants, every thing was
to be done again, as if mankind had been
just placed upon the earth., But whatever
may be the cause assigned by philosophers
to these phenomena, we may be perfectly
at case with respect to such a catastrophe
during the short period of human life. -
But man is so disposed to yield to the
dictates of fear, that the greatest conster-
nation was excited at Paris, and communi-
cated to the provinces in 1773, by a me-
. moir of Lalande, in which he determin-
ed, of those comets which had been ob-
served, the orbits that most nearly ap-
proached the earth; so true it is, that er-
ror, superstition, vain terrors, and all the
evils of ignorance are ever ready to start
up, when the light of science is unfortu-
nately extinguished.
The action of comets upon the solar
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system has been Intherto wisensible, which
«cems to indicate that their masscs are N
considerable. It is possible, however, that
the minute errors of our best tables depend
upon’'it. Anexact theory of the perturba-
tion .of the planets, compared with very
precise observations, is the only means of
ascertaining this point, so important to the
system of the world,




CHAP, V.

Qf the Perturbations of the Motion of the Moon.

Tue Moon is attracted at the same time
by the Sun and by the Earth, but its mo-
tion round the Earth isonly disturbed by the
difference of the action of the Sun upon
these two bodies : if the Sun was at an
infinite distance, it would act equally upon
them, and in the direction of parallel lines ;
their relative motion, therefore, would not
be alfected by an action which was com-
mon to both ; butits distance, though very
great compared with that of the Moon,
cannot be considered as infinite: the Moon
is alternately ncarer and farther from the
Sun than the Karth, and the straight liue
joining the centres of the Sun and Moon,
forms angles more or less acute with the
radtus vector of the Earth. Thus the Sun
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acts unequally and in different directions on
the Earth and Moon; and from this diver-
sity of action, inequalities must necessarily
arise in the lunar motion, depending on the
respective positions of the Moon and Sun.
To determine these, we must at the same
time consider the mutual actions and mo-
tions of these three bodies, the Sun, the
Farth, and the Moon, This constitutes
the famous problem of the three bodies, the
exact solution of which surpasses the
powers of analysis; but from the proximi-
ty of the Moon, compared with its distance
from the Sun, and from the comparative
smallness of its mass, an approximation
may be obtained extremely near the truth.
Nevertheless, the most delicate analysis is
necessary to investigate all the terms, whose
influence becomes sensible ; of this the first
steps that were made in this analysis afford
sufficient proof.

Euler, Clatraut, and Dalembert, who
resolved this problem nearly about the same
time, agreed in finding by the theory of
eravitation. the maotion of the luinar neri-
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gee only half as great as it appears {o be
from observation. From which Clairaut
concluded that the law of attraction was
not quite so simple as had been imagined ;
and he supposed it to cousist of two parts,
one varying inversely as the squares of the
distances, and sensible only at the ‘great
distance of the plancts from the Sun, and
that the other, increasing in a greater ratio
as the distance diminished, became sensible
at the distance of the Moon from the Earth.
This conclusion was vehemently opposed
by Buffon: he maintained that since the
primordial laws of nature should be the
most simple possible, they could only de-
pend on one modulus, and their expression,
therefore, must consist of one single term.
This consideration should no doubt lead us
not to complicate the law of attraction, ex-
cept in case of extreme necessity ; at the
saime time our ignorance respecting the na-
ture of this force, does not permit us to
pronounce with certainty as to the simph-
city of its expression. However this may
be, the metaphysician was in the right this
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time in his contest with the mathematician,
who retracted his error on making thisim-
portant discovery, that by carrying on the
approximation farther than had been done
at first, the law of attraction, reciprocally
as the squares of the distances, gave the
motion of the lunar perigee, exactly con-
formable to observation, which has since
been confirmed by all those who have oc-
cupied themselves on this subject. It is
impossible without the assistance of ana-
lysis, to explain the conncction of all the
inequalities of the Moon’s motion with the
combined action of the Sun and Earth upon
this satellite. We shall observe, that the
theory of universal gravitation hasnot only
explained the motioh of the node and of
the perigee of the lunar orbit, together
with the three great inequalities known by
the names of variation, evection, and an-
nual equation, all which astronomers had
already recognized; but it has likewise
developed a great number of others less
cousiderable, which it would have been al-
most impossible to have found and ascer-
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tained by observation alone, In proportion
as this theory has been brought to perfec-
tion, have the lunar tables acquired addi-
tional precision, This satellite, once so
refractory, deviates now but little from the
Aables : but 1o give them that degree of
precision, which is yet wanting, will ree
quire investigations at least as extensive
as those which bave been already made;
for in every case the first steps which lead
to a discovery, and the last which bring it
to perfection, are the most difficult, It is
possible, nevertheless, without analysis to
explain the cause of the aunual variation of
the Moon, and of its secular equation, I
shall the more willingly stop to explain
the causes of these equations, because it
will be seen that from them are derived the
greatest inequalities of the Moon, which
the course of ages mnay develope to obser-
vers, but which at the present pertod have
been almost 1asensible.

In its conjunctions wilh the Sun, the
Moon is nearer to it than the Earth, and
experiences from it a more considerable
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action ; the difference of the attractions o
~the Sun upon these two bodies, tends t
diminish the gravity of the Moon toward
the Earth. 1In asimilar manner in the op
positions of the Moen to the Sun, this sa
tellite being farther from the Sun than the
Earth, is more weakly attracted : thus the
difference of the actions of the Sun tend:
also in this case to diminish the gravity ol
the Moon to the Earth, In cach case the
diminution is very nearly the same, and
equal to twice the product of the mass of
the Sun, by the quotient of the radius of
- the lunar orbit, divided by the cube of the
distance of the Sun to the Earth. In the
quadratures, the action of the Sun upon the
Moon, decomposed in the direction of the
lunar orbit, tends to augment the gravity
of the Moon to the Earth: but this aug-
mentation is only half the value of the di-
minution which it experienced in the sysy-
gies. Thus from all the actions of the Sur
upon the Moon in the course of a synodical
revolution, there results a mean force iy
the direction of the lunar radius vector,
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which diminishes the gravity of this satels
lite, and it ts equal to half of the product
of the mass of the San, by the guotient of
~ the radius of the lunar orbit, divided by
the cube of the distance of the Sun from
‘the Earth.

To find the ratio which this prod ucthears
to the gravity of the Moon, we may observe,
that this force of gravity which retains 1¢
ir its orbit is nearly equal to the sum of the
masses of the Earth and Moon, divided by
~ the square of their muiual distance ; and
" the force which retains the Earth in its
~ orbit is very nearly equal to the mass of the

~ Sun divided by its distance from the Earth,
~ According to the theory of central forces,

.explained in the second Book, these two

forces are as the radii of the orbits of the

- 8un and of the Moon, divided respectively

by the squares of the times of their revolu-

‘tions. Hence it followsthat the preceding
_productistothegravity of the Moon, asthe
.squarc of the time of the sidereal revolution
L‘-.':rf‘l:l:na- Moon is to the square of the tume of
Ethe sidereal revolution of the Earth. 'This
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product therelore is very nearly £ of the
Junar gravity, which by the mean action of
the Moon is thus' diminished by its -1 part,
In consequence of this diminution, the
Moonissustained at a greater%dista:ncﬂ from
the Earth, than if it was abandoned entirely.
tothe action of 1ts own force nfgravity. The
sector described b y its radius vector is not
a]tﬂreﬂ ‘since the force which produces it
is in the direction of this radius, but its
real velomty and angular motion are di-
minished, and it is easy to see, that by
placmg the Moon at a greater distance, SO
that its centrifugal force might equat its
gravity, diminished by the action of the.
Slin', and that ifs radius vector might de-
sarﬂme the same sector that it would have
descnbed Wlﬂlﬂut this action; this radjus,
would be au,g,mented by 1ts 3568th part,
and its angular motion diminished by a,
179th part. | |
'These quautliles vary recnpm(‘dlly as
the cubes of the distances of the Sun to

- <% A P I I o
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“war orbif, but this orbit contracts agﬁiﬁ,
* as the Sun approaches its apogee; thus the

Moon describes in space, a scries of epi-
“ cicloids whose centres are on the tesrestrial
orbit, and which dilate and contract as the
- Barth approaches or recedes from the Sun.
I'rom hence an inequality arises in the lu-
tar motion, very similar to the equation of
the centre of the Sun, with this difference
~that it retards this motion, when that 'of:
the Sun augments, and that it accelerates it
when the motion of the Sun diminishes.

These two equations are thus always af-

fected with cnutmry signs. 'The angular

motion of the Sun s, as we have shewn:'i’
m the first Book, mcqurocally as the squa.re."_
of its distance at the perigee; this distance
being X th less than the mean distance, its
akgular velocity is angmented %th; the
dimmution of 5 ,th produced by the action
of the Sun in the lunar motion, is then
greater by a twentieth ; the increase
of this diminution 1s therefore the 3580th
’part of this motion. Hence it follows
Eth‘tt the equation of the centre of th- ©
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is to the annual equation of the Moon, as
a thirtieth of the solar motion is to the
3580th of the lunar motion, which gives
* 2308 for the annual equation, It is
about a seventh part less according to ob-
servation, this difference depends on the
guantities that have been neglected in this
first calculation. | |

The secular equation of the Moon is
produced by a similar cause with the an-
nual equation, Halley first remarked this
equation, which Dunthorn and Mayer
have confirmed by a profound discussion
of the observations, These two learned
- astronomers have proved that the mean
motion of the Moon cannot' be reconciled
with modern observations, and with the
cclipses observed by the Chaldeans - and
Arabians., They have attempted to re-
present them by adding to the mean longi-
tudes of this satellite a guantity propor-
tional to the squuare of the number of
centuries elapsed before or after the year
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I700. According to Dunthorn this quan-
tity is * 30”9, for the first century : Mey-
er made it + 21”5, in his first tables which
he increased to ¥ 27°8,in his last. And since

that time Lalande, after a new investiga-
" tion of the subject was led nearly to the
same- result as Dunthorn. The Arabian
observations which have been chiefly made
use of, are two eclipses of the Sun and one
of the Moon, observed by Ibn Junis, near
Cairo,towards the end of the tenth century,
and extracted some time ago from a manu-
- script of this astronomer’s existing in the
. library at Leyden. Doubts have risen
. concerning - the reality of these eclipses;
but the translation which M. Caussin
has lately made of the part of this va-
luable manuscript which contains the
.. observations has dissipated these doubts ;
it has moreover made us acquainted with
. twenty-five other eclipses observed by the
. Arabians, and which confirm the accele-
ration of the mean motion of the Moon.

L
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Besides our modern observations compared
with the Chaldean, are sufficient to esta-
blish the existence of the secular equation
of the Moan. Delambre and Bouvard have
determined,by means of a great number of
observations both of the past and present
century, the actual secular motion of this
satellite,with a precision that leaves a very.
slight uncertainty : they found it only * 80~
less than that of Mayer, when the antient
observations give a secular motion less by
6 or + 700 seeconds. The lunar motion is
therefore accelerated since the fime of the
Chaldeans, and the Arabian observations
being made 1n the interval that separates
them and confirming this supposition, it is
impossible apy longer to question the
truth of it. |
Now, whatis the-cause of this pheno-
menon? Does the theory of universal
gravitation, which has so well explained
the numerous inequalities of the Moon,
account likewise for its secular variations?

These questions are the more interesting to
recolve. because 1f we succeed., we shall
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ebiain the Jaw of these secular variations
of the Moon, for it is evident that the hy-
pathesis of an acceleration proportional
to the time, as admitted by astronomers, 1s
only approxintative and cannot extend to
an unlimited period. | |
This object hias greatly occupied the at-
tention of geometricians, but their resear-
ches for a long time fruitless, having dis-
covered nothing either in the action of
the Sun or planets on the Moon, nor in
the figures not exactly spherical of this
satellite and the Earth, that could change
the mean motion of the Moon, some reject-
ed the secular equation ﬁltogether, others
to explain it, had recourse to different hy-
poihesis, such as the actionsof comets, the
resistance of an ether, and the successive
transmission of gravity. Yet the corre-
spondence of the other celestial phenomena
with the theory of gravitation is so per-
fect, that we could not observe without
grcat regret, that the secular variation of
the Moon appeared to refuse to submit to
it, and continued the only exception to
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a general and simple law whose discovery,
by the grandeur and variety of the objects
which 1t embraces, does so much honour
to the human understanding. This reflec-
tion having determined me to reconsider
this question after several attempts I was
at last so fortunate as to discover its cause.
The secular equation of the Moon arises
Srom the action of the Sun upon this satel-
lite combined with the variation of the ex-
centricity of the terrestrial orbit. 'To form
a Just idea of this cause, we must recollect
that the elements of the orbit of the Earth
are subject to alteration from the aetion
of the planets; its greater axis remains
always the same, but its excentricity, its
inclination to a fixed plane, and the posi-
tion of itanodes and of 1its perihelion are
incessantly changing. It must also be
considered, that the action of the Sun up-
on the Moon diminishes by 1, itsangular
velocity, and that this numerical co-cffi-
eient vartes reciprocally as the cube of the
distance of the Earth from the Sun. Now
in expnandine the inverse third vower aof
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the distance, into a series arranged ac-
cording to the sines and cosines of the mean
motions of the Moon, and of their multi-
ples, taking for unity the semi-major axis of
the terrestrial orbit; itis found that this
~ series contains-a term equal to three times
the half of the square of the excentricity of
this orbit; the expression of the diminution
of the angular velocity of the Moon, con-
tains therefore a term equal to the 179th
part of this velocity multiplied by three
times half the square of this excentricity,
or what is equivalent, equal tothe product
of this square, by the angular velocity of
the Moon, divided by 119.33. If the
excentricity of the terrestrial orbit was
copstant, this term would 'kﬁ ﬂﬂnfd‘iﬁda .
ed with the mecan angular velocity of
the Moon ; but its variation though very
- small, has nevertheless in progress of time
2 sensible influence on the motion of the
Moon. It is evident that this motion will
be accelerated when the excentricity di-
minishes,which has heen the case ever since

the et aneramnt aheavyuntnmng o b o o
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sent time, this acceleration will be chang-
ed into a retardation, when the excentrici-
ty arrived at its minimum will cease to de-
crease and begin to augment,

~In the interval from 1700 to 1800, the
square of theexcentricity of the terrestrial
orbit diminishes 0.000001532h, half the
greater axis being taken as unity, the cor-
responding increase in the angular velo-
city, of the moon is therefore 0.000000012
8425 of this veloeity : thisincrease taking
place successively and proportional to the
time, its effect on the Moon’s motion is on-
ly half what it would be if in the whole
, sourse of the century it was the same as
intheend. To determine therefore this
effect or the secular equation of the Moon
at the end of a century, reckoning from
1700, we must multiply the secular mo-
tion of the Moon by the half of the very
small increase in its angular velocity, but
in a century the motion of the Moon is
*5347400454, which gives +34” 387 for its
secular equation.
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As long as the diminution of the square
of the excentricity of the terrestrial orbit
may be supposed proportional to the time,
the secular equation of the Moon will 1n-
crease sensibly as the square of the
times ; it would be sufficient therefore to
multiply 34”337 by thesquare of the num-
ber of centuries contained between 1700and
the time for which the calculation is made.
RBut I have found that in going back to
the observations of the Chaldeans, the term
proportional to the cube of the times, in
the expression in series, of the secular
equation of the Moon, becomes sensible,
this term is equal to 1013574 for the first
century ; it should be multiplied by the
cube of the number of centuries reckoned
from 1700, the product being taken as ne-
gative for the centuries anterior to this
-epoch. 'The mean action of the Sun upon
the Moon depends also on the inclination
of the lunar orbit to the ecliptic, and we
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might suppose that the position of the
_ecliptic being variable, there should resuit
inequalities in the motion of this satellite
similar to those produced by the diminu-
tion of the excentricity of the terrestrial
orbit ; but the lunar orbit is counstantly
brought back by the action of the Sun tothe
same inclination to thatof the Earth, so
that the greatest and least declinations of
the Moon are,in consequence of the secular
variation in the nbl‘iquity' of the ecliptic,
subject to the same changes as the decli-

nations of the Sun. |

This constancy in the snelination of the
Yunar orbit is confirmed by 211 observations
both ancient and modern.

The excentricity of {his orbit expe-
siences equally only an insensible altera-
tion from the change of the excentricity of
the terrestrial orbit. |

It iz not thus with the variation of ibe
motion of the nodes and perigéc, to which
attention must be paid indispensibly, in 10+
vestigations, the object of which are to
perfect the lunar tables. In submitting
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these variations to analysis, I have found
that the influence of the terms depending
on the square of the perturbating force,
and which, as we have seen, double
the mean motion of the perigee, is
- yet greater on the variation of this

‘motion. The result of this intricate
analysis has given me a secular equation to
be subtracted from the mean motion of
the perigee, and equal to thirty-three
tenths of the secular equation of the lunar
motion ; so that the mean motion of the
perigec is retarded, when that of the Moon
accelerates, 1 have found likewise In the
motion of the nodes of the lunar orbit up-
on the true ecliptic, a secular equation to
be added to their mean longitude, and
equal to seven tenths of the secular
equation of the mean motion. Thus
the motion of the nodes is retarded like
that of the perigee when that of the
Moon augments, and the secular equations
of these three motions, are constantly in
the proportion of the numbers 7, 33, and

10.
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Future ages will develope these great
inequalities which will produce one day
- variations at least equal to a fortieth of the
circumference, 1n the secular motion of the
Moon, and to a twelfth of the circumference
in that of its perigee. These inequalities de .
not always continue increasing,they are pe-
riodical like those of the excentricity of the
terrestrial orbit on which they depend, and
do notre-establish themselves till after mll-
lions of years.

They must at length alter the periods
which have been devised for the purpose
of comprehending the entire numbers of re-
volutions of the Moon relatively to it nodes,
fo its perigee, and to the Sun, periods
which differ sensibly in various parts of
the immense period of the secular equa-
tion.

The luni-solar period of six hundred
years,has been rigorously exact at a certain
period which it would be easy to find by
analysis if the masses of the planets were
well determined; but this determination,
50 desirable for the perfection of astrono-
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pomical theory, 1s yet wanting. Fortunate-
ly Jupiter, whose mass we know exactly,
is the planet which has the greatest
influence on the secular equation onthe
Moon.

“Already ancient observations, notwith-
standing their 1mperfection, confirm these
inequalities,and wemay trace their progress
either in these ancient observationsor in the
astronomical tables which have succeeded
them to the present time. Ve have seen
that the ancient eclipses, had made kuown
the acceleration of the Moon’s motton, be-
fore the theory of gravity had developed
the cause. |

In comparing modern observations and
the ecclipses observed by the Arabians,
Greeks,and Chaldeans,with this theory, we
find an agreement between them that ap-
.pears surprising, when we consider the
imperfection of ancient observations, the
vague manuer 1n which they have been
transmitted to us, and the uncertainty
which still exists concerning the excentri-

city of the earth’s orbit, from our doubtsre-
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specting the masses of Venus and Mars,
The developement of the secular equa-
tions of the moon is one of the most pro-
per data to determine these masses.

It was particularly interesting to verify
the theory of gravity, relatively to the
secular equations of the motion of the

Moon’s nodes and perigee, the knowledge
of which we owe to it.  Astronomers not

having attended to these eguations, in the
comparison of ancient and modern obser-
vations, should have found these motions
too rapid; while at the same time they as-
signed too small a mean motion to the Moon
when they did not consider its secular equa-
tion. Ttis this which Bouvard has con-
firmed by the comparison of a great num-
ber of modern observations, Above five
bundred ohservations by dela Hire, Flam-
steed, _Bfadley, and Maskelyne, disposed
in- the most favourable manner, and
carefully discussed, have informed him
that the secular motion of the peri-
cee in the lunar tables inseried 1 the
third edition of de¢ Lalande’s astronomy,
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must be diminished by about * fifteen mi-
nutes aud threc quarters. ‘This motion
thus erected no longer represents the an-
cient eclipses, which from hence demon-
strates the existence of the secular equa-

tion of the perigee of the Moon.

To discover if the magnitude of this
equation is the same asisgiven by thelaw

~ of universal gravitation, Bouvard has first
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compared with the tables above-mention-

ed, twenty-one eclipses observed by the
~ Greeks and Chaldeans,and this comparison

~ has given him very nearly the secular
equation of the perigee equal to thirty-
i"three tenths nf that of the mean wmotion :
thereby two eclipses observed by the

: Arablans have conducted him to the same
.. result, which he has again discovered by
sixty eclipses, observed since the revival of -
- gstronomy in lurope till the commence-
. ment of the present century. This re-
* markable agreement between the results
" drawn from observations made at such very
. different epochs does not leave any doubt
- concerning the existence and magnitude of

[ At el S i et
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the secular equationofthe lunar perigee,and

confirms in an incontestible manncr the rela-
tion of thirty-three to ten, which the theory

of gravity establishes between this equa-

tion, and that of the Moon’s mean motion.

Bouvard has also confirmed by the compa~

rison of the same eclipses, the secular equa-

tion of the nodes; and he has found that

their motion in a century, given inthe ta-

bles already cited ought to bediminished |
by *53%"

The mean motions and the epochs of the
tables of the Almageste and of the Ara-
bians, indicate evidently these three se-
cular equations of the lunar motion. The
tables of Ptolemy arethe result of immense
calculations made by this astronomer and
by Hipparchus; the labour of Hipparchus
has not descended to us: we only know
from the evidence of Ptolemy, that he had
taken the greatest care to choose eclipses
the most advantageous to the determina-
tion of the elements of which they were in

M o - A . i
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search. Ptolemy after two centuries and a
half of new observations found nothing to
change in the mean motion of the Moon as
determined by Hipparchus; he corrected
the motion of the nodes and perigee buta
“very small quantity; there 1s therefore rea-
son to believe that the elements of the lu-
nar tables of Ptolemy have been determ-
ned by a great numberofeclipses, of which
. he only preserved those that appeared to
him to coincide most with the mean re-
" sults which had been obtained by Hippar-
chus and himself. Eclipses only make known
correct!y the mean sinodical motion of the
moon, and its distances from its nodes and
its perigee : we can only then depend up-
_oln these elements in the tables of the Al-
mageste ; now in going back to the first
. epoch of these tables, by means of motiuns
'~ determined only by modern observations,
- we do not find the mean distances of the
 Moon from its nodes, its perigee, and from
the Sun, that are given in these tables at
this epoch, The quantities which must be
sdded to these distances, are very neasly

N
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these which result from the secular equa-~
tions ; the elements of these tubles confirm
therefore at the same time, the existence
of these equations and the values which I
have assigued to them.

The motions of the Moon relative to i{s
nodes, to 1its perigee, and to the Sun,
being slower in the tables of the Alma-
geste than in our days, indicale also
in these three motions an acceleration
equally indicated whether by the correc-
tions that Albategnius eight centuries af-
ter Ptolemy, made to the elements of these
- tables, by comparing them with a great
number of eclipses observed in his time ;
or by the epochs of the tables which Ibn
. Juans eonstructed about the year one
thouisnd, {from the assemblage of the Chel-
desn, Greek and Arabian observations.

It 18 remarkable that the diminution o
the excentricity of the terrestrial orbi
should be much more sensible, in th
lunar motion than in itself. This diminutio
which, since the most ancient eclips
we are acquainfed with, has not alterec
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the equation of the suns centre * 15, has
produced at 100’ of variation 1n the
Moon’s longitude, and nearly [ 9 va-
riation in its mean anomaly; we could
~hardly suspect 1t from the observations
of Hipparchus and Ptlolemy. Those
of the Arabians indicated it with much
probability; but the ancient eclipses, com-
pared with the theory of gravitation,
leave no doubt on this subject.

Here we see an example of the manner.in
which phenomena as they are -developed,
lead us to the knowledge oftheir true causes.
When only the acceleration of the mean
" motion of the Moonr was known, it might
be attributed to the resistance of ether, or
" to the successive transmission of gravity.
But analysis proves that these two causes
cannot produce any sensible alteration in
. the mnean motion of the nodes and ofthe
lunar perigee, and that alone would
suffice to exclude them, even when the true
cause of the variations observed in these
motions was unknown.

it W lﬁ#-"—'“

#* 8! ﬁf! + g i ]° ﬁf_




94

The agreement of theory with observation
proves that if the mean motions of the
Moon are altered by causes foreign to the
principle of universal gravitation, their
wfluence is very small, and hitherto
insensible,

Some partizans of final causes have
imagined that the Moon was given to the
Earth to afford 1t light in the absence of
the Sun. But in this case nature would
not have attained the end proposed, since
we are often deprived at the same time of
ihe light of each of them. To have ac-
complished this end it would have been
sufficient to have placed the Moon at first
in opposition to the Sunand in the plane of
the ecliptic, at a distance from the Earth
equalto one hundredth part of the distance
of the Earth from the Sun, and to have
given to the iﬂarth and to the Moon, velo-
cities parallel and proportional to their
distances from the Sun. In this case the
Moon being constantly 1n opposition to
the Sun, would bave described rouand it
an ellipse sinilar to that of the Earth,
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these two bodies would thus have succeed-
ed each other above the horizon, and as at
this distance the Moon would not be eclip-
sed, its light would always replace that of
the Sun.

Other philosaphers, struck with the sin-
rularopinion of the Arcadians who thought
themselves more ancient than the Moon,
have imagined that this satellite may for-
merly have been a comet which passing
~ near the Earth may have been forced by its
attraction to accompany it.  But by re-
ascending by analysis back iuto the most
-~ distant ages,we find that thic Mooun has al-
'wajs moved in an orbit nearly circular, in
the same manner as the planets round the
Sun.  Neither, therefore, has the Moon
nor any other satellite ever been a comet.
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CIIAP. VL.
Of the Perturbations of the Satellites Qf Jupiltqﬁ

F ug first inequalities which ﬂbservat;ﬁn
discovered in the motion of these bodies,
are also the first whieh are derived from
the theory of their mutual attractions. We
have seen in the second Book, that there.,
exists

1. An equation in the motion of the first
satellite equal to * 5258, multiplied by
the sine of double the excess of the mean
Jongitude of the first satellite above that of
the second. '

2. An equation in the motion of the se-
cond satellite equal to ¥ 119235", multiplied
by the sine of the excess of the first satel--
lite above that of the third, |

e i — r——
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3. An equation in the motion of the

third satellite equal to * 827", multiplied
“ by the sine of the excess of the longitude of
the second satellite above that of the third.

Not only the theory of gravity gives these
: inequalities, a3 Lagrange and Bailly were
the first to remark, but it shews us also,
what observation seemed 1o indicate, that
the inequality of the second satellite is the
result of two inequalities, of which oue be-
ing caused by the action of -the first satel.
lite, varies as the sine of the excess of the
longitude of the first satellite above that of
" the second ; and the other, produced by
: ‘the action of the third, varies as the sine
" of double the excess of the lungitude of the

second satellite above that of the third.
* Thus the second satellite experiences a
.. perturbation from the action of the first,
similar to that which itself causes in the
" third ; and it experiences from the third a
similar perturbation to that which itself
~ causes in the first.

——

S e i e TR

* 112779,
YOL, 11, | F



98

These two inequalities are combined into
one 1o consequence of the relation whicl
¢xists between the mean motions and the
mean longitudes of the three first satellites,
for the mean motion of the first satellite
plus twice that of the third, is equal to
three times that of the second ; and the mean
longitude of the first satellite minus three
times that of the second plus twice that of
the third is coustantly equal to a semi-cir-
cumference : but will these rélations al-
ways exist, or are they only approximative,
and will not the two inequalities of the se-
cond satellite, at present combined, be se-
parated in the course of time? It is to
theory that we must apply for a solution
to.this guestion, S
~ Theapproximationwhich the tablesgave
to the preceding relations, made me sup-
pose that they were rigorously exact; for
it was against all probability that chance
should have originally placed the three first
satellites at the precise distances and posi-
tions suitable to the above relation : it was
therefore extremely probable that it arose
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from some particular cause; I looked there-

fore for this cause in the mutiual action of

the satellites, A scrupulous investigation
of this action, has shewn me that 1t has
caused these relations to be rigorously ex-
act ; from whence I concluded, that in de-
termining again by the examination of a
great many distant observations, the mean
longitudes of the three first satellites, it
would be found that they would approxi-
mate still more to these relations, to which
the tables should be made exactly to agree,
I had the satisfaction of seeing this conse-
quence of the theory confirmed, with re-
markable precision,by the researches which
Delambre has latelymade conceyning the sa-
tellites of Jupiter. It is not necessary that
theserelations should havetaken placeexact-
lyattheir origin, it wasenough that they did
not greatly differ, then the mutual actions
of the satellites upon cach other were suf-
ficicnt to subject them to this law, and to
maintain it unaltered ; bat the little dif-

ference between this and the primitive reja _

{ion, has givennise to a smalltnequality of
¢ <
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anarbitrary extent, and unequally distribut-
ed among the three satellites, and which I
have distinguished under the name of /i-
bration. The two constant arbitrary quan-
tities of thisinequality, replace whatever ar-
bitrary quantity is made to disappear by the
two preceding relations, in the mean motions
and 1n the epochs of the mean longitudes
of the three first satellites ;: for the num-
ber of arbitrary quantities included in the
theory of a system of bedies is necessarily
sextuple the number of bodies : as observa-
tion does not indieate this inequality, it
must evidently be verysmall, and even in-
sensible.

'‘Yhe preceding relations would still
subsist, even if the mean motions of the
satellites were subject to secular varia-
tions analogous to that in the motion of the
Moon. They would subsist also in the
case of these motions being altered by the
resistance of & medinm, or by other causes,
provided their effects were so small as not
to be perceived in less thana century. In
all these cases the secular equations so ar-

[ ]
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of the satellites, that the secular equation
of the first plus twice that of the third,
will be constantly equal to three times
that of the second. Thus the three first
satellites of Jupiter form a system of bodies
connected together by the preceding refu-
- tions and inequalities, which their niutual
action will maintain for ever, except some
external cause should abruptly derange
their respective positions.

The theory of gravitation has dlso en-
abled me to ascertain the cause of the sin-
gular variations observed in the excentrici-
ty of the orbit of the third satellite, which
I mentioned in the second Book. These
variations depend on two equations of the
centre, very distinct from each other, to
which its motion is subject, of which one
relates o the perijoves proper to this sa-
tellite, and the other to the perijove of the
fourth, The excentricities of the orbits of
the four satellites, and their perijoves, are
connected with each other by the mutual
action of these bodies, in consequence of

which the excentricity of the fourth sa-
- Q
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tellite extends itself over the three others,
but more feebly as they are more remote.
It is very sensible in the orbit of the third,
and combining itself with the excentricity
peculiar to this orbit, it produces in the
motion of the third satellite a compound
equation of the centre, whose greatest value
incessantly varies, and depends on a peri-
jove, the motion of which is not uniform.
The longitude of the perijove of the fourth
satellite was * 109° 48, at the commence-
ment of 1700, und its annual and sidereal
motion is + 7852"; the longitude of the
perijove proper to the third satellite was
T 194° 11 at the same period, and its an-
nual and sidereal motion is } 29776", These
perijoves coincided in 1684, and the two
equations of the centre formed a single one,
equal to their sum, the greatest value of
which amounted to § 26617, In 1775, these
perijoves having arrived at contrary posi-
tions, the two equations of their centres

133° 297137 2, +42° 147 4.} 174 41 56" 4.
| 2°40/477 4.  § 14 22" 1.
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formed one equal to the difference, whose
value was only * 759", 'This explains the
reason why Wargentin found, by compar-
Ing the observatiouns, that the excentricity of
this satellite was the greatest towards the
~ beginning of the century, and least about
the year 1760. lle had at first endeavour-
efl to explain these variations, by means of
two equations of the centre, but not being
aware that one of them depended on the pe-
rijove of the fourth satellite, and having
also assigned to them incorrect values, he
was forced to abandon them, and to recur
to the hypothesis of a variable excentricity,
whose variations he determined by experi-
ment. L
The mutual action of the satellites of
Jupiter, produces at every instant 3 varia-
tion 1n the positions of their orbits. This
s what the theory, compared with the ob-
- servations, gives upon this subject. The
equator of Jupiter is inclined + 34444" to
the plane of the orbit of that planet, the

¥4 59, t ¥ 5V 597 8,
v 4 ’
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tongitude of its ascending node was
* 347° 8519; atthe commencement of 1700,
its annual and sidereal motion is about
+6”. The orbit of the first satellite is only
inclined T 22" to the plane of the equator
of Jupiter; its nodes on this plane, coincide
with the nodes of the same plane with the
orbit of Jupiter, the orbit of the satellite
being between these two planes.

The orbit of the second satellite moves
in 2 fixed plane, inclined [ 221" to the
equator of Jupiter, and which passes
through the line of the nodes of this
equator, between this last plane, and that
of the orbit of Jupiter, 'The orbit of Ju-
piter is inclined § 51827 to this fixed plane,
and its nodes with this plane have a retro-
grade motion, whose annual and sidereal
valuc is equal € 13° 3488, and whose pe-
riod is thirty Julian years. The longitude
of the ascending node was ** 179° 5183, 1n
1700.

. il

% 313° 47 + 1 9. 1 7 L. | 1/ 11# 6.
§ 27 587 0. 9 12°0 501, % 161° 38 59/ 9,
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The orbit of the third satellite moves
on a fixed plane, inclined * 1030” to the
equator of Jupiter, and which passcs
through the line of the node of this equa-
tor, between this last plane, and that of
the orbit of Jupiter ; the orbit of the sa-
tellite 1s inclined ¥+ 22447 to this fixed
plane, and 1ts nodes with this plane have a
retrograde motion, whose annual and si-
dereal value 1s T 2% 9149, and period 137
years ; the longitude of its ascending node
was § 136° 9650in 1700. Astronomers who
had recognised the motion of this node by
observations, supposed the orbits of the se-
cond and third satellites in motion on the
equator itself of Jupiter, but they were
obliged by the observations to diminish a
little the inclination of this equator, with
the orbit of Jupiter, whenthey considered
the motion of the third satellite.

Lastly, the orbit of the fourth satellite
moves in a fixed plave, inclined T 4630 to

*5 33" 7. +12' 7", T 2° 37 24" 2.
§123° 16,  $25.
¥ D
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the equator of Jupiter, and which passes
through the line of nodes of this equator,
between this last plane and that of the or-
bit of Jupiter. The orbit of the satellite
is inclined * 2772 to this fixed plane, and
its nodes with it have a retrograde motion,
whose annual and sidereal value is + 7519”,
and period 532 years, the longitude of
the ascending node is T 153°3185 in 1700.
The inclination of the orbit of the fourth
satellite, with the orbit of Jupiter, conti-
nually varies in consequence of this mo-
tion. Having arrived at its mininum,
abont the end of the last century, 1t re-
mained nearly stationary for a great num-
ber of years, and the nodes of the orbit of
the:satellite, with that of Jupiter, have
had a direct apnual motion of about
§ 8. This circumstance was recogmsed
by observations, and astronomers availed
themselves of it, in their tables of this
satellite - but for several years back,

- — i ————— — e P — —— —_

* 14 58", t 40° 367, 1 138° 10",
44’ 19" 2,
.



107

observation has indicated a very sensible
aungmentation in the inclination of its or-
bit with that of Jupiter,- which without
the assistance of the theory, would have
rendered the construction of the tables very
" diffieult.

It 15 satisfactory to the geometrician to
see these singular phenomena arise from
analysis, which are perceptible to obser-
vation, but being at the same time the re-
- sult of several simple 1nequalities, are too
complicated for ustronomers to ascertain
their laws.

The different planes which we have

* just described, and cn which the orbits of

the satellites move, are not rigorously fix-
ed; the plane of the equator of Jupiter,
carrying them on in his motion,so that their
nodes, with the orbit of this planet, being
constantly the same with those of its equa-
tor; their inchpations, with the plane of
this orbit, are always proportional to that
of the equator. But all these motions are
insensible, from the time of the discovery
of the satellites, to the present day.
r G ° *
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The orbit of each satellite participates a
little in the motion of the adjoining or-
bit; for every thing is connected, in a sys-
tem of beodies mutually subjeet to the ac-
tion of each other. The satellites form
round Jupiter a system similar to that of
the planets round the Sun; and as their
revolutions are very rapid, they present us
in the short space of time since their dis-
covery, all the great changes which a se-
ries of ages will produce in the planetary
system. Thus the agreement of the theory
of gravitation, with the variations ob-
served in the motions of the satellites,
leaves us no reason to doubt the variations
which 1t indicates in the orbits of the pla-
nets, and which the most ancient observa-
tions, compared with our own, would
scarcely render sensible.

'This theory has banished all empiricism
from the tables of the satellites of Jupiter.
'These which Delambre has lately pub-
lished, borrowing only from observation

such data as necessarlly depend on 1t, have

the advantage of cxtending to all ages by
» °
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rectifying these data as they become better
known. We may conceive, that to es-
tablish the theory which served for a basis
to-these tables, it was necessary to know
both the masses of the satellites, and the
" compression of Jupiter.

Five data, derived from observation, are
necessary to determine these five unknown
quantities. Those which I employ are
the two principal inequalities of the first
and second satellites; the period of the
variations of the inclination of the orbit
of the second satellite; the equation of
the centre of the third satellite, which de-
pends on the perijove of the fourth, Fi-
nally, the motion of this perijove. Taking
for unity the mass of Jupiter, thte masses
of its satellites, as deduced from the pre-
- ceding data, are as follows :

| 1. Satellite ., . 0.0000172011

11, Satellite . . 0.0000287103

11J, Satellite . . 0,0000872128

1V, Satellitc . . 0.060054468%
These values may be corrected, when in
the progress of time we become better ac-
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quainted with the secular variations of the
orbits of the satellites.

The ratio of the two axes of Jupiter,
resulting from these data, 18 equal
0.93041. This quauntity has been mea-
sured several times, and the mean result -
is 12, or 0.929, which does not differ a
sensible quantity from the preceding re-
cult. Dut considering the great influence
which the compression of the figure of
Jupiter, has on the motion of the nodes,
and of the perijoves of the satellites, we
perecive that the ratio of the two axes
of Jupiter, is given with greater prectsion
by the observations of the eclipses, than by
the most exact measures taken with a mi-
crometer. ‘The agrecement of these mea-
sures, with the result of the theory, proves,
in a most satisfactory manuer, that the ac-
tion of gravity towards Jupiter, 1s com-
nosed of the gravities towards cach of its
particles; since 1n reasoning from this
principle, we tind the compression such as
it really appears to be. .

The eclipses of the first satell ite of Ju-
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piter, gave rise to the discovery of the
siiccessive motion of light, which the
phenomenon of aberration has ascertained
with still greater precision. It appeared
to me that the theory of the motion of this
satellite being now better known, and the
observation of its eclipses become more
numerous, their discussion should give
the quantity of aberration more exactly
- than by direct observation, Delambre un-
dertook this investigation at my_request,
and found the entire quantity of aberra-
tion * 6273, whiceh 1is exactly that which
Dr. Bradley derived from his observations.
It is very curious to observe such a per-
fect agreement, in results which have
“been obtained by such very different me-
thods.

It follows from this agreement, that the
velocity of hight is uniform’ through the '
whole space comprehended by the terres-
trial orbit.  In fuct, the velocity of light
given by the aberration, is that which sub-

Y —
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sists at the circumference of the terrestria
orbit, and which, being combined witl
the motion of the Earth, produces thi
phenorenon.  The velocity of hight, a
ziven by the eclipses of the satellites o
Jupiter, is determined by the time whic!
light cmploys to traverse the terrestria
orbit : these two velocitics being the same
ihe velocity is uniform through the whol
length of the diameter of the terrestria
orbit. ]t results also from these eclipses
that the velocity of light is uniform throug]
the whole diameter of the orbit of Jupi
ter : for, from the excentricity of this or
bit, the effect of the variations in the rads
vectores, is very sensible in the eclipses o
the satellites; and these exactly corres
pond to the bypothesis of a uniform velq
city, in the motionof light.

If light is an emanation from luminou
bodies, the uniformity of 1ts velocity re
quires that it should be projected frot
each of them with the same force, an
that its motion should not be scosibly re

tarded by their atiraction. If we suppos
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light to consist in the vibrations of an elas-
{ic fluid, we must then, to explain the uni-
formity of their velocity, suppose the den-
sity of the fluid throughout the whole
extent of the planetary system, propor-
tionate to its elasticity. But the simpli-
city with which the aberration of the stars,
and the phenomena of the refraction of
~ light, in passing from one medium to ano-
ther, are explained by considering light

;_Is an emanation from a luminous body,
. venders this hypothesis extremely probable.
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CHAP., VII.

Of the Figure of the Larth and Plunets, and of
the Law of Gravity ai their Surface.

Tt has been shewn in the First Book;, what
we have learnt from observations on the
ficure of the Earth, and of the planets:
let us compare these results with those
of universal gravitation.

The force of gravity towards the pla-
nets, is composed of the attractions of all
their particles. If their mass was fluid,
and without motion, their strata would be
spherical, those ncarer the centre being
more dense. The force of gravity at
their exterior surface, and at any distance
whatever, without the sphere, would be
cxactly the same, as if the whole mass of
the planct was compressed into the centre
of gravity, It is in consequence of this
remarkable property, that the Sun, the
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Planets, comets, and satellites, act upon
each other, very nearly as if they were so
- many material points, At very great dis-
taaces. the attraction of the particles of a
body of any figure, which are the most
~gemote, and those which are nearest the
* particle attracted, compensate each other
i nearly the same manner as if they were
_ ypited in the centre of gravity ; and if the
~potio of the dimensions of the body be
gonsidered as a very small quantity of the
- first order, this result will be exact to a -
quantity of the sccond order. Rut in
8 sphere, 1t is rigorously true, and in a
spheroid differing but little from a sphere,
1t is of the sawme order as the product of
' "lts excentricity, by the square of the ratio
- of its radius, to the distance of the point
' sttracted.  This property of the sphere,
of attracting as if its mass was concen-
irated 1n its centre, contributes greatly
to the simplicity of the motions of the
heavenly bodies. It does not belong ex-
cusively to the law of nature, it equa]ly
appertains to the law of the attraction
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varying proportionably to the simple dis
tance, and cannot belong to any other la%
but those formed by the addition of thes
two. And of all the laws which rende
the force of gravity nothing at an infinit
distance, that of nature is the only on
in which the sphere possesses this pro
'pert}

According to this law, a body placﬁ
within a spherical stratum of uniforn
thickness, is cqually attracted by all it
parts, so as to remain at rest in the mids
of the various attractions which act upor
it. 'The same circumstance takes place n
an elliptic stratum, when the exterior an
interior surfaces are similar and similarl;
situated, Supposing therefore the planet
to be spheres of homogeneous matter, th
force of gravity in their interior, must dt
minish as the distance from the centre; fo
the exterior part, relatively to the attract
ed particle, contributes nothing to 1ts gra
vity, which entirely consists of the attrac
tion of the internal sphere, whose radiu
is equal to the distance of {his point fror



117

the centre. But this aitraction is equal
_to the mass of the sphere, divided by the
square of the radiuy, and the mass, is as
the cube of this same radius, The force
of gravity on the attracted particle, is
therefore proportional to the radius. But
if, (as is probably the case) the strata are
more deunse as they approach the ceutre,
“the force of gravity will diminish in a less
- matio, than in the ecase of homogenity.
t The rotary motion of the planets causes
v.them to differ a little from the spherical
figure, The centrifugal force arising from
~ thiz motion, causing the particles situated
. at the equator, to recede from the centre,
¢ and produce a flattening of the poles.
Let us consider first the effects of this
" areumstance 1n the most simple case, of
“the Earth’s being an homogencous fluid,
snd the whole force of gravity residing in
_its centre, and varying reciprocally as ihe
i square of the distance from this point. 1t
E will then be easy to prove that the terres-
‘trial spheroid is an ellipsoid of revolution ;

for if we concetve two columns of fluids,
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communieatiné with each other at the
centre, terminating, the oue at the pole,
the other at any point in the surface, these
two columns ought to be in equifibrio.
The centrifugal force does not alter the
weight of the column directed to the pole,
but diminishes the weight of the other
column. 'This force 1s nothing at the cen~
tre of the Earth, and at the surface is pro-
portional to the radius of the terrestrial
paraliel, or very nearly, as the cosine of
the latitude ; but the whole of this force
is not entirely employed in diminishing the
force of gravity; for these two forces
making an angle with each other, equal
to the latitude, the centrifugal force, de-
composed according to the direction of
gravity, 1s weakened in the ratio of the
cosine of this angle to radius. 'Thus, at
the surface of the Earth, the centrifugal
force dimimishes the force of gravity, by
the product of the centrifugal force at
the equator, by the square of the cosine
of the latitude ; therefore the mean value
of this diminution in thelength ofa fluid co-
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lumun, is the half of this product, and since
the centrifugal force 1s 55 of the force of
gravity at the equator, this value is
3= of the force of gravity, multiplied by
the square of the cosine of the latitude.

t"lnd since 1t 1s necessary, for the mamte-
pance of the equilibrium, that the column
byits length shall compensate the dimi-
nution of its weight, 1t should surpass the
pelar column by L7 of its length, multi-
‘plied by the square of the above cosine.
Thus the augmentation of the radii, from
the pole to the equator, 1s pmportiunal
o the squares of these cosines, from
whence it is easy to couoclude, that the
Earth is an cllipsoid of revolution, the
~equatorial and polar axis of which were
iu- the proportion of D8 to d77.

.. It 1s evident that the equilibrium of the
ﬂuld mass would still subsist, supposing
‘ @hat a part should consolidate itself in the
igterior, provided the foree of gravity re-
‘pats the same.

i, To determine the law of gravity at

(heﬁs_ul_‘_facc of the Earth, we should
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observe that the force of gravity to .any
point on this surface, is less than that
at the pole, from its being situated far-
ther from the centre. This diminution
is nearly equal to double the aug-
mentation of the terrestrial radius; it is.
equal therefore to the product of the 35
part of the force of gravity by the square
of the cosine of the latitude. The een-
trifugal force diminishes likewise the for¢e
of gravity by the same quantity ; thus by
the union of these two causes, the dimi-
nution of gravity from the pole {o the
equator, I1s == 0,00694, multiplied by the
square of the cosine of the latitude, the
force of gravity al the equator bemg
taken as unity.

It bas been shewn in the First Book, .
ihat the measures of meridional degrecs,
give the Earth aun ellipticity greater than
1., and that the measures of the pendu-.
tum indicate a diminution in the force of .
gravity, from the poles to the equator,
less than 0.00694, and equal to 0.00567.
'The measures of the degrees and of the
pendulum councur, therefore, to prove that
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the force of gravity is not directed to a
single point, but is composed of the at-
tractions of all the particles of the Earth,

This being the case, the law of gravity
depends on the figure of the terrestrial
spheroid, which depends itself on the law
of gravity, It is this mutual dependanceof
the two unknown quantities on each other,
that renders the nvestigation of the figure
of the Barthvery difficult. But fortunately
the elliptic figure, the most simple of al}
the re-entering figures next to the sphere,
satisfies the condition of the egquilibrium
of 8 fluid mass, subject to a motion of ro-
tation, and of which all the particles at-
tract each other reciprocally, as the squares
of the distance.  Newton, upon this
bypothesis, and supposing the Earth
& homogeneous fluid, found the ratio of
the equatorial to the polar axis, to be 230
t0 229,

It is easy to determine the law of
variation of the force of gravity on the
Earth, upon this hypothesis. For this

purpose, let us consider two different points
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situated on the same radius, drawn from
the centre to the surface of an homoge-
neous fluid, i equilibrio. All the simi-
lar elliptic strata, which cover any one
amongst them, contribute nothing to its
gravity. "The resulting force of all the.
attractions which act on it, is derived
entirely from the attraction of the interior
spheroid, similar to the entire spheroid,
and whose surfage passes through the
point in question, The similar and simi-
larly situated particles of these two sphe-
rotds, attract the interior point, and the
corresponding point of the exterior sur-
face, proportionally to their masses, di-
vided by the squares of their distances.
These masses are in the two spheroids, as
the cubes of their similar dimenstons, and
the squares of their distances, are as the
squares of these dimensions. 'The attrac-.
tiors on similar particles, are propor-
tional therefore to these dimensions:
from which 1t follows, that the entire at-
tractions of the two sphberoids, are in the
sarze ratio, and their directions parallel,
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The centrifugal forces of the two points,
now undecr consideration, arc likewise pro-
pertional to the same dimensions, There-
fore the force of gravity in each of them
being: the result of these two forces, will
“likewise be proportioual to their distances
from the centre of the fluid nass,

Now, if we conceive two fluid columns
directed as before, to the ceuntre of the
spheroid, one from the pole, and the other
from any point on the surface, it is evi-
dent, that if the ellipticity of the spheroid
is very small, that is, if it differs but little
(rows a sphere, that the force of gravity,
decomposed according to the directions of
these columns, will be nearly the same as
the total gravity. Dividing, therefore, the
length of these columns into an cqual num-
ber of parts, infinitely small and propor-
tional to their lengths, the weights of the
corresponding parts will be to each other
as the products of the lengths of the co-
lnmns, by the force of gravity at the points
of the surface where they terminate, The
whole weight of these columns will there-

G 2
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fore be to each other, in this ratio; and as
these weights must be equal, to be n
equilibrio, the force of gravity at their
surface must consequently be reciprocally,
as the length of these columns. Thus the
length of the radius of the equator, sur-
passing the radius at the pole a 230th
part, the force of gravity at the pole
should likewise exceed that at the equator
a 230th part.

This supposes the elliptic figure suf-
ficient for the equilibrinm of a homeo-
ceneous fluid mass, Maclaurin has de-
monstrated this 11 a beautiful manner,
from which it results, that the equilibrium
is rigorously possible; and that, if the el-
lipsoid differs little from a sphere, the el-
lipticity will be equal 4 of the quantity,
which expresses the proportion of the
centrifugal force, to that of gravity, un-
der the equator,

Two different figures of ‘equilibrium
may correspond to the same moiion of ro-
tation. But the equilibrium cannot exist
with every motion of rotation. 'The short-
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est period of rotation of an homogeneous
fluid in equilibrio, of the same density as
the Earth, is * 0.10090fa day, and thisli-
mit varies reciprocally, as the square root of
~ the density. When the motion of rotation
increases in rapidity, the fluid mass becom-
ing more flattened at the poles, its period of
rotation becomes less, and ultimately falls
within the appropriate limits of a state of
equilibrium. After a great wmany oscil-
lations, the fluid, in consequence of the
friction and resistances which it experi-
emces, fixes itsclf at last in that state which
i3 unique, and determined by the primitive
motion of rotation. The axis drawn
through the centre of gravity, of the fluid
mass, and relative to which the wmoment
of the forces was a maximun, at the ori-
gin, becomes the axis of rotation.

The preceding results afford us an easy
method of verifying the hyvpothesis of the
homogenity of the Karth., 'The irregu-
larity of the measured dcgrees, may be

-

* Qh 98" 177,
- 2
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supposed to leave too much uncertainty, as
to the ellipticity, to enable us to decide,
1f 1t is really such as the above hypothesis
requites. But the regular increase of the
force of gravity, from the equator to the
pole, as determined by experiments on the
pendulum, 1s sufficient to throw great
light upon the subject.

In taking as unity the force of gravity
at the equator, 1ts increase at the pole,
according to the hypothesis of homoge-
nity, should be equal 3+ = 0.00435. But
by observations on the pendulum, this in-
crease 15°0,00967 : the Earth therefore 1s
not homogeneous. And indeed it 1s natural
to suppose, that the density of the strata
increase as they approach the centre. It
is even necessary, for the stability of the
equilibrium of the waters of the ocean,
that their density should be less than the
mean density of the Earth; otherwise,
when agitaied by the winds and other
causes, they would overflow their limits,
and 1nundate the adjoining continents.

The homogenity of the Earth being

"i]u:*r-n n-r.n]-*-:]n.r-: ]r'q.rr J"tl‘\hﬂﬂ‘ltn‘i‘:ﬂt'i _wT IR ﬁlll-ﬂ* "'ﬂ
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determine its figure, suppose the sea co-
vering a nucleus, composed of different
strata, diminishing i deusity from the
centre to the surface, Clairaut has de-
monstrated, in his beautiful work, that the
“equilibrium is still possible, in the suppo-
sitton of an elliptic figure at the surface,
and of the strata of the interior nucleus.
In the most probable hypothesis, relative
to the law of the deusities and elliptici-
ties of these strata, the ellipticity of the
Earth is less than in the case of homoge-
nity, and greater than 1f the force of gra-
vity was directed to a single central point.
The increase of the force is greater than
in the first case, and less than i the se-
cond. Dut there exists between the 1n-
crease of the force of gruvity, taken as
unity at the equator, and the ellipticity of
the Earth, this remarkable analogy, that
in all the hypotheses relative to the struc-
ture of the internal nucleus, which the
sea incloses, theellipticity of the Earth is
just so much less than that which would

take place in the case of homogenity, as
G 4
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the augmentation of the force of gravity
exceeds that which should exist, accord-
ing to the same supposition, and recipro-
cally, soibat the fractions expressing the
ellipticity, and the augmentation of the
force of gravity always together, make a
constant quantity equal £, of the propor-
tion of the centrifugal force, to the force

of gravity at the equator, which, on the
Earth is % .

I 35-.%

In attributing an elliptic figure to the
strata of the terrestrial spheroid, the in-

crease of its radn, the increase of the force
of gravity, and the diminution of the de-
grees, from the pole to the equator, will
vary as the squares of the cosine of the la-
titude, and these are conunected with the
ellipticity of the Earth, in such a manner,
that the total increase of the radii is equal
to the ellipticity. 'The total diminution
of the degree, is equal to the ellipticity,
multiplied by three times the degree at
the equator ; and the total increase of the
force of gravity, is equal to the force of
gravity at the equator, multiplied by the
excess of +—=~. above the ellinticitv.
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- Thus the ellipticity of the Karth may
be determined, either by direct measure-
ment of degrees, or by observationson the
length of ithe pendulum.

The observations of the pendulum
eive 0.00567, for the increase of the force
of gravity, which taken from 3.5, gives
1, for the ellipticity of the Earth, If
this hypothesis of the ellipse be conform-
able to nature, it should agreec with the
measures of degrees ; but it implies errors
that are altogether improbable : apd this
circumstauce, joined to the difliculty of re-
conciling all these measures to the same
elliptic figure, proves that the figure of
the earth is much more complicated than
had been believed. This will not appear
surprising, if we consider the different
depths of the sca, the elevation of the con-
tinents, and islands above its level, the
heights of mountains, and the unequal
density of the waler, and different sub-
stances which are at the surface of this
planet.

To embrace, in the most general manner
G D
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possible, the theory of the figure of the
tsarth and planets, it is necessary to deter-
mine the attraction of spheroids, differing
Little from spheres, and formed of strata,
variable both in figure and deusity, accord-
ing to any law whatever,

It will remain then to determine the
figure which will agree with the equili-
beium of a fluid, expanded over its sur-
face, for we must immagine the planets co-
vercd with a fluid similar to the Earth, or
their form would be entirely arbitrary.
Dalembert has given, for this purpose,
an ingenious method, which extends to a
great number of cases, but which is defi-
cient 1n that stimplicity so desirable in
such complicated investizations, and which
constitutes their principal merit.

A remarkable equation of partial dif-
terences relative to the attraction of sphe-
roids, led me, without the zid of integra-
tions, aud by differential methods only, to
general expressions, for the radil of the
spheroids; for the attractions upon any
pownts whatever, either within the sur-
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faces, or without them; for the condition
of equilibrium of the fluids that surround
thew ; for the law of gravity, and for the
- variation of the degrees at the surface.
All these quantities are connected with
.each other, by analogies extremely simple,
from which results an easy method of ve-
1ifying all the hypotheses that may be
formed to represent either the variation of
the force of gravity, or that of the values
of different degrees of the meridian.

Thus Bouguer, witha view of recon-
ciling the degrees measured at the equator,
in France and in Lapland, supposed the

~.. Earth to be a spheroid of revolution, in

which the increase of the degrees, from
_ the equator to the pole, was proportional
to the fourth power of the sine of the lati-
- tude. 1t 1s found that this hypothesis does
"~ not satisfy the increase of the force of
gravity from the equator to Pello.—An
- increase, which according to observation,
is equal to forty-five ten millionths of
~ the whole gravity, and which would be
G L
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only twenty-seven ten millionths in this
hypothesis.

'The above mentioned expressions give
a direct and general solution of the pro-
blem which consists in determining the
figure of a fluid mass in equilibrio, sup-.
posing it subjected to a motion of rotation,
and composed of an infinity of fluids, of
different densities, whose particles attract
each other directly as their masses, and
inversely as the squares of their distances.

Legendre had already solved this pro-
blem by a very ingenious analysis, which
supposes the mass homogeneous. In
this general supposition, the fluid neces-
sarily takes the form of an ellipsoid of
revolution, of which all the strata are
elliptic, whese densities diminish at the
same time that their ellipticities increase,
from the centre to the surface.

The limits of compression of the whole
ellipsoid, are £ and § of the ratio of the
centrifugal force, to the force of gravity
at the equator. 'The first limit is velative

7. 4 |
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to the hypothesis of homogenity, and the
second, to the supposition of the strata,
infinitely near the centre, being infinitely
dense, and consequently the whole mass of
the spheroid acting as if concentrated in
. that point. In the latter case, the force of
gravity being directed to a single point,
and varying inversely as the square of the
distance, the figure of the Earth would be
such as has been above determined ; but
in the general hypothesis, the line which

determines the direction of the force of
- gravity from the centre to {he surface of
the spheroid, is a curve, every element of
which is perpendicuiar to the stratum
through which it passes.

It is remarkable, that the variations ob-
served 1n the leugth of the pendulum, fol-
low pretty correctly the law of the squares
of the cosines of thelatitudes, at the same
time that the variations in the measured
degrees, differ very sensibly from this law,
- The general theory of the attractions of
+ spheroids, affords a stmple explanation of
this phenomenon ; it shews us that the
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terms, which in the value of the terres-
trial radius, differ from tbis law, become
inore sensible in the expression of the force
of gravity, and still more sensible in the
cxpression of degrees, where they may
acquire a value sufficiently great to pro-
duce the phenomenon under consideration.

This theory likewise shews us, that the
limits of the total increase of the force of
oravily, taken at the equator as unitfy, are
the products of 2 and 4, by the ratio of
the centrifugal force, to the force of gra-
vity, the first limit referring to the case of
an infinite density at the centre, the second
to the case of hemogenity. The increase,
as derived from cbservation, being between
these limits, indicates that the strata are
more deuse, as they approach the centre,
which 1s conformable to the laws of hy-
drostatics. T'hus the theory scems to ac-
cord with observation, as far as could be
expected, considering our ignorance of the
internal construction of the Harth,

The result of this agrecuent is, that in
the calculation of the variations of the
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force of gravity, and of parallax, we may
consider the terrestrial meridians as of an
elliptic form, the compression of which 1s
the excess of the fraction -3+, above the

3.

total increase of the force of gravity from
the equator to the poles. _

Thevadius drawn from the centre of gra-
vity of the terrestrial spheroid, to its sur-
face at the parallel, the square of the sine
of whose latitude 1s I, determines ihe
sphere, whose mass s equal to that of the
Earth, and whose density 1s equal to its
mean density ; this radius is 6369374 me-
tres, and the force of gravity on this pa-
rallel, 1s the same as at the surface of this
sphere.

But what 1s the proportion of the mean
density of the Karth, to that of a known
substance at its surface ? The effect of the
attractions of mountains, on the oscilla~
tions of pendulums, and on the direction
of the plumb-line, may conduct us to the
 solution of this interesting problem.

It 15 true that the highest mountains are
always very small, in proportion to the
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Earth ; but we may approach very near
to the centre of their action, and this
joined to the nrecision of modern obser-
vations, ought to render their effects per-
ceptible.

The mountains of Peru, the highest
the world, seemed the most proper for this
object. Bouguer did not neglect so im-
portant an observation 1n the journey which
he undertock, for the measure of the me-
ridional degrees at the equator.

But thesc great bodies being volcanic
and hollow in their interior, the effect of
their attraction was found to be much less
than might be expected from their size.
However it was perceptible ; the diminu-
tion of the force of gravity at the summit
of Pichincha, would have been 0.0014Y,
without the attraction of the mountain,
and it was observed to be 0.00118. The
effect of the deviation of the plumb-line,
from ihe action of another mountain, sur-

passed * 20".° Dr. Maskelyne has since
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measured, with great care, a similar effect,
produced by the action of a mountain in
Scotland : the result was, that the mean
density of the Earth, is double that of the
mountain, and four or five times greater
than that of the common water. This
curious observation deserves (o be repeated
several times on different mountains, whose
interior construction is well known. .

Let us apply the preceding theory to
Jupiter. |
~ The centrifugal force due to the mo-
tion of rotation of this planet, is nearly
1 of the force of gravity at its equator ;
at least, if the distance of the fourth sa-
tellite from its centre, as given in the se-
cond Book, be adopted.

If Jupiter was homogcheous, the dia-
meter of its equator might be obtained, by
adding five-fourths of the preceding frae-
tion to its shorter axis; taken as unity,
these two axes would, therefore, be in the
proportion of 41 to 36. According to ob-
servation, their proportion is that of 14 to
13. Jupiter, therefore, is not homogene-
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ous. Supposing it to consist of strata, i’
the densities diminish from the centre 10
the surface, its ellipticity should be in-
cluded between -5 and £, the observed el-
lipticity being within these limits, proves
the hicterogenity of its strata, and by ana-
logy that of the strata of the terrestrial
spheroid, already rendered very probable
in itself, and frow the observations of the

pendulum,

L)

!
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CIIAP. VIIL

On the Figure of Sururn’s Ring.

TuE ring of Saturn, as has been shewn 1
the first Book, is formed of two concentric
rings of very small thickness. By what
mechanism do these rings sustain them-
~ selves round the planet: It 1s not pro-
" pable that this should take place from the
'~ simple adhesion of their particles. Since,
were this the case, the parts nearest to Sa-
. f{urn, sollicited by the constantly renewed
action of gravity, would be %t length de-
{ached from the rings, which would, by
an insensible diminution, finally disappear,
like all those works of nature which have
not had sufficient force to resist the action
of external causes. These rings support
themselves then without effort, and only
by the lines of equilibrium, But for this
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it is requisite to suppose them possessed of
a rotary motion round an axis perpendi-
cular to their plane, and passing through
the centre of Saturn, so that their gravi-
tation towards the planet, may be balanced
by the centrifugal force due to this meo-
tion. |

Let us imagine a homogeneous fluid
spread round Saturn in the form of a ring,
and let us see what ought to be its figure,
for it to remain in equihbrium, in conse-
quence of the mutual attraction of its par-
ticles, of their gravitation towards Saturn,
and their centrifugal force. 1If, through
the centre of the planet, a plane is ima-
gined to pass, perpendicular to that of the
ring, the section of the ring by this plane,
is what I shall call the generating curve.
Analysis proves that if the magnitude of
the ring is small in proportion to its dis-
tance from the centre of Saturn, the equi-
hibrium of the fluid is possible when the
generating curve is an ellipse of which the
greater axis i1s directed towards the centre
of the planet. The duration of the rota-
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tion of the ring, 1s nearly the same as that
of the revolution of a satellite, moved
circularly at the distance of the centre
of the generating ellipse. And this du-
ration 1s about * four hours and a third,
for the interior ring. Herschel has con-
irmed by observation this result, to which
I had been conducted by the theory of gra-
vitation,

The equilibrium of the fluid would also
exist, supposing the generating ellipse va-

riable in size and position, to the extent
of the circumference of the ring ; provided

- these variations are sensible only at a much

?’rl::.l-\.‘.i-f".'rl-\."':-"-'.l— FETE R o e - .

greater distance than the axis of the ge-
nerating: section. Thus the ring may be
supposed of an unequal breadth inits dif-

. ferent parts, it may even be supposed of
double curvature. These inequalities are
indicated by the appearances and disap-
pearances of Saturn’s ring, in which the
two arms of the ring have presented dif-

ferent phenomena. They are even neces-

g Se—

* 10" 39,
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sary to maintain the ring in equilibrium
round the planet, since 1f it was perfectly
similar in all 1ts parts, 1ts equilibrium
would be deranged by the slightest force,
such as the atiraction of a satellite, and
the ring would finally precipitate itself
upon the planet. |

The rings by which Saturn is sur-
rounded, are consequently irregular solids,
of unequal breadth in the different points
of its circumference, so that their ceontres
of gravity do net coincide with the cen-
tres of their figure. 'These centres of
gravity may be considered as so many
satellites, moving round the centre of Sa-
turn, at distances dependant on the ine-
qualities of the rings, and with angular
velocities equal to the velocities of rota-
tion of their respective rings, |

It may be imagined, that these rings,
sollicited by their mutual action, by that
of the Sun, and of the satellites of Sa-
turn, ought to oscillate round the ceutre
of this planet, and that their nodes, form-
ed with the plane of the orbit of this |
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planet, should have a retrograde motian.
It might be believed, that yielding to
different forces, they should ceuse to he
in the same plane ; but Saturn haviag =

~xapid rotatory motion, and the plaune of

s equator being the same with that of
s ring, and of ils six first satellites, its
action retains the system of these differ-
ent bodies in the same plane. 'The ac-

tion of the Sun, and of the seventh sa-

tellite, only changes the position of the

- plane of Saturn’s equator, which in this

motion carries with it the ring, and the

orbits of the six first satellites, by a si-

milar mechanism to that which retains the

- orbits of the satellites of Jupiter, and
- principally the orbit of the first, nearly

_.n the plane of the equator of this pla-

net.

_Thus the constant position of Saturn’s

%rings, and the orbits of the six first sa-
| -itcllites in the same plane, indicale o con-
| -E_giderable compresston in this planet, and
- consequently a rapid motion of rotation,

A

" which has been confirmed by obser-
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vation; and as all the satellites of Ura-
nus move nearly in the same plane, we
may conclude that this planet revolves
upon itself, round an axis perpendicular
to this plane. |



CHAP. IX.

On the Aimosphere of the Celestial Bodies.

Tug thin, transparent, compressible, and
elastic fluid which surrounds a body, and
rests upon it, is called its atmosphere,
~ We conceive a similar atmosphere sur-
rounding every celestial body; the proba-
bility of its existence in all of them, 1s
indicated by observation relative to the
Sun and Jupiter. In proportion as the
" atmospherical fluid 1s elevated above the
- surface of a body, it becomes thinner, in
~ consequence of its elasticity, which dilates
it as it is less compressed. But if the parti-
cles of its surface were perfectly elastic,
it would extend itself without ceaging,
and  finally would dissipate itself into
ipace,

1t is then requisite that the elasticity ci
- YVOL, II. H
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the atmospherical fluid should diminish in
4 greater proportion than the weight
which compresses it; and that there may
exist a state of rarity, in which it may
be without elasticity. It should be in this
state at the surface of the atmosphere.

All the atmospheric strata should take
after a time the rotatory motion, common
to the body which they surround. For the
friction of these strata against each other,
and against the surface of the body, should
accelerate the slowest motions, and retard
the most rapid, tilf a perfect equality is
established among them. In these changes,
and generally in all those which the at.
mosphere undergoes, the sum of the pro-
dycts of the particles of the body, and of
1its atmospbere, multiplied respeetively
by the area which their radii vectores pro-
jected on the plane of the equator, describe
round their common ceatre of gravit y, are
always equalin equal time. .

Suppoesing then, that by any cause what-
ever, the atmosphere should contract it-
self, or tirat & part should condense itself
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on the surface of the body, the rotatory
motion of the body, and of 1ts atmosphere,
would be accelerated, because the radit
cectores of the area, described by the pat-
ticles of the primitive atmosphere hecom-
ing smaller, the sum of the product of all
the particles, by the corresponding area,
could not remain the same, unless the ve:
locity of rotation augments. |
A4 its surface the atmosphere is ouly re-
tained by its weight, and the form of this
surface is such, that the force which re-
sults from the centrifugal and attractive
forces of the body, is perpendicular to it.
The atmosphere is flattened towards the
- poles, and distended at its equator, but
this ellipticity has limits, and in the case
where it is the grentest, the proportion of
fhe axis of the pole and the equator, 18 as
two to three.

The atmosphere can only extend itself at
the equator, to that point where the centri-
fugal forceexactly balances the force of gra-
vity, for it is evident that beyond this limt,

 the fluid would dissipate itself. Relativeto
' u 9 |
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the Sun, this point is distant from its centre
by the length of the radiusof the orbit of
a planet, the period of whose revolution
is equal to that of the Sun’s rotation.

The Sun’s atmosphere then does not ex-
tend so far as Mercury, and coqs¢gueutly
does not produce the zodiacal light, which
 appears to extend even to the terrestrial
orbit, Besides, this atmosphere, the axis
of whose poles should be at least two-
thirds of that of the equator, is very far.
- from baving . the lenticular form which
observation agsigns to the zodiacal light,

The point where the centrifugal force
“‘balances gravity, 1s so much nearer to the
¢ body, in propartion as its rotatory motion
- more rapid. Supposing that the at-
‘mosphere extends itself as far as this li-
mit, and that afterwards it contracts and
condenses itself from the effect of cold
at the surface of the body, the rotatory
motion weuld become more and more ra-
pid, and the furthest limit of the atmo-
sphere wauld approach continually to its
centre: it will then abandon successively
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in the plane of its equator, fluid zones,
which will continue to circulate round
the body, because their centrifugal force
is equal to their gravity. DBut this equa-
lity not eéxisting relative to those particles
of the atmosphere, distant from the equa-
tor, they will continue to -adhere to it.
It is probable that the rings of Saturn
are similar zones, abandoned by 1its at-
‘mosphere,
If other bodies circulate round that
- which has been considered, or if it cir-
culates itself round another body, the li-
mit of its atmosphere is that point where
‘its centrifugal force, plus the attraction of
‘the extraneous bodies, balances exactly
‘it gravity. 'Thus the limit of the Moon’s
‘atmosphere, 1s the point where the cen-
{rifugal force due to its rotatory motion,
“plus the attractive force of the Earth,
i3 in equilibrium with the atfraction of
‘this satellite, The mass of the Moon
being i of that of the Earth, this point
18 distant from the centre of the Moon,
~ about the ninth part of the distance from
| u3
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the Moon to the Earth. If, at this dis.
tance, the primitiye atmosphere of the
Moon had not been deprived of its elag-
ticity, it would have been carried towards
the Earth, which might have retained
it. This is perhaps the cause why this
atmosgphere is so little perceptible.
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CHAP, X.
Of the Tides.

Ir the investigation of the laws of the

equilibrium of the fluids which cover the
planets, presents great difficulties, that of
the motion of these fluids agitated by the
attractions of the heavenly bodies, offer
stili greater.

Thus Newton, who occupied himself
the first with this important problem, was
satisfied with determining the figure in
which the ocean would remain in equilt-
brio, under the action of the Sun and
Moon. He supposed that the sea, at
every instant, took this figure; and thus
hypothesis, which extremely facilitates
the calculations, gave him results, in many
respects conformable with the observations.
In fact, this great geometrician had re-

n 4
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‘course to the action of the rotation of -thi
Earth, te explain the retardation of the
tides, beyond the passage of the SBun and
Moon over the meridian; but his reasoning
18 unsatisfactory, and, moreover, appears
contrary to the result of a rigorous ana-
lysis. The Academy of Sciences proposed
this subject for a prize, in 1740 ; the suc-
cessful preces, contained the developement
of the Newtonian theory, founded on the
same hypothesis, of the ocean in equili-
brium under the action of the attracting
bodies. It is evident, nevertheless, that
the rapidity of the Earth’s motion pre.-
vents the waters that cover it, from taking
at every instant, the figure suitable to the
equilibrium of the forces, but the invests-
gation of this motion, combined with that
of the action of the Sun and Moeon, wa
too difficult to be effected by tihe state o
apalysis at that time, and -of the know:
ledge then possessed of the motions o
fluids. But assisted by the discoverié:
which have since been made on both these
subjects, I have again undertaken thi:
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problem, the most intricate in celestial
mechanics. The only hypotheses which
I shall permit myself are, that the ocean
inundates the whole Earth, and that 1t
meets with but slight obstructions in its
" motion : the rest of mytheoryis rigorously
exact, and founded on the principles of
the motion of fluids. By thus conforming
to nature, I have the satisfaction to sec my
results agree with the observations, partt-
cularly with respect to the small difference
which subsists between the two tides of
ene day, which differénce, ncdord g to
the theory of Newton, showld be’ ‘very
great. 1 obiained this remarkable’ réstit,
namely, that to make this' differeqice’ d18s
appear, it is only necessaty to suppese{Be
ocean to have every where tlte sarhe depths
" Daniel Béruoulli, in his Essay on the Tidek
which divided the prize of ‘the nchdemy;
in 1740, endeavoured to explain thiy ‘phs
nomenon, by supposing that the motioh of
the Earth was too rapid to permit the
tides to accommodate themselves to the

theory. But it can be shewn by analysis,
o
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that: this rapidity could not prevent the
tides from being very unequal, if the depth
of the ocean was not constant. We may
see by this example, and by that of New-
ton, how much we should distrust the
most plausible hypotheses, when not sup-
ported by rigorous calculation.

The preceding results, though very ex-
tensive, are still restricted by the supposi-
tion of a fluid, regularly spread over the -
Earth, and subject to very shght resis-
tances in its motions. The irregularity in
the depth of the ocean, the position and
deelivity of the shores, their situation
relative to the neighbouring coasts, the
{riction of the waters against the bottom
of the ocean, and the resistances they meet
with: all these causes, which it is im-
possible to reduce to calculation, modify
the oscillations of this great fluid mass.
All that can be done 1s to analyse the ge-
peral phenomena of the tides, which
should result from the attractive forces of
the Sun and Moon, and to derive from ob-
scrvation such data as are indispensably
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necessary to complete the theory of the
tides for each particular port. Thesedata
are 8o many arbitrary quantities depending
on the extent of the sea, its depth, and
the local circumstances of the port. Un-
der this point of view, we shall consider
the oscillations of the ocean, and thelir cor-
respondence with observations.

Let us first consider the action of the
Syn alone upon the ocean, and suppose its
motion uniform in the plane of the equa-
tor. Itis evident, that if the Sun acted
on the centre of gravity of the Earth, and
of every particle of the ocean, by exert-
ing equal and parallel forces, the whole
system of the terrestrial spheroid would
obey these forces by a common motion, and
the equilibrium of the waters would not
be at all altered. 'This equilibrium, then,
is only deranged by the difference of these
forces, and by the inequality of their di-
rections. A particle of the ocean, placed
directly under the Sun, is more attracted
than the centre of the Earth, It tends,

" O
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therefore, .to separate itself:from it, but
it 13 retained by its gravity, which this ten-
dency diminishes. Twelve hours after-
wards, this particle is opposite to the Sun,
which attracts it less forcibly than it does
the centre of the Earth ; the surface of
the terrestrial globe therefore tends to se-
parate itself from it, but the gravity of
the particles retains it. This force is there-
fore diminished also in this case by the
solar attraction. But sioce the distance
of the Sun 1s very great, compared with
the radius of the Earth, it is easy to see
that the diminution of gravity in each case
it very mnearly the same. A simple de-
composition of the action of the Sun upon
the particles of the ocean, is sufficient to
shew, that in any pesition of this body,
relatiﬁely to these particles, its action in
disturbing their equilibrium, becomes the
same after twelve hours. And it may be
established as a general principle in me-
chani¢s, that the state of a system of bo-
dies, 10 which the primitive conditions of
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" motion have disappeared by the resistandes
+ meets with, is periodic, like the forees
which solicit it- The state of the ecean
should therefore be the same ateach inter-
val of half a-day, so that the tide should

. ebb.and flow in this interval.

The law according to which the wa-
ter rises and falls, may be thus deter-
mined. Let us conceive & vertical circle,
whose circumference represents half a day,
and whose diameter is equal to the whele
tide. or the difference between the height
of highand low water, and let the arcs of
this circumference, reckoning from the
lowest point, express the tume elapsed
sinee low water, the versed sines of these
“ares will express the heights of the water,
~ corresponding to these tumes. 'Thus, the
ocean in rising, covers in equal times,
- equal arcs of this circumference. This
Jaw is exactly observed in the middle-of
the ocean, which is free onevery side, but
in ous harbours, local circumstances pso-
duce some deviations. . 'The sea employs
rather a longer time to fall than to rise,
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which difference at Brest amounts to-about
* 104 minutes. |

The greater the extent of the surface of
the water, the more perceptibla are the
phenomena of the tides. 'Ina fluid mass,”
the impressions which a fluid particle rex
ceives, are communicated to the whole.
It 18 thus that the action of the Sunm,
which is insensible on an insulated parti-
cle, produces on the occan such remark-
able effects. Let us imagine, at the bot-
tom of the sea, a curved canal, terminated
2t one of its extremities by a vertical tube,
rising above the surface of the water, and
which, if prolonged, would pass through
the centre of the Sun,

'The water will rise in this tube by the
direct action of the Sun, which diminishes
the gravity of its particles, and particu-
farly by the pressure of the particles en-
closed in the canal, which all make an ef-
fort to unite themseives beneath the Sun,
The clevation of the water in the tube

o

* 14 27"
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above the patural level of the sea; isithe .
integral of all these infinitely small efforts.
If the length of this eanal is increased,
this integral also becomes greater, because
it extends over a larger space, and because
there will be a greater difference in. the
quantity aund direction of the forces, by
which the extreme particles are sollicited.

By this example we see the influence
which the extent of the sea has upon the
phenomena of the tides, and the reason
why they are insensible in the very small
seas, as the Kuxine and the Caspian. 'The
magnitude of the tides depends alse much
on local circumstances, The oscillations
of the ocean, when conflned in a narrow
channel, may become extremely great, and
these may be augmented by the reflection
of the waters from the opposite shore. It
18 thus, that the tides, very small in the
South Eea 1slands, are very considerable in
our harbours,

If the ocean covered a spheroid of re-
volution, and experienced no resistance to
its motion, the iustant of high water would
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be that of the passage of the Sun over the
superior or inferior meridian; butit 1s pot
thus in nature; local circumstances pro-
duce great veriations in the times of high
water, cven 1n harbours that are very near
cach other. 'To havea just idea of thege
variations, we may suppose a Jarge cang)
communicpfing with the sea, and extend-
ing immto the land ; 1t is evident that the unr
dulations which take place at its entrance,
will be propagated successively through
its whole length, so that the figure of ity
surface will be formed by, the undulatiqpy
of Jirge, wayes in motion, which will
incessantly renewed, and will describe the
whole length of the interval of half-a dax,
These waves will produce at every point
of .the ¢enal, a flux and reflux, which wﬂl
follow the preceding laws, but the hours
of the flowing will be retarded, in propor-
tion as the points are further ,ﬁ'_t}m thﬁ
entrance of the canal. 'What we have here
said of a canal, may be applied to rivers
whose “surfaces risc and fall by similsr
waves, notwithstandiog the contrary motion
oftheir waves. These waves are observed
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in all rivers near their embouchure. They
'k propagated to great distances in great
rivers ; and at the strait of Pauxis, in the
tiver of the Amazons, it is sénsible at two
hiundred leagues from the sea. Let us
text consider the action of the Moon,
which we will suppose to move umformly
in the plane of theequator. It is evident
that it must excite in the ocean, an ¢hbb
and flow similar to that resulting from the
aetion of the Sun, and whose period is half
a8 lunar day. Now it has been shewn 1in
the preceding Book, that the total mo-
tion of a system agitated by very small
forces, is equal to the sum of the partial
hotions, which every force would have
impressed separately ; the two partial tides,
therefore, produced by the action of the
Sun and Moon, combine without derang-
ing each other, and from their combina-
tion results the tides, which we observe in
our ports. |
~ From hence arise the most remarkable
phenomena of the tides. The instant of
thc lunar tide is not the same with that of
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- the solar tide, since their periods are dif-
ferent, If these two tides coincide, the
following lunar tide will retard upon the
solar tide, by the excess of half a lunar
day, above half a solar day, thatis * 1752
b. 'T'hese retardations accumulating from
day to day, the full lunar tide will finish
by coinciding with the low solar tide, and
reciprocally. When the lunar and solar
tides coincide, the combined tide is the
greatest, which happens about the sysi-
giess The combined tide is the . least,
when the full tide, relative to one of the
bodies, coincides with the low tide. of the
other, which is the reason of the tides
being least at the quadratures. 1If the.sor
lar tide exceeded the Jupar tide, it 1s cleas
that the hours of the greatest and least
combined tides, would coincide with the
times at which the solar tide would hap-
pen, iIf 1t alone existed. But if the lunag
tide exceeds the solar tide, then the least
combioed tide coincides with the low selar

* Q' 27" 8. '
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tide, and consequently its time 1s a quars~
ter of a day’s interval from the hour of
the greatest combined tide. This offers
an easy method of deciding, if the lunar
tide is greater or less than the solar tide.
All the observations concur in making the
hour of the least tides differ by a quarter
of a day from that of the greatest tide,
which prove that the lunar tide exceeds
the solar tide.

"We have seen, in the first Book, thart
the mean value of the greatest tide 1im
every month, is mearly 5™.888, and that
the mean least tide is 27,789, It i3 easy
te conclude, after the requisite reductions,
that the mean lunar tide, that which cor-
responds to the constant part of the pa-
rallax of the Moon, is three times less
than the mean solar tide; or, in other
werds, thet the action of the Moon, to
elevate the waters of the ocean, 1s three
times as great as that of the Sun.

The extent of the variation of the total
tides, taken at the maximum, or mini-

mum, is exactly the same by the theory
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of gravity, as by observation. Their in-
crease, in departing from the minimum,
is the double of their diminution, in de-
parting from the maximum, as the obser-
vations indicate. Since the lunar tide ex-
ceeds the solar tide, the combined tidﬂ'
should be regulated chiefly by the lunar
tide, and in a given time there should be
85 many tides as passages of the Moon
over the superior or inferior meridian,
which is conformable with what we ob-
serve, But the instant of the combiped
tide should oscillate round the instant, of
‘the lunar tide, according to some law de-
’pending on the phases of the Moon, apd
of the ratio of its action, to that of the
Sun. The first of these instants precedes
the second, from the greatest to the. least
tldes, and follows 1t from the least to the
greatest s0 that the mean time of the com-
bined tide being the same as the lupar
‘tide, the mean retardation-of the tides in
one day is * 35057,
* 18' 55" 6,
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According both to theory and observa-
tion, the height of the tides, and their
retardation, vary according to the phases
of the Moon. The least retardation coin-
cides with the greatest height, and the
‘reatest retardation with the least height,
and the theory, by a remarkable coinci-
‘dence, gives these retardations * 2705” and
+3907", the same as results from obser-
ﬁitmn.

"This agreement proves the Justness 0f
‘the theory; 'and the exactnéss of the sup
‘iiosed ratio betwéan the actions of*tle S'un
dtid“the Mooén. In changing this ratio a
bsihali qdmtlty, a great discordance woultl
i¥ise in the heights and retardations, whgch
fierefore are capable of givmg us this' ra-
'Wo with great precision.
£ We may here make an important Te-
“Mark, on which depends the ex planation
'tT several phénomena relating to the tides.
If ‘the spheroid which the sea covers, was
a solid of revolution, the partial tides

*1436"4, + 28 7,
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would take place at the instant of the pas-
sages of their respective bodies over the
meridian. Thus, when the sysygies hap-
pened at noon, the two tides, lunar and
solar, would coincide with this instant,
which would be that of the greatest com.
bined tide. This greatest tide would take
plice at the same day as the sysigy; if the
two partial tides followed nearly by the
same interval, the passage of their re-
spective bodies over the meridian. But
the daily motion of the Moon in its orbit
being considerable, the rapidity of this
motion may influence very sensibly the in-
terval between the passage of the thfl'
and the lunar tide. * -

We may form a just 1dea. of this pHﬁ-—
noviréfion, by imagining as above,'a vast’
canal communicating with the océan, and
advancing very far into the cnhtment ﬁn-
der the meridian of its embouckure. 'If
we suppose that at this embouchure,” the
full‘tide takes place at the instant of the
passage of the heavenly body over the
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meridian, and that it employs * twenty-.
one hours to arrive at its extremity, it is
evident that at this last point, the solar
tide will happen one hour after the pas-
sagc of the Sun over the meridian. But
two lunar days forming + 2.070 solar
days, the lunar tide will only be 7 30 later
than the passage of the Moon; thus there
will be § 70’ difference in the intervals of
the solar and lunar tides, after their re-
‘spective passages over the meridian.

From hence it follows that the maxi-
mum and minimum of the tides does not
take place on the very days of the sysigy
and quadrature, but one or two days af-
ter, when the interval of the lunar tide
after the passage of the Moon, added to
the interval of the passage of the Moon
after that of the Sum, is equal to the in-
terval of the solar tide, after the passage
of the Sun. Thus, in the preceding ex-
ample, the maximum and minimum,
which, at the embouchure of the camal,

R — P - e P = o il
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take place the day of the sysygy and qua-
drature, will not arrive at its extremity

_till * twenty-one hours afterwards.

I have found, by comparing a great
number of observations, by different me-
thods, that at Brest the interval by which
the greater tide follows the sysygy. is very
nearly aday and a half. Hence it follows,
that in this port the solar tide follows
the passage of the Sun, t 18358" and that
the lunar tide follows the passage of the
Moon £ 13101”. The hoursof the tide at
Brest are thereforc the same as at the ex-
tremity of a canal, which should commu-
nicate with the ocean, if we suppose {hat
ot its embouchure, the partial tides take
place at the instant of the passage of their,
respective bodies over the meridian, and
that they employ a day and & half to ar-
rive at its extremity, sup posed 18358" more.
to the eastward, than its embouchure. And,
in general, both observation and theory,
have shewn me, that each of the pérgs in

1 s,

*gighoq,  t4"2421". 13839 &

"
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France, may be considered relativelys to
" the tides, as the extremity of a canak at
whose embouchure the pariial tades take
place at the very lostant of. the passage
ofahe Sun and Moon, and are {ransmiticd
iu 2’ day and a half to its extremnty, sup-
posgd situated to the eastward of 1its em-
howchure, by a quantily very dlffwent
for the different povts. | : :

.. It may be observed  that the dtﬂ'erencc
ya_ihe_ intervals, by which tie. partial tide
follow the meridian passages of the bodies
which produce them, do.not essentially
change any of the phenomena of the tides.

“For a system of bodies moving “an the
eguator, it only retards one.day and s
half the phenomena, winch would -talie

_ place by caleulation {from an hypothesns,

* {p.which these intervals are nothing. Masy

" philosophers have attributed the retarda-

-~ tipwof the phenomena of the tides, relas

'Iptwe]y to the phasesef the Moon, te: the
iyt yyed by .its action, to transmit

_ 3\- arth.  But this hypothesis

3/ incompat Eﬁq with the 1inconceivable

—



activity of the attractive force, the proof
of which will be shewn at the end of the
Book ; it 13 not therefore to the time em-
ployed in this transmission, but to that
necessaly to communicate the original
impressions through the ocean to owur
ports, that we are to attribute this delay.
The power of a celestial body to raise
a parficleof water placed between it and
the centrc ofthe earth, is equal to the dif-
ference of its action on the centre and on .
the particle; and this difference is double
the quotient of the mass of the heavenly
body, multiplied by the terrestrial radius,
and divided by the cube of the distance of
the centres of the celestial body and the
Earth, 'This quotient relatively to the
Sun; 1s by the Fifth Chapter, the hundred
and seventy-ninth part of the force of gra-
vity, which solicits the Moon towards the
Earth, multiplied by the proportion of the
terrestrial radius, to the distance of the
Me_«"; this force of gravity is very nearly
equal to the sum of themasses of the Earth
and Moon, divided by the square of the
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lunar distance; the power of the Sun to raise
the waters of the sea 18 therefore eighty-
nine times and a half less than the sum of
the masses of the farth and Moon, mulii-
_plied by the terrestrial radius and diyided
by the cube of the lunar distance.

But this force according to observation,
is only a third of the force of the Moon,
which is equal to double its mass, multiph-
ed by the terrestrial radius, and divided by
.E{f";he cube of its distance; thus the mass of the
Moon is to the sum of the wmasses of the
Farth and Moon as 3 15 to 199 : from

 whence it follows that this mass 13 very
~nearly v55 Of ihat of the Earth, 1Its vo-
lume being only zvirz of that of the
Earth, its density 1s 0.8401, the mean
"id:ensity of the Earth being taken as unity ;
. and the weight which on the Farth 1s
unity, trapsported 1o the surface of the
‘Moon, would be reduced teo 0.2291. .
“‘Nevertheless the isregularity in the
*5% _ﬂ__épth of the sea,which, as has been shewn,
i sroduces a perccptible difference in the

E:iiltﬁl"l’al by which the lunar and solar
+ 9
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tides follow the trausits of their respective
bodies over the meridian, may likewise
influence the proportional. altitudes of
these two tides.

Let us imagine a port situated at the
Junction of two canals, communicating
with the sea under the same meridian ;
let us also suppose that at their em-
bouchure, the partial tide of each ce-
lestial body, happeus at the very instant
of its trausit over the meridian. The tide
in the port will be the result of the tides
transmitted to it by each canal; if the
tide employs one day to pass from the sea
to the port by the first canal, and eight
days and a half by the second, the differ-
cnce of these intervals,being seven days and
ahalf, the two solar tides of each canal
will coincide in the port,and the compound
solar faide will be equal to their sum. But
as seven solar days and a half only produce
seven Junar days and a quarter ;. the full
lunar tide of the first canal should coin-
cide with the last lunar tide of the Se.cdn'd;
thus the lusar tide in the port will he
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only the difference of the lunar tides, trans-
mitted by the iwo canals, Supposing
therefore that at the embouchures the
‘tides may be proportional to the force of
the celestial bodies, they will cease to be
. 80 in the port, where it may even happen
that the lunar tide may be wecaker than
the solar.
It is important. therefore when we wish
‘to ascertain the proportional forces of the
Sunand Moon from the phenomena of the
“tides, to be assuored that the observed tides
are in proportion to these forces. Ana-
‘lysis furnishes different means for this
“object; applying them to the observations
"made at Brest, I found that this propor-
tion existed in a very approximate manner;
"thus the value which we have assigned to
‘the mass of the Moon, should differ very
little from the true value.
" Hitherto we have supposed the Sun and
“Moon moved uniformly on the plane of
" the equator. Let us now vary their
"_';'fm'qtians_ and their distances from the
* centre of the Earth. In developing the
1 3
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expressions of their actions upon the
ocean, we may represent each term by the
action of a body moved uniformly in a
circle round the Earth,it will then be easy,
by the principles already explained, to
determine the flux and reflux of the
ocean, corresponding to the different ine-
qualities of the Sun and Moon. In sub-
mitting in this manner the phenomena of
the tides to analysig, 1t 1s found that the
tides produced by the Sun and Moon aug-
ment 1n an nverse ratio to the cubes of
their distances. The tides ought there-
fore, ceteris paribus, to increase in the pe-
rigee and diminish in the apogee of the
Moon. This phenomenon is extremely ap-
parent at Brest ; by examining the obser- |
vations, I find that * 100" of varia-

tion in the semi-diameter of the Moon,
answers to half a metre of variation in the
total tide, when the Moon is in the equa-
tor ; and this result of observation i1s sg

conformable to that given by the theory,
that we might from this alone have found

-

* 32°4.



®
175

the law of the variation of the Moon’s ac-
tion relative to its distance. The varia-
tions in the distance of the Sun from the
Earth, are sensiblein the heights of the
tides, but in a much less degree than those
of the Moon,because its action in elevating
the watersis three times less, and iis dis-
tance from the Earth varies in a less
ratio. 'This result of the theory is also
verified by observation. 'The action of
the Moon being greater and its motion
more rapid, when itis nearer the Earth,the
combined tide inthe sysygies perigee,ought
to approximate to the lunar tide, which
ought itself to approximate to the pas-
sage of the Moon ; for we have seen that
the partial tide approaclies so mach nearer
to the body that causes 1t as its motion is
more rapid,the tide’s perigee on the day of
the sysygy ought therefore to advance,
and the tide’s apogee to retard. It has
been mentioned in the First Book that ac-
cording to observation, every | minute of

% 321!'4‘
14
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increase or diminution in the lunar semi-
diameter advances or retards the high tide
by * 354", which is very nearly what re-
sults from the theory. The parallax of
the Moon influences also the interval of
two consecutive tides of the morning and
eveningi about the sysygies,' or in the
vicinity of the maximum of the tides.
According to the theory a minute of varia-
tion in the semi-diameter of the Moon,
produces a variation in this interval of
1258, which is exactly confirmed by ob-
servation,

This phenomenon equally takes place at
the quadratures, but the theory shews that
it 18 three time less than at the sysygies,
and this answers to the observations. To
conceive this we must recollect that the
daily retardation of the lunar tide, aug-
ments as the Moon’s motion 1s the more
rapid, as happens at the perigee; and
that the retardation of the tides at the
gsysygies augments and approaches the

iii— ———— e — e |
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daily retardation of the lunar tide, when the
lunar force augments; these two causes,
therefore combine in augmenting theinter-
val of the tides at the sysigies’ perigee. At
the quadratures, when the lunar force in-
creases, the daily retardation of the tide
diminishes,by approaching the retardation
of the lunar tide ; thus the interval of the
tides is increased by the rapidity of the
motion of the Moon perigee, and dimi-
nished by the increase of the lunar force:
‘these two causes, therefore, acting, then, m
opposite directions, the increase in the re-
tardation of the tide is only the effect of
‘their difference, and for this reason 1s less
than in the sysygies. Thus, having deve-
loped the theory of the tides, upon the
supposition that the Sun and Moon move
in the planc of the equator, we shall next
consider the motion of these bodies, such
‘as they really are in nature, and we shall
see that new phenomena arise from their
'l:h.mgc of declination, which, cgmpared
with observation, tend still more to con-
firin the preceding theory.
i D
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This complicated case may be reduced
to that of several bodies moved uniformly
in the plane of the equator, but we must
oive to these bodies very different motions
in their orbits, Some moving very slowly,
produce a flux and reflux, whose period 1s
half a day, others have a revolution equal
to half the revolution of the earth, and
they produce a flux and reflux, whose |
period isaday. Others have a revolution
nearly ‘eq ual to the rotation of the
Earth. They producea flux and reﬂux'
whose periods are of a month and of a
year.

Let us examine these three species of
tides.

The first contains not only the oscilla-
tions which we have considered above, and
which depend on the motion of the Sun
and Moon, and on the variations of their
distances from the Earth, but likewise
others depending on their declinations.
Insubmitting these to analysis, we find,
that the total tides of the equinoctial
sysygies are greater than those of the sol-
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stitial sysygies, in the ratio of radius,to the
square of the cosine of the declination of
the Sun, or of the Moon, about the period
of the solstices; we find, moreover, that
the tides of the solstitial quadratures ex-
ceed those of the equinoctial quadratures,
in a greater ratio than that of radins to
the square of the cosine of the declination
of the Moon, about the equinoctial gua-
dratures. All the observations confirm these
theoretical results, and leave no doubt of
the diminution of the action of the bodies,
as they deviate more’ or Jess from the
equator. *

The declinations of the Sun and Moon
sensibly affect even the law of the diminu-
 tion and augmentation of the tides, rec-
' koning from the maximum or minimum.
Both by theory and observation, their di-
~ minution i8 about one-third more rapid in
. the equinoctial sysygies,than in the solsti-
tial.  Their ncrease, both by theory and
~ observation, 1s about twice as rapid in the
~ equinoctial quadrature, as in those of the
- sglstice.
| 16
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The position of the nodes is likewise
sensible in the height of the tides, by its
mfluence on the declinations of the Moon.

The motion of the Moon, in right as-
cension, being more rapid in the solstices
than at the equinoxes, must bring the lu-
nar tide nearer to the Moon’s meridian
passage ; the hour of the tides in the
equinoctial sysygies should retard upon
the hour of the solstitial sysygies ; for the
same reason, the hour of the tide, at the
solstitial quadratures, should retard on
that of the equinoctial quadratures; the
theory gives this latter retardation about
quadruple that of the first.

'The declinations of the Sun and Moon
influence likewise the daily rctardation of
the equinoctial and solstitial tides; 1t
should be greater about the solstitial sy-
syeics, than at the equinoctial, and still
greater about the equinoctial quadrature,
than at the solstitial ; and 1n this second
case, the difference 1n the retardation is
four times greater than in the first: and
observation confirms, with remarkable pre-
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cision, all these theoretical results, The
tides of the second class, whose period is
~a day, are proportional to the product of
the sine, by the cosine of the declination
of the body. They are nothing when it

is in the equator, and they increase ag it
~ deparis fromit, By being combined with
the tides of the first class, they render the
twe tides of the same day unequal. 1t
18 for this reason, that the morning tide
at Brest is about 0,183 greater than the
evening tide, about the sysygies of the win-
ter solstice, and less by the same quantity
~about the summer solstice, as has been
observed 1n the F¥irst Book: for the same
- cause the morning tide is greater by (e,
- 136, about the equinoctial quadratures of
- gutumn, and less by the same quantity at
the equinoctial quadratures in the spring.

In general, the tides of the second class
are not very considerable in our harbours,
. their maguitude 18 an arbitrary quantity,
. depending on local circumstances, which
. may augment them, and diminish at the
same time the tides ¢f the first class, so
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as to render the former insensible. For,
let us conceive a large canal communicata
ing by its itwo extremities with the ocean,
the tide in a port situated on the border of
this canal, will be the result of the undula.
tions transmitted through its two embou~
chures. Now it may happen that the un~ |
dulations of the first class arrive at such
atime, thatthe maximum of one may coin-
cide with the minimum of the other, and .
if these should be equal, it is clear that
there would be neither lux nor reflux 1n
this port, in consequence of these undu-
lations. But there will be a flux produced
by the undulations of the second class,
which, having a period twice as long, will
not correspond in such 2 manner, as for
the maximum of thosc which enterby one
embouchure, to coincide with the minis
mum of those which enter by the other.

In this case, there will ke no tide whep
the Sun and Moon are in the planc of the
equator ; but it will become scnsible when
the Moon deviates from this plane, and
then there will be one flux and ope reflux
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in each lunar day, so thatif the fux ar-
rives at the setting of the Moon, the re-
flux will take place when it rises. This
singular phenomenon has been observed at
- Batsha, a port in the kingdom of Tun-
quin, and in some other places. Itis pro-~
bable, that observations made in the dif-
~ ferent parts of the world, would afford all
the intermediate varieties between the tides
of Batsha, and those of our ports.

Let us consider, finally, the tides of the
third class, whose periods are very long;
and independant of the rotation of the
Earth. If the length of this period was
infinite, these tides would have no further
effect than to change the permanent figure
of the ocean, which would soon arrive at
that state of equilibrium due to the forces
which produce them. But it is evident
that the length of these periods will pro-
duce nearly the same effect on the tides,
a3 in the case of its being infinite, We
may therefore consider the ocean as con=
stantly in equilibrio, under the action of
~ fictitious bodies, which produce tides of



184

"the third class, which may be determin
in this hypothesis. These tides are ve
small, but are nevertheless sensible
Brest, and correspond to the result of c:
culations. |

I have entered into a long detail on |
tides, because itis the nearest and most pe
ceptible result of the celestial attractio
to us, and one most worthy the attentic
of philosophers. We see, by the expos
tion which I have made, the agreement ¢
the theory of the tides, founded on th
law of universal gravitation, with th
phenomena of the heights and interyal ¢
the tides. If the Earth had no satellitc
if its orbit was circular, and situated o
the plane of the cquator, we should on}
have had, to have cnable us to recogniz
the action of the Sun upon the ocean, th
hour of high water always the same, an
the taw of its formation. ‘But the action
the Moon, combining with that of the Su;
prodaces in the tides varieties relative t
its phases, which, by their agreement wit
observation, give a great probability t
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the truth of the theory of gravitation,
All the inequalities of motion, produced
by the declinations and distances of these
two bodies, give rise to a number of phe-
nomena, which, being recognized by ob-
servation, place this theory out of the
shadow of doubt, It is thus that the va-
ricties in the action of causes, cstablish
their existence.

The action of the Sun and Moon on
the Earth, a necessary conscquence of the
" umversal attraction, demonstrated by all
the celestial phenomena, being directly
confirmed by the phenomena of the tides,
ought to leave no uncertainty on the
subject. It isindeed brought now tosuch
a degree of perfection, that not the least
difference of opinion exists upon the sub-
ject, among men sufficiently learned in the
science of geometry and mwechanics, to
comprebend its relation with the law of
- universal gravitation.

A long series of observations, more pre-
cise than have hitherto been made, will
rectify the elements already known, and
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fix the value of those which are uncertain;
and develope phenomena which before
were obscured in the errors of observa- -
tion. The tides are not less interesting to
understand, than the inequalities of the
heavenly bodies, and equally merit the at-
tention of observers. We have hitherto
neglected to follow them with sufficient
precision, because of the irregularities
they present. But I can assert, after a
carcful investigation, that these irregula-
rities disappear by multiplying the obh-
servations ; nor is it necessary that their -
number should be extremely great, parti-
cularly at Brest, whose situation is very
favourable for this species of observation,.

I have now onlyto speak of the method
of determining the time of high water,
on any day whatever. We should recol-
lect, that each of our ports may be consi-
dered as the extremity of a canal, at whose
embouchure the partial tides happen at-
the moment of the passage of the Sun
and Moon over the meridian, and employ
a day and a half to arrive at its extremity,
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supposed eastward of its embouchure, by
e certain number of hours.—This numn-
ber is what I call the fundamental hour of
the port. It may easily be computed
from the hour of the establishment of the
port, by considering this as the hour of

- the full tide, when it coincides with the

sysygy. The retardation of the tides,

- from one day toanother, being then * 2705",

it will be + 3951”7 for one day and a half,
which quantity 1s to be added to the hour

~ of the establishment, to have the funda-

~ mental hour, Now, 1f we augment the
~ hours of the tides at the embouchure by
- 115 hours, plus the fundameéntal hours,

we shall have the hours of the correspond-
g tides in our ports. Thus, the problem

. consists in finding the hours of the tides
" in a place whose longitude is known, on

- the supposition that the partial tides hap-

;
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pen at the instant of the passagc of the
Sun and Moon over the meridian. For
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this purpose analysis affords very simpl
formula, which are easily reduced to ta
bles, and very useful to be inserted 1
the cphemerides that are destined for na

vigators,
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CITAP. XI.

On the Stabiiity of the Equilibrium of the Ocean.

SEvERar irregular causes, such as hurri-
canes and earthquakes, agitate the sea,
elevate it to a great height, and sowmc-
times oblige it to forsake its limits. Ne-
vertheless, observation shews us that it
has a tendeuncy to return to its former state
of equilibrium, and that the friction and
resistances of all kinds that it experiences,
would very soon bring it to this state, with-
out the action of the Sun and Moon. This
tendency cousiitutes the stable equili-
brium, which we mentioned in the Third
Book. Wec have there shewn that the
stability of the equilibrium of a system of
bodics may be absolute, or take place,
whatever small derangement it may re-
ceive ; or 1t may be relative, and depend
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on the nature of the primitive disturb.
ance. 'T'o which class belongs the stabi-
lity of the ocean? This is what observa-
tion cannot teach us with absolute certain-
ty; for, although in the almost infinite
variety of disturbances to which the ocean
is lhable, from the action of irregular
causecs, it may appear to return to its for-
mer stale of equilibrium; yet we may ne-
vertheless apprehend, that some extraordi.
nary causc may communicate to 1tashoek,
which though inconsiderable at its ori-
gin, may augunient continually, and elevate
it above the highest mountains : this would
explain several phenomena in natural his-
tory. Itis therefore interesting to inves-
tigate the conditions which are necessary
for the absolute stability of the ocean, and
to examine 1f these conditions exist in
nature, In submitting this object to ana-
lysis, I have assured wmyself that this
equilibrium is stable, 1f its density is less
than the mean density of the Earth, which
1s extremely probable, for it is naturakto
think, that the strata are more dense as
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they approach the centre. We have be-
sides seen, that this is proved by experi-
ments on pendulums, by the measurement
of degrees, and by the attractions of moun-
{ains. [t appears then, that the equili-
brium of the ocean is stable, and 1if, (as
seems certain) the waters have formerly
covered continents, which at present are
~elevated much above its level, we must
not search for the cause in the want of
~ stability in their equilibrium. I have like-
wise discovered, by the means of aralysis,
that this stability would cease to exist, if
the mean density of the sea exceeded that
of the earth, so that the stability of the
equilibrium of the ocean, and the excess
of the density of the terrestrial globe above
that of the waters which cover 1f, are re-

ciprocally connected one with the other.

\
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CHAP. XIL

Of the Oscillutions of the Atmosphere.

To arrive at the ocean, the action of i
Sun and Moon must fraverse the atme-
sphere, which must necessarily be subject
to their influence, and cxperience similar
oscillations to those of tle ocean., - From
hence arise winds and variations in the
barometer, the pertods of which are the
same as those of the flux and reflux-of
the occan. _But these winds are very in-
considerable, and almest Insensible, in @n
atmosphere so much agitated by other
causes. 'L'he cxteut in the oscillations of
the barometer, is enly one millimetre at
the equator, where it is thc greatest, No- -
vertheless, as local civcumstances! mz_}y Ccons a
siderably augwent the oscillations ofughe -
ocean, tliey may equally increase the gae
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eillations of the barometer, the observa~
tion of which merits the notice of philo-
gophers.

We may here remark, that the action of
the Sun and Moon, produce neither inthe
ocean nor in the atmosphere, any motion
from east to west, 'That which -1s observ-
_ed in the atmosphere, between the tropies,
“uader the appellation of the trade-wigds,
_proceeds therefore from some other cause
—this seems to be the most probable.zs.

The Sun, which we will suppose, for
the sake of simplicity, in the plane of the
equator, there rarifies by its heat the co-
“Jumns of air, and elevates them abovetheir
“’latural level, they should then re-deseend

hy their weight, and be carried towards
_the poles in the superior part of the at-
_.mnsp.here, but at the same time, a current
""ﬁf cool-air-should arvive from the climates
“tear the poles, to replace that which has
been rarefied at the equator. ‘Lhus, {wo
i opposite currents of air are established,
'_“ . opg, tn the mfermr, the ‘other m the

'supermr part of the atmosphere, “ But
" YOL, K



do under the covenant of works?

Feb. 1. Walked with M. tothe British Museum,
and though I saw there much for which I could at times
glorify God,—as the varieties of birds, fishes, reptiles,
minerals, &c. and the works of his intelligent creatures,
-—1 was plagued with the workings of an evil, selfish,
dissipated, discontented heart.

3. Went to bed with an earnest and hopeful desire
of liviag in poverty of spirit and a sense of my own
unworthiness. .

4. Thetemper I wished to retain was a source of
great tranquillity to me this morning. T was rather
oppressed with care, yet I checked the suggestions of
sioth by considering the example of Christ and his

inigiers in the nregent day. and was [piher b o

- i
T— T

—_
If we consider all the causes which
disturb the egnilibrium of the atmosphere,
its great mobility arising from its fluid-
ity and elasticity ; the influence of heat
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rection of the meridians; we should
not be surprized at the inconstancy and
variety of its motions, which it would be

very difficult to subject to any ﬁxed and
*certam laws.
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the axis of the poles, and of a meniscus
surrounding the sphere, and whose greatest
thickuess corresponds with the equator of
the spheroid. The particles of this me-
" piscus may be considered as so many small
moons adhering together, and which make
their revolutions in a period equal to the
revolution of the Earth on its axis.

The nodes of all their orbits should
therefore have a retrograde motion, aris-
ing from the action of the Sun, in the same
manner as the nodes of the lunar orbit ;
and from the connection of these bodies to-
gether, there should succeed a retrograde
motion of the whole meniscus; but this
meniscus divides its retrograde motion,
~ with the sphere to which it is attached,

. which, for this reason, becomes slower ;

the intersection of the equator and the

ecliptic, that is to say, the equinoctial
~ points, should have a retrograde motion.

: *Lct us endeavour to investigate both the

~ law and the cause of this phenomena.
 And first we will consider the action of

the Sun upon a ring, situated in the plane
; x 2
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of Ravelations, and so very livelywas the impression
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all the time continuing stationary ; and
this would be the case but for the motion
of the ring, which we now suppose to
turn round m the same time as the Earth.
By this motion, the ring is enabled to pre-
serve a constant inclination to the ecliptic,
and to change the effect of the action of
the Sun into a retrograde motion of the
nodes. It gives to the nodes a variation,
which otherwise would be in the inclina-
tion, and it gives to the inclination a per-
manency, which otherwise would rest
with the nodes. To conceive the reason
of this singular effect, let us suppose the
situation of the ring varied an Infinitely
small quantity, in such a manner that the
planies of its two positions interscet eigh
other, in a line perpendicular to the line
ot nodes. |

At the end of any instant whatever, we
may decompose the motion of each of . its
" points into two, one of which should sub-
815t alone in the folluwing instant, the
other perpendicular to the plane of the
rmng, and which should be destroyed., It

K 4
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is evident that the resulting force of these
second motions, relative to all the points
'of the upper part of the ring, will be per-
pendicular to its plane, and placed on the
diameter which we just now considered,
and this is equally true for the lower part
of the ring. 'That this resulling force
may be déstroyed by the action of the so-
lar orbit, and that the ring, by virtue of
these forces, may remain in equilibrio on
its centre, it is requisite that these forces
should be contrary to each other, and their
moments, relatively to this point, equal.
The first of these conditions requires that
the change of position, supposed to be
given to the ring, be retrograde; the se-
cond condition determines the quantity of
this change, and consequently the velocity
of the retrograde motion of the nodes,
And it is easily demonstrated, that this ve-
locity is proportional to the mass of the
Sun, divided by the cube of the distance
from the Earth, and multiplied by the
cosine of the obliquity of the ecliptic.

Since the planes of the ring, in its two
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consecutive positions, intersect each other
in a diameter perpendicular to the line
of its nodes, 1t follows that the inclination
of these two planes to the ecliptic, 1s con-
stant, and the inclination of the ring does
not vary, by the mean action of the Sun,

That which has been explained rela-
tively to a ring, may be demonsirated by
analysis, to hold true in the case of a
spheroid, differing but litile from a sphere,
'The mean action of the Sun produces in
the equinoxes a motion proportional to ity
mass, divided by the cube of 1ts distance,
and multiplied by the cosine of the inclie
nation to the ecliptic. This motion-is re-
trograde when the spheroid is flattened at
the poles; its velocity depends on the
compression of the spheroid, but the in-
clination of the equator to the ecliptic,
always remains the same.

The action of the Moon ploduces like-
wise a stmijar retrogradation of the nodes
of the terrestrial equator, in the plane of
its orbit ; but the position of this plane
and its inclination to the equator incese

KD
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santly varying, by the action of the Sun
and the retrograde motion of the nodes
produced by the action of the Moon, being
proportional to the cosine of this inclina-
tion, this motion is variable.

Besides, in supposing it uniform, it
would, according to the position of the lu-
nar orbit, cause a varlation bothin the retro-
grade motion of the equinoxes, and in the
inclination of the equator to the ecliptic.
A calcuiation, by no means difficult, is suf-
ficient te show, that the action of the
Moon, combined with the motion of the
plane of its orbit, produces 1. A mean mo-
tion 10 the equinoxes, equal to that which
it would produce if 1t moved in the plane
of the echiptic. 2. An mequality sub-
tractive, from this retrograde motion, and
proportional to the sine of the longitude
of the ascendiug node of the lunar orbit,
3. A diminution in the obliquity of the
ecliptic, proportional to the cosine of this
same angle. 'Phese two inequalities are
represcnted at once by the motion of the
extremity of the terrestrial axis (pro-
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longed to the beavens) round a small el-
lipse, conformably to the Jaws explained
in Chap. X1. of Book 1.

The greater axis of this ellipse is to the
Jesser, as the cosine of the obliquity of the
ecliptic is to the cosine of double this obli-
quity. We may comprehend from what
has been said, the canse of the precession
of the equinoxes,and of the nutation of the
Farth’s axis, but a rigorous calculation,
and & comparison of its results with ob-
servation, is the true test of the truth of
atheory. That of universal eravitation
.+ indebted to &’ Alembert, for the advan-
tage of having been thus verified in the
case of the two precedung p'beumnena.
This great mathematician first determined
by a beautiful analysis the wmotions of the
axis of the Earth, by supposing the
strata of the terrestrial spherowd to be o
any density or figure whatever, aud he no
only found his results exactly conformabl
to observation, but obtained an accurat
determination of the dimensions of th
small ellipse described by the pole of th

K O
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Larth, as to which the ohservations of
Bradley had left some little doubt.

The influence of a heavenly body, either
upen the motion of the terrestrial axis of
the Earth, or upon the ocean, is always
proportional to the mass of that body,
divided by the cube of the distance of that
body from the Earth. The nutation of
the Earth’s axis being due to the action of
the Moon alone, while the precession of
the equinoxes arises from the combined
action of the Sun and Moon, it follows
that the observed values of these two phe-
nomena, should give the ratio of their
respective actions, If we suppose, with
Bradley, the annual precession of the
equinoxes to be *154"4, and the whole ex-
tent of the nutation 435”6, the action of
the Moon is found to be double that of
the Sun. But a very small difference in
the cxtent of the nutation, producesa very
considerable one in the ratio of the actions
of these two bodies, to make it equal three

P - b -5 p—
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to one, as indicated by the observations of
the tides, it is sufficient to suppose  the
oxtent of the nutation *62.2, Dr. Maske-
lyne, by re-examination of the observations
of Bradley, finds this guantity +586,
which differs but }3"6 from the result
obtained by the phenomena of the flux
and reflux of the ocean. So small a quan-
ity being nearly insensible in the observa-
{ions of the fixed stars, the ratio of the
solar and lunar action is better determined
by that of the tides ; 1t seems to me, there-
fore,that we should fix the equation of the
nutation at §3171, that of the precession
at 5872, and the lunar equation sof the
tables of the Sun, 127”5, 'The phenomena
of the precession and of the nutation
throws a new light on the constitution of
the terrestrial spheroid. They gave a
limit to the compression of the earth sup-
posed elliptic, hence it appears that this
compression does not exceed 34+, which
accords with the experiments that have

L e e e e i
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been made on pendulums, We have seen
tn Chap. Vil that there exists in the ex-
pression of the radius vector of the terres-~
trial spheriod, terms, which, but ltile
sensible infheinselves, and on the length
of the pendulum, cause the degrees of the
meridian to deviate considerably from the
elliptic figure. These terms disappear
entirely in the values of the precession and
nutation, and for this feason, these pheno-
mena agree with the experiments o pen-
dulums, The existence of these terims,
therefore reconciles the observations of the
lunar paraliax, those of the peudulums
acd degrees of the meridian, and the phe.
howena of precession and nutation,
Whatever fizure and deasity we sup-
pose in the straty, of the Farth, whether
or not 1t he a solid of revolution, provided
it diflers little from a sphere, we may
always assign an elliptic solid of revo-
lution, with which the brecession and ny.
tatton will be the sume. "Thus in the hy-
pothesis of Beuguer, of whickh we have

spoken Chap. VII., and ucﬂ?rding to
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which the increase of the degrees varies
as the fourih power of the sine of the lati-
tude. these phenomena are exactlythe
came as if the Earth were an ellipsoid
whose ellipticity was <3+, but we have
seen that observations do not permlt us to
suppose a greater ellipticity than i1, s0
that these observatious, and the experi-
‘ments on penduluams, combine to disprove
ihe hypothesis of Bouguer.

We bave hitherto supposed the Earth
entirely solid, but, this nlanet being co-
vered in great part by the waters of the
ocean, ought not their action to change
the phenonena of the precession and nu-
tation ? This question it is of importance
to consider.

The ocean in eonscquence of its fluidity
12 obedient to the action of the Sun and of
ihe Moon., 1t seems at first-sight that
their re-action should not aflect the axis
of the Farth. D’Alembert and every ma-
thematician since, who has investigated
these motions, have entirely neglected 1t,
they have even commenced from that
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point 1o reconcile the observed quantit
of the precession and nutation, with th
measure of the terrestrial degrees. Ne
vertheless a more profound examinatio
of this question has shewn us, that th
fluidity of the sea is not a sufficient rea.
son 10 neglect their effect in the preces
sion of the equinoxes; for if on one hand
they obey the action of the Sun and Moon
on the other, the force of gravity tends tc
bring them back without ceasing, toa state
of equilibrium, and permits them to make
but small oscillations ; it is therefore pos.
sible, that by their attraction and pressior
on the spheroid which they cover, thej
may communicate at least in part, the
same moticn to the axis of the Earth,
which they would if they could possibl;
become solid. Besides we may by simple
reasoning, be convinced that their action
is of the same order asthe action of th
Sun and Moon, on the solid part of the
Karth,

Let us imagine this planet homogeneous
and of the same density asthe pcean, and
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moreover that the waters take at every
instant the figure that is requisite for the
equtlibrium  of the forces that animate
them. If in these hypotheses the Earth
should suddenly become entirely fluid,
it would preserve the same figure and
all ite parts” would remain in equili-
brio, and the axis of the Earth would have
no tendency to move, and it is plain that
the same should be the case, if a part of
this mass should form, by becoming solid.
the spheroid which the ocean covers. The
preceding hypotheses serve as a founda-
tion to the theories of Newton, relative
ta the figures of the Earth, and of the
tides.

It is remarkable, that among the in-
~ finite number of those which may be
chosen on this subject, this great geome-
trician has selected two which give nei-.
ther the precession nor the nutation ; the
 re-action of the waters destroying the
effect of the action of the Sun and Moon,
upon the terrestrial nucleus, whatever
may be its figure. Itis true that these
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two hypotheses, particularly the last, are
not conformable to nature,but we may see,
& priori, that the effect of the re-action
of thewaters, although different from that
which takes place in the hypothesis
of Newton, is nevertheless of the same
order.

The investigations which I have made
on the oscillations of the ocean, have ena-
bled me to determine this effect of the
re-action of the waters in the true hypo-
thesis of nature, and have led to this re-
markable theorem.

Whatever may be the law of the depik
of the ocean, and whatever the figure of
the spheroid which it covers, the pheno-
mena of the precession and nutation will
be the same as if the ocean formed a solid
mass with this spheroid, R

If the Sun and Moon' acted only on the
Earth, the mean inclination of the equad:
tor to the ecliptic would be constant, but
we have seen that the action of the planets
continually changes the position of the
terrestrial orbit : and produces a diminu-
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tion of its obliquity to the equator, which
18 fully confirmed by observations an-
cient and modern, the same cause gives to
the equinoxes a direct annual motion of
0°5707; thus the annual precession pro-
duced by the action of the Sun and Moon
15 diminished by this quantity in conse-
quence of the action of the planets ; with-
out this action it would be * 165"20.
These effects of the action of the planets
are independent of the compression of the
terrestrial spheroid, but the action of the
Sun and Moon, upon the spheroid, mo-
difies these effects and changes their laws.

If we refer to a fixed plane the position
of the orbit of the Earth, and the motion
of 1ts axis of rotation, it will appear,
that theaction of the Sun in consequence
- of the variations of the ecliptic, will pro-
duce 1n this axis an oscillatory motion
similar to the nutation,but with this differ-
ence, that the period of these vanations
being incomparably lopger than that of

-_

—

* 50" 3,
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the variations of the plane of the lunar
orbit, the extent of the wrréspﬁnding
oscillation inthe axis of the Earth is much
greater than in the nutation. The actwn
of the Moon produces in this same axis a
similar oscillation, because the mean mch-
nation of its orbit, to that of the FKarth 18
constant. The displacement of the eclip-
tic, by being combined with the action of
the Sun and Moon upon the Earth, pro-
duces upon its obliquity to the equator, a
very different variation from that which
would arise from this change of position
only : the entire extent of this variatibn
would be by this alteration of the eeliptic,
about *12 degrees, and the action of ihe
Sun and Moon, reduces it to about T3
degrees, |

The variation in the motion of the equi-
noxes, produced by these same cauafés,
changes the duration of the tropical yea_l'_;':in
different centuries. Theduration diminishe:
as this motion augments, which is the case

> . S——

* 10° 48, 4 92° 49,



213

at present,and the actuallength of the year
is shorter by about *12", tha# in the time
of Hipparchus. But this variation in
the length of the year has its limits,
‘which are restricted by the action of the
Sun and Moon, upon the terrestrial sphe-
roid. The extent of these limits would
be about + 500”, by the alteration in
the position of the ecliptic, but it 1s
reduced to + 120" by this action. '
Lastly, the day itself, such as we have
“defined it in the First Book, is subject by
the displacement of the ecliptic, combined
~ with the action of the Sun and Moon, to
“verysmall variations which are indicated
by the theory, but are quite insensible
to observation. According to this theory
the rotation of the Earth is uniform, and
the mean length of the day may be sup™
posed constant, an important result for
astronomy, as it is the measure of time,
and of the revolutions of the heavenly bo-
dies. If it should undergo any change,

* 3" 8, + 27, 1 38" 8,
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it would be recognized by the alteration
in the numbef of these revolutions, which
would be increased or diminished accord-
ing to their length, but the action of thé’
heavenly bodies does not cause any sensl-"
ble alter®ion. -

Nevertheless, it might be imagine'd;"
that the trade winds which blow con-
stantly from east to west betwesn the
tropics, would diminish the velocity of
the rotation of the Earth, by their actibli"_
on the continents and mountains. It is’
impossible to submit this action to ana-
lysis, fortunately it may be demonstrated -
that this action on the rotation of the
Earth is nothing, by means of the prin-
cipleof the conservation of areas, which
we have explained in the Third Book.
According tothis principle, the sum of
all the particles of the Earth, the ocean
and the atmosphere, multiplied respec~
tively by the areas which their radii
vectores describe round the centre of gra-
vity of the Earth, projected on the plane
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of the equator, is constant in a given.
time, .

The heat of the- Sun can produce no
effect, because it dilates bedies equally
in every direction, and it is evident that 1f
the rotation of the Earth should dminish,.
~ thissum would be less. Therefore the
trade winds which are produced by the
heat ofghe Sun, cannot alter the rotation of
the Larth. To produce any sensible alter-
ation in its period, some great change must
take place in the parts of the terrestrial
spheroid : thus a great mass taken from the
poles to the equator, would make this ro-
tation longer, it would become shorter  if
the denser materials were to approach the
-~ centre or axisof the Karth ; but we see no,
 cause that can displace such great masses
{o such great distances, as to produce any
variation in the length of the day, which
may be regarded asone of the most con-
stant elements in the system of the world.
It is the same with the points where the
axis of rotation meets the surface. If the
Earth turned round successively different
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diameters, making with each other consi-
derable angles, the equator and the poles
would change places on the Earth ; and
the ocean, flowing contimial]y towards the
new equator, would alternately Overwli;_lm
and then abandon the highest mountains;
but all the investigations which I have
made upon this change of position jn the
poles, convince me fhat it is insténaikle.

#

l!
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CHAP. XIV.
On the Libration of the Moon,

~ Wx have now only to explain the cause
~ of the libration of the Moon, and of the
~ nodes of its equator. |
The Moon, in virtue of its motion of
rotation,is a little flattened at its poles; but
the attraction of the Earth, must have
lengthened a little that axis which is turn-
. edtowards it, If the Moon were homeo-
geneous and fluid, it would (tobe in equi-
librio) assume the form of an ellipsoid,
of which the lesser axis passed through
. the poles of rotation; the greater axis
“would be directed to the Earth, and in the
plane of the lunar equator and the mean
axlis would be situated in the same plane
perpendlcular to the other'two. The

excess of the greatest above the least
. VOL. II. L
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axis would be quadruple the excess of
the mean above the least, and nearly
equal 551+, the least axis being taken as
unity. ]

We may easily conceive that if the
greater axis of the Moon deviates a little
from the direction of the radius vector,
which joins its centre with that of the
Earth, the terrestrial attraction will tend
to bring it down to this radins,in the same
manner as gravity brings a pendulum
towards the vertical.  If the primitive
motion of rotation of this satellite, had
been sufficiently rapid to have overcome
this tendency, the period of its rotation
would not have been perfectly equal to
that of its revolution, and the difference
would have discovered to us successively
every point in its surface. But at their
origin the angular motions of rotation
and revolution having differed but lit-.
tle; the force by which the greater
axis of the Moon tended to deviate from
the radius vector, was not sufficient to
overcome the tendency of this same axis
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towards the radins, due to the terrestrial
gravity, which by this means has rendered
their motions rigorously equal and 1o
the same manner as a pendulum, drawn
gside from the vertical by a very small
force, continually returns, making small
vibrations on each side of it, so the greater
axis of the lunar spheroid ought to oscil-
late on each side of the mean radius vector
of its orbit. Hence would arise a motion
of libration, of which the extent would
depend on the primitive difference be-
{ween the angular motions of rotation and
revolution of the Moon. 'This difference
must have been very small, since it has
not been perceived by observation.

Thus we see that the theory of gravila-
tion explains in a sufficiently satistactory
manner, the rigﬂmu-s'equa\ity of these two
mean motions of rotation and revolution in
the Moon. It would be agamst all pro-
hability to suppose, that these two motions
had been at their origin perfectly equal,
but for the explanation of this pheno-
menon, it is enough that their primitive

L 2



220

difference was but small, and then
the attraction of the Earth would esta-
hlish the equality which at present sub-
$181s. .

The mean motion of the Moon being
subject to great secular inequalities, which
amount to several circumferences, it i3 ey
dent that if its mean motion of rotation
were perfectly uniform, this satellite
would, by virtue of these inequalities, pre-
sent successively to the Earth every point
on 1ts surface, and 1ts apparent disk would
change by imperceptible degrees, in pro-~
portion as these inequalities were deve-
loped ; the same observers would see it
always pretty nearly the same, and there
would be no considerable difference but to
observers separated by an interval of seve-
ral ages.  But the cause which has thus
established an equality between the mean
motions of revolution and rotation, should
take away all hope from the inhabitants of
the Earth,of sceing the opposite side of the
lunar bemisphere. The terrestrial attragc-
tion,by continually drawing towards us the
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preater axis of the Moon, causes its motion
of rotation to participate in the seculat
inequalities of its motion of revolution,
and the same hemisphere to be constantly
directed towards the Earth,

The same theory ought to be extended
to all the satellites, in which an equality
in their motion of rotation and of revolu-
tion round their planet has been observed.

The singular phenomenon of the coin-~
cidence of the nodes of the equator of the
Moon, with those of its orbit, is another
consequence of the terrestrial attraction.
This was first demonstrated by Lagrange,
who by a beautiful analysis was conducted
to a complete explanation of all the ob-
served phenomena of the tunar spheroid.
The planes of the equator and of the orbit
of the Moon,and the plane passing through
its centre parallel to the ecliptic, have
always very nearly the same intersection ;
the secular motions of the ecliptic, neither
alter the coincidence of the nodes of these

three planes, nor their mean inclination,
L 3
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which the attraction of the Earth con-
stantly maintains the same.

We may observe here, that the preced-
ing phenomena cannof subsist with the
hypothesis in which the Moon, originally
fluid and {ormed of strata of different den-
sitics, should have taken the figure suited
to their equilibrium. They indicate be-
tween the axes of the Moon, a greater
inequality than would take place in
this hypothesis. The great inequalities
which we observe at the surface of the
Moon, have without doubt a sensible in-
fluence on these phenomena.

Whenever nature subjects the mean mo-
tions of the celestial bodiesto determinate
conditions, they are always accompanied
by oscillations, whose extent is arbitrary.
Thus the equality of the mean motions of
revoluiion and rotation produce a real li-
bration in {his satellite. In lhike manner
the coincidence of the mean nodes of the
equator and lunar orbit, is accompanied
by a libration of the nodes of this equator
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round tlhiose of the orbit, a libration $0
small as hitherto to have escaped obser-
vation. We haveseen that the real libra-
tion of the greater lunar axis is insensible,
and we Liave observed, (Chap. VI.) that
the libration of the three satellites of Ju-
piter isalso insensible, It is remarkable,
that these librations, whose extent is arbi-
trary and might have been considerable,
should nevertheless be so very small ; we
must attribute this to the same causesas
originally established the conditions on
which they depend. .
But relatively to the arbitrary quanti-
ties, which relate to the initial motion of
rotation of the celestial bodies, it is natural
to think that without foreign attractions,
all their parts, in consequence of the fric-
tion and resistance which 1s opposed to
their reciprocal motion, would in process
of time, acquirea permanent state of equi-
librivm, which cannot exist but with an
uniferm motion of rotation, round an inva-
riable axi1s; so that observation should no

longer indicate in this motion any other
L 4
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inequalities than those derived from these
attractions. ¥ 'The most exact observa-~
tions shew that this is the case with the
Earth, the same result extends to the
Moon, and probably to the other celestial
bodies.
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CHAP. XV,

Reflections on the Law of Universal Gravitation,

In considering the whole of the pheno-
mena of the solar system, we may arrange
them in the three following classes:

The first embraces the motions of the
centre of gravity about the foct of the
principal forces which animate them.

The second includes all that relates to
the figure and osciilations of the fluids
that surround them. |

And the third comprehends the motions
of these bodies round their centres of gra-
vity. It isin this order that we have ex-
plained the different phenomena, and we
bave seen that they are necessary conse-
quences of the principle of gravitation,
This principle has made us acquainted
with a2 great number of inequalities, which

L D
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it would have been impossible to have
unravelled by observation alone; it has
furnished us the means of subjecting the
heavenly motions to sure and precise rules..
The astronomical tables, founded only on
the theory of gravitation, borrow now
{rom observation, only such arbitrary
guantities as cannot otherwise be known,
and we can only hope to add to their
perfection by giving greater precision,.
hoth to our ohservations and our theory.
The motion of the Earth, which had
obtained the assent of astronomers, from:
the simplicity with. which it explained the
celestial phenomena, has received from the
principle of gravitation a new eonhrma-
tion, which has carrvied it to the highest
degree of evidence of which physical
science is susceptible.  We may 1ncrease
the probability of a theory, either by di-~
winishing the number of hypotheses on
w.iich 1t rests, or by augmenting the num-
ber of phenomena which itexplains. 'The
principle of gravity has procured these
two advantages to the theory of the mo-
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tion of Earth. As it is a necessary eon-
sequence of it, it adds no new supposition
to this theory ; but to explain the appa-
rent wotion of the stars, Copernicus
admitted three distinct motions, one round
the Sun, another round itself, and a thied
motion of its poles round those of the
eclipticc. The principle -of gravitation
makes them all depend on onc motion
impressed on the Earth, ina direction not
passing through the centre of gravity. In
consequence of this motion, it revolves
round the Sun, and on its own axis, it at
the same time takes a flattened form, com-
pressed at the poles, and the action of the
Sun and Moon upon this figure, produces.
a slow motion on its poles, round the poles
of the ecliptic.  Lhe discovery of this
principle has then reduced to the least
possible number, the suppositions on which
Copernicus founded & theory. It has
besides the advantage of connecting this
theory with all the celestial phconomena.
Without it, the ellipticity of the planetary
orbits, the laws which the planets and
r. O
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comets follow in their revolution round
the Sun, their secular and periodic inequa-
lities, the numberless inequalities of the
Moon, and of the satellites of Jupiter,
1he precession of the equinoxes, the nuta.
tion of the terrestrial axis, the motions of
the lunar axis, and lastly, the ebbing and
flowing of the sea,would only be insulated
and unconnected phenomena. It is really
a circumstance deserving our admiration,
the manner in which all these phenomena,
at first sight so unconnected, flow from
one law which connects them with the
motion of the Earth; so that, this motion
once admitied, we are conducted by a se-
ries of geometrical reasoning to these phe~
nomena. [ach of them furnishes, t'here;-
fore, a proof of its existence, and if we
consider that there docs not exist g single
phenomena which cannot be referred to
the law of gravity, and that this law de-
termines with the greatest exactness the
positions and motions of the heavenly bo-
dies through the whole of their course,
there will be po reason to fear that its
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truth will be questioned, in consequence of
any phenomena hitherto unobserved : and
nally, when we see that Uranus with jie
satellites latel y discovered,obe y aund confiry
the same law, j¢ ig impossible to refuse
assent to these proofs, and not to allow
that nothing in natura) philosaphy is more
completely demounstrated than the motion
of the Earth,and the principle of universal
graviation, in proportion to the masses,
and inversely as the squares of the (js.

tances,

unknown canse } - Hero we are stopped
by our ignorance of tle nature of the inti-
mate properties of matier, angd deprived
of every hope of answermg this question
m a satisfactory manper, Instead of
forming hypotheses on this subject, let ys
content ourselves with examining more
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 They have admitted the fallowmg five
suppnsnmns -
1. That gravitation takes place between,
the most minute particles of bodies. |
2. That it is. proportional to thelr
masses.
3. That it isinversely as the squares Of
the distances. |
4. That it is transmitted instantane-.
ously from one Body to another. .
. And that it equally acts on bodms in
a state of repose, and upoun those which,,
moving 1n its direction, seem in part o
withdraw themselves from its activity.
The first of these suppositions is, as we -
have seen, a necessary result of the equA~:
lity which exists between action and re-
action ; every particle of the Earth at..
tracting it, as the particle itself is at-
tracted. 'This supgposition Is moreover
confirmed by the measures of the degrees.
of the meridian, aud by experiments on.
pendulums ; for amidst all the irregulari-
ties of the measured degrees, we may per-.
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ceive the traces of regular figure, which
is conformable to the theory, The great
influence 1the compression of Jupiter,
has upon the nodes and perijoves of the
orbits of its satellites, proves to us that
the attraction of this planct is compesed
of the attractions of all its particles,

The proportionality of the attractive
force to the masses, 1s demonstrated on
the Earth by experimments on pendulums,
the oscillations of which are of the samc
length of whatever substance they are
composed, It 1s proved in the celestial
regions, by the constant relation which
exists between the squares of the periodic
times of bodies, revolving about a com-
mon focus, 1o the cubes of the greater.
axis of their orbits.

We have scen in the First Chapter with -
what nrecision the slmost absolute state
of renose of the perihelia of the planetary
orbits, indicate that the force of gravity
varies according to the inverse square of
the distance, and now that we know the
cause of the motions of these perihelia,
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we may regard this law as rigorously

exact. Itis the same with all emanations-
which proceed from a centre, such as

light; it seems as i€ all forces whose action

is perceived at sensible distances foliow

{hislaw. It has lately been observed, that

ihe attractions and repulsions of electricity.
and magnetism decrease in proportion to-
ihe squares of the distances. A remark-

able property of this law is, that if the
dimensions of all the bodies of the universe, -
their mutual distances and velocities, were -
te be augmented or diminished propors:
tionally, they would describe curves ‘@i
tirely similar to those described at preset,

and their appearanccs would be entiroly:!
the same. For the forces which animate’:
them, being the result of atiractions, prés:
portional to the masses divided by the’
squares of the distances, they would ang-’
ment and diminish propertionally as the
dimensionsof this imaginary universe. It
may be remarked at the same time that'
this property can only belong to the law
of nature. 'Thus the appearances of the’
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® motions of the universe, are independent
of its absolute dimensions, as they are
likewise of the absolute motion it may
have in space, and we can only observe
and recognize relative phenomena.
~Itis this law which gives te spheres
the. property of attracting each other
mutually, as if their whole masses, were
united at their respective centres. It ter-
minates also the orbits and the figures
of the celestial bodies, by lines and sur-
faces of the second order, at least if we
neglect their perturbations and suppose
them fluid.

We have no method of measuring the
length of time in which gravity is propa-
gated, because the action of the Bun
having onee attained the planets, it conti-
nues to act on them as if the attractive
force was communicated instantaneously
to the extremities of the system ; we can-
not therefore ascertain in how long a time
it 18 transmitted to the Earth, no more
than we could measure the velocity of
light, were it not for the aberration and
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eclipses of Jupiter’s satellites, But it 1s l
not the same with the small difference that
may exist in the action of gravity vpon
hodies, according te the direction and
quantity of their velocity. Analysis has
shewn me, that there should result an
acccleration i the mean motions of the
planets round the Sun, and in the mean
motions of the satellites about their
planets. |

I had imagined this method of explain-
ing the secular equation of the Moon,
when I believed with other geometricians
that it was inexplicable on the principle
of universal gravitation. 1 found that if
it arose from this cause, we must suppose
in the Moon, in order to release it entirely
from its gravity towards the Earth, a velo-
city in the centre of this planet, at least
six million times greater than that of light;
tlie true cause of this equation being now
known, we are certain that the activity of
gravity 1s much greater than this, This
force therefore acts with a velocity which
we may consider as infinite, and we mﬁj
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of the mtegrant particles? Yo admit
this hypothesis we must suppose much
more space empty than full in all bodies,
so that the dcnsity of their particles must
be incomparably greater than the mean
density of their whole volume. A sphe-
rical particle of one hundred thousandth
of a foot in diameter, should have a den-
sity at least ten thousand millions of times
greater than the mean density of the Earth,
to exert at its surface an attraction equa"’f'
to the terrestial gravity. -But the attrac-
tive forces of bodies greatly surpass this
gravity, since they inflect light, whose
direction 18 not sensibly chagged by the
attraction of the Earth; the density of
these particles therefore should be to that’
of bodiesin a ratio, which the imagination
would fear to admit, 1f their affinities dew
pended on the law of universal gravitation,
The ratio of the intervals, which separaté
the particles of bodies, to their respective
dimensions, would be of the same order,
as relatively to stars which form a nebula,
which in this point of view may be copsi=
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dered as a great luminous body. There
1s no reason, however, which absolutely
forbids us to consider all bodies in this
manner. Many phenomena are faveurable
- to the supposition, particularly the ex-
treme facility with which light penetrates
diaphonous bodies in all directions. The
affinities would then depend on the form
of the integrant particles, and we might
then by the variety of these forms, explain
all the variety of attractive forces, and re-
duce to one. general law all the phennme'na
of agtremoiny and satural philosophy.

But the impossibility of ascertaining
these figures, renders this investigation
useless to the advancement of acience.
"~ Bome geometricians, to account for these
affinities, have added to the laws of
attraction, inversely as the squares of the
distance, new terms which are insensible
at small distances, but these terms would
be the expressions of as many different
forces, and besides being complicated with
the figures of the particles, they would
only complicate the explanation of the
phenomena.
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Amidst these uncertainties the wisest
plan seems to be, to endeavour to deter-
mine by numberless experiments the laws
of affinities, and to effect this, the most
simple method appears to be, by compar-
ing these forces with the repulsive force
- of heat, which may itself be compared
with that of gravity. °~ Some experiments
already made with this view, afford us
reason to hope that one day these laws
will be perfectly known, and that then, by
the application of analysis, the philosophy’
of terrestrial bodies may be brought to the
same degree of perfection, which the dis-
covery of universal gravitation haﬂ pro-:
cured to astronomy,
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BOOK V.

ey’

Of the History of - Astromomy.

"Tue order in which I have treated the
principal results ‘of the system of the
world, is not that which the human intel-
lect has followed in the investigation,
Iis progress bas been embarrassed and un-
"ceriain. Frequently mankind have not
arrived at the true cause of these pheno-
mena, till all the hypotheses which imagi-
pation could suggest have been exhausted ;
and the truths that have been discovered,
- have almost always bheen combined with
. errors, which time and observation only
have separated. I shall comprise 1 a
small compass, an outline of thesc attempts
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and their succeds. We shall see that
astronomy remained during a great many
ages in its infancy, that it increased and
flourished in the school of Alexandria,
became then stationary till the time of the
Arabs, who improved it by their observa-
tions, and lastly that it is within the three
last centuries, it has rapidly risen to that
state of perfection, in which we behold it
at the present day. :




CHAP. 1.

Of the Astronomy of the _Jrzcz"eﬁts; t11l the Foute
dation of the Alexandrine School.

Tug view of the firmament wmust at all
times have fixed the attention of man-
kind, and more particularly in those
happy climates, where the serenity of the
air invited them to observe the stars.
Agriculture required that the seasons
shoiild be distinguished and their returns
“known. It could not be long before it
was discovered that the rising and set-
ting of the stars, when they plunge
themselves in the Sun’s rays, or when they
again Aisengage themselves {rom his light,
‘might answer this purpose. Hence we
find that among wrost nations, this speetes
‘of observations may be traced back to such
early times, till their origin is lost. But
VoL, 11 ™M
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some rude remarks on the rising and set-,
ting of the stars, could not conslltutea.
science. Astronomy did not commence till.
observations being registered and comn:
pared, and the celestial motions exaﬁlinedt
with greater care, some attempt was
aade to explain their motions and their
laws. e o | o
. ~+'The motion of the Sun in an orbif m;g
clined to the equator ; the motion of the, -
Moon,. its, phases and eclipses, the knows.
ledge of the planets and their revolutions;
and the sphericity of the Earth, WL
nrobably the objects of thig ancient astro-
nomy, but the few monuments that remain
- of 1t are wsuflicient to ascertain either, jig
epoch orits extent. We can only judge
of its great antiquity, by the astronomical
periods which 1t has transmitied tﬂ-_us,-._#
some just notious which the Egyptj__&_gg
and Chaldeans seem to have had of the
system of the world, and by the exact.rg
dation of the ancient measures to the, ke
cumference of the Earth, Such has begp

the viclssitude of human aﬂ’alrs, that m
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arts by which alone the events of past
ages can be transmitted in o durable man.
ner, being of modern invention, the remem-
brance of the first inveniors in the arts and
sciences, has been entirely effaced. Giest
" nations, whose names are hardly koown ity
history, have disappeared from the goil
which they inhabited ; their annal‘sl:'their
~ language, and even ‘their cities have’ bee -
. obliterated, and no remnant left of their
science or their industry, but & ‘egnfused
tradition, snd dome secattered rwins; of
doubtiful and uncertain origin,

It appears that the practical astronemy
of these early ages, was confined to the
observations of eclipses, the :sising ‘and
setting of the principal stars, with theiwr
aceuitations by the Moon and planets,
The path of the Sun-was: followed by
means of the stars which were eclipsed
bythe twilights, and perhaps by the vam-
ations in the meridian ~shadow of ‘the
| gnﬂmofl. 'T'he motion of the p'lanets-wra's
determined by the stars which they came
nearest to, in their course, To distinguish

w 2
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these bodies, and recogmize their various
mtions, the heaven was divided into cofi-
stellations. And that zone from which tité
Sun, Moon and plamets were never seen to
deviate,wascalled thezodiac. 1t was divided
inte the twelve following constéllations.
Aries;Paurus, Gemini, Cancer, Leo, Virgo,
br Scorpm Sagittarius, Capricornu®
ﬁ %acea. These were called signs; be-
cause they served to distinguish the S€asons,
"Thus the entrance of the Sun into Aries, ¥
the time of llipparclms, marked the comt
mencement of the spring, after which &
deseribed-the other signs Taurus, Gemini,’
&ec. but the retrograde motion of the equis
noxes, changed the coincidence of the:
seasons; nevertheless, observers accustometh:
to mark the commencement of the spring:
by the entrance of the Sun into the sigh:
of Aries;, have continued to mark. this
the same manner, and have distinguished
the signs of the zodiac from the constellu#
tions, the first being ideal,and serving onig
to designate the course of the Sun n the
ecliptic. Now that we endeavour to refof




oar ideas to the wost simple expressions,
“we begin no longer to use the signs of the
godiac, but mark the positions of the hea-
venly bodies on the ecliptic, according to
their distance from the eguinoctial peint.
Some of the names given to the constels
lations of the zodiac, appear to relate to
the motion of the Sun. Cancer, for exe
~ ample, seems to indicate the rmﬁéﬁdﬁ;
~ tion of this body from the solstice, and
the balance denotes the equality .of 48y
and night. And other names seem t0 re-
fer to the climate and agriculture of those
Rations to whom the zodiac owes its orl~
~gin. 'The wmost ancient observations that
~ have been transmitted to us with sufficiont
~ detail, are three eclipses of the Moon, ob-
served at Babylon in the years 719 and
T20) before the Christian =va. Plolemy,:
who cites them in his Almagist, employs
- them in his determination of the motion of
the Moon, It is certain, that neither he
"nor Hipparchus could obtain any that
were more ancient, for the exactness of

the comparison is in proportion to the
Ag 2
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interval which separates the extreme ob-

servations. This consideration should di-
-minish our regret for the loss of nineteen
“hundred years of observations by the Chal-
- deans, and of which they boasted in the
time of Alexander, and which Aristotle
obtained by means of Calysthenes. But
they conld only bave discovered the pe-
‘riod of 6585 days, by a long series of ob-
servations, 'This period, called the capos,
has the advantage of bringing back the
Moon to nearly the same period, with re-
_spegt to its node, its perigee, and to the
‘Sun: Thus, the eclipses observed in one
period, afford an easy method of calen- -
Tating those which are to happen in the
succeeding ones. ‘The lunar-solar period
of six hundred years, seems to have been
known to the Chaldeans. 'These two pew ‘
riods suppose a knowledge nearly apprnxf- f
- mating to the true length of the year’; jt
s also highly probable, that they had re- -
marked the difference between the sidereal |
and tropical year, and that they were ac-
quainted with the usc of the gnomon Eﬂ
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sun-dial.  And finally, some of them were
led from considering the spectacle of na-
ture, to suppose that comets, like pla,nets,
are subject to fixed periods, w]nch are re-
gulated by external laws.

Astronomy is not less anclent }n Egg;pt
than in Chaldea. 'The Egyptmns were
acqualnted long befurc the chustmn @era,
with the excess of the ye..'auj_1r uf ﬁnc quarter
of a day beyond 365 days : on this know-
ledge, they formed the sothic pérfﬁd of
1460 years, which, acwrdmg to them,
brought back the same ‘8easons, months,
and festivals of their years, whose length
was 365 days. The exact direction, afthc
sides of their pyramids with the fou;‘ car-
dinal points, give us a very advantageous
tdea of their accuracy of observation, It
- is probable, that they had also - methods
of calculating eclipses. But that whmh
reflects most honour to their astronomy,
was the sagacious and important obser-
vation of the motion of Mercury . and Ve-
nus about the Sun. The reputatmu of
~ their priests attracted to them the greatest
M 4
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philesophers of Greece ; and, sceording
to nll appearance, the school of Pytha-
gorss is indebted to them for the sound
nations they professed, relative to the sys-
tem of the umverse. |

Among these people, astronomy Was
only cultivated 1n their,temples, and by
priests, who made no other 'use of their
knowledge, than to consolidate the empire
of superstition, of which they were the
ministers.  They caréfully disguised it
under emblems, which presented to cre-
dulous ignorance, heroes and gods, whose
actions were only allegories of celestial -
phenoritena, and of the operations of na-
ture; allegories which the power of mmi~
tation, one of the chief springs of the mo-
ral world, has perpetuated to our own -
days, and been mingled with our religious
institutions.  The betier to enslave the
people; they profited by their matural
desire of penetrating. into futurity, and
created astrology. Man being induced,
by the illusions of his senses, to consider
himself as the centre of tke univyerse, it .
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was easy to persuade him, that the stars
imfluenced the events of his life, and could
prognosticate to him his future destiny.
'This error, dear to his self-love, and neces»
sary to his restless curiosity, seems to have
been co-eval with astronomy. It has wmain-
tained itself through a very long period,
and it 1s only since the end of the last cen-
tury, that our knowledge of our true re-
lations with pature, has caused them to
- disappear. In Persia and in India, the
commencement of astronomy 15 lost in the
darkness which envelopes the origin of .
these people. In no country do they go
back so far as in China, by an incontest-
able series of historical monuments, ;

The prediction of eclipses, and the ve-,.
gulation of the calendar, were always re-
garded as important objects, for which a
mathematical tribunal was eptablished; but
the scrupulous attachment of the Chmeagj
for their ancient cusioms, wluqh extended,
even to their astxonomlcal l:ulesl has con-
tributed with them, to keep this sgiencein
a perpetual state of mfa.qcy o

M D
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The Indian tables indicate 2 much more
refined astronomy, but every thing shews
that it is not of an extremely remote anti-
qmty And here, with regret, I differ
in opinion from a learned and illustrious
astronomer, who, after having honoured
his career by labours useful both- to sci-
ence and humanity, perished a vietim to
the most sanguinary tyranny, opposing the
calinness and dignity of virtue, to the re-
vilings of an infatuated people, who wan-
tonly prolonged the last agonies of his
| {.xiatence

The Indian tables have two principal
epﬁchs, which go back, one to the year
3102, the other to the year 1491 before
the Christian @ra.  These epocls are
cnnnected with the mean motions of the
Sun, M,Dﬂm and planets, in such a man-
ner, that one is evidently fictitious ; the
cclebrated astronomer, above alluded to,
endeavours, in hir Indian astronomy, to
prove, that the first of these epochs Is
founded on observation. Notwithstanding,
‘all the arguments are brought forward
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with that interest be so well knew. how
to bestﬁwlon'suhjﬂcts the moﬂt'diﬂi};u}t,
I am still of opinion, that this period was
invented for the purpose of giving a, com-
mon origin to all the motions of the he';-
venly bodies in the zodiac. In fact, com-
puting, aecording to the Indian tahlas, |
from the year 1491, to 3102, we find a
general conjunction of the Sun and all the
planets, as these iables suppose, but thetc
conjunction differs too much from the
result of our best tables, to have ever
taken place, which shews that the epoch
to which they refer, was not established
on ohservation. DBut, it must be owned,
that some elements of the Indian astro-
nomy, seem to indicate that they have
been determined cven before this first
epoch. Thus the equation of the centre
of the Sun, which they fix at 204173,
could not have been of that magmtude,
but at the year 4300 before the Christian
xra. But, independently of the errors
to which the Indian obsery ations are lia-
ble, it may be observed, that they only
MO



considered the inequalities of the Bun and.
Moon, relative to eclipses, in which the
anaual equation of the Moon is added to
the equation of the centre of the Sup, and
augments it about *22/,which 1s very near-
ly the difference between our determina~
tions, and those of the Indians, Many
elements, suéh as the equations of the
centre of Jupiter and Mars, are so dif-
ferent in the Indian tables, from what
they must have been at their first epoch,
that we can conclude nothing mm favour
of their antiquity, from the other ele-
ments. !

The whole ¢f these tables, particularly
the impossibility of the conjunction, at
the epoch they suppose, prove, on the
contrary, that they have been constructed,
or at least rectified in modern times. Ne-
vertheless, the ancient reputation of the
Indians does not permit us to doubt, but
that they have always cultivated astro-
nomy, and the remarkable exactness of
the mean motlons which they have as- |

AP o S,
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signed to the Sun and Moon, necessan]y
required very ancient observations.

The Greeks did not begin to cnltivate -
astronomy, till along time after the Egyp-
tians, of whom they were the disciples.

It is extremely difficult to ascertain the
exact state of their astronomical know=:
ledge, amidst the variety of fable which
fills the early part of their history. It
appears, hoasever, that they divided the -
heavens into constellations, about thirteen
or fourtecn centuries before the Christian
eera ; for it is to this epoch that the sphere
of Eudoxus should be referred.  Their
numberless schools for philosophy, pro-
duced not one single observer, before the
foundation of the Alexandrine school.
They trcated astronomy as a science pure-
ly speculative, often indulging in the most
frivolous conjeclures.

It is singular, that at -the slght of so
many contending systems, which taught
nothing, the simple reflection, that the
only method of comprehending nature, is
to interrogate her by experiment, never
occurred to one of these philosophers,
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‘though so many were endowed with "sn
admirable genins, But we must reflent;
that the first ohscrvation only presenting
insulated facts, little sulted to a;ttrm':ﬂ
the immagination, impatient to ascand__gjbn
canses, they must have succeeded eagh
with extreme slowness, 1t requirai;a;_
Jong succession of ages 1o accumulﬂ,teg_a{
sufficient momsber, to discover, a,mang- the_ |
varipug phenomena, such relations which
by extending themselves should. umta
with the interest of truth, that of suth
gencral specnigtions as. the human under_}
standing delights to indulge in, o

‘Nevertheless, i the philosophic dreams’
of Greece, we irace some . sound idﬁﬂ;
which their astronomers collected n thew
 {ravels, and afterwards improved. Thales
born at Miletus, 640 years before our &f4,
went to Egypt for instruction : on-._l_ljhie@
tuen .to Greece, he founded the Yooian
school, and there taught the sphericiiggjﬁf‘i
the Farth, the obliguity of the ecliptic,
and the true causes of the eclipses of thg
Sun and Moon ; he even went so far a4 10
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riods which had been .communicated to
him by the priests-of Egypt. |

- Thales had for Lis successors—Anaxi-
mander, Anaximenes, and Anaxagoras; to
the first is attributed the invention of the
gnomon - and gengraphwai charts, which
the Egyptians appear to have been alrendy
acquainted with.

Anaxagoras was persecuted by the Athe-
nians for having taught these truths of the
Ionian school. They reproached him with-
having destroyed the influence of the gods
on nature, by endeavouring to reduce phe-
nomena to immmtable laws., Proscribed
with his children, he only owed his life to
the protection of Pericles, his disciple and
his friend, who succeeded ig°procuring a
‘mitigation of his sentence, from death to
banishiment. Thus, truth, to establish 1t-
gelf on earth, has almost :always: had to
combat ' established prejudices, and has
 more than once been fatal to those who

have discovered it. From the Jlonian
- school arose the chief of one more cele-
brated. Pythagoras, born at Samos, about
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590 years before Christ, was at first the
disciple of Thales. 'This philosopher ads
vised him to travel into Egypt, where he
conseated to be initiated into the mystes
ries of the priests, that be might obtaina
knowledge of ali their doctrines. Thﬁ
Brachmans having then attracted his eu,
rlouty, he went to visit them, as fax 1Y
the shores of the Ganges. On his return
to his own country, the despotism llﬂdﬁli
which it groaned, obliged him agamtﬁj
quit it, and he retired to Italy, where ba
founded his school, All the astmnomxcﬂl
truths of the Ionian-school, were taught tm
a moye extende& acale in that of P ythagoqg
ras; but what principally distingnished if,
was the knowledge of the two motions Q{
the Earth on itself, and about the Sun.
Pythagﬂras carefully concealed this froq
the vulgar, in imitation of the Egyptiap
priests, from whom, most probably, he dég:i
rived his knowledge ; but his system wag,
more fully explained, and more openly
avowed by his disciple Philalaus,
According to the Pythagoricians, nut
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only the planets, but the comets themselves,
ave in motion round the Sun. These are
not fleeting meteors formed in the atmo=
sphere, but the eternal works of mature.
These opinions, S0 perfectlyﬂcn:fect on the
system af the universe, have been admi_igtg_i
and inculcated by Seneca, with the enthu-
siasm which a great idea, on the subject
the most vast of human contemplation,
naturally excited 1n the soul of & phila-
sopher. o
¢ Let us not wonder,” says he, ‘* that

we are still ignorant of the law of the
motion of comets, whose appearance is so
rare, that we neither can tell thq_b___&giu—
ning nor the end of the revolution of these
bodies, which descend to us from an im-
mense distance. It is not fifteen hundred
years, since the stars have been numbered

in Greece, and pames given to the con-
stellations, 'The day will come, when, by
the continued study of successive ages,
things which are now hid, will appeat with
certainty, and posterity will wonder they

have escaped our notice.”
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In the same school, they taught that
the planets were inhabited, and that the
stars were suns, disseminated in space,
being themnselves centres of planetary sys-
tems. These philosophic views shouid,
from their grandeur and justness, have ob-
tained the suffrages of antiquity ; but hav-
ing been taught with systematic opinions,
such as the harmony of the heavenly
spheres, and wanting, moreover, that pr*ouf
which has since been obtained, by the
agreement with observations, it 1s not sur-
prising that their truth, when opposed to
the illusions of.the senses, should not have
been admitted.
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CHAP. 1L

OF Astronomy, from the Foundation of the A'!er-
andrine School, to the Time qf the Arabs.

HITHERTO. the practical astronomy “of
different people, has only offered us some
rude observations relative to thé seasons
and eclipses ; objects of their mecessities
or their terrors, 'Their theorctical astro-
nomy consisted in the knowledge of some
periods, founded on very long intervals of
time, and of some fortunate conjectures,
relative to the constitution of the uni-
verse, but mixed with considerable error.
We see, for the first time, in the school
of Alexandria, a connected series of obser-
vations ; angular distances were made
with instruments suitable to the purpose,
and they were calculated by trigometrical
methods.  Astronomy then took a new
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form, which the following ages have adopt-
ed and brought to perfection. The po-
sitions of the fixed stars were determined,
the paths of the planets carefully traced,
the inequalities of the Sun and Moon were
better known, and, finally, it was the school
of Alexandria that gave birth to ihe first
system of astronomy, that had ever com-
prehended an entire plan of the celestial
motions., 'This system was, it must be al-
lowed, very inferior o that of the school of
Pythagoras, but being founded on a com-
parison of observations, it afforded, by this
very compatison, the means of its own de-
struction, and the true system of nature
has been elevated an its fuins, - |

After-the death of Alexander; -his prin-
cipal generals divided his empire among
themeelves, and Ptolemy Soter received
Egypt for hissharc. His munificence and
jove of the sciences, attracted to Alexan-
dria, the capital of his kimgdom, a great
number of the most ledrned men’ of Geece.
Ptolemy Philadelphus, whodnherited Wwith
the kipgdom (his father’'s: love of - the BCi
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ences,established them there under his 6wn
particular protection. A vast edifice, in
which they were lodged,contained both an
observatory, and that magnificent library
which Demetrius Phalerus had collected
with such trouble and expence. © Here
they were supplied with whatever books
and Instcuments were necessary to their
pursuits ; and their emulation was ex-
cited by the presence of a prince, who
often came amongst them to participate
in their cenversation and their labours.
Arystillus and Thimocares were the
first observers of this rising school ; they
flourished about the year 300 before the
Christian ara. Their observations of the
principal stars of the zodiae, enabled Hip-
parchus to discover the precession of the
equinoxes, and Ptolemy, from their obser-
vations of the planets, founded his theary
of those bodies. |
The next astronomer which the ‘schdol
of Alexandria produded, was Aristarchus,
of Samos, The most delicate elements of
astronomy, were the subjects of his inves-
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tigation, He observed the summer sol-
stice, the year 281 before the Christian @ra.
He determined the magnitude of the ap-
parent diameter of the Sun, which he
found equal to the 720th part of the whole
circumference, which quantity is a mean
between the two limits, which Archimedes
assigned, a few years afterwards, to this
diameter, by an ingenious method, accord-
ing to which the solar diameter appeared
to him greater than the 200th part of a
right angle, and less than the 164th part,
But that which reflects the greatest honour
on the genius of Aristarchus, is the method
by which he endeavoured to determine the
distance of the Sun from the Earth. He
observed the angle contained between the
Sun and the Moon, at the moment he
judged half of the lunar disk to be iliumi-
nated by the Sun, and having found it just
960.7, he concluded that the Sun was eigh-
teen or twenty times farther from us, than
the Moon. Notwithstanding the inaccu-
racy of thisresult, it extended the bounda-
" ries of the universe much farther than had
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been done before.  Aristarchusrevived i,he
opinion of the Pythagoricians, relative to
the motion of the Earth. But as his t.;
writings have not been transmitted tp us,
we are 1gnorant to what extent h:el__ca::i‘gd;
this theory in his explanation of the ce}gsﬁ-
tial phenomena. We orly know that this.
judicious astronomer, having reflected thai:'
the motion of the Earth produced no
change inthe apparent positionof the stars,,‘
placed them at a distance 1ncomparahly
greater than the Sun, Thus it appears,
that of all the ancient astronomers, Aris-
tarchus had formed the most just notions
of the magnitude of the uniyerse. o

The celebrity of his successor, Eratos-:_
thenes, is principally due to his measure
of the Earth, and his observations on thq_._
obliquity of the ecliptic. Havigg, at . the
summer solstice, remarked a deep wel]
whose whole depth, was illuminated by thf:_.
Sun, at Syene, in Upper Egypt, he com-
pared this with the altitude of the Sun,
observed at the same solstice at Alexandria,
He found the celestial arc, contained be-
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tween the zenmiths of these two places,
equal to the BOth part of the whole cir-
"bumfarence_and as their distance was es-
tlH:ated at bhUO stadia, he fixed at 250
thousand stadia, the length of the whole
terrestrial circumference. The uncer-
tainty that exists, as to the valucof this
stadium, does not permit us to appreclate
the exactness of this measurement.
Aristotle, Cleomedes, Possidonius, and
Ptolemy, have given four other evalua-
tions of the circumference of the KEarth,;
equwalent to 400, 300, 240, 180 thousand
-sﬁﬁt The simple-Telation of these mea-
sures to cach other, leave room to conjec-
ture, that these different quantities ave
translations of the same measure, in difs
ferent stadia. 'The Alexandrian stadium
was 400 great cubits, of the same length
as the nilomeier of Cairo, which, accord-
ing to Freret, has not been altered for a
great number of centuries, and may bé
traced back to the time of Sesostris; its
maguitude is equal to 17119 feet, accord-
ing' to som¢ measures lately made with
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with those that had been formerly made
by others; and for the excellent method,
which he pursued in his researches. He
fourished at Alexandria about 140 yeaﬁ‘jﬁ |
before our mra. Not content with whit |
had aleeady been done, He determined “fo
recommence every thing, and not to admit
any resalts but those founded onanew exa-
wmination of former observationd or OFHEW
ohservations, more exact th’i‘"an”.tlwﬁe’of_ﬂhiﬁ
predeecssors. A
Nothing affords a stropger proof of the
uncertainty of the Egy ptian nn'{l'ﬁCha‘lf*i?Bﬂil"
observations on the Sup and 'a_g_t_rs, thzﬂﬁﬁhe
nceedsity which compelied him to recur
to the ohservafions of the Ql@}ﬁ’nﬁrfne
school, to establish his theorics of the Stin,
aund of the precession of the CQuUInOXes.
He determined the féngth of thctmniénl
vear, by mmpﬁring one of his obsErya-
tions of the summer solstice, wi?i;jl’ﬂné-
made by Aristarchus.of Samos, fﬁﬁ}ﬁve
years before; he found it '365_,2_'@53;3&)*‘5;
This is inexcess about four minutes and a
half. But hie remarks himself on the 1i ttle
relianee thattaﬁ be nlaced on a1 determinas
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tion from solstitial observations, and on the
advantage of employing observations “of
thé equinoxes. H:pjpawhus recognized
#hat there elapsed 187 days from the ver-
nal equinox, fothat of the avfumn, and
178 days nu].} from this Iast equinox, to
that of the Apring.  He observed, likewise,
that tliese intervals were unequally divided
by the solstices, so that 94 days and a half
elapse from the vernal equinox to the sum-
- mer solstice, and 92 days and a half from
fhis solstice to the antumnal eqmn(n
. plain these difierences, Hipparc chus
st;%maed}the Sun To move uniforinly in By
circular orbit; but, instead of placing
thc Barth in the centre of it, he supposed
1t removed the 24¢h part of the radius,
and fixed the apogee at tue sixth degree
ol Gewinl.  Yrom these data he formed
"111e first solar tables to De found in tlie
Bistory of Astronomy. 'The cquation of
the centre, which they suppose was too
great it is very probable, that a compa-
rison with eclipses, in which this.equation
1S augmenttd Ly the anuual cqi?atlnn of

- 7 “‘J - e R ".! ﬂ'l\-ﬂl"] !E:"‘l"l'\. 'l.ll'I.f-\.-!'I.ri'- :..- ln-:-
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error, and perhaps even led him into 1&'
He was mistaken also in supposing circu-
lar the elliptic orbit of the Sun, and that
the real velocity of this body wag con-
stantly uniform. The contrary is now de-
monstrated by direct racasures of the Sun’s
apparent diameter; bHut such observations
were unpossible at the time of I-Iippurchus,
whose solar tables, with all their 1mper-
lections, aurc a lasting monument of his
gemus, which Ptolemy, three centuries
after, respected, but did not attempt to
Inprove.

This great astroummer next considered
the motions of the Moon; he measured the
length of its revolntion by comparing
eclipses,and determined both the exeentri-
city and welmation of 1ts orbit, he ascer-
tained the motion of . its nodes and of its
apogee, and from the determination of its
parallax endeavourcd to conclude tha't-_
of the Sun, by the breadth of the edne of

the terrvestrial shadnw, In an ecllpse at the
moment it was traversed by the Moon,

which led him nearly to the same result
© N3
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as had been obtained by Aristarchus. I—Iﬁ":.
madea great number of observations on
- the planets, but too much the friend of
“truth to explain their motions by uncer-
tain theorics, he left the task of thisinves-
ﬁgatian to his successors. A new star
which appeared in his {ime induced him to
undertake a catalogue of the fixed stars, to
enable posterity to recognize any changes
that might take place in the appear-
ances of the heavens. Ile was sensible
also of the importance of such acatalogue
for the observations of the Moon and the
-]:ﬂaneté*fﬁ' 'The method he employed was
that of Arystillus and Timochares, and
which we have already explained in the
First Book. "l'he reward of this long and
laborious task was the important discovery
of the precession of the equinoxes; in
comparing his obscrvations with those of
these astronomers, he discovered that the
stars had changed’ their situation with
respectto the equator, but had preserved
the same latitude with respect to the eclip-
tic, so that to cxplain these different
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changes, it 1s sufficient to give a dlrett
motion to the celestial apherc round th%
poles of the ecliptic, which produces _a:_..F'
retrograde motion of the equlnqxes Wi 1th x
respect to the s’nrs. But he 1nn0un{:ed,,
his discovery with 0Me res{‘rve, benlg
doubiful of the aceuracy of ﬂm thet?a-
tions of A:‘_)shllua aitd Timochares. Geo-
graphy is indebted to Hlpparelma for the
methiod of determining places on ‘iheuarth,
by their Iatitude and longitude, for uh:(‘h
he first ecmployed the LC]IPE{‘H of tlie
Moon.  Spherical tij_lgql}n_mﬂy;x,,_ -;ﬁlSD;'
owes its origic to Hipparchus, who ap-
“ plied it to the numberless calculations
which these investigations required. HIS
principal works have not been transmltted
to us; they perished 1n the con ﬂan*ratmn
of the Alexaundrine library, and we are
only acquainted with them thrnugh the
Almagest of | Piolemy.

Tlﬁtemtcrwl of nearthree ceuturms wluch
separated these two. thmnomcrs, produced'
some observers, as Agrippa, Menelaus, and

Theon,” ¥We may also notice. in this mter;
N 4 .
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.yal 4he reformation of the calendar by

Julius.Cesar, and the precise knowledge

.of the ebbing and flowing -of the sea.

-Possidonius observed the, law of this phe-

pomenon, which appertains to astronomy

- by its evident relation to the motion of

‘the Sun and Moon, and of which Pliny
the natyralist has given a descrlptmn re~

markable for 1ts exactness.

Piolemy, born at Ptolemais in Egypt,
flourished at Alexaudria, about the year
130 of our era. Iipparchus had concelved
the project of reforming astronomy, and
establishiiagr the science on new founda-
tions. Piolemy continued this labowr, |
too vast to be accomplished by a single
| individual, and has given a complete trea-
tise on this science in his great work en-
titled the Almagest

IIis most impertant discovery 1s the'
evection of the Moon.  Astrgnomers pre-
viously had only considered the motion of
. this body rclative to eclipses ; by follow-
“ing it through its whole course, Ptolemy
recognized, that the equation of thetentre
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of the lanar ﬂl‘blt was less in the
than 1n the quadlatures ; he determi"
the law of this difference, and ascertamed“
its value with great precigien. To repre--
sent it, he made the Moon to mowve- upon
“an epicycle carried by an excentric,ateotd~
ing to a method aftributed to Appoltonius
the geometrician, and which had before
been employed by Hipparchus.

It wasa génera] opinion of the anciénts;
that the uniform circular motion beingthe |
most simple and patutal, was fﬁecéﬂsb‘nly |

“that of the heavonly:bodies:~ Blis: cifér
. maintained its ground till ‘thgbtime of
Kepler, and for a long time impeded-him
in his rcsearches. Ptelemy adopted. it,
and, placing the Earth oft the centre ofilie
celestial motions, he er}deavbured to re-
present their inequalifies in this -false
‘hypothesis.  Eudoxus had previously
imagined for this object, every planet. at-
tached to several concentric spheres; en-
dowed with different motions; but this
astronomer not having explained- in' ‘what
manaer these spheres, by their action on

XD
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th‘“e p]a‘nats "'pmduce the vari::ty of their

noti¢e, in a treatise on astronomy. A much
“more mgentous h ypot]iesjsﬁﬁﬁnsists In Mmov-"
‘g along one circumference, of which
the Earth occupies the centre, that of ano-
thercircumference, on which moves that of
a‘third; and so on, np to the last circum-
ference, on which the body is supposed to
move uniformly. If the radius of one of
these circles surpasses the sum of the
others, the apparent motion of the body
round the. Earth, will be composed of a
mean uadi¥n motion, and of several ine- -
qualities @ pending on the proportions of
- these several radii to each other, and the
motions of their ®entres, and of that of
| tfl'e_ﬁ :-S'tar';"-'_ B_y increasing their number,
ﬁnﬂ“giviﬁg them suitable dimensions, we
may represent the inequalities of this ap-
parent motion. Such is the tii'ust general
manner of considering the hyﬁﬁthesw of
_cycles and excentrics, which Ptolemy
adopted in his theories of the Sun, Moon; -
“and- planets. e supposed these H¥dies
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in motion round the Earth in this order
of distances—the Moon, Mercury, Venus,
the Sun, Mars, Jupiter, Saturn; astros
nomers were divided in their opinions as .
to the position of Mercury and Venus;
Ptolemy followed the mogt, ancient opi-
nion, and placed them below the Sun;
others placed them above, and f'nall}, the
Fgyptians made them move round it. It
is singular, that Ptoelemy does not mention
this hypothesis, which 1s equivalent fo
ploeiog ghe Sun in.fhe centre of the eprs
cyw these two planets,.instend of- mak-
ing them revolve round an imagfbary cen-
tte. But, being persuaded thafghis system
could only be adapted to the three supe-
rior planefs, he transferred it to the two
inferior, and was misled by a false appli-
cation of the principle of the uniformity
of the laws of nature, which, if he hiad
set out from the discovery of the Egyp-
tians, on the motions of Mercury alld
Venus, would have led him to the trac
system of the world. Buat even, if epi-
eycles could be made to represent the ine-
N O
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an object so very complicated, does o T4
honour to the sacacity of its author.

Ptolemy confirmed the motion of ihe
equin{)xés, discovered by Hipparehus, by
comparing his observations with those of
this great astranomer. He established the
respective immobility of the Stars, their -
‘nvariable latitude to the ecliptic, and
"~ their motion in longitude, which be found
* 111" in every year, as Hipparchus had
suspected, |

We now know, thatthis wmotion ig very :
nearly + 154" annually, which, congidering
.the interval between the observations of
Piolemy and Hipparchus, implies an ercor .
of more than one degree in their observa-
tions. Notwithstanding the difﬁﬂﬂltj |
which attended the determination of the
longitude. of the Stars, when observers
had no. exact measure of time, we are sur-.*
vrised thafso great an error should have
been committed, particularly when we ob-
serve the agreement of the obscrvations
with each other, which Ptolemy cites as

- b ey —

1 35“.9- 't 5UHI
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“a proof of the accuracy of his result. He,
has been reproached with having altered
them, but this- reproach i1s not founded;
his error, in the determidation of the mo-.
tion of the eql_linnxes, scems 1o have been
derived from too great confidence in the
- result of Hipparchus, relative to the length
of the tropical year and the motion of the.
Sun. In fact, Ptolemy determined the
longitudes of the stars, by comparing
them either with the Sun, or with the
Moon, which was equivalent to a com-
parison ‘with the Sun, since the synodical
rﬁvolu; nof the Moon was well known.
by the means of cclipses. Now, Hippar-
chus having supposed the year too long,
and consequently the motion of the Sun
in longitude too slow, it is clear that thas
error diminished the longitudes of the Sun
and Moon, ewploved by Plolemy. The
motion 1in lengitude, wllich__hé’;attributed.
to the Stars, is too small by the arc de-
. seribed by the Sun m the time, equal to.
" the ervor of ipparelius tn tie leagth of?

the year, -y
In the time of Hippacchus, the tropieal
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year was 365.24234 : this greaf astronomer.
supposed it 365,24667 ; -the difference 1s
433, and during this interval the Sun
describes an are: ﬁf 47"+ this, added to the
annual precession of 1117, dctermined by
" Ptolemy, -gives 158 for the precession,
which he would have found, if he had
computed from the length of the true tro-
pical year, the error would then have been
_ ﬂnly 4'.'1'- _ . .
~ This remark has led to the examination
~ of another question, 1t had been gene-
rally belicved, that the catalogu@hf Pto-
.J&!emv was that of Hipparchus, reduced
1o his time by means of the annual pre-
cession of 1117, This opinion i1s founded.
on this circumstance, that the constant er--
ror in longitude of his Stars, disappear
when reduced to.the time of Hipparchus,
~But the ex p]anatlon which we have given
of the caunse of this error, justifics Pto-
- lemy from thereproach whichhas beenims-.
pirted to him, of having taken the merit of
Hipparchusto himself ; and it seems right
to believe lim, when he asserts that he
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has observed all the Stars of his own ca-
talogue, even to the Stars of the sixth
magnitude. He adds, at the same time,
that he found very Ileﬂr]i};ﬂm samec posi-
tions of the Stars, relatively to the eelip-
tic, as’Hipparchus, so that the difference |
between these two catalogiies must have
been very small. Thus, the ohservations
of Ptolemy on the stars, and the true va-
lue which he has assigned to the r&*’q.fm:'ciu:mJ.ﬁ‘!l
are proofs of his cxactness as an observer:
It is true, that the three equinoxes which
‘he has gbserved, are inadcurate ; but it
ﬁp{)ﬂlﬁhﬂt, too. much prepossessed 12'
favotur of the exactness of the solar tables
of Hipparchus, he made his observations
of the equinoxes, at that 1ime very dif-
feult, coincide with them; as the derange-
ment of his armillary might have been suf-
ficient to explain the errors. .
~ The astronomical edifice, 'rhfg'ed by Pto-
lemy, subsisted near fﬂul‘téé{’l centuriles,

. and now that it is entirely destroyed, his

Almagest, considered as a depositary of .
ancient observations, 1s one of th’e soost
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precious monuments of antiq-uii‘,y. Pto-
lemy has not rendered less service to geo-
oraphy, in collecting all the knowny longi-
tudes and latitudes of different places,
and laying the foundation of the method
of projections, for the construction of
geographical charts. Hecomposed a great
treatise on optics, which hias not been pre-
served, in which he explained the astro-
nomical refractions : he likewise wrote
treatises on the several sciences of chrono-
logy, music, gnomonics, and mechanics.
So many labours, and on such a varicly
“of subjects, manifest a very superior ge-

" nius, and will ‘ever obtamn him a distin-
ouished rank in the history of science.
On the revival of astronomy, when his
system gave way to that of nature, man-
kind avenged themselves on him for. the

i despotism it had so long maintained ; . and
they accused Ptolemy of having appro-
priated to himself the discoveries of his
predecessors; but in his time, the works
‘of Hipparchus, and of the astronomers of
L Alexapdria, must have been sufficiently

3
4
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known, to have rendered cxcusable, his
not distinguishing what belonged to them
from his own discoveries. | As to the long
continuation of his errors, 1t must be at-
tributed to the same causes which replung-
ed Europe into darkness. The fame of
Ptolemy has met with the same fate as that
of Aristotle and Descaries. Their errors
were no sooner recognized, than a blind
admiraiion gave way to an unjust cou-
tempt, for even in science itself, the most
useful revolutions are not always exempt
from passion and prejudice,
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CHAP. IIL.

Of the Astronomy of the Arabs, Chinesc and

Persians.

r s

'Thie progress of astronomy in the school
of Alexandria terminated with thé'labours
of Ptolemy. This school continued to
exist for five centuries, but the successors
of Ptolemy and Hipparchus contented
themsclves with  commenting on their

works without adding to their discoveries.

With the exception of two eclipses, re-
corded by Theon, and some observations of
Theon of Athens, the phenomena of the
heavens continued unobserved during a

" period of more than six hundred years.

J
Y,
:

E:.

Rome, once the seat of valour, glory, and
learning, did nothing useful to science.
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The consideration that was always attach-
ed Ly the repubhic to cloquence and mi-
litary talents, seduced the imagimation to
t_hué;a pursuits : and sclence, offering no
advantage, was necessarily neglecied in
the midst of conguests andertakea by am-
bition, aud of 1nternal comotions 1a
which liberty expired and yielded to the
despotism of the emperors. The division
of the empire, the nccessary consequence
of its vast exteut, brought on its fall, and
the light of science, extinguished by the
barbarians, was ouly again revived among
the Arabians. ._

'This people, exalted by fanaticism, after
having extended its religion and its arns
over a great part of the Earth, had no
q@ner rewsed in peace, than it devoted
itself to leﬁera and science. |

It, however, was but a short time
before that they destroyed their most
beautiful ornament, byhuming'the famous
library of Alexandria.

In vain the philosepher Philoponus e_xé-
erted himself for its preservation.. I
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ihese books, replied Oumar, are conform-
able to the alcoran, they are uscless ; 1f
they are contrary 1o it, they are detestable.
'Thus perished"-fhis immense treasure of
erudition and genius. Repentance and
regret 800N followed this barbarous exe-
cution, for the Arabians were pot long
before they perceived their irreparable
loss, and that they had deprived themselves
of the most precious fruits of thewr con-
qricsis. |

About the middle of the eight_h_fceﬁfu'i‘f,
the caliph Alinansor gﬁ?é greatéﬁfﬂumge-
ment Lo asteonomy, but among the Ara-
bian princes wlo distinguished themselves
ror their love of the sciences, the most ce-
lehrated tn lustory was Almamoun, of the’
famly of thc Abassides and son of the fa~
aous AavonRushid, so c?lébrzgggth!mﬂgh;
cut Asia,  Almamoun reigned in Bagdat
iy R14, having conquered the (ircck em-
peror Michacl 1iI., he imposcd on him,
.« one coudition of peace. that he should
have dé]"i\-'ﬂruhd to him the best books of
Grecce :—ihe Almagest was among the
Cemher. e causcd it to be translated 1ato
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the Avabian language, and thus diffused
the astronomical knowledge which had
formerly caused the celebrity of the Alex-
andrine school. Not content with encou-
raging learned men by his liberality, he
was hunself an observer, and determined
the obliquity of the ecliptic; he likewise
caused adegree of the meridian to be mea-
sured on the vasi plain of Mesopotamia.
The encouragement given to astronomy
by this prince and his successors, produced
a2 great number of astronomers, among
whom Albategnius deserves to be placed
the first, ~We; are indebted to him for an
observation of the obliquity of the ecliptic
which corrected for refraction and ﬁaral-
lax gives * 26°2}82 for this obliquity of
the ecliptic. -+All the Arabtan obscrvations
give neurly- the same result, {rom whéﬁ;&
we deduce the sccular variation about
+ 159.7 |
Albategnins found the anuual motiog
of the equinoxes equal to I 148.73, and the
length of the tropical year equal to -
365.24056. "The first of these clements is |

-
‘.

* 930 35/ 467, + 51".5.  + Blvoa.
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too great by 147, the second is too small
by more than a minute and a half, but
these errors depend entirely on the obser-
vations of Ptolemy which Albatégnius
compared with his own; he would have
come nearer the truth had he used only
those of Hipparchus.

‘Vhis great astronomer improved greatly
the theory of the Sun. - He reduced the ex-
centricity of the solar ellipse to 0.017323,
the radius of the orbit being taken as
anity., At the commencement of 1750
it was 0.016814. Its dimtaution in an in-
terval of 870 years was therefore 0.00511,
The theory of gravity, adopting the most
nrobable value of the masses of the planets
eives 005907, 'This difference 1s withia
the limits of the ercors to which the obser-
vations of Albategunius werediable.

T'hese same observations condueted him
likewise to the discovery of the proper
n:otion of the Suw’s apogee, he observed
i's place to be * 24°.76 m Gemini, which
was more advanced since the time of Hip-
- parcims  than 1t should bhave been from
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. the mollou. (}F the equinoxes only. Accofa&;
ing to our ‘best tables the place of the
apogee in 580 was * 26.°23, the observation
of Albateguius was therefore only defective.
by + one degree and a half, which wasg
very pregise Cetermination for that age
gonsidering tiie delicacy required to ascers.
tain this element. These results are net:
ﬂl]]} very . valuable for their exactnais,
but particularly as they confirm the adlm..
nution of the excentricity of the solar
bit, demonstrated by-the theory of: gn
vitatiégn-and by the sccular equation of 4
| M:aam, ‘they. dikewise induce uys o plaei'
great confidence in his determination. of
the obliquily of the celiptic, which he
relates to have been mace with great cate;
by means ﬂﬁa@dms of gredt length,. and
by takmg all thc precautions mentwn@d in
~the Almagest T
The most interesting part of the astrogo-

my of the Arabs which bave Leen preservesd
are these labours of Albategnius, in his
work on the science of the stars, and two

- — - — et
| *‘ E‘.‘-gﬂf + 36"
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eclipses of the Sun and one of the Moo

observed by lbn Junis, near Cairo, in 977, |
918, and 979, whieh confirm the mean ac-
coleration of the Moon. The Arabian
astronomers chiefly occupied {hemselves
practical ohservations; they did not inves-
tigate the causes of the celestial pheno-
mena, but vetained without alteration the
system of Ptolemy :

The Persians, after having for a long
time submitted to the same soverelgns as
" the Arabians, and professing the same re-
ligion, about the middle of the eleventh
century, shook ofl the yoke of the Cal'iphs. .
About this time their calendar received a
wew form, by the care of the astronower
Omar Cheyam ; 1t was fonnded on an 1n-
sepious intercalation, which consisfs in
naking noevery thirty-thi‘”ébi‘f&iﬁ‘ six of
them sextile, |

Hotagu Tlecoukan, one of their sove-
TeILNs, constructed a magniﬁuﬁnt obser-
~vatory, and enteusted the 5uperintendancﬂ
~of it to Nassir Eddin. Butno prince of this
' nation distinguished liimself more for lus

™
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zeal than Uleg Beigh, whom we should
place in the first rank of observers. He
formed himself a catalogue ol stars at
Sarmacand, the capital of his dominions,
and likewise the best tables of the Sun
and planets which existed before the time
of Tycho Brahe. He fixed the precession
of the eguinoxes at 159", and determined
the obliguity of the ecliptic with iustru-
ments of very elaborate construction, he
found it equal to 261475,

" A century and a half previous to this,
the Chinese astronomy affords us several
observations of the Sun, made with great
carc with a very high gunomon, by Coclieon
King, a cclebrated astronomer ; from these
Lacaille concluded the length of the year
the same a3z we now adopt, and the obli-
quity of the ecliptic 26.1519, 1275, the
cpoch of these observations ; {rom this re-
sults a sccular variation of 153, It 1s on
these observations, and those of Albateg-
uius, that 1 bave founded my determina-
tion at 134.3. | ‘

The Chinese astronomy likewlse men-
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tions the occultation of several fixed stars:,
by planets and a great many eclipses of the
SunandMoon. There no doubt exist in our
libraries, manuseriptsand otherobservations
which would throw great light on the
secular equations of the heavenly bodies,
and on the masses of the planets, one of the
principal things that remain uusettled in
modern astronomys, ke

The investigation of these observations
merit the attention of the learned in the
oriental languages, for the great variations
in the system of the world are not less in-
teresting to be acquainted with, than the
revolutions of empires, -
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CHAP. IV,

Of Astronomy in modern Furope.

IT is to the Arabians that modern Europe
18 indebted for the first rays of light
that dissipated the darkoess in which it
was enveloped during twelve centuries,
They Have transmitted to us the treasure
~of knowfedge which they received from
" the Greeks who were themselves disciples
of the Egyptians ; but by a deplorable
fatality the arts and scieuces have disap-
peared among all these nations, as soon as
they had communicated them.,

2espotism has for a long period extend-
ed its Darbarism over those beautiful
countries where science first had its origin,
and those numes which formerly. rendered
them cclebrated, are now uwnknown in

4 11 bR
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Alphonso, king of Castille, was one of
the first sovercigns who encouraged the
revival of astronomy in Europe. 'This
science can reckon but few such zealous
protectors ; but he was ill seconded by
the astronomers whom he had assembled
at a considerable expence, and the tables
which they published did not answer to
the great cost they had occasioned.

Endowed with a correct judgment, Al-
phonso was shocked at the confusion of the
circles, in which the celestial bodies were
supposed to move ; he felt that the expedi-
cints em]iluycd by ndturé ought to be more
simple. “ If the Deity,” said he, hﬂ.d.
asked my advice, these things would have
becu better arranged.” By these words,
which are taxed with impiety, he meant to
express that mankind were still far from
knowing the true mechanism of the uai-
verse. .

In the time of Alphonso, Europe was
indebted to the encouragement of Frederic
1. Emperor of Germany, for the first
Latin translation of the Almagest of Pto-
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lemy, which was wade from the Arabic
version.

We are now arrived at that celebrated
epoch when astronomy, escaping from the
narrow sphere which had hitherto confined
it, raised itself by a rapid and continued
progress to the height where we now be-
hold it. Purbech, Regiomontanus, and
Waltherus prepared the way to these pros-
]]EI'GHE days of the science, and Copernicus
gave them birth by the fortunate explana-
tion of the celestial phenomena, by means
'of the motmn of the Earth on its axis, and
round the Sun. |

Shocked, like Alphonso, at the extreme
complication of the system of Ptolemiy, he
tried to find among the ancient phileso-
phers a more simple armn%cment of the
universe. He found that many of them
had sup[iﬂ'sed%Venus and Mercury to move
round the Sun : that Nicetas, according to
Cicero, made the Earth revolve on its axis,
and by this means freed the celestial sphere
from that inconceivable velocity " which
must be attributed to it to acecomplish its
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diurnal revolution. He learnt from Aris-
totle and Plutarch that the Pythagori-
ciung had made the Earth and planets
move round the Sun, which they placed
in the centre of the universe. These Iu-
minous ideas struck him 3 he applied them
to the astronomical observations which
time had multiplied, and hiad the satis-
faction to see them yield, without diffi-
culty, to the theory of the motion of the
Farth, . The diurnal revolution of the
heavens was only an illusion %yé _tﬁ'thé
rotation of the Eartb, and the precession
of the equinoxes, is veduced to 3 shight
motion of the terrestrial axis. The clr-
cles, imagined by Ptolemy, to exp[&i_llli the
alternate direct and retrograde ‘motions of
the planets, d®appeared. Copernicus only
saw in these singular phenomena, ‘the ap-
pearances produced by the motion of the
Farth round the Sun, with that of the
planets : and he concluded, from hence,
the respective dimensions of their orbits,
which; 1il} then, were unknown. Finalljr,

every thing in this system apnounced that
Fm ™ A-
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beautiful simplicity in theexpedients ol na-
ture, which delights so much when we are
fortunate enough to discoverit. Copernicus
published it in his work, On the Celestial
Revolutions ; not to shock received pre-
judices, he presented it under the form of
an h}pﬂthes:ls re Astmnﬁmerﬁ, said he,
"¢ in hisdedication to Paul IIL, being per-
mitted to imagine eircles, to explain the
- motion of the stars, 1T thought myself
equally entitled to examine if the suppo-
sition of the motion of the Earth, would
render the theory of these appearances
more éxéct and simple.”

This great man did not witnesa the suc-
cess of bis work.  He died suddenly by the
rupture of .a blood. vessel, at the age of
_"f:évé: f“"i‘.myeln, s few duys after receiv-
‘ing the first proof. He wasbom at Thorn,
in Polish” Pttmm, the 19th of February,

1473. After learning the Greek and Latin
languages, he went to continue his stu-
"dies at Crgcovia. Afterwards, induced by
~ his taste for astronomy, and by the repu-

tation which Regiomoutanus had acquired,
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he undertook a journey to Italy, where
this science was taught with snccess : being
oreatly desirous to render himself 1illus-
trious by the same career, he followed
the lessons of Dominic Maria, at Bologna.
When arrived at Rome, his talents ob-
tained him the place of professor: he af-
terwards quitted this city, to establish
himself at Fravenberg, where ?E’L uncle,
then Bishop of Warmia, made him a car
non. It was in this tranquil abode, that
by thirty-six years of observation and me-
ditation, he established his ﬂwmy of the
motion of the Earth. At his death, he
was buried in the. cathedral of Fraven- .
berg, without any pomp or epitaph; hﬁt
his memory will exist as long as the gmst-:
truths which he has again mtraduced witbq
such ewdenue asto ‘mﬁ’eat eagtindi :_a_g_ pated:
the illusions of the sbnses; f&ﬂ'_ !urmounted
the difficulties which ignorance of the laws
of mechanics had opposed to them,

These truths had yet to vanqulsh ob-
stacles of another kind, and which, arising

from a respected source, would have sti-
0D
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fled them if the rapid progress of all the
mathematical sciences had not concurred
to support them.

Religion was invoked to destroy an as-
tronomical system, and one of its defend-
ers, whose discoveries did honor to his age
and country, was tormented by repeated
prosecutions. Bethicus, the disciple of
Copernicus, was the first who adopted his
ideas ; but they were not in great estima-
tion till towards the beguming of the se-
venteenth century, and then they owed it
principally, to the labours and misfortunecs
of Galileo,.. |

A fortunate accident had made known
the most wonderful instrument cver dis-
 covered by human ingenuity, and which,
by giving tg astronomical observations a
" pfebisiﬁn and extent hitherto unhoped for,
displayed in the heavens new incqualities,
and new worlds.  Galileo hardly knew of
the first trials of the telescope, before he
bent his mind to bring it to perfection.
Directing it towards the Stars, he disco-
., yered, the four satellites of Jupiter, which



289

shewed a new analogy between the Earth
and planets ; he afterwards observed the
phases of Venus, and from that moment
he no longer doubted of its motion round
“the Sun. 'The milky way displayed to him
an infinite number of small stars, which
the irradiation confounds to the naked eye,
in 2 white and continued light ; the Iumi-
nous points which he perceived beyond the
line which separated the light part of the
Moon from the dark, made him acquaint-"
ed with the existence and height of' its
mountains. At length he observed the.
anpearances occasioned by Saturn’s ring,
the spots and rotation of the Sun. In
publishing these discoveries, he shewed
that they proved incontestibly, the motion -
of the Earth ; but the idea of this motion
was declared heretical by a mgrggatmn
of cardinals; and Galileo, its most ce-
lohrated defender, was cited to the tribg-
nal of the inquisition, and compelled to
retract this theory, to escape a rigorous
prison.

Oue of the strongest passions is the love
.06
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of truth, in a man of genius, Full of the eu-
thusiasm which a great discovery inspires,
he burns with ardour to disseminate 1f,
and the obstacles which ignorance and su-
perstition, armed with power, oppose to it,
only irritate and increase his energy. Ga-
lileo, convinced by his own observations
of the motion of the Earth, had long mec-
ditated a new work, in which he proposed
to @gi’cl{)pe the proofs of it. But to shel-
~ ter himself from the persceution of which

ke had escaped being the victim, he pro-
: 'p'ﬂsed to present them, under the form of
dmlogm hetween three interlocutors, one
of whom defended the system of Coperni-
cus, combated by a Peripatetician. It
is obvious, that the advantage would rest
with the defender of this system ; but, as
Galileo did not decide between them, and
gave a3 much #mght as possible to the
objections of the purtlaans of Ptolemy, he
had a right to expect that tranquillity
which his age and labours merited.

The success of these dialogucs, and the
triumphant maoner with which all the
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difficulties against the motion of the Farth
were resolved, roused the inquisition. Ga-
lileo, at the age of seventy, was again cited
before this tribunal, The protection of
the grand Duke of Tuscany, could not
prevent his appearance. He was confined
in & prison, where they required of him a
second disavowal of his sentiments, threat-
cuing him with the punishment .incurred
by contumacy, if he continued to teach the
system of Copernicus, ,

He was compeiled to sign this formula
of abjuration :
1 Galileo, in iie seventieth year of my
age, brapght personally to jmrice, being*
on my knees, and having before my eyes
the holy cvanyelists, which I touch with
my own lands, with a sincere heart and
Sfaith ; I abjure, curse, and. detest, the
absurdity, error, and heresy, nf the mo-.
“ fion of the Earth,” &c. 2

What a spectacle! A venerable old
man, rendered illustrious by a long life,
consecrated to the study of nature, abjur-
ing on his knees, against the testimony of

(-
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his own comsgience, the truth which he

had so evidently proved. A decree of

the inguisition, condemned him to a per-

petual prison. e was released after a

vear, at the solicitations of the arand

duke ; but, to prevent his withdrawing

himself from the power of the inquisition,

he was forbidden to leave the territory of -
Florence. |

Born at Pisa, in 1564, he gave early
indications of those talents which were af-
terwards developed,, DMechanies owe to
him many.discoveries, of which the most
imporiant is the theory of falling bodies.

Galileo was occupied with the libration -
of the Moon, when he lost his sight; he
died three years afterwards, at Arcetre, in
1642, regretted by all Kurope, which he
left enlightened by his labours, and ndig-
nant at the judgment passed against so
oreat a man, by an odious tribunal.

W hile this passed 1o Italy, Kepler, mn
Germany, devcloped the laws of the pla-
netaty motions. But, previous Lo the ac-
count of his discoveries, it 18- necessary to
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look back and to describe the progress of.
astronomy in the north of Europe, after
the death of Copernicus, : |
The history of this: science presents at-
this epoch, a great number of excellent
cbservers. One of the most 1llustrious, -
was William IV, Landgrave of Hesse-Cas-
sel, He had an observatory built at Cas-
sel, which he furnished with mstrumﬁﬁ’bag .,
constructed with care, rand -with whmﬂ: |
~he observed a long. time. He procured~
two celebrated astronomers; Rethmamands:
Juste Byrye; and Tyeho -owédsto bis -
pressing solicitations, . - the: adﬁahtagﬁﬁf
which Frederice, ng of Denmzﬂ'ﬁ ‘obe
tained for him, - TR
Tycho Brahe, who wasione ﬂfthe' greats i
est observers that ever ellﬂtEd was -bormi:
at Woucksturp, in Norway. 1blisitage for -
~ astronomy was manifested ¥k, the ﬂage of
fourteen years, oun. the occasion of am.’
eclipse of the Sum, which bappened in
1560. At this age, when reflection is sgx:
rare, the justice of the .calculation which .
announced this phenomenon, inspired him
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with an anxious desire to kuow its princi-
ples; and this desire was still further in-
creased by the opposition of his preceptor
and family. He travelled to Germany,
where he formed coonnections of corres-
pondence and friendship, with the most
distinguished persons, who pursued astro-
nomy either as a profession, or amusement,
. ‘and particularly with the Landgrave of
Hesse-Cassel, who reccived him in the

~ most flattering manner.
Oa his return to his own éa.untry, ke
was fixed there by his sovereion, Frederic,
-who gave him thelittle island of Huena
at the entrance of the Baltic, Tycho built
a celebrated observatory there, which was
called Uranibourg. There, during an
~abede of twenty-one years, he made a pro-
digious mass of observations, and many °
mmportant discoveries. At the death of
Frederic, envy, then uarestrained, com-
pelled Tycho to leave his retreat. His
:return to Copenhagen did not appease the
rage of his prosecutors ; the minister, Wal-
chendorp,(whose nawe, like that of all men
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who have abused the power entrusted: to
them, ought to be handed down to the exe.
cration of all ages,) forbad him to continue
his observations.  Fortunately, Tycho
found = powerful protector in the Empe-
ror Rodolph II. who settled on him- a
considerable pension, and lodged him com-
modiously at Prague. He died suddenly
at this city, on the 24th of Oetobier, 1601,
in the midst of his labours, and at an lfge
when astronomy might have etpectéﬂ g‘l'%at
services from him. '

The invention of nmew instruments, and
new improvements, added tothe old ones a
- much greater precision in observation; a,
eatalogue of stars very superior to those of
Hipparchus, and Ulugh Beigh; the dis-
covery of that inequality of the Moon,
which is called variation ; tHat of the ine-
qualities of the motion of the nodes, and
of the inclination of the lunar orbit: the
interesting remark, that comets are ' beyond
this orbit; a more perfect knowledge of
astronomical refractions ; finally, very nu-
merous observations of the planets, which -
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have served as the basis of the discoveries
of Kepler. Such are the principal ser-
vices which Tycho Brahe has rendered
astronomy. Struck with the objections
which the adversaries of Copernicus made
to the motion of the Earth, and perbaps
influenced by the vanity of wishing to give
his name to an astronomical system, he
mistook that of nature. According to
him, the Earth is immovable in the cen-
tre of the universe ; all the Stars move
every day round the axis of the world ;
and the Sun; in its annual revolution, care
ries with it:the planets. In this system,
already known, the appearances are the
same as in that of the motion of the Karth.
We may, in general, consider any poiut
we chuse ; for.-example, the centre of the
Moon as immmovable, provided we assign
the motion with which 1t is amimated, 1n
a contrary direction to all the stars.

But, is it not physically absurd to sup-
pose the Earth immovable in space, while
the'Sun carries with it the planets ir which
it is-included ? How could the distance
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from the Farth to the Sun, which agrees
s0 well with thc duration of its revolution
in the hypothesis of the motion of the
Earth, lcave any doubt of the truth of
this hypothesis, in a mind constituted to
feel the foree of analogy. It must be con-
fessed, that Tycho, though a great ob-
server, was not fortunate in his research
after causes; his unphilosophical . mind
had even imbibed the prejudices of astro-
logy, whieh betried to defend. '

It wounld be, however, unjust to judge
him with the same rigor as.ene who
should refusc at present to believe the mo-
tion of the Larth, confirmed: by the . nu-
merous discoveries made in astronomy since
that period.

The difficulties which the illusions nf
the senses opposed to this theory, were nof
then completely removed. The apparent
diamecter of the fixed stars, greater than
their annual parallax, gave to these stars
in this theory, a real diameter, greater than
that of the terrestrial orbit. The tele-
scope, by reducing. them to luminous
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points, made this improbable magnitude
disappear. It could not be concetved how |
these hodies, detacheéd from the Earth,”

could follow its motion. 'The laws of
mechanics have explained these appear-
ances ; they have proved, what Tycho had
again made doubtful, that a body, falling
from a considerable height, and abandoned
to the action of gravity alone, ought to
fall very nearly in a vertical line, only de-
viating to the east, by a quantity difficult
to estimate accurately by observation from

. its minuteness, so that at present there is

ay’ mﬂch*ﬁiﬁculiy in proving the motion
of the Earth by a direct experiment, as
formerly exwtcd to prove that it should be
insensible,

In his later years, Tycho Brahe had
Kepler for a disciple and assistant. He
was born in 1571, at Viel, in the duchy
of Wirteniberg, and was ope of those
extraordinary men whom nature grants
‘@ow and then to the sciences, to bring to
light those great theories which have been
prepa:red by the labour of many centuries,



309

fhe career of the sciences did nol ap~
o satisfy the ambition
he felt of rendering bimself illustrious}
but the ascendancy of his genius, and the
exhortations of Maestlinus, led him to
astronomy : and he entered into the pur-
cuit with all the activity of a mind pas-
sionately desirous of glory. .
The philosopher, endowed with a lively

jwagination, and impatient to know the

causes of the phenomena which he.sees,
often obtains a glinpse of it, before. obs
coryation can conduct him to 'it. . Doubt- |
less he might, with greater certainty, as-
certain the cause from the phenomens ;
but the history of science ;i_roves to. us,
{hat this slow progress has not always heen

that nf jnventers.

pear to him proper {

What rocks has _hel to gﬁ%"«r whaﬁhtakgs
his imagination for bis guide ! o
hich it

Preposscssed with the cause W
presents 1o him, instead of rejecting 14
when contradict_é_’d Lby __facts, he alten
them to muke them agree with .k
hypotheses ; he mutilates, if 1 may b
allowed the ﬂxpr'es'sion; the work of patnre
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to make it resemble that of his imagina-
tion, without reflecting that time destroys
with one hand these vain phantoms, and
with the other confirms the results of cal-
culation and experience,

‘The philesopher who is really useful
to the cause of science, is he, who, uniting
to a fertile imagination, a rigid severity in
‘inyestigation and observation, is atoncetor-
mented by the desire of ascertaining the
cause of the phenomens, and by the fear of
deceiving himself inthat which he-assigns,

Kepler owed the first of these advan-
tages to nature,uamd the second to Tycho
Brahe. This great” observer, whom he
went to see at Prague, and who had dis-
covered the gemus of Kepler, in his ear-
liest - works, motwithstanding the myste-
rious analogies of numbers and figureswith
which 1t was filled, exhorted him to devote
his time to observation, and procured him
the title of 1mperial mathematician.

The death of Tycho, which happened |
a few years afterwards, put Keplerin pos-
scssiom-of his valuable collection of obser-
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vations, of which he made a most noble
use, founding on them three of the most -
important discoveries that have been made
in natural philosophy;

It was an opposition of Mars which
determined Kepler to employ himself, in
preference, on.the metions of this pla-
net. . 1iis choice was fortunate in this cir-
cumitance, that the orbit of Mars being
one of the most excentric of the planetary
system, the inequalities of his motion were
more pesoeptible, and theretore hed do the
disgovery of their Jaws, with greater. fa-
cility and precision. ‘Theugh the theory.
of the motion of the Idarth had: made the
oreater part.of those circles with which.
Ptolemy had embarpassed astyonemy, dis-
appear, yet Copernicus had substituted
many oihers to explain the real ineguali-
ties of the celestiak lwdics, i

Kepler, deeeived like him, by the opi-
nion that therr miotious ought to be eir-
cular and uniferm, tried a long time to
rrbrescut thiose of Mars, 1 this hypothe- .
518, l"ijnally, after a great number of traaly, -
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which he has related indetail in his famous
“work called Stella Martis, he overcame
the obstacle, which an error, supported by
the suffrage of every period, had oppﬂsed“ﬁ
to himn; he discovered that the orbit of
Mars is an ellipse, of which the Sun oc-
cupies one of the foci, and that the mo-
tion of the planet is such, that the radius
vector, drawn from 1its centre to that of
the Sun, describes equal areas 1n equal
times. Kepler extended these results 1o
all the planets, and published from this
theory, in 1626, the Rudolphine tables,
for ever wemorable in astronomy, as being
the first founded on the truc laws of the
- planetary wotions.

Without the speculations of the Greeks,
on the curves formed f{rom the section of
a cone by a plane, these beautiful laws
might have been still unknown., The el-
lipse being one of these curves, its oblong
ﬁgure cave rise, in the mind of Kepler,
tg,;;lle idea of supposing the planet Mars,

:-'Wlmsﬁ orbit he had discovered to be oval,
'to move on it, and soon, by means of the
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| ﬂ]e idea of comparmg the puwers of the
" numbers Whlch expresscd;_:_em he founds
~ that the squares of the times of the planue--r"i
tary revolutiouns, are to each other as the
'cubes of the major axes of theig orbits :
~a most important law, and whiﬁ he had
" the advantage of observing In the system
qf satellites of Jupiter, and which’ e‘;tends

to all the systems of satellites,
“Weé might be astonished that Kepler
* should not have. applicd the general laws
of elliptic motion to comets. But, mis-
led b arde;}t imagumtmn he lost the
“clue of the mzaf‘ngy, ‘which should have
conducted him to this great discovery.
The comets, according to him, being only
meteors, engendéred in ether; he neglect-
"ed to study their motions, and thus stopped
in the middle of the career which was
epen to -him, .J.baudmnng to his succes-
- sors a part of the glory which he might
et have ac quired. In hlﬂ time, the world
% Just begun to get 2 ghmlmc of the
Broper method of pruceedmg in the search
of?f’tfﬁtll 2t which genius nnlvw, arrived by
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its discoveries. Instead of passing sloﬁ%lj’

LY

, of inductions, from insue
lated phennr@bna to others more extended,
and from these to the ganeral laws of na-

turc ; it was more easy and more agreeablﬁ'
to subject all the phenomena to the ré-
Jations of convenience and harmony, which
the_imagination could create and mo_dlfy'
at pleasure. o -

Thus, Kepler explamed t'he dlspomtmn
of the solar system, by the laws of muﬁwal
harmﬂny" We bebold im even in his
- Jatest works, amusing hlmselfﬂlth these
chimerical speculations, even so far as to
regard them as the “ life’ “and. soul” of
astronomy.. He has deduced from them
the exceuntricity of the terrestrial orbhit,
the density of the Sun, - its parallax, and
other results; the maccuracy of Wliich,
now discovered 1%& proo uf the errors
to which we expose ourselves, in devlatiag-.
from the rout traced by observ ation.

After havmg destroyed the eglc%

which Copernicushad preserved; aﬂe,".
L .i.-t"-

ing determined the curve which thq
O
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describe round the Sun, and discovered
the laws of their mutwnﬂ%];_{:ep]cr 100
near to the principle from<which these
laws were derived, not to foresee 1t. At
tempts to discover this principle, often ex-
ercised his active imagination; but the
mament was not yet arrived, to make this
last step, a more profound knnwledgo of

mechanics, and a wore perfect state” of
geometry. . m
However, amidst the fruitless tlmls of
Kepler aid his numerous errvors,, the con-
nection. qgﬂfabts cotduct 4 him to mr“eéili
opinlons, off this. subject, i the work m
which he publishod hus srineipal disco-
VI{-JI‘iLb
| ”Gm’vlt‘ya” he says, ©“ 1n hus Commen-
“ tary on Mars, is ouly a mutuul and cor-
« poreal aifnction between similar bodies.
“ IHeavy budies do not tﬂnd to the centre
.” of the world, b to that of the round
6. lm.ﬁy, of which they form a part; and
.fE the Earth were not spherical, heavy
"Mﬁﬂxes would not fall towards its centre,
“« but.fowards different points.”
) If the Moon and Eurth were not re-
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tained at'their respective distauces, ﬂey
would fall’aipon ecach other, ‘the Moon
passing throtigh to 43+ of the dlstance and
the Earth passing through the rémainder,
supposing them equally dense." “He  be
Hevedfalso, that the attraction ofthe Moon
was the cause of the tides, and he suspects
ed,. ihat the irregularities of the lunar
mntmﬂ were produced by the - ﬁ
actions of thie Sun and Earth on the Moon.
Astronomy likewise owes to Kepler,
many useful discoveries. His work on
optma is full of new and mtewﬁtmg mat-
. he there explains the mechanism of
vision, which was anknown before him.
e assicued the true cause of the lumiere
condrée of the Noon; but he gave the
Lonor of this discovery to his master,
M aestlinus, mﬁﬂéd to ngfice frén fth-ii
discovery, and’ from having secalled Kep-
ler io astrouomy, and unwerted Gialileo
{0 the system of Copernicus.
Fivally, Itepler, in his work ent,;
Stercometria Daliorum, has

some conceptions on affinity, ﬁhlch havm%

0y
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influenced the revolution experienced by
geometry towards thie end of the last cen-
tury, e 4
‘With so many claims to admiration,..
this gréﬁt’man lived in misery, while Ju-
dicial astrology, every where honored,
was magnificently recompensed. The as-.
tronomers of his time, Descartes hu;nge]f
and Galileo, who might have’ received the
areatest advantage from his discoveries,
do not appear to have perceived their 1m-

portance. e

Fnrtunmly the enjoyment which a _—y
of genius Yecives from the truths w hich
he discovers, and the prospect of a just
and grateful posterity, console him for the
ingratitude of his contemporarics.

" Kepler had obtained pensions which
were always ill paid : going to the diet of
Ratisbon to solicit his arrears, he died 11
‘that city the 15th of November 1630. He
Hﬁﬂ in his latter years the advantage of sce=
m%___ ! ;]lb{(ﬁl,l_} of logarithms, and making
uaﬁg' %‘“ﬂl{!m. This was due to Nepzer, a
Scottis® baron ; it is an admirable contriv-




319

ance, an improvement on ihe ingenious al-
zorithm of the Indians, and which, by re-
. ducing to a few-days the labour of many
. manths, we may almost say doubles the life
of astronomers, and spares them thejér-rnrs
and disgusts inseparable from long ‘calcu-
lations s=—an invention so much the more -
oratifying o the human mind, as it 1s en«
tirely dae to its own powWers: i the arts.
man raakes use of the materials and feyces
of nature to increase his powers, but here.
all is his own work.

The labours of Huygens followed -soon
after those of Kepler and Galilp. Very
fow men have deserved so well of the 5C1~
ences, by the importance and sublimity of
their rescarches. The application of the
pendulum to clocks is one of the most
beautiful acquisitions which astronomy and
geography have.mage, and fo which for-
tunate inventiﬂir;-ahﬂ to that ol the teles-
cope, the theory and practice of which.
Huygens considerably improved, they oWwas
their rapid prt}gfess. | |

11c discovered, by meals of excellant

» 4
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~ebject-glasses which he sueceeded 1n coli-
structing, that the singular appearances,
of Saturn were produced by a very thm
- ring, with which the planet is surrounded :
his assiduity 10 observing made him disco-
ver one of the satellites of Saturn.

He made numerous discoveries 1n gco-
~metry and mechanics ; and if this extra-
ordinary genius had conceived the 1dea of
combinmg his theorems on gentrifugal
forces with his beautiful mvestigation on
mvoelutes, and with the laws of Kepler,
“he would have preceded Newton in his
theory of ¢urvilinear motion, and 1 that
of uﬂi\*crsnl'-grm"ﬁatiﬂr!. Rut 1t 19 not 1n
such approximations that discovery coii-
sists. |

Towards the same ilme, Hevelius ren-
dered himself useful to astronomy, by his
immeunse iabours. I'ew such indefatigable
observers have existed ; 1t i3 {0 he reored-
“+ted that he would not adopt the applica-
tmn of tclmm;;m 1o qua{?rnnts, Aty INVeNe
ﬁqn;k_:;jm_hich case a precision previeusly
unlmﬁ?n to asironomy,

. _.
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At this epoch astronomy received a new
{mpulse from the cstablishment of learned
 " societles.
 Nature iy so various in her productions
and phenomena, of which itis so difficult
to ascertain the causes, that it s requisite
for a great number of men to unite their
tellect and exertions to comprehend and
develope her laws,  Yhis union 18 pﬂ.rtlcu-—
lasly requisitc wheathe sciences in cxtend-
ing approximate, and require mutual sup-
port from cach other. e

Tiisthon, that the natural philﬂ}ﬁph@f has
recourse to seometry, toarrive ¢ atthe rencral
causcs of the plienomena which heobserves,
and the geometrician in his turn interréd-
gates the philesopher, 1n order to render
his own iuvestigation useful, by ap plying
them to experience and to.open 1n these
applications a new: road in analysis, - But
the principel advantage of leasned socie=
tics is the plulosup‘uml fceiing on ev&gj
subject which® is iutroduced into thew,
aud from. thence diffuses itself over: the
whole nation. The iusulated phllosm

r-‘

P
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pher may resign himself without -fear to
the spirit of system ; he {mly hears con-
tradiction at a distance ; but in a learned
sociefy the shock of systematic opinion§
at length destroys them, and the desire of
mutially convincing cavh other establishes
between the inembers an agrecment only
io" 4dmit the results of observation and
cdlé ulnhnn Thus exnerience has proved
that sinec the origin of these estdbhah
ments true nhlhmuphy has been geuen[fy
Exh*ndt‘d

By setting the example of submiitmg
evéry opinion {o the test of severe scrutiny,
th “have destroved prandlce% which had
80 1ung reigned among the sclences, angd
in which the highest intellects of the pre-
fﬁ q?dmg ages had participated. Their useful
nflience on opinion aceamulated in our
own time, with an enihusiasin which at
other periods would lave perpetuated
;""‘them Finally, it is dmong them or by"‘
{86’ encouragement (hey. offer that those’
graq‘(}é_ theories have been formed which

are’ plaged above the reach of the vulgar
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by their cnmprchenslvaness, and which,
extending themselves by their numerous
occasions in which they are applicable, to
‘nature and to the arts, are mexhaustlhle
sources of delight and mtelligence

Of all the learned societies, the two
most celebrated for the number and un-
portance of their discoveries in the sci-
ences, and particularly in _astronomy, are
the Academy of Sciénces in Paris, aﬁﬁ%the
Royal Sumcty in London,

The first was created in 16686, by Louli
X1V, who foresaw the luqtre whlch L;le
arts and scicnces were to . diffuse over ‘his
reign. ‘This wonarch, worthily serﬂnded

by Colbert, in¥yged many learned strangeri
to fix ihemselves in ‘his capital. Huy-

gens availed himself of this ﬂattermg
invitation ; he published his admirable
work De haﬂ;rlugmﬂaultatfww, inthe mldst
of the academy, of which he was one pf
the first members. e would have ﬁnlshf*d
his days io tiie country, had it pot heen
for the disastrous edict which, towards

the cnd of the ]ast.,_cnptury, deprived
PO
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France of so many valuable ecitizens,
I—Iuygens, departing from a  country g‘
which the religion of his ancestors was
- proscribed, retired to the Hague, where:
" he was born the 14th of April, 1629, and
died there the 156th of June, 1693, - .=

Pominic Cassini was likewise induecedt
“to go to Paris, by the benehits of Louis
'_KIV During forty years of use ful la-
bours, he Lnruhcd astronomy with a
crowd of discaveries: 5%1@11 are the theory
~of the satellites of Jupiter, the motions
?-'..inhmh he detcrmined from abservations
of their ecllpﬁesﬁ. the d:scmcry of the four
satellites of Saturn; those;of the rotation
of Jupiter, of the bdts*parallel to his
equator, of the rotation of Mars, of the
zodiacal light, a very approximate know-
- Tedge of the Sun’s parallax, a very exact
jﬁblt of refractions, and, aboveall, the com-
'plete theory of the libration of the Moon.
The great number of astmnﬂmmal ACR-
~demictans of cxtraordinary merit, @nd th
.llmlts of {his historical abridgment, do no:
permm me to give an account of thei
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labors : T shall conteént myself with ‘observ~
ing that the application of the telescopeto
the quadrant, the invention of the micro-
meter and hcliometer, the successive pro-
pagation of light, the magnitude of the
Earth, its elliptiéit}f, and the diminution
of gravity at the equator, arc all discove-
ries due to the Academy of Seiences.
Astronomy does not .owe less tgf the
Royal Socicty of London, the Urlgm “of
which is a few years anterior to that of
the Academy of Sciences. Among ihe
astronomers which it has prﬂdu{,ed I shall
cite Flanistead, one of the greatest ob-
seryvers that hiave ever appeared. Hailéy,
rendered illustrious by his travels, nnder-
taken for the advantage of science, by
his beautiful wmvestigation coucerning co=
Amets, which enabled hint to discover the.
return of the comet in 1759 ; and by ﬁ’é
jngenions idea of cwploving the transit
of VYenus mu‘tht sur, in the determina-
tion of i3 paﬁﬂ’lax 1 shall mention, last-
ly, B:;mlm, the model for observers, and
who swill be for ever celebrated ior two
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of the most beautiful discoveries ever
made in astronomy, the aberration of thﬁh_
fixed stars, and the nutation of the axis of
the Karth. |
When the application of the pendulum:
to clocks, and of telescopes to quadrants,.
had. rendered the slightest changes 1a the:
position of the:celestinl bodies perceptible.
to observers, they eudeavoured to deter-
mine the annual parallax of the fixed

to suppose, that

stars ; for 1t was naturg
e diameter of the

so great an extent as
terrestrial..orbit, would be sensible evem-
at: the distance of these stars. Ohserving
them carcfully, atevery season of the year,
thére appeared slight variations ; some=
times favorable, but more frequently con-
“-trary to the effects of paralluax. To de-
termine the law of these variations, an in-
sttument of great radius, and divided with
extreme precision, was requisite.  The
artist wlho executed it, deseives to partake |
of the glory of the astronomer who owed
his discovery to him, Graban, a famous
Ellgl;wh watcl-maker, constructed a great

W
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sector, with which Bradley discovered the
aberration of the fixed stars, in the year
1727. To explain it, this great astrono-
mer conceived the fortunate idea of com-
bining the motion of the Earth with that
of light, which Roemer had discovered.
at the end of the last century, by means
of the eclipses of Jupiter’s satellites. We -
should be surprised that none of the dis-
tinguished philosophers who then existed,
and who kuew the mutum of light, should -
have parxd any attention to the very. sime
ple effects which result fromﬁ%—i& a the ap? .
parent position of the fixed stars. Bat, -
the human mind, so active n the for ma;%
tion of systems, has almost always waited
till observation and cxperience have ac-
quainted it with 1mportant truths, which
its powers of reasoning alone might have

discovered. | P

[t isthus that the invention of telescopéﬁ '
has followed by more than three centuries -
that of lenses, and even then was nnly due
to accident,

In 174D, Bradley discovered by ﬁbser-
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vation, the nutation of the terrestrial axus,
In all the apparent variations of the fixed
ctars, observed with extraordinary care,
he perceived nothing which indicated a
perceptible. parallax. ‘The measurcs of
the degrees of the terfestrial meridian,
and of the pendulum, multiplied in dif-
ferent paits of the globe, of which France
gave the example, by measuring the whole
arc of the mendian, which crosses it, and
by cending the academician to the north
and to the equator, to observe the magnl-
tude of %ﬂdegrees, and thre intensity of
_he force of ‘gravity., 'The arc of the me-
Fidian, comprised between Dunkirk and
Barcelona, determined by very precise ob-
corvations, and forming the base of the
most natural and simple system of mea-
sures; the voyages undertaken toobserve the
“gp transits of Venus over the Sun’s disk,
in 1761 and 1769, and the exact know-
.Jedge of the dimensions of the golar sys-
tem, which has been derived from these
voyages ; the invention of achromatic te-
lescopes, of chironometers, of the sextant
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and repeating circle, the discovery of the
planet Uranus, by Herschel, in 1781 ; that
of 1ts satellites, and of two new satel-
lites of Saturn, due to:the same observer,
all the astronourical theories being brought
to perfection. an@all the celestial pherio-
mena, without exception, being referred
to the principle of universal gravitation,
These, with the discoveries of Bradley, are
the principal obligations which astronomy
owes to our centuryyfwhich, with the pre-

cedmg, will always be_cangidered as the

: 3

most glorious epoch of the-séiegie.

E
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CHAP, V.

Of the Discovery of umvérsal Gravitation.
Arrer having shewn by what successive
efforts the human miud has atfained the
kuowledge of the celestial motions, it only
remalns to consider t%% means by which.
it has arrived at the general priveiple, 0\’[
which these taws depend.  Descartes W
the first who endeavoured {o reduce Ihe
motions of the heavenly bodies fo SOME
mechaunical principle.  He imagined vor-
tices of subtle matter, in the centre of
which he placed these bodies. 'The vor-
tex of the Sun forced the planet into mo-
g¢ion: that of the planet, in the same man-
ner, forced its satellite to revolve round
it. The motion ot comets traversing the
heavens in all directions, destroyed’ these
vortices, as ithey had before destroyed the
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solid christalline spheres of the ancient
astronomers.  Thus, Descartes was no
happier in his mechanical, than Ptolemy
In his astronowical theory. But their la-
bours have not been useless to SC1eNCay
Ptolemy has transhhitted to us, through
fourteen centuries of ignorance, the few
astronotical truths which the ancients
had discovered.  Descartes, born at a
later period, aund at a time when the uni-
versal curlosity was éxgited, which he him-
self had increased, by substituting in the
place of ancient errors, others more se-
ducing, and resling on the autherity of
his geometrical disduvﬂr_ius, was euabled
te destroy the empire of Aristotle aud
Ptolemy, which wight have stood the at-
tack of a more careful philosopher; but
- by establishing as a principle, that we
should begin by doubting of every thig l

he himself warned us to examine his own

£

system with severity, wlich could not
long resist the new truths that were op-
posed to 1t. It was reserved for Newton
to tecach us the gencral principles_uof the
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eavenly motions. Nature not -only en-
dowed him with a profound genius, but
placed his existence in a most fortunate
pericil. Descartes had changed the face
.ef the mathematical sciences, by the ap-
plicatwn of algebra tothe theory of curves
and variable funetions. The geometry of
'itiﬁnites, of which this thcory contained
the germ, began to appear in various
places. Wallis, Wren, and Huygens, had
discovered the lamf motion ; the disco-
veries of Galileo, on falling bodies, and
of Huygens on evolutes and centrifugal
rce, led to the theory of motion in
curves ; Kepler had determined those de-
scribed by the planets, and had formed a
remote conception of universal gravita-
tion ; and finally, Hook had distinctly
- perceived that their motion was the resualt
ffi_.;p‘fr a preiectile foree, combined with the
attraciive force of the Sun, The science
of celestial wechanies  wanted 'nothiﬁg';'%

more to bring it to light, but the genius
of man, who, by eeneraliziug these disco-
veries, should be capuble of perceiving the



333

law of gravitation : it is this which New-
ton accomplished in his immortal work on
the mathematical principles of natural
philosophy.  This philosopher, s0 de-
servedly celebrated, was born at Wool#
strop, in. England, f%fthe latter end of the
year 1642, the year in which Galileo died.’
His first success in his early studies, an-
‘nourged his futurc reputation ; a enrsory.
perusal of elementary bﬂﬂks was sufficient
for him to comprelfggid them; he next
read the gepmeiry of Descartes; -tl'l-é-ﬁzptici'
of Kepler, and the amthmetic of arfinites,
by Wallis, but soon aspiring fto new ine
ventious, he was, before the age of twenty-
seven, in posscsston of Lis method of flux-
' ions, and his theory of light, Auxious for

repose, aud averse to lterary controversy,
he delayed publishing Lits discoveries. Hig
friend and preceptor, 1. Barrow, t.xert@

himself in his favor, and obtained for him
the situation of professor i mathematics:
in the university of Cambridge; 1t was
during this peried, that, yielding to the
request of Halley, and the.solicitalions of
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cipia. The umversity, of which he was
a member, chose him for their represen-
tative, in the conveutional parliament of
1(88, and for that which was convened in
1701, He was knighted aud appointed
director of the mint, by Qucen Anie: he
was elected president of the Royal Society
in 1703, which dignity he enjoyed till his
death, in 1727.  During the whole of his
life he obtained the most distinguished
consideration, and ‘the nation to whose
glory he had so much contributed, decreed
sghim at s death public funeral honours,

In 1066, Newton retired 1nto the coun-
try, and, for the first time, directed his
thoughts to the system of the world, The
descent of heavy bodies, which appears
nearly the same at the summit of the high-
-~ est mountains as at the surface of the
Earth, suggesied to bhim the 1idea, that
gravity might extend to the Moon, and
that bewmg combined with some motion of
projection, 1t might cause tt to describe its
elliptic orbit round the Larth.  To verify
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this conjecture, it was wécessary fo know
the law of the diminution of gravity.
Newton considered, that if the Moon was
retained in its orbit by the 'gravity of the
Earth, the planets should also be retained
in their orbits by their gravity towards the
Sun, and demonstrated this by the law of .
the areas being proportional to the times.
Now it results from the relation of the
squares of the times to the cubes of
the greater axis of * their orbits, #Rat
their centrifugal force, and cnnseffii‘ént—
ly their tendency to the Sun, diminishes
inversely as the squares of the distances
from this body. Newtnn,'therefore, trans-
ferred to the Earth this law of the dimi-
nution of the farce of gravity, and rea-
sonivg. from the experiments of falliﬁg
bodies, he defermined the height which
the Moon, abandoned to itself, would fall
in a short interval of time. This height
~ is the versed sine of the arc which it d-'e--
scribes in the sauie interval; and thisquan-
tity the luvar paraliax gives in parts of
the radius of the Earth, so that, to com-
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pare the law of gravitation with observa-
tion, it was necessary to know the magni-
tude of thiy radius ; but Newton having,
at that time, an crroncous cstimate of the
ferrestrial meriduan, u!;,i.uiucdua different
result from what he expected, and sus-
pectiog that some usknown forces united
ihemselves with the gravity of the Moon,
he abaudored his original ideu. Some
years afterwards, a letter froin Dr. Hook
indygad hiax to investigate the nature of
thegurve described by projectiles round
© the centre of the Euario Peayd bad late~
Ay finished gbe measuy. i v degice 10l
Frasce, and Newloa fullue, 5 L.s wmeas
sure, that the Moy was retaiued in ity
orbit by the force o gravity alo.:e, sup-
posed to vary inveiacly as the square of
the distance. B diis law hie found that
bodies in their full, describe ellipses, of
which the ceatre of the Earth occupies
ope of theu foci, aud then, counsidering
that the planetary orbits are likewise el-
lipses, having the Sun in oue of their foci,
he had the satisfaction to see, that the
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solution which he had undertaken from
curiosity, conld be applied to the greatest
objects in nature. He arranged the seve-
ral propositions relative to the elliptic mo-
tions of pluaets, wnd Dr. Halley having
induced him to publish them, he com-
posed his grand work, the Principie,
which appeared in 1687. These details,
which have been transmitted to us by his
(riend and cotemporary Dr. Pemberton,
prove that this great philosopher had, so
carly as 1666, discovered the pringipal
theorems on centrifugal force, which Huy-
oens published six years afterwards, o€
the end of his work De Horologio Oseil-
Yatorio ; for, indeed it is highly probable
that the author of the method of fluxions,
who seems then to have been in possession
of it, should easily have discovered these
theorems. Newton arrived at the law of
the diminuiion of gravity, by the relation
which subsists between the squares of the
periodic times, and the cubes of the greater
axes of their orbits, supposed circular.
[le demonstrated that this relation exists
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in elliptic orbits generally, and that it 1n-
dicates an equal gravity of the planets to-
wards the Sun, supposing them at an equal
distance from its centre. The same equal-
ity of gravity towards the principal pla-
net, exists likewisc in all the systems of
satellites, and Newton verified it ou ter-
restrial bodies, by very accurate experi-
ments.

This great geometrician, by considering
this question generally, demonstrated that
a projectile can move in any conic-section
whatever, in consequence of a force di-
rected towards its ceptre, and varylng re-
ciprocally as the square of the distances.
He investigated the different proper-
ties of motion in this species of curves;
he determined the conditions requisite for
the section to be a circle, an ellipse, a pa-
rabola, or un hyperbola, which conditions
depend entirely on the velocity and primi-
tive position of the body.

Any velecity, position, and iuitial direcs
tion of a body being given, Newton agsigned
the conic seetion which the body should de-

1 ed i whichh tannochtenncenunentlv to
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move, which answers the reproach which
Jobn Bernouilli made him of not having de-
monstrated, that the conic sections are the
only curves which a body, solicited by a
force varying reciprocally as the squares
of . the distance, can describe. These in-
vestigations, applied to the motion of co-
mets, informed him that these bodies move
round the Sun, according to the same laws
as the plancts, with the difference only ol
their ellipses being very excentric; and
he gave the means of determining by ob-
servation, the elements of these ellipses.

e learned from the comparison of the
distance and duration of the revolutions
of satellites, with those of the planets,
the respective densities and masses of the
Sun, and of planets accompunied by sa-
tellites, and the intensity of the force of
eravity at therr surface. |

By considering that the satellites move
round their planets very nearly, as if the
planets were immovable, he discovered
that all these bodies obey the same force
of .gravity towards the Sun,

I
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The equality of action and reaction,
did not permit him to doubt, but that the
Sun gravitated towards the planets, and
these towards their satellites : and even
that the Earth is attracted by all the bo-
dies that rest uponit. He extended this
proposition afterwards by analogy, to all
the celestial bodies, and cstablished as a
principle, that all particles of matter at-
tract each other directly as their muass, and
tnversely as the square of their distance.

Arrived at this principle, Newton saw
that the great phenomena of the system of
the world might be deduced from it. -By
_considering gravity at the surfaces of the
celestial bodies, as the result of the at-
tractions of all their particles, he ascer-
tained these remarkable truths, that the
attracting force of a body, or of a spheri-
cal stratum, on a point placed without it,
18 the same as if its mass was compressed
into 1ts centre; and that a point placed.
withia a spherical stratum, or generally
any stratum terminated by two ellipiic sur-
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faces, similar and similarly situated, 1s
equally attracted on every side.

He proved that the motion of rotation
of the Earth, ought to have flattened it in
the direction of the poles, and he deter-
mined the law of the variation of the de-
grees and of gravity, supposing 1t homo-
greneous.

He saw that the action of the Sun and
Moon on the terrestrial spheroid ought
to produce a motion in its axis of rotation,
to make the equinoxes retrograde, to ele-
vate the waters of -the ocean, and to pvo-
duce in this great flnid mass the oscilla-
tions which are observed under the name
of tides,

Lastly, he was convinced that the lunar
irregularities were produced by the com-
bined action of the Sun and Earth on this
satellite. But with the exception of what
concerns the elhptic motion of the planets’
and comete, the attraction of spherical
bodies, and the intensity of gravity at the
surface of the Sun, and of those planets

that are accompanied by satellites, &ll
Q3
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these discoveries were only sketched by
Newton. His theory of the form of the
plancts is limited by the supposition of their
homogenity : his solution of the problem
of the precession of the equinoxes, though
very ingemious, is, notwithstanding the
apparent agreement of his result with
observation, in many respects defective ; in
the great number of the perturbations of
the celestial motions, he has only consider-
ed those of the lunar motion, of which the
most considerable, the evection, has es-
caped his investigation. He has perfectly
established the existence of the principle
which he discovered, but the devclopement
of its consequences and its advantages, has
been the work of the successors of this
great geometrictan. The state of imper-
fection in which the infinitesmal calculus
must have been in the hands of its inven-
tor, has not permitted him to resolve com-
pletely the difficult problems which the
theory of the system of the world presents ;
and he bas been often obliged to give con-
jectures, at least uncertain till they have
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heen verified by a rigorous calculation
Notwithstanding these inevitable defects,
the importance and extent of his discove-
ries, the great number of original and pro-
found conceptions, which have been the
aerm of the most brilliant theories of the
geometricians of this century, and arranged
with much elegance, insures to his Prin-
cipia a pre-eminence over all other produc-
tions of human intellect.

The case is not the same with the sei-
ences as with literature : this has limits
which a man of genius may reach when
he employs a language hmuéht to per-
fection ; he is read with the same interest
in all ages; and time only adds to his re-
putation by the vain efforts of thbose who
try to imitate him.

The sciences, on the coatrary, without
bounds like nature herself, 1ncrease infi-
nitely by the labours of successive gene-
rations the most perfect work ; by raising
them to a height from which they can
never again descend, gives birth to ncw

discoveries which produce in their turn
o4
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new works which efface the former frow
which they originated. Others will pre-
sent 1n a point of view more general and
mmore simple, the theories described in the
Principia, and all the truths which it has
displayed ; but it will remain as an eter-
nal monument of the profundity of that
genius which has revealed to us the great-
est law of the universe.

This work and the equally original
treatise by the same author on optics, have
still the mernit of Being the best models
which he proposed in the sciences, and in.
‘the delicate art of making experiments
and submitting them to calenlation. We
there see the most beautiful applications
of the method which consists in tracing the
principal phenomena to their causes by a
succession of inductions, and afterwards
to redescend from these causes, to all the
details of the phenomena.

General laws are impressed in all indi-
vidual cases, but they are complicated
with so many extraneous circumstances,
that the greatest address is often necessary
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to develope them. The phenomena most
proper for this object must be chosen,
they must be multiplied that the attendant
circumstances may be varied, and that
whatever they have in common may be
observed.

We thus ascend successively to relations
more and more extended, and we arrive
at length at general laws, which are veri-
fied either by proofs or by direct experi-
ment, if that is possible, or by examining
if they satisfy all the“known phenomena.

This is the most certain method by
which we can be guided in the search of
truth. No philosopher has adhered more
faithfully to this method than Newton ; it
conducted him to his discoveries1n analysis,
and it led him to the principle of universa)
gravifation, and to the properties of light.
Other philosophers in England, cotempo-
raries of Newton, adopted 1t by his exam-
ple, and it was the base of a great num-
ber of excellent works which then ap-
peared, .

The philosophers of antiquity following

QI
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a contrary path, and considering them-
selves as at the source of every thing,
imagined general causes to explain them.

Their method, which was only pro-
ductive of vain systems, had not greater
success 1n the hands of Descartes. In
the time of WNewton, Leibnitz, Male-
branche and other philosophers employed
it with as little advantage,

At length theinutility of the hypotheses
to which it led its followers, and the pro-
gress for which the “sciences are indebted
to the method of inductions has brought
back all philosophers to this last method,
wlhich Chancellor Bacon has established
with the whole force of reason and elo-
quence, and which Newton has yet more
strongly recommended by his discoveries.

It is by means of synthesis that this great
geometrician has explained his theory of
the system of the world, It appears,hovw-
ever that he found the greater part of his
theorems by analysis, the limits of which
he has considerably extended, and to
which he allows himself to have owed his
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general resuits on the quadratures of
curves,

But his great predilection for synthe-
sis, and his esteem for the geometry of the
ancients, hasinduced him to represent his
theorems, and even his method of fluxions
under a synthetic form. And it is evident
by the rules and examples which he has »
civen of these transformations 1n many
works, how much importance he attached
toit. We may regret with the geometri-
cians of his time, that he has not followed
in the exposition of his discoveries, the
path by which hearrived at them; and that
he has suppressed the demonstration -of
many results, such as the equation of the
solid of least resistance,preferring the plea-
sure of leaving it to be divined to that of
enlightening his readers,

The knowledge of the method which
ihs guided a man of genius 1s not less ser-
viceable to the progress of the sciences,
and even to his own glory, than his disco-
veries ; and the principal advantage

Q 6 |
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which has been derived from the famous
dispute between Newton and Leibnitz,
concerning the invention of the infinitesmal
calculus, has been to make known the
path of these two great men, intheir first
analytical labours.
'The preference of Newton for the syn-
« thetical method, may be explained by the
clegance with which he connected his
theory of curvilinear motion, with the
investigations of the ancients on the conic
sections, and the beautiful discoveries
which Huygens had published according
to this method. Geometrical synthess
has besides the property of never losing
sight of its object, and of enlightening
the whole path which leads from the first
axioms to their last consequences, while

L

algebraic analysis soon makes us forget
the principal object, to occupy ourselves
with abstract combinations, and it is only
at the cnd that it brings us back to 1t.
But in thus quitting the object of inves.
tigation, after having assumed what is in-
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dispensably necessary to arrive at the
required result, by direeting all our atten-
tion to the operations of analysis and re-
serving all our forces to overcome the dif-
ficulties which present themselves, we are
conducted by the universality of this me-
thod, by the inestimable advantage of thus
transferring the train of reasoning in me. .
chanical questions, to results often inaccessi-~
ble to synthesis. 'The theory of the system
of the world offers a great number of exam-
ples of this power of analysis to which this
theory owes a degree of perfection which
1t would never have acquired if no other
path had been followed than that traced by
Newton. Such is the fecundity of analy-
sis, that if we translate particular truths
into this universal language, we shall find
a pumber of new and unexpected truths
arise merely from the form of expression.
No language is so susceptible of the ele-
gance which arises from the developement
of a long train of expressions connected
with cach other, and all flowing from the
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same fundamental idea. Analysis unites
to all these advantages that of always be-
ing able to conduct us to the most simple
methods. Nothing more is requisite than
to apply it in a convement manner by
a judicious choice of unknown quantities,
and by giving to the results the form mnost
easily reducible to geometrical construc-
tion, or to numerical calculation, The
geomefricians of this century, conyinced
of its superiority, have principally applied
themselves to extend 1ts domain, and en-
Jarge it boundaries.

However, geometrical considerations
ought not to be abandoned ; they are of
the greatest utility in the arts. Besides
it is curious to imagine the different re-
sults of analysis represented In space ; and
reciprocally, to read all the affections of
lines and surfaces, and all the variations
in the motions of bodies, in the equations
which express them. This approxima~
{ion of geometry and analysis, diffuses a
new light over the sciences ; the intellec~
tual operations of the Jatter, rendered per-
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ceptible by the images of the former, are
more easy to comprehend, and more in-
teresting to pursue ; and when observation
realizes these images, and transforms
these geometrical results into laws of na-
ture, and when these, embracing the
whole universe, display to our view its
present and future state, the view of this _
sublime spectacle, presents to us one of
the most noble pleasures reserved for
mankind.

Aboutfifty yearshave passed since the dis-
covery ofthe theory of gravitation, without
anyremarkable additionto it, AN thistime
has been requisite for this great truth to
be generally understood, and to surmount
the obstacles opposed to it by the systen
of vortices, and the authority of geome-
tricians cofemporary with Newton, who
combatted it perhaps from vanity, but
who have nevertheless accelerated its pro-
gress by their labours on infinitesmal ana-
lysis,

At length, their successors have con-
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ceived the fortunate idea of applying this
analysis to the celestial motions by reduc-
ing them to differential equations which
they have ngorously iutegrated, or by
converging approximation. ‘They bave
thus explained by the law of gravitation
all the known phenomena of the system
of the world, and have given an unhoped
for precision to astronomical tables. It
has been necessary, for this object, to
bring to perfection at once mechanics,
optics, and analysis, which principally
owe their rapid improvements to their
being necessary to the purposes of physi-
cal astronomy. It might be rendered yet
more correct and stmple, but posterity will
no doubt sce with gratitude that the geo-
metricians of this century have transmitted
no astronomical phenomenon of which
they have not determined the cause and
the law,

Justice o France requires us to observe
that if England had the advantage of
giving birth to the discovery of universal
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eravitation, itis principally to the French
ccometricians, and to the encuuragements
of the Academy of Sciences, that the nu-
merous developments of this discovery are
due, and the revolution which it has pro-
duced in astronomy.
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CHAP. VL

Considerations on the Systemn of the Universe, and

on the Future Progress of Astronomy.

Lier us now direct our aticntion to the
arrangement of the solar system, and its
relation with the stars. The immense
globe of the Sun, the focus of these mo-
tions, revolves upon ifs axis in twenty-five
days and a half, Its surface is covered
with an ocean of luminous matter, whose
active effervescence forms variable spots,
often very numerous, and sometimes larger
than the Earth, Above this ocean exists
an immense atmosphere, in which the pla-
nets, with their satellites, move, in orbits
nearly circular, and in planes little inclined
to the ecliptic. Innumerable comets, after
having approached the Sun, remove to
distances, which evince that his émpire
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exiends beyond the known limits of the
planetary systemy.  This luminary notonly
acts by its attraction upon all these globes,
and compels them to move around Inm,
but imparts to them both light and heat ;
his benign influence gives birth to the ani-
mals and plants which cover the surface
of the Earth, and analogy induces us t¢®
believe, that it produces similar effects on
the planets ; for, it 13 not natural to sup-
pose that matter, of which we see the fe-
cundity, develope 1iself in such various
ways, should be sterile upon a planet so
large as Jupiter, which, like the Earth,
has its days, its nights, and his years, and
on which observation discovers changes
that indicatc very active forces, Man,
formed for the temperature which he en.
joys upon the Earth, could not, according
to all appearance, live upon the other pla-
nets ; but ought there notto be a diversity
of organization suited to the various tem-
peratures of the globes of this universe ?
If the difference of elements and climates
alone, causes such variety in the produc-
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tions of the Earth, how infimitely diver-
sified must be the productions of the planets
and their satellites ? The most active ima-
gination cannot form any justidea of them,
but still therr existence 1s extremely pro-
bable.

However arbitrary the system of the
planets may be, there exists between them
some very remarkable relations, which may
throw light on their origin; considering
them with attention, we are astonished to
see all the planets move round the Sun
from west to east, and nearly in the same
plane, all the satellites moving round their
respective planets in the same direction,
and nearly in the same plane with the
planets.  Lastly, the Sun, the planets,
and those satellites in which a motion of
rotation have been observed, turn om their
own axis, in the same direction, and nearly
in the same plane as their motion of pro-
jection, | "

A phenomenon so extraordinary, 1s I!-Q:tf
the effect of chance, 1t indicatqs ﬂﬂ_,“}}jr
versal cause, which has determined all



357

these motions, Lo approximate some- -
what to the probable explanation of this
cause, we should observe that the planet-
ary system, such as we now consider it,
is composed of seven planets, and fourteen
satellites. We have observed the rotation
of the Sun, of five planets, of the Moon,
of Saturn’s ring, and of his farthest satel-
lite: these motions with those of revolu-
tion, form together thirty direct move-
ments, in the same direction. If we con-
ceive the plane of any direct motion what-
ever, coinciding at first with that of the
ecliptic, afterwards inclining itself towards
this last plane, and passing over all the
degrees of inclination, from zero to half
the circumference; it 18 clear that the
motion will be direct in all its inferior in-
clinations to a hundred degrees, and that
it will be retrograde in its inclination be-
yond that; so that, by the change of in-
clination alone, the direct and retrograde
motions of the solar system, can be repre-
sented. Beheld in this point of view, we

may reckon twenty-nine motions, of which
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the planes are inclined to that of the
Earth, at most 1th of the circumference ;
but, supposing their inclinations had been
the effect of chance, they would have ex-
tended to half the circumference, and the
probability that one of them would have |
cxceeded the quarter, would be 1 — %, or
;38800811 Jt is then extremely proba-
ble, that the direction of the planetary
motion is not the eflect of chance, and this
becomes still more probable, if we consider
that the inclination of the greatest num-
ber of these motions to the ecliptic, 1s
very small, and much less than a guarter
of the circumference.

Another phenomenon of the solar sys-
tem equally remarkable, 15 the small ex-

centricity of the orbits of the planets

and their satellites, while those of comets
arc much extended. The orbits of the
system offer no intermmediate shades be-
tween a great and sinall excentricity. We
are here again compelled to acknowledge
the effect of a regular cause ; chance alone
could not have given a form nearly circu-
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lar, to the orbits of all the planets. This
cause then must also have influenced the
great excentricity of the orbits of comets,
and what is very extraordinary, without
having any influence on the direction of
their motion; for, in observing the orbits
of retrograde comets, as being inclined
more than 100° to the ecliptic, we find
that the mean inclination of the orbits of
all the observed comets, approachesnear to
104°, which would be the case i the bo-
dies had been projected at random.,

'Thus, to investigate the cause of the
primitive motions of the planets, we have
given the five following phenomena: lst,
The motions of planets 1n the same direc-
tion, and nearly in the same plane. 2d,
The motion of their satellites in the same
dircction, and nearly 1n the same plane
‘with those of the planets. 3d, The mo-
tion of rotation of these different bodies,
and of the Sun in the same direction as
their motion of projection, and in planes
but little different. Ath, The small ex-
ceatricity of the orbits of the planets, and
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of their satellites. 5th, The great excen

tricity of the orbits of comets, althoug]

their inclinations may have been left 1

chance.

Buffon is the only one whom I have
known, who, since the discovery of the
true system of the world, has endeavoured

" to investigate the origin of the planets,
and of their satellites. He supposes that
a comet, in falling from the Sun, may
have driven off a torrent of matter, which
united iiself at g distance, into various
globes, greater or smaller, and mare or
less distant from this Jum inary. ‘These
globes are the planets angd satellites, which,
by their cooling, are become opaque and

~ solid.

This hypothesis accounts for the first
of the five preceding phenomena ; for, it
1s clear that all bodies thus formed, must
move nearly in the plane whicl passes

through the centre of the Sun, and in the
direction of the torrent of matter which

produces them. The four other pheno-
fmena appears to me inexplicable by hig
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" theory. In fact, the absolute motion of the
particles of a planet would then be in the
same direction of the motion of its centre of
gravity ; but it does not follow that the ro-
tation of the planet would be in the same
direetion.  Thus, the Jarth may tura
from west to cast, and yet the absoluie ™ -
direction of each of its particles may be~
from east to west. What I say of the ro-
tatory motion of the planets, is. equally
applicable to the motion of their satellites
in their orbits, of which the direction in
the Liypothesis he adopts, 1s not gecesaarﬂ ¥y

the same with the projectile motion of the
planets. - R TI
The Slll?.“ meutrmlty nf the nmtmn of'
the planetary orbits, 1s not only very dif-
ficult to explain 011.#thls hypothesis, but
.the phenomenon contradicts it. We know
* by the theory of central forces, that if a
body movingin an orbit round the Sun,
touched the surface of this luminary_,_ 1t
would uniformly return to it at the com-
pletion of each revolution, frem whence 1t
follows, that if the planets had originally
VOL. 1L, R
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*beeﬂ. detached from the Sun, they would
“have touched it at every revolution, and
fthé*i?' brbltq far from being circular, would
_'be very exccutrac. It is true, thata tor-
"llent of mattm sent off from the Sun,
.Lannqt {:ﬂrrcctly be compared to a globe
whlth tu_uches its surfice. ‘The 1mpulsc
whlch the partlcles of this torrent | receive
frum one another, and the leupmc o at-
tr actmn exercmed a:mong them, mdy than ¢
the dlreci:mn of their motion, and increase
. theu' peuheﬁon dlstgﬁcef* buttheir ‘or-
bits wolulﬁd umformly become varjr': excén- B
_;trm_. or at Jeast if must be a Ve .X exfraor-
dinary chancc that would give thém” ex-
nLeIItI‘ICIflES so small as those of the pla-
'-.llets In a word, we do not see, in this
llypothcsm of Buffon, why the orbits {}f
abouteighty comets, already observed, ﬂre
all very elliptical. 'This hypothesis, then,
is far from accountmg for the preceding
])benﬂnlenﬂ..." Let us see if it is possil¥e
to arrive at their true cause.

Whatever be its nature, since if has

produced or directed the motion of the

L
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platicts aud their satellites, it must have

embraced all these hodies, and considering
the prodigious distance which separates

them, they can only be a fluid of immense

extent,  To have given in the same direc-

tion, a motion nearly circular round the

Sun, this luid must have surrounded the-
~ luminvary like an atmosphere, This view,

therefore, of planetary motion, leads us to

think, that in consequence of excessive

heat, the atmosphere of the Sun originally

cextended beyond the orbits of all the pla-

nets, and that it has gradually contracted
itself to its present limits, which may have |
taken place from causes similar to those
which caused the famous star that suddén-
ly appeared in 1572, in the constellation
Cassiop®a, to shijne with the most brilliant
splendour during many months,

The great excentricity of the orbiis of
comets, lcads to the same result ; it eyi-
dently indicates the disappearance of a
great number of orbits Jess excentric,
which indicates un atmosphere round the
Sun, extending beyond the perihelion of

R 2
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obhservable comets, and which, i destroy-
ing the motion of thase which they have
traversed in a duration of such ﬁxtght, have
re-united themselves to the Sun, Thus,
we sce that there can at present only exist
sach comets as were béyund this lant at
Abat period.  And as we can observe only
“{hese which in their perihelion approach
pear the Suu, their orbiis must be very
excentric : but, at the same time, 1t is evl-
dent that their inclinations must present
the same inequatities ag if the bodies had
been sent off at random, since the solar

atmosphere has no influence over their
 rhotions. Thus, {he long period of the
revolutions of comets, the great excentri-
city of their orbits, and the variety of
their inclinations, are very naturally exa
plained by meaus of this atmosphere.” 8

But Low bas it determined the motions
of revolution aud rotation of the planets ¢
1f thesc bodies had penetrated this fluidy
its Tewistance would bave eauscd them to
fall into the Sun. We may then conjees
tire, that they bave becn formed at the
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successive bounds of this atimesphere;
by the condensation of zones, . which .
it must have abandoned in the plane of
its equator, and in becoming cold have
condensed themselves towards the surface:
of this luminary, as we have seen ia the™
preceding Book, One may likewise cone
jecture, that the satellites have been. formai.
ed in asimilar way byihe atmosphers of
the planets. The five phenomena; ex-
plained above, . naturally result. from. this
hypothesis, to which the rings of Saturpr
add anm additional degree of probability.
Whatever may have been the origin &
this arrangement of the planetary system,
which I offer with that distrust which
every thing ought to mspire that 1s not
the result of observation or calculation;
it is certain that its elements are so ar- -
ranged, that it must possess the greatest
sfability, if foreign obscrvatrons do not
“disturb it. Through this cause alone,
that the motions of planets and satellites
are nearly circular, and impelled in the

same direction, and In planes differing but
3 9
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~ hitle from, each othar, it arises that . this
system can only oscillate to. a;gertain ex-
tent, from which its devmtlnn .must be -
extremely limited ; the mean mtmns of
- Totation and revolution of these: different
, Adies are uniform, and their mean dis-
‘tynges to . the foci .of the:. pnm:lpa,l forces_
- which animate them arc. uniform. It
seerys that nature has digposed every thmg,
in the heavens to insure. the duration  of.
the system by views similar to thpse. Wh}p&x
she appears to us so admxrably to follow
upon Barth, to preserve the individual andl'
insure the perpetuity of the RPECIffy ., 5.,
~ Let us now look beyond the solar sys-
tem. Ionumerable suns, whlcll may he
“the foci of as many planetary systems, are
spl:ead out in the immensity of space, and
atsuch a distance from the Earth, that the
entire diameter of it, seen from their cen-
tre, is insensible. Many stars axpenen
“both _ip their colour and splendour, perl-‘
Todical variations, very remarkable; there
are some which have appeared all at énce,
and disappeared after having for some
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time spread a brilliant light, W%atp'm-
digious chdnge must have operated dithié
sufface of these great bodies, to' bethus
sensible at the distance whieh seffaratoy
them frony us, and how much they mugts
exceed those which we observe on the surst
face of the Sun ? Al these bodies which.
- are become invisible, remain in the sarae’
place where they: wers - observed, ‘sinéw
there was no change ddring the  Huewl
their appearance, there exist then i sphce.
abﬂé‘iﬁ'e ‘bodies dé* ¢ohsiderable] “and - pefd
hisps “as wumerowss the stars:: A “Tamis
o is 464, ‘of the same dénsity'as-“ihe-‘Ea”rﬂl} ‘
and whose diameter should be two himu
dred and fifty’ #imes larger than thatiof
the Sun, would not, in consequence of ‘it
attraction, allow any of its rays to arrive
a‘f':_'*'us ; it 1s therefore _i_pf:isSibl{a~ that' ths
largest luminous bodies? 14" {ke univetke,
may, through' this cause, be invisi%le., A
star, which, Withou‘tz"l::eing of this magni-
tude;, should i'ét"'fié_l}ﬁidei'ﬁbly "’s_irrpa'ssfth%ﬂ
Sun, would perce‘pﬁ?;? weaken the velos |
| o
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CIty of its llght and thus augmﬁnt the,
extent of its aberration. This diﬂ'c;encﬂ
~ in the aberration of stars and their situa-
'_-'tmn, observed at the moment of their
-"transwnt splendor, the determination of
all the chaugeahle stars, and the periodical
‘yariations of their light ; in a word, the
-ntions peculiar to all those great bodies,
which, influenced by their mutual attrac-
tion, and probably by their primitive im-
| ‘pulses, describe immense orbits, should,
| re]atwely to the stars, be the princi pal ob-
- jects of future astronamy
It appears that these stars, | far from
bﬂmg disseminated at distances near]y
equal In space, are united in various groups,
each consisting of many millions of stars.
"Ouf Sun, and the most brilliant stars, pro-
_bably make part of one of these groups,
which, ‘seen from the point wheré we are,
seems to ‘encircle the heavens, and forms
“the milky way. The great number of
+wtars which are seen at once in the field of
g large telescope, directed towards siimis
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way, proves its immensc depilk/, which
surpasses a thousand times the distagoe of
Strius from the Earth; as 1t recedes, it
terminates, by presenting the appearance
of a white and continued light, of smadl
diameter, for then, the irradiation which
exists even in the most powerful te-
lescopes, covers and obscures the inter-
vals between the stars, It is then pro-
bable, that those nebule, without dax-
tinct stars, are groups of stars seen from
a distance, and which, if approached,
would present appearances similar to the
milky way. ”

The relative distances of the stars whieh
form each group, are at lenst & hundred
thousand times greater than the distance
of the Sun from the [arth. ‘Thus, we
may judge of the prodigious extent of
these groups, by the number of stars which
are pereeived m the mitky way, if we af-
terwards reflect on the small extent and
“infinite number of necbule which are se-
parated from one another by an ;nt;rva
“indomparably greater than the rclative
R D
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distance @f the. stars of which they are
formgd ; the imagination, lostin the im-
- mensity of the universe, will have diffi-
culty to conceive its bounds.

.From these considerations, founded on
telescopic observations, it follows, that ne-
bulw, which appear so well defined, that
ﬂ;lem centres can be precisely determined,

't are, with regard to -us, the celestial ob-
'}ccts most fixed, and those to which 1t is
best to refer the situation of all the stars.
It follows then, that the motions of the
_bodies of our solar system are very com-
plicated. The Moon describes an orbit
ﬁeaijy ciscular around the Earth; but,
seen from the Sun, she describes a series
- of epicycloids, of which the centres are
on the circumference of the terrestrial
orbit. In like manuer, the Karth describes
a series of epicycloids, of which the centres
. onthe arch which the Sun describes around
the centre of gravity of our nebule ; final--
ly, the Sun himself describes a series of
%picycloids, of which the centres are on
ﬂlﬂ arch descr:bed by the centre of g'ra-
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vity of our nebulz around th&t cefzthe
universe. Astronomy has already made
ome.great step-in making us acquainted
with the motion of the Earth, and the
sertes of epicycles which the Maon and
the satellites describe upon the orbits of'
the ‘planets. It remains to determine:the
orbit of the Sun, and the centre of gravity
of ite mebule ; but, if ages are necessary
to become acquainted with the metions of
the planetary system, what a prodigious
duration of time will it require to deter>
mine the motions of the Sun and stars?
Observation begins to render them pers
ceptible ; an aitempt has been_made to
explaia them by a change of position in
the Sun, indicated by its rotatory motion.
Many observations are sufficienily well
explained, by supposing the solar system
carried towards t* P “onstellation Hercules.
QOther observatiorys seem to prove, that

‘these apparent motions of the stars are

a cowbination of their real motion,
with that of the Sun. Upon this subject}

R e N

uime will discover curmua and important
facts.
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"Thegestill remains numerous discoveries
to bg made in ourown system. - The pla-
net Uranus and its satellites, but lately

4&nown to us, leaves room to suspect the
existence of other planets, hitherto unob-
Herved. We camnot yet determine the
sotatory motion, or the flattening of many
©f the planets,” and the greatest part of
Aheir satellites. We know not, with suf-
'iﬁclent precision, the density of all these
bodies. The theory of their motions is
a series of approximations, whose con-
vergenCe depends, at ihe same t{ime, on
the perfection of our instruments, and the
progress-bf analysis, and which must, by
‘thesc means, daily acquire new degrees of
correctness. By accurate and rcpeated
measurement, the 1ucqualities in the figure
of the Earth, and the variation of weight
on its surface, will be determined. The
return of comets, alrcady observed, new
comets which will appear, the appearance
of those, which, moving i hyperbolic

e
*‘orbits, can wander from system fo system,

|
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the disturbance ali those stars ex ié¥e
an%}vhu,h at the a.pprm:.,h of a é
plaret, may entirely change their crrhtu’,
-as is conjectured, happened by the a{:ﬁﬁ
of Jupiter on the comet of 1770; the &l
cidents, that the prmumfy, and cvén thg
shock of these bodies, may occasion T
‘the planets, and in the satellites; incd
word, the changes whmh the motlﬂn§
of the solar system experiencc, with ‘re-
spect to the stars; such are the prin-
cipal objects which the system p""ré's'énfi
to astronomical researches, and futufé ge-
ometricians. ) ’
Contemplated as one grand "¥HKole, as-
tronoiny is the most beautiful monument of
the human mind ; the noblest record bf'its_
| intelligencc Seduced by the illusions of
the senses, and of self-love, man {:01131-
dered himself, for a long time, as the cen-
‘tre of the motion of the celestial bodies,
-and his pride was justly punished by the
vain terrors they inspired. 'The labour of
~x;zay ages has at length withdrawn the



374

vetl which covered-the system. Man ap-
pears, upon a small plapet, almost unper-
ceptible in the yast extent of the solar

- syatem, itself 0111_}' an 111561151’0}& point in
the immensity of space.  The snblime |
results to which this discovery has' led,
may console him for the limited place
asgigned him in the universe. Let us
carefully preserve, and even augment
the number of these sublime discove-
- ries, which form the delight of thinking
belngs.

They have rendered important services
to navigation and astronomy ; but their
great benefit has been the having - dissi-
- pated the alarms occastoned by extraor-
dinary celestial phenomena, and destroyed
the errors springing from the i1gnorance of
our true relation with nature ; errors so
much the more fatal, as social order can
only rest in the basis of these relations.
TrurH, JUusrice ; these are its immutable’
‘laws, Far from us be the dangerous
- ;inaxim, that it is sometimes useful Ao
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mislead, to deceive, andenslave aHRind;
to *,ﬂsure their happmeﬁss' Cruel exfﬁm
rience has at all times pmi’cd that With

impunity, these sacred’ ld.‘WB can’ nevét"ﬁt .
infringed, ?'

FINI®.

W. Fhint, Printer, Old Bailey, London,
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