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As pilot well expert in perilous wave
That to a steadfast star his course hath bent,
When foggy mist§ or cloudy tempests have
The faithful light of that fair lamp yblent,
And covered heaven with Rideous dreriment ;
Upon his card and cempas firmes his eye,
The maysters of his long experiment,
And to them does the steddy helm apply,
Bidding his winged vessel fairly forward fly.
SpENSER, Faerie Queene, B. ii. ¢. 7.
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You, Force and PowER, have done your destined task ;
And nought impedes the work of other hands,



INTROBUCTION:
.‘

E enter now upon a new°region of the humsp
mind. In passing from Astronomy to Mechanics
we make a transition from the formal to the physigal®
sciences ;—from®time and space to force ang matter ;—
from phenomena to causes. Hitherto we have been
concerned only with the paths and orbits, the periods”
and cycles, the angles and distances, of the objects to
which our sciences applied, namely, the heavenly
bodies. How these motions are produced ;—by what
agencies, impulses, powers, they®are determined to be
what they are ;—of what nature are the objects them-
selves ;—are speculatiohs which we have hitherto not
dwelt upon. The history of such sfieculations now
comes before us ; but, in the first place, we must con-
sider the history of speculations concerning motion in
general, terrestrial as well as celestial. 'We must first
attend to Mechanies, and afterwards return to Physical
Astronomy. . :
In the same way in which the developement of Pure
Mathematics, which began with the Greeks, avas a
necessary condition of the progress of Formal Astro-
nomy, the creation of the science of Mechanics now
became necessary to the formation and progress’ of
Physical Astronomy. @eometry and Mechanics were
studied for their own sakes; but they alg supplied
ideas, language, and reasoning te other sciences. If
the Greeks had not cultivated Conic Sections, Kepler
could not have suparseded Ptolemy ; if the Greeks had
cultivated Dynamics,! Kepler might have anticipated
Newton, PR

L
! Dynamizs is the science which of :hE Pressure of Bodies which
treats of the Motions of Bodies, are in equilibrium and therefore
Statics 18 the acience which treats at rest.



CHAPTER 1.

PreLuDE TO THE EprocH OF GALILEO.

Sect. 1.—Prelude to the Science of Statics.

’ SOME steps in the science of Motion, or rather in
the science of Equilibrium, had been mado by the
ancients, as we have seen. Archimedes established
satisfactorily the doctrine of the Lever, somne important
properties of the Ccater of Gravity, and the funda-
mental proposition of Hydrostatics. But this begin-
ning led to no permancnt progress. Whether the
distinction between the principles of the doctrine of
Equilibrium and of Motion was clearly seen by Archi-
medes, we do not know ; but it never was caught hold
of by any of the other writers of antiquity, or by those
of the Stationary Period. What was still worse, the
point which Archimedes had won was not steadily
maintained.

We have given some examples of the general igno-
rance of the Greek philosophers on such subjects, in
noticing the strange manncr in which Aristotle refers
to mathematical properties, in order to account for the
equilibrium of a lever, and the attitude of a man
rising from ‘a chair. And we have seen, in speaking
of the indistinct ideas of the Stationary Period, that
the attempts which were made to extend the statical
doctrine of Archimedes, failed, in such a manner as to
show that his followers had not clearly apprehended
the idea on wilich his reasoning altogether depended.
The clouds which he had, fo a moment cloven in his
advance, closed after‘nim, and the former dimness and
confusion settled again on the land.

This dimness and confusion, with respect to all sub-
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jects of mechanical reasoning, prevailed still, at the
period we now have to consider; namely, the period of
the first promulgation of, the Copernichn opinions.
This is so important ¢ point that I mﬁst'illustrate it
further. ’

Certain general notions of the connexion of cause
and effect in motion, exist im the human mind at all
periods of its developement, and are implied in* the
formation of language and in tlje most familiar employ-
ments of men’s thoughts. But these do not constitute
a science of Meclanics, any more than the giotions of
square and round make a Geogetry, or the notions of
months and years make an Astronomy. The unfold-
ing these Notions into distinet Jdeas, on which can be
founded principles and reasonings, is further requisite,
in order to produce a science ; and, with respect to the
doctrines of Motion, this was lon# in coming to pass ;
men’s thoughts remained long entangled in their pri-
mitive and unscientific confusion.

‘We may mention one or two features of this confu-
sion, such as we find in authors belonging to the period
now under review.

‘We have already, in speaking of the Greek School
Philosophy, noticed the attempt to explain some of the
differences among Motions, by classifyihg them into
Natural Motions and Violent Motions,; and we have
spoken of the assertion that heavy bodies fall quieker
in proportion to their greater weight. These doctrines
were still retained : yet the views which they implied
were essentially erroneous and unsound ; for they did
not refer distinctly to a measurable Force as the cause
of all motion jor change of motion; and they con-
founded the causes which produces and those which
preserve, motion. Hence such principles did not lead
immediately to anye advance of knowledge, though
efforts were made to apply them, in the cases both of
terrestrial Mechanics and of the motieng’ of, the hea-
venly bodies. * . .

The effect of the Inclined Plane Was one of th8 first,
a8 it was onc of the most important, propositions, on
which modern writers employed themselves. It was
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L
found that a body, when supported on a sloping sur-
face, might be sustained or raised by a force or exer-
tion which wuld not have been able to sustain or raise
it without sach support. And,hence, The Inclined
Plane was psﬁmed in the list of Mechanical Powers, or
gimple machines by which the efficacy of forces is
“increased : the question was, in what proportion this
incréase of efficiency takes place. It is easily seen
, that the force requisite fo sustain a body is smaller, as
the slope on which it rests is smaller; Cardan (whose
, work, De ,Proportionibus Numerorunh, Motuwum, Pon-
, derum, &c., was published in 1545) asserts that the
force is double when the angle of inclination is double,
and so on for other proportions; this is probably a
guess, and is an erroneous one. Guido Ubaldi, of
Marchmont, published at Pesaro, in 1577, a work
which he called Mechanicorum Liber, in which he
endeavours to prove that an acute wedge will produce
a greater mechanical effect thah an obtuse one, without
determining in‘what proportion. There is, he observes,
‘a certain repugnance’ between the direction in which
the side of the wedge tends to move the obstacle, and
the direction in which it really does move. Thus the
Wedge and the Inclined Plane are connected in prin-
ciple. He also refers the Screw to the Inclined Plane
and the Wedge. in a manner which shows a just appre-
" hent’on of the question. Benedetti (1585) treats the
Wedge in a different manner; not exact, but still
showing some powers of thought on mechanical sub-
jects. Michael Varro, whose T'ractatus de Motu was
published at Geneva in 1584, deduces the wedge from
the composition of hypothetical motions, in a way
which may appearr to some persons an anticipation of
the doctrine of the Composition of Forces.

There is another work on subjects of this kind, of
which several editions were published in the sixteenth
century, and which treats this matter in nearly the
same way as Varro, and in ravour of which a claim has
been made! (I think an unfounded one), as if it con-

1 Mr. Drinkwater’s Life of Galileo, in the Lib. Usef. Kn. p. 83,
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tained the true principle of this problem. e work
is ¢ Jordanus Nemorarius De Ponderositate.” The date
and history of this author were probalfy @ven then
unknown ; for in 1599, Btnedetti, cosrefting some of
the errours of Tartalea, says they are tajdn ¢ a Jordano
quodam antiquo.” The book was probably a kind of
school-book, and much used ; for an edition printed at
Frankfort, in 1533, is stated tosbe Cum gratia e pri-
vilegio Imperiali, Petro Apiano mathematico Ingoz
stadiano ad xxx annos confesso. But this edition'
does not contaift the Inclined Plane. Though those
who compiled the work assert in words something like
the inverse proportion of Weights and their Velocities,
they had not learnt at that time how to apply this
maxim to the Inclined Plane; nor were they ever able
to render a sound reason for it. In the edition of
Venice, 1565, however, such an application is attempted.
The reasonings are founded on the Aristotelian assump-
tion, ‘that bodies descend more quickly in proportion
as they are heavier” To this principlesare added some
others; as, that ‘a body is heavier in proportion as it
descends more directly to the center,” and that, in pro-
portion as a body descends more obliquely, the inter-
cepted part of the direct descent is smaller. By means
of these principles, the ¢ descending foroe” of bodies, on
inclined planes, was compared, by a frocess, which, so
far as it forms a line of proof at all, is a somgwhate
curious example of confused and vicious reasoning.
When two bodics are supported on twdinclined planes,
and are connected by a string passing over the junction
of the planes, so that jwhen one descends the other
ascends, they must move through equal spaces on the
planes; but ¢h the plane which iy more oblique (that
is, more nearly horizontal), the vertical descent will be
smaller in the samg proportion in which the plane is
longer. Hence, by the Aristotelian principle, the
weight of the body on the longer plage ® less; and, to
produce an equality of effbct, the body must be greater
in the same proportion. We*nfay observe that the
Aristotelian principle is not only false, but is here
misapplied ; for its genuine meaning is, that when
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bodies fall freely by gravity, they move quicker in pro-
portion as they are heavier ; but the rule is here applied
to the mduioxzs which bodies would have, if they were
moved by a ngorce extraneolis togtheir gravity. The
proposition Wa: supposed by the Aristotelians to be
true of actual velocities; it is applied by Jordanus to
virtual velocities, withous his being aware what he
was doing. This confusion being made, the result is
got at by taking for granted that bodies thus proved to
*be equally heavy, have equal powers of descent on the
inclined planes ; whereas, in the previous part of the
“reasoning, the weight was supposed to be proportional
*to the descent in the vertical direction. It is obvious,
in all this, that thougl the author had adopted the
false Aristotelian principle, he lad not settled in his
own mind whether the motions of which it spoke were
actual or virtual mosions ;—motions in the direction
of the inclined plane, or of the intercepted parts of the
vertical, corresponding to thése; nor whether the
¢ descending force’ of a body was something different
from its weight. We cannot doubt that, if he had
been required to poiut out, with any exactness, the
cases to which his reasoning applied, he would have
been unable to do s0; not possessing any of those clear
fundamental Idcas of Pressure and Force, on which
alone any real knowledge on such subjects must depend.
‘The whole of Jordanus's reasoning is an example of
the confusion of thought of his period, and of nothing
more. It no more supplied ti:e want of some man of
genius, who should give the subject a real scientific
foundation, than Aristotle’s kpowiedge of the propor-
tion of thg weights on the lever superseded the neces-
sity of Archimedes’y proof of it. !

We are not, therefore, to wonder that, though this
pretended theorem was copied by gther writers, as by
Tartalea, in his Quesiti et Inventions Diversi, published
in 1554, no pYogyess was made in the real solution of
any one mechanical problent by means of it. Guido
Ubaldi;s who, in 1574, writes in such a manner as to
show that he had taken a good hold of his subject for
bis time, refers to Pappus’s solution of the problem of
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.
the Inclined Plane, but makes no mention of that of
Jordanus and Tartalea.? No progress was likely to
oceur, till the mathematicians had distincfly Yecovered
the genuine Jdea of, Predkure, as a Forpe producing
equilibrium, which Archimedes had pdssessed, and
which was soon to reappear in Stevinus.

The properties of the Lever had always continued
known to mathematicians, although, in the dark periot:’
the superiority of the proof given by Archimedes ha
not been recognized. We aré not to be surprized, if
reasonings like %hose of Jordanus were applied to
demonstrate the theorics of the Lever with apparent
success.  Writers on Mechaniés were, as we have seen,
so vacillating in their mode of dealing with words and
propositions, that their maxims could be made to prove
anything which was alveady known to be true.

We proceed to speak of the Teginning of the real
progress of Mechanics in modern times.

Sect. 2.—Revival of the Scientific Idea of Pressure.—
Stevinus.— Equilibrium of Oblique Forces.

THE doctrine of the Center of Gravity was the part of
the mechanical speculations of Archimedes which was
most diligently prosecuted after his tige”  Pappus and
others, among the ancients, had solved some new pro-
blems on this subjeet, and Commandinus, in 1565, eub-'
lished De Centro Gravitatis Solidorum. oSuch treatises
contained, for the most part, only mathematical conse-
quences of the doctrines of Archimedes ; but the ma-
thematicians also retained a steady conviction of the
mechanical property of the Center of Gravitys namely,
that all the weight of the body might be collected
there, without any change in the mechanical resulés ;
a conviction which «s closely connected with our fun-
damental conceptions of mechanical action. Such a
principle, also, will enable us to detemnine the result
of many simple mechanical .arrangeglents ; for in§ta.nce,

2 Ubaldi menions and blames Jordanus's way of treating the Lever.
(See his Ireface.)
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if a mathematician of those days had been asked
whether a solid ball could be made of such a form,
that, when placed on a horizontal plane, it should go
on rolling fofwards withoutelimit, merely by the effect
of its own weizht, he would probably Bhve answered,
that it could not ; for that the center of gravity of the
ball would seek the lowest position it could find, and
that, when it had found this, the ball could have no
fendency to roll any further. And, in making this
assertion, the supposed reasoner would not be antici-
pating any wider proofs of the imponsibility of a per-
petual motion, drawn from principles subsequently
discovered, but would be referring the question to cer-
tain fundamental convictions, which, whether put into
Axioms or not, inevitably accompany our mechanical
conceptions,

In the same way: if Stevinus of Bruges, in 1586,
when he published his Beghinselen der Waaghconst
(Principles of Equilibrium), dad been asked why a
loop of chain, hung over a triangular beam, could not,
as he asserted it could not, go on moving round and
round perpetually, by the action of its own weight, he
would probably have answered, that the weight of the
chain, if it produced motion at all, must have a ten-
dency to bring it into some certain position ; and that
when the chaii had reached this position, it would
have no tendéncy to go any further; and thus he
would have reduced the impossibility of such a per-
petual motion; to the conception of gravity, as a force
tending to produce equilibrium ; a principle perfectly
sound and correct.

Upon this principle thus applied, Stevinus did esta-
blish the fundamental property of the inclined Plane.
He supposed a loop of string, loaded with fourteen
equal balls at equal distances, to hang over a trian-
gular support which was composed of two inclined
planes withet horizontal base, and whose sides, being
unéqual in the proportiom of two to one, supported
four and two balls .expectively. He showed that this
loop must hang at rest, because any motion would
only bring it into the same condition in which it was
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at first ; and that the festoon of eight balls which hung
down below the triangle might be remgved without
disturbing the equilibrium ; so that four badls on the
longer plane would Qalance two ballse o:’ the shorter
plane; or in other words, the weights wduld be as the
lengths of the planes intercepted by the horizontal line.

Stevinus showed his firm, possession of the truth
contained in this principle, by deducing from it th
properties of forces acting in oblique directions under
all kinds of conditions ; in shdrt, he showed his entire
ability to found upon it a complete doctrine of equili-
brium; and upon his foundations, and without any
additional support, the mathematical doctrines of Sta-
tics might have been carried to the highest pitch of
perfection they have yet reached. The formation of
the science was finished ; the mathematical develope-
ment and exposition of it were alene open to extension
and change.

[2nd Ed.] [¢ Simon Stevin of Bruges,’ as he usually
designates himself in the title-page ofe his work, has
lately become an object of gencral interest in his own
country, and it has been resolved to erect a statue in
honour of him in one of the public places of his native
city. He was born in 1548, as I learn from M.
Quetelet’s notice of him, and died in 16e0. Montucla
says that he died in 1633 ; misled aPparently by the
preface to Albert Girard’s edition of *Stevin’s wgrks,
which was published in 1634, and which speaks of a
death which took place in the preceding year; but on
examination it will be seen that this refers to Girard;
not to Stevin. . .

I ought to have mentioned, in consideratign of the
importance of® the_ proposition, thgt Stevin distinctly
states the triangle of forces ; na.me}y, that three forces
which act upon a pgint are in equlibrium.when they
are parallel and proportional to the three sides of any
plane triangle. This includes the prieciple of the
Composition of Statical Forces. Stevin alsp applies his
principle of equilibrium to cordage,. pullies, funicular
polygons, and especially to the bits of bridles; a
‘branch of mechanics which he calls Chalinothlipsis.
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He has also the merit of having seen very clearly,

the distinction of statical and dynamical problems.
He rematksfthat the question, What force will suppors
a loaded on on an intlined plane? is a statical
question, depending on simple conditions: but that
the question, What force will move the wagon? re-
quires additional considerations to be introduced.
.. In Chapter iv. of this Book, I have noticed Stevin’s
share in the re-discovery of the Laws of the Equili-
- brium of Fluids. He ‘listinctly explains the hydro-
static paradox, of which the discovery is generally
ascribed 16 Pascal.

Earlier than Stevinus, Leonardo da Vinei must have
a place among the discoverers of the Conditions of
Equilibrium of Oblique Forces. He published no
work on this subject ; but extracts from his manu-
scripts have been published by Venturi, in his Essas
sur les Quvrages Physico-Mathématiques de Leonard da
Vinci, avec des Fragmens tirés de ses Manuscrits ap-
portés d'ltalte. Paris, 1794 : and by Libri, in his
Hist, des Sc. Math. en Italie, 1839. I have also my-
self examined these manuscripts in the Royal Library
at Paris.

Tt appears that, as early as 1499, Leonardo gave a
perfectly correct statement of the proportion of the
forces exerted Yy a cord which acts obliquely and sup-
ports a weight on a lever. He distinguishes between
the real lever, and the pofential levers, that is, the per-
pendiculars driswn from the center upon the directions
of the forces. This is quite sound and satisfactory.
These views must in all probability have been suffi-
ciently promulgated in Italy to influence the specula-
tions of (alileo; whose reasonings respécting the lever
much resemble those of Leonardo.— Da Vinci also
anticipated Galileo in asserting that the time of descent
of a body down an inclined plane is to the time of
descent down: its vertical length in the proportion of
the lengtli of the plane to the height. But this can-
not, I 4hink, have beéen more than a guess: there is
no vestige of a proof given.]

The contemporaneous progress of the other branch
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of mechanics, the Doctrine of Motion, interféred with
this independent advance of Statics; and to that we
must now turn. 'We may observe, howedr, ghat true
propositions respecting thecompositiongf F)rces appear
to have rapidly diff¥sed themselves. The Z'ractatus
de Moty of Michael Varro of Geneva, already noticed,
printed in 1584, had asserted, that the forces which
balance each other, acting on the sides of a right-
angled triangular wedge, are in the proportion of the
sides of the triangle ; and altheugh this assertion does
not appear to have been derived from a distinct iden
of pressure, the author had hence rightly deduced the
properties of the wedge and the screw. And shortly
after this time, Galileo also established the same results
on different principles. In hid Treatise Delle Scienze
Mecaniche (1592), he refers the Inclined Plame to the
Lever, in a sound and nearly Sﬁtisfa,ctory manner ;
imagining a lever so placed, that the motion of a bod,
at the extremity of ong of its arms should be in the
same direction as it is upon the plane. A slight modi-
fication makes this an unexceptionable proof.

Sect. 3.—Prelude to the Science of Dynamics.—
Attempts at the First Law of Motion.

'WE have already seen, that Aristotle divided Motions
into Natural and Violent. Cardan endeavoured to
improve this division by making three classes; Vélun-
tary Motion, which is circular and uniform, and which
is intended to include the celestial motions: Natural
Motion, which is stronger towards the end, as the
motion of a falling body$—this is in a straight line,
because it is rgotion to an end, and nature Seeks her
ends by the shortest road: and thirdly, Vielent Motion,
including in this term all kinds different from the
former two. Cardah was aware that such Violent
Motion might be produced by a very smal} force ; thus
he asserts, that a spherical pody resting on a horizoatal
plane may be put in motion hygny forbe which is
sufficient to cleave the air; for which, however, he
erroneously assigns as a reason, tift smallness of the
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point of contact® But the most common mistake
of this period was, that of supposing that as force is
requisite tof move a body, so a perpetual supply of
force is reqigsite to keep iv in motion. The whole of
what Keplel called his ¢ physical’ reasoning, depended
upon this assumption. He endeavoured to discover
the forces by which the motions of the planets about
the sun might be pgoduced ; but, in all cases, he con-
“sidered the velocity of the pla.net as produced by, and
exhibiting the effect bf, a force which acted in the
direction of the motion. Kepler's essays, which are in
this respelt so feeble and unmeaning, have sometimes
been considered as disciosing some distant anticipation
of Newton’s discovery of the existence and law of cen-
tral forces. There is, however, in reality, no other
connexion between these speculations than that which
arises from the use of the term force by the two writers
in two utterly different meanings. XKepler's Forces
were certain imaginary qualities which appeared in the
actual motion  which the bodies had ; Newton’s Forces
were causes which appeared by the change of motion :
Kepler’'s Forces urged the bodies forwards ; Newton’s
deflected the bodies from such a progress. If Kepler's
Forces were destroyed, the body would instantly stop;
if Newton’s .were annihilated, the body would go on
uniformly in % straight line. Kepler compares the
action of his Forces to the way in which a body might
be driven round, by being placed among the sails of a
windmill ; Néwton’s Forces would be represented by
a_Tope pu]lmg the body to the .center. Newton’s
Force is merely mutual attra.ctlon Kepler’s is some-
thing quite different from ‘this ; for though he per-
petually illustrates his views by the example of a
‘magnet, he warns us that the sun differs from the
magnet in this respect, that its force is not attractive,
‘but directive.# Kepler’s essays mnay with considerable

8 In speakirg of the foree which’ munem animi sententiam, when
would draw a body up a iBclined the plane becomes horizontal, the
plane he observes, that * per com- requisite force is nothing.

4 Epitomc Astron. Copern. p. 176.
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.
reason be asserted to be an anticipation of the Vor-
tices of Descartes ; but they can with §io_propriety
whatever be said to anticipate N ewtons Dynamical
Theory. .

The confusion of %hought which prewénted mathe-
maticians from seeing the difference between producing
and preserving motion, was indeed, fatal to all at-
tempts at progress on this subjeet. "We have already
noticed the perplexity in whlch Aristotle involved
himself, by his endeavours to fihd a reason for the coy-
tinued motion of* a stone after the movmg power had
ceased td®act ; and that he had ascribed it 10 the effect
of the air or other medium in which the stone moves.
Tartalea, whose Nuova Scienzq is dated 1550, though
a good pure mathematician, is still quite in the dark
on mechanical matters. One of his propositions, in
the work just mentioned, is (B. i.eProp. 3), ¢ The more
a heavy body recedes from the beginning, or approaches
the end of violent motion, the slower and more inertly
it goes ; which he applies to the horizental motion of
projectiles. In like manner most other writers about
this period conceived that a cannon-ball goes forwards
till 1t loses all its projectile motion, and then falls
downwards. Benedetti, who has already been men-
tioned, must be considered as one of the first enlight-
encd opponents of this and other Ariftotelian errours
or puzzles. In his Speculationum Liber, (Velu(,c, 1585,)
he opposes Aristotle’s mechanical opinigns, with great
expressions of respect, but in a very sweeping manner.
His chapter xxiv. is headed, ¢ Whether this eminent
man was right in his opginion concerning violent and
natural motion” And after stating the Arjstotelian
opinion just nfentioned, that the hody is impelled by
the air, he says that the air must impede rather thgn
impel the body, and, that® ‘the motion of she body,
separately from the mover, arises by a certain natural
impression from the 1mpetu051ty (e% mpetuositqte)
received from the mover.’* He aAlds, thate in natural
motions this impetuosity continublty increases, by the

5 p. 184.
VOL. II C
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4
continued action of the cause,—namely, the propension
of going to the place assigned it by nature; and that
thus the'velgeity increases as the body moves from the
beginning of its path. This stafement shows a clear-
ness of conception with regard to the cause of acce-
lerated motion, which Galileo himself was long in

uiring. .

Though Benedetti was thus on the way fo the First
Law of Motion,—that all motion is uniform and recti-
lincar, except so far as it is affected by extraneous
forces ;—this Law was not likely to bt either generally
conceived,‘or satisfactorily proved, till the mﬁcr Laws
of Motion, by which the action of Forces is regulated,
had come into view. Hence, though a partial appre-
hension of this principle had preceded the discovery
of the Laws of Motion, we must place the establish-
ment of the principle in the period when those Laws
were detected and established, the period of Galileo
and his followers,
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CHAPTER IL

InpuctivE Eroci oF (GALILEO.—DISCOVERY OF THE
Laws oF MorioN 1X SiMpLE CASES.

Sect. 1.—Estallishment of the First Law ¢f Motion.

FTER mathematicians had begun to doubt or
reject the authority of Avistotle, they were still
some time in coming to the conclusion, that the dis-
tinetion of Natural and Violent Motions was altogether
untenable ;—that the velocity of a body in motion
increased or diminished in consequence of the action of
extringic causes, not of any property of the motion
itself ;—and that the apparently uniVersal fact, of
bodies growing slower and slower, as if by their own
disposition, till they finally stopped, from which Motions
had been called Violent, arose from the action of ex-
ternal obstacles not immediately obvious, as the friction
and the resistance of the air when a ball runs on the
ground, and the action of gravity, when it is thrown
upwards. But the truth to which they were atelast®
led, was, that such causes would accoynt for all the
diminution of velocity which bodies experience when
apparently left to themselves; and that without such
causes, the motion of albbodies would go on for ever,
in a straight line and with a uniform velocity.

Who first afinounced this Law ig a general form, it
may be difficult to point out; its exact or approximaté
truth was necessarily taken for granted in all complete
investigations on the subject of the laws of motion of
falling bodies, and of bodics projected go¥s to desaribe
curves. In Galileo’s first 8ttempt to solvesthe problem
of falling bodies, he did not carry *his analysis back to
the notion of force, and therefore this law does not

Cc2 '
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appear. In 1604 he had an erroneous opinion on this
subject ; andgwe do not know when he was led to the
true docfring which he published in his Discorso, in
1638. In hfs third Dialoglle heggives the instance of
water in a vessel, for the purpose of showing that cir-
cular motion has a tendency to continue. And in his
first Dialogue on the Copernican System?! (published in
§630), he asserts Cireular Motion alone to be naturally
uniform, and rctains the distincetion between Natural
apd Violent Motion. In the Dialogues on Mechanics,
however, ppblished in 1638, but writfen apparently at
an earlier period, in treating of Projectiles,? he asserts
the true Law. ¢Mobile super planum horizontale pro-
jectum mente concipio emni secluso impedimento ; jam
constat ex his quee fusius alibi dicta sunt, illius motum
equabilem et perpetuum super ipso plano futurum esse,
si planum in infiftum extendatur” ¢ Conceive a
moveable body upon a horizontal plane, and suppose
all obstacles to motion to be removed ; it is then mani-
fest, from what has been said morc at large in another
place, that the body’s motion will be uniform and per-
petual upon the plane, if the plane be indefinitely
extended.’” His pupil, Borelli, in 1667 (in the treatise
De Vi Percussionis), states the proposition generally,
that ¢ Velocity is, by its nature, uniform and perpe-
tual; and this .opinion appears to have been, at that
timq, generally Qiffused, as we find evidence in Wallis
and others. It is commonly said that Descartes was
the first to state this gencrally. His Principia were
published in 1644 ; but his proofs of this First Law of
Motion are rather of a theological than of a mechanical
kind. His reason for this Law is,® ¢ the immutability
and simplicity of the operation by whicl? God preserves
fogtion in matter. For he only preserves it precisely
a8 it is in that moment in which hg preserves it, taking
no account of that which may have been previously.’
Regsoning offths abstract and & priort kind, though it
may be urged in favour of true opinions after they
have been inductivbly established, is almost equally

' Dial.i. p. 40. 2 p. 141, 3 Princip. p. 34.
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capable of being called in on the side of errour, as we
have seen in the casc of Aristotle’s philgsophy. We
ought not, however, to forget that the reference to
theso abstract and ag@rior! principles %is An indication
of the absolute universality and necessity which we
look for in complete Sciences, and a result of those
faculties by which such Science is rendered possible,
and suitable to man’s intellectualenature. R

The induction by which the First Law of Motion is
established, consists, as induction consists in all cases,
in conceiving cl@arly the Law, and in perceiving the
subordination of Facts to it. But the La¥ speaks of
bodies not acted wpon by any external force,—a case
which never occurs in fact; and the difficulty of the
step consisted in bringing all the common cases in
which motion is gradually extinguished, under the
notion of the action of a retardiner force. In order to
do this, Hooke and others showed that, by diminishing
the obvious resistances, the retardation also became
less; and men were gradually led to a distinet appreci-
ation of the Resistance, Friction, &c., which, in all
terrestrial motions, prevent the Law from being evi-
dent; and thus they at last established by experiment
a Law which cannot be experimentally exemplified.
The natural uniformity of motion was proved by
examining all kinds of cases in which® motion was not
uniform. Men culled the abstract Rule out of thee
concrete Experiment; although the Rule was, in every
case, mixed with other Rules, and each Rule could be
collected from the Experiment only by supposing the
others known. The perfget simplicity which we neces-
sarily seek for in a law of nature, enables ug to disen-
tangle the cothplexity which this gombination appears
at first sight to occasion. .

The First Law of, Motion asserts that tife motion of
a body, when left to itself, will not only be uniform,
but rectilinear also. This latter pgrt™f the law is
indeed obvious of itself, a% soon as we conceive a body
detached from all special referénte to external points
and objects. Yet, as we have seen, Galileo asserted that
the naturally uniform motion of bodies was that which
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takes place in a circle. Benedetti, however, in 1585,
had entertaied sound notions on this subject. In
commenting on Aristotle’s question, why we obtain an
advantage in tlfrowing by using a sling, he says,* that
the body, when whirled round, tends to go on in a
straight line. In Galileo’s second Dialogue, he makes
one of his interlocutors (Simplicio), when appealed to
on this subject, after thinking intently for a little
while, give the same opinion; and the principle is, from
this time, taken for granted by the authors who treat
of the motion of projectiles. Descartes, as might be
supposed, gives the same reason for this as for the
other part of the law, namely, the immutability of the
Deity. .

Sect. 2.—Formation and Application of the Notion of
Accelerating Force.—Laws of Falling Bodies.

‘WE have seen how rude and vague were the attempts
of Aristotle artd his followers to obtain a philosophy of
bodies falling downwards or thrown in any directiown.
If the First Law of Motion had been clearly known,
it would then, perhaps, have been scen that the way
to understand and analyse the motion of any body, is
to consider the Causes of change of motion which at
each instant operate upen it; and thus men would
-hava been led to the notion of Accelerating Forces,
that is, Forces which act upon bodies already in motion,
and accelerate, retard, or deflect their motions. It
was, however, only after many attempts that they
reached this point. They bhegan by considering the
whole mogion with refercnce to certain ill-defined abs-
tract Notions, instead of considering,” with a clear
apprehension of the conditions of Causation, the suc-
cesstve parts of which the motion consists. Thus, they
spoke of the tendency of bodies to the Center, or to
theiy Own Piace ;—of Projecting Force, of Impetus, of
Retraction ;~with little or no profit to knowledge.
The indistinctness 8f their notions may, perhaps, be

4 ¢Corpus vellet recta iter peragere.’ Speculationum Liber, p. 160,
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judged of from their speculations concerr:ing pro-
jectiles. Santbach,® in 1561, imagined that a body
thrown with great velocity, as, for instance, a ball from
a cannon, went in a straight line tilk a¥ its velocity
was exhausted, and then fell directly downwards. He
has written a treatise on gunnery, founded on this
absurd assumption. To thig succeeded another doc-
trine, which, though not much mgre philosophical than
the former, agreed much better with the phenomena?
Nicolo Tartalea (Nuova Scierta, Venice, 1550; Que-
siti et Invention Diversi, 1554) and Gualtier Rivits
(drchitectura, &c., Basil, 1582) representedsihe path of
a cannon-ball as counsisting, first of a straight line in
the direction of the original projection, then of an arc
of a circle in which it went on till its motion became
vertical downwards, and then of a vertical line in which
it continued to full. The latter f these writers, how-
ever, was aware that the path must, from the first, be
a curve; and treated it as a straight line, only because
the curvature is very slight. Even Saptbach’s figure
represents the path of the ball as partially descending
before its final.fall, but then it descends by steps, not
in a curve. Santbach, therefore, did not conceive the
Composition of the eflect of gravity with the existing
motion, but supposed them to act alteryately; Rivius,
however, understood this Compositior, and saw that
gravity must act as a deflecting force at every point of|
the path. Galileo, in his sccond Dialoguef nfikes
Simplicius come to the same conclusidn.  ‘Since,’ he
says, ‘ there is nothing to support the body, when it
quits that which projcctg it, 1t cannot be but that its
proper gravity must operate, and it must immediately
begin to declifte downwards. ‘

The Force of Gravity which thud produces deflection
and curvature in the path of a body thrown obliqutly,
constantly increases’the velocity of a body when it falls
vertically downwards. The universalitéy of this increase

5 Problematum Astronomicorum et Geomeatricorum Sectiones vii. &e. &o.
Auctore Daniele Santbach, Noviomago. Bagilew, 1561.
p.- 147,
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was obvié,us, both from reasoning and in fact; the law
‘of it could only be discovered by closer consideration ;
and the full $nalysis of the problem required a distinct
measure of tke quantity of Asccelerating Force. Galileo,
who first solved this problem, began by viewing it as
a question of fact, but conjectured the solution by
taking for granted that the rule must be the simplest
possible. ¢ Bodies,” he says,7 ¢ will fall in the most
&imple way, because Natural Mo#ions are always the

- most simple. 'When a”stone falls, if we consider the
matter attentively, we shall find that Shere is no addi-
tion, no increase, of the velocity more simple than that
which is always added in the same manner,’ that is,
when equal additions take place in equal times ; ¢ which
we shall easily understand if we attend to the close
connexion of motion and time.’” From this Law, thus
assumed, he deduced that the spaces described from
the beginning of the motion must be as the squares of
the times; and, again, assuming that the laws of
descent for balls rolling down inclined planes, must be
the same as for bodies falling freely, he verified this
conclusion by experiment. .

It will, perhaps, occur to the reader that this argu-
ment, from the simplicity of the assumed law, is some-
what insecure.. It is not always easy for us to discern
what that greatust simplicity is, which nature adopts
in her laws. Accordingly, Galileo was led wrong by
this’ way of viewing the subject before he was led
right. He at'first supposed, that the Veloeity which
the body had acquired at any point must be propor-
tional to the Space described from the point where the
motion began. This false law is as simple in its enun-
ciation ad' the true law, that the Velocity is propor-
tional to the Z%me " it had been asserted as the true

law* by M. Varro (De Motu Tractatus, Genevee, 1584),
and by Baliani, a gentleman of Génoa, who published
it in 1638. ¥: was, however, soon rejected by Galileo,
though it 'was afterwards taken up and defended by
Casraeus, one of Gakleo’s opponents. It so happens,

7 Dial. Sc. iv. p.91.
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.
indeed, that the false law is not only at variance with
fact, but with itself : it involves a mathgmatical self-
contradiction. This circumstance, however, swas acci-
dental : it would be gasy to state law® of’ the increase
of velocity which should be simple, and yet false in
fact, though quite possible in their own nature.

The Law of Velocity was fitherto, as we have seen,
treated as a law of phenomena, without reference to
the Causes of the law. ¢ The cause of the acccleration’
of the motions of falling bodies s not,’ Galileo observes,
¢ a necessary part of the investigation. Opinions are
different. Some refer it to the approach to%he center;
others say that theré is a certain extension of the cen-
trical medium, which, closing behind the body, pushes
it forwards. For the present, it is enough for us to
demonstrate certain properties of Accelerated Motion,
the acceleration being accordings to the very simple
Law, that the Velocity is proportional to the Time,
And if we find that the properties of such motion are
verified by the motions of bodies descending freely, we
may suppose that the assumnption agrees with the laws
of bodies falling freely by the action of gravity.’®

It was, however, an easy step to conceive this acce-
leration as caused by the continual action of Gravity.
This account had already been given by Benedetti, as
we have seen. When it was once aflopted, Gravity
was considered as a constant or uniform force ; on this,
point, indeed, the adherents of the law of Galileo and
of that of Cusrseus were agreed ; but thd question was,
what ¢s a Uniform Force? The answer which Galileo
was led to give was obvigusly this ;—that is a Unitorm
Force which gencrates equal velocities in equal suc-
cessive times ;*and this principle leads at once to the
doctrine, that Forces are to be compared by comparing
the Velocities generated by them in equal times.

Though, however, this was a consequence of the rule
by which Gravity is represented as a Uniform Force,
the subject presents somesdifficulty at first sight.” It
is not immediately obvious that*we may thus measure

8 Gal. Op. iii. 91, 92.
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¢
forces by the Velocity added in a given time, without
taking into account the Velocity they have already.
If we communicate velocity to a body by the hand or
by a spring, she effect we peoduce in a second of time
is lesfened, when the body has already a velocity
which withdraws it from the pressure of the agent.
But it appears that this ig not so in the case of gmv1ty 5
the velocity added incone second is the same, whatever
downward motion the body already possesscs. A body
falling from rest acquires a velocity, in one second, of
thirty-two fect; and if a cannon-ballvwere shot down-
wards witlr a velocity of 1000 feet a second, it would
equally, at the end of one second, have received an
accession of 32 feet to its velocity.

This conception of Gravity as a Uniform Force,—
as constantly and equally increuasing the velocity of a
descending body,—will become clear by a little atten-
tion; but it undoubtedly presents difficulty at first.
Accordingly, we tind that Descartes did not accept it.
¢ It is certain, he says, ¢ that a stone is not equally
disposed to receive a new motion or increase of velocity
when it is already moving very quickly, and when it
is moving slowly.’

Descartes showed, by other expressions, that he had
not caught hold of the true notion of accelerating
force. Thus, ht says, in a letter to Mersenne, ¢ I am
astonished at what you tell me, of having found, by
experiment, that bodies thrown up in the air take
neither more ror less time te rise than to fall again;
andyou will excuse me if I say that I look upon the
experiment as a very difficult one to make accurately.”
Yet it is clear from the Notion of a Constant Force that
(omitting the resistance of the air), thiwequality must
take place; for the Force which will gradually destroy
thé whole velocity In a certain time in ascending, will,
in the same time, generate again fle same velocity by
the same (rlddatwns inver ted and therefore the same
space will be passed over dn the same time in the
deseent and in the ascent.

Another difficulty arose from a necessary conse-
quence of the Laws of Falling Bodies thus established ;—
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the proposition, namely, that in acquiring its motion,
a body passes through every intermediate degree of
velocity, from the smallest conceivable, up®to that
which it at last acqires® When a Body fallg from
rest, it begins to fall with o velocity; the v€locity
increases with the time; and, in one thousandth part
of a sccond, the body has onlyacquired one thousandth
part of the velocity which it has at the end of one,
second. .

This is certain, and manifest on consideration ; yep
there was at first’ much difficulty raised on {he subject
of this assertion; and disputes took place concerning
the velocity with which a body begins to fall.  On this
subject also Descartes did not form clear notions.  He
writes to a correspondent, ¢ 1 have been revising my
notes on Galileo, in which I have not said expressly
that falling bLodies do not pass through every degree
of slowness, but I said that this cannot be known with-
out knowing what Weight is, which comes to the same
thing; as to your example, I grant that*it proves that
every degree of velocity is infinitely divisible, but not
that a falling Lody actually passes through all these
divisions.’

The Principles of the Motion of Falling Bodies
being thus established by Galileo, the *Deduction of
the principal mathematical consequences was, as is’
usual, effected with great rapidity, and is to be fognd
in his works, and in those of his schpl;u‘s and suc-
cessors.  The otion of bodies falling freely was, how-
ever, in such treatises, generally combined with the
motion of bodies Falling along Inclined Planes; a part
of the theory of which we have still to speak.,

The Notion bf Accclerating Force and of its opera-
tion, once formed, was naturally applied in other cages
than that of bodies fulling freely.  The different velo-
cities with which heavy and light bodies fall were
explained by the different resistance of the gir, which
diminishes the accelerating force;? and ite was holdly
asserted, that in a vacuum a lock 8f wool and a piece

9 Galileo, iii. 43.
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of lead would fall equally quickly. It was also main-
tained 0 thet any falling body, however large and
hea,vy, Would always have its veloclty in some degree
diminjshed by the air in which gt falls, and would at
last reduced to a state of uniform motion, as soon
as the resistance upwards became equal to the acce-
lerating force downwards. Though the law of progress
.of a body to this limiting velocity was not made out
“till the 2r rincipia of Newton appeared, the views on
which Galileo made this assertion are perfectly sound,
and show that he had clearly conceiv8d the nature and
operation of accelerating and retarding force.

When Uniform Aceclerating Forces had once been
mastered, there remained only mathematical difficulties
in the treatment of Variable Forces. A Variable
Force was measured by the Limit of the increment of
the Velocity, compmred with the increment of the
Time; just as a Variable Velocity was measured by
the Limit of the increment of the Space compared
with that of the Time.

‘With this introduction of the Notion of Limits, we
are, of course, led to the Higher Geometry, either in
its geometrical or its analytical form. The general
laws of Dbodies falling by the action of any Variable
Forces were given by Newton in the Seventh Section
of the Principna. The subject is there, according to
Newton'’s preférence of geometrical methods, treated
by means of the Quadrature of Curves; the Doctrine
of Limits being exhibited iu a peculiar manner in the
First Section of the work, in order to prepare the way
for such .apphmtlons of it. Leibnitz, the Bernouillis,
Euler, and since their time, many other mathcmati-
cians, have treated such questions by means of the
analytical method of limits, the Differential Calculus.
The Rectilincar Motion of bodies acted upon by vari-
able foreces is, of course, a simpler problem than their
Cuyvilinear Motion, to which we have now to proceed.
But it may be remarked ‘that Newton, having esta-
blished the laws of “Curvilinear Motion independently,

W iii. 54.
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has, in a great part of his Seventh Section, deduced
the simpler case of the Rectilinear Motien from the
more complex problem, by reasonings of great ifigenuity
and beauty.

Sect. 3.—Establishment of the Second Law of Me otion.—
Curvilinear Motions.

A suiGHT degree of distinctness in men’s mechanicale
notions enabled them to perceiwve, as we have already
explained, that a body which traces a curved line musé
be urged by some force, by which it is congtwlt]y made
to deviate from that rectilinear path, which it would
pursue if acted upon by no force. Thus, when a body
is made to describe a circle, as when a stone is whirled
round in a sling, we find that the string does exert
such a force on the stone; for the string is stretched by
the cffort, and if it be too slender, it may thus be
broken. This centrifugal force of bodies moving in
circles was noticed even by the ancients.  The effect of
force to produce curvilinear motion also appears in the
paths described by projectiles.  We Lave already seen
that though Tartalea did not perceive this correctly,
Rivius, about the same time, did.

To sec that a transverse force would produce a curve,
was one step; to determine what the, éurve is, was -
another step, which involved the digcoyery of the
Second Law of Motion. This step was made sby
Galileo.” In his Dialogues on Motivn, he asserts that
a body projected horizontally will retain a uniform
motion in the horizontal direction, and will have,
compounded with this, a eniformly accelerated motion
downwards, thaf is, the motion of a body falkng ver-
tically from rest; and will thus describe the curve
called a parabola. .

The Second Law of Motion consists of this assertion
in a general form;—namely, that in g]l cases the
motion which the force will produce sis conrpounded
with-the motion which the body prgviously*has.  This
was not obvious; for Cardan had mmintained,!! that

Op. vol. iv. p. 490.
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¢ if a body is moved by two motions at once, it will
come to the place resulting from their composition
slower than by either of them.” The proof of the truth
of the law to Galileo’s mitid was, so far as we collect
from "the Dialogue itself, the simplicity of the suppo-
sition, and his clear perception of the causes which, in
some cases, produced ar. obvious deviation in practice
from this theoretical result. For it may be observed,
that the curvilinear paths ascribed to military projec-
tiles by Rivius and Tartalea, and by other writers who
followed tlem, as Digges and Ndrton in our own
country, though utterly different from the theoretical
form, the parabola, do, in fact, approach ncarer the
true paths of a cannon or musket ball than a parabola
would do: and this approximation more especially
exists in that which at first sight appears most absurd
in the old theory; namely, the assertion that the ball,
which ascends in a sloping direction, finally descends
vertically. In consequence of the resistance of the
air, this is really the path of a projectile; and when
the velocity is very great, as in military projectiles,
the deviation from the parabolic form is very manifest.
This cause of discrepancy between the theory, which
does not take resistance into the account, and the fact,
Galileo percoived; and accordingly he says,!? that the
velocities of the projectiles, in such cases, may be con-
sidered as ékcessive and supernatural. With the due
allowance to such causes, he maintained that his theory
was verified, and might be applied in practice. Such
practical applications of the doctrine of projectiles no
doubt had a share in establighing the truth of Galileo’s
views. We must not forget, however, that the full
establishment of . this second law of Thotion was the
result of the theoretical and experimental discussions
concerning the motion of the eagth: its fortunes were
involved in those of the Copernican system; and it
shared the‘trjumph of that doctrine. This triumph
was already decisive, indéed, in the time of Galileo,
but not complete till the time of Newton.

12 Op. vol. iii. p. 147.
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Sect. 4.—Generalization of the Laws of Equilibrium.—
Principle of Virtual Velocities.

It was known, even as early as Aristotle, that the two
weights which balance each other on the lever, if they
move at all, move with velocities which are in the inverse
proportions of the weights. Thespeculiar resources of
the Greek language, which could state this relation of
inverse proportionality in a single word (dvrurémovBer),
fixed it in men’s*minds, and prompted them to gene-
ralize from this property. Such attempts were at first
made with indistinet ideas, and on conjecture only;
and had, therefore, no scientifjc value. This is the
judgment which we must pass on the book of Jordanus
Nemorarius, which we have already mentioned. Its
reasonings are professedly on Anistotelian principles,
and exhibit the common Aristotelian absence of all
distinct mechanical ideas. But in Vawsro, whose Trac-
tatus de Motw appeared in 1584, we find the principle,
in a general form, not satisfactorily proved indeed, but
much more distinctly conceived. This is his first
theorem: ‘Duarum virium connexarum quarum (si
moveantur) motus erunt ipsis dvruremovBic propor-
tionales, neutra alteram movebit, sed equilibrium
facient. The proof offered of this is, *that the resist-
ance to a force is as the motion produdeds- and, asgve
have seen, the theorem is rightly applied in the exam-
ple of the wedge. From this time it appears to have
been usual to prove the properties of machines by
means of this principle. [This is done, for instance, in
Les Raisons des Forces Mouvantes, the prodyction of
Solomon de Cfus, engineer to the Elector Palatine,
published at Antwerp in 1616; in which the effect,of
Toothed-Wheels and of the Screw is determined in this
manner, but the Inclined Plane is not treated of. The
same is the case in Bishop Wilking'y Mathematical
Magic, in 1648. . .

When the true doctrine of thé Inclined Plane had
been established, the laws of equiljbrium for all the
simple machines or Mechanical Powers, as they had
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usually been enumerated in books on Mechanics, were
brought inte view; for it was easy to see that the Wedge
and thé Screw involved the same principle as the
Inclined Plané, and the Pulley gould obviously be re-
duced to the Lever. It was, also, not difficult for a
person with clear mechanical ideas, to perceive how
any other combination of.bodies, on which pressure and
ctraction are exerted; may be reduced to these simple
machines, so as to disclose the relation of the forces.
Hence by the discovery of Stevinus, all problems of
equilibrium were essentially solved. +

The conjectural generalization of the property of the
lever, which we have just mentioned, enabled mathe-
maticians to express the solution of all these problems,
by means of one proposition. This was done by saying,
that in raising a weight by any machine, we lose in
Time what we gasnein Force; the weight raised moves
as much slower than the power, as it is lurger than the

ower. This was explained with great clearness by
Galileo, in the preface to his T'reatise on Mechanical
Science, published in 1592.

The motions, however, which we here suppose the
parts of the machine to have, are not motions which
the forces produce; for at present we are dealing with
the case in which the forces balance each other, and
therefore produce no motion. But we ascribe to the
Waeights and Powers hypothetical motions, arising
from some other cause, and then, by the construction
of the machine, the velocities of the Weights and
Powers must have certain definite ratios. These velo-
cities, being thus hypothetically supposed and not
actually, produced, are called Virtual Velocities. And
the general law of. equilibrium is, that ¢n any machine,
the Weights which balance each other, are reciprocally
to each other as their Virtual Velocities, This is
called the Principle of Virtual Velocities.

This Privciple (which was afterwards still further
generalized) is, by some of the admirers of Galileo,
dwelt upon as onedf his great services to Mechanics.
But if we examine it more nearly, we shall see that it
has not much importance in our history. It is a gene-
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ralization, but a generalization established rather by
enumeration of cases, than by any inductiog proceeding
upon one distinet Idea, like those generalizations of
Facts by which Lawg ares primarily établished. It
rather serves verbally to conjoin Laws previously
known, than to exhibit a connexion in them: it is
rather a help for the memosy than a proof for the
reason. .

The Principle of Virtual Velocities is so far from
implying any clear possession of'mechanical ideas, that
any one who knows the property of the Lever, whether
he is capable of seeing the reason for it or ndt, can see
that the greater weight moves slower in the exact pro-
portion of its greater magnitude. Accordingly, Ari-
stotle, whose entire want of sound mechanical views we
have shown, has yet noticed this truth. When Galileo
treats of it, instead of offering any reasons which could
independently establish this principle, he gives his
readers a number of analogies and illustrations, many
of them very loose ones. Thus the raising a great
weight by a small force, he illustrates by supposing the
weight broken into many small parts, and conceiving
these parts raised one by one. By other persons, the
analogy, already intimated, of gain and loss is referred
to as an argument for the principle in question. Such
images may please the fancy, but tBey cannot be’
accepted as mechanical reasons. . ' -

Since Galileo neither first enunciated this rule, nor
ever proved it as an independent principle df Mechanics,
we cannot consider the discovery of it as one of his
mechanical achievements. | Still less can we compare
his reference to this principle with Stevinus's proof of
the Inclined Plane ; which, as we have seen, was rigo-
rously inferred from the sound axiom, that a body
cannot put itself in motion. If we were.to assent to
the really self-evident hxioms of Stevinus, only in virtue
of the unproved verbal generalization ofe(Galileo, we
should be in great danger of allowing ourselves to be
referred successively from one truth to gnother, without
any reasonable hope of ever arriving at anything ulti-
mate and fundamental. : .

VOL. II. D
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But though this Principle of Virtual Velocity cannot
be looked ypon as a great discovery of Galileo, it is a
highly useful rule; and the varied forms under which
he and his suctessors urgedit, tended much to dissipate
the vague wonder with which %the effects of machines
had been looked upon ; and thus to diffuse sounder and
clearer notions on such gubjects.

The Principle of . Virtual Velocities also affected the
progress of mechanical science in another way ; it sug-
gested some of the analogies by the aid of which the
‘Third Law of Motion was made ovt; leading to the
adoption bf the notion of Momentum as 'the arithmetical
product of weight and velocity. Since on a machine on
which a weight of two pounds at one part balances
three pounds at another part, the former weight would
move through three inches while the latter would
move through twa.inches; we see (since three multi-
plied into two is equal to two multiplied into three,)
that the Product of the weight and the velocity is the
same for the two balancing weights; and if we call this
Product Momentum, the Law of Equilibrium is, that
when two weights balance on a machine, the Momentum
of the two would be the same, if they were put in
motion,

The Notion of Momentum was here employed in
connexion with Virtual Velocities: but it also came
ypder consideration in treating of Actual Velocities,
as we shall soon see.

Sect. 5.—Attempts at the Third Law of Motion.—
Notion of Momentum.

IN the’ questions we have hitherto chad to consider
respecting Motion, no regard is had to the Size of the
body moved, but only to the Velocity and Direction of
the motion. 'We must now tracé the progress of know-
ledge respecting the mode in which the Mass of the
body influences the effest of Force. This is a more
difficult and complex branch of the subject; but it is
one which requires to be noticed, as obviously as the
former. Questions belonging to this department of



DISCOVERY OF THE LAWS OF MOTIOF. 35

Mechanics, as well as to the others, occur in Aristotle’s
Mechanical Problems. ¢Why,” says he, *is it, that
neither very small nor very large bodigs go far when
we throw them; butein order that this may happen,
the thing thrown must have a certain proportion to
the agent which throws it? Is it that what is thrown
or pushed must react!? againkt that which pushes it;
and that a body so large as not fo yield at all, or so
gmall as to yield entirely, and nat to react, produces no
throw or push‘l" The same confusion of ideas pret
vailed after his time: and mechanical quesgions were
in vain discussed by means of general and abstract
terms, employed with no distinct and steady meaning ;
such as impetus, power, momentwm, virtue, enerqy, and
the like. From some of these speculations we may
judge how thorough the confusion in men’s heads had
become. Cardan perplexes himself with the difficulty,
already mentioned, of the comparison of the forces of
bodies at rest and in motion. If the Force of a body
depends on its velocity, as it appears to do, how is it
that a body at rest has any Force at all, and how can
it resist the slightest effort, or exert any pressure!
He flatters himself that he solves this question, by
asserting that bodies at rest have an occult motion
¢ Corpus movetur occulto motu qniescen(fo.’—-AnotheJ
puzzle, with which he appears to distresy himself rathe:
more wantonly, is this: ¢ If one man can draw half 6P
certain weight, and another man also ome half; whe:
the two act together, these proportions should be com
pounded; so that they ought to be able to draw on
half of one half, or one® quarter only.” The talen
which ingenioys men had for getting into sfch per
plexities, was certainly at one time %ery great. Arri
aga,'* who wrote in 1639, is troubled to discover hds
several flat weights, l/ing one upon another on a boarc
should produce a greater pressure than the lowest on
alone produces, since that, alone toudhes Jtlte bodrc
Among other solutions, he suggests that the boar

13 gyrepeide.
M Rod. de Arriaga, Cursus Philosophicus. Paris, 1639
D2
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affects the upper weight, which it does not touch, by
determining 1ts ubtcatwn, or whereness.

Aristtle’s octrine, that a body ten times as heavy
as another, will fall ten tifnes as fast, is another in-
stance of the confusion of Statical and Dynamical
Forces : the Force of the greater body, while at rest,
is ten times as great a$ that of the other; but the

« Force as measured Yy the velocity produced, is equal in
the two cases. The two bodies would fall downwards
with the same rapidity, except so far as they are
affected by accidental causes. The ‘merit of proving
this by experiment, and thus refuting the Aristotelian
dogma, is usually ascribed to Galileo, who made his
experiment from the famous leaning tower of Pisa,
about ¥590. But others about the same time had not
overlooked so obvious a fact.—F. Piccolomini, in his
Liber Seientice de Natura, published at Padua, in 1597,
says, ‘On the subject of the motion of heavy and
light bodies, Aristotle has put forth various opinions,
which are contrary to sense and experience, and has
delivered rules concerning the proportion of quickness
and slowness, which are palpably false. For a stone
twice as great does mof move twice as fast’ And
Stevinus, in the Appendix to his Statics, describes his
having made the experiment, and speaks with great
correctness of the apparent deviations from the rule,
a..sing from the resistance of the air. Indeed, the
result followed by very obvious reasoning ; for ten
bricks, in contact with each other, side by side, would
obviously fall in the same time as one; and these
might be conceived to form:a body ten times as large
as one.of them. Accordingly, Benedetti, in 1585,
reasons in this menner with regard to bodies of dif-
ferent size, though he retains Aristotle’s errour as to
the different velocity of bodies ¢f different density.

The next step in this subject is more clearly due to
Galileo j he diccovered the true proportion which the
Accelerating Force of a body falling down an inclined
plane bears to the Accelerating Force of the same
body falling freely. This was at first a happy conjec-
ture ; it was then confirmed by experiments, and,
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finally, after some hesitation, it was referred to its true
principle, the Third Law of Motion, witheproper ele-
mentary simplicity. The Principle here spoktn of is
this :—that for the sagne bddy, the Dynfimical effect of
force is as the Statical effect; that is, the Velocity
which any force gencrates ip a given time when it puts
the body in motion, is propertional to the Pressure
which the same force produces in a body at rest. The
Principle, so stated, appears very simple and obvious ;
yet this was not the form in which it suggested itself
either to Galileo®or to other persons who sought to
prove it. Galileo, in his Dialogues on M otion, assumes,
as his fundamental proposition on this subject, one
rauch less evident than that we have quoted, but one in
which that is involved. His Postulate is,15 that when
the same body falls down different planes of the same
height, the velocities acquired are equal. He confirms
and illustrates this by a very ingenious experiment on
a pendulum, showing that the weight swings to the
same height whatever path it be compelled to follow.
Torricells, in his treatise published 1644, says that he
had heard that Galileo had, toward the end of his life,
proved his agsumption, but that, not having seen the
proof, he will give his own. In this he refers us to
the right principle, but appears not distmetly to con-
ceive the proof, since he estimates moméntum indiscri-
minately by the statical Pressure of a body, and by is
Velocity when in motion; as if these two quantities
were self-evidently equal. Huyghens, 1n 1673, ex-
presses himself dissatisfied with the proof by which
Galileo’s assumption was sépported in the later editions
of his works. His own proof rests on this pyjnciple ;
—that if a bod} fall down one inclingd plane, and pro-
ceed up another with the velocity thus acquired, jt
cannot, under any ciycumstances, ascend to a higher
position than that from which it fell. This principle
coincides very nearly with Galileo’s expgrifnenjal illps-
tration. In truth, howevef, Galileo’s principle, which
Huyghens thus slights, may be looRed upon as a satis-

15 Opere, iii. 96.
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factory statement of the true law; namely, that, in
the same bagly, the velocity produced is as the pressure
which produces it. ¢ We are agreed,” he says,1® ¢that,
in a moveable Yody, the inpetusgenergy, momentum, or
propension to motion, is as great as is the force or least
resistancs which suffices to support it.” The various
terms here used, both for dynamical and statical Force,
show that Galileo’ss ideas were not confused by the
ambiguity of any one {erm, as appears to have happened
fosome mathematicians. The principle thus announced,
18, as we shall see, one of great extert and value; and
we read with interest the circumstances of its discovery,
which are thus narrated.’’ 'When Viviani was study-
ing with Galileo, he expressed his dissatisfaction at the
want of any clear reason for Galileo’s postulate respect-
ing the equality of velocities acquired down inclined
planes of the same heights; the consequence of which
was, that Galileo, as he lay, the same night, sleepless
through indisposition, discovered the proof which he
had long sought in vain, and introduced it in the sub-
sequent editions. It is easy to see, by looking at the
proof, that the discoverer had had to struggle, not for
intermediate steps of reasoning between remote notions,
as in a problem of geometry, but for a clear possession
of ideas which were near each other, and which he had
not yet been able to bring into contact, because he had
ngh yet a sufficiently firm grasp of them. Such terms
as Momentuip and Force had been sources of confusion
from the time of Aristotle; and it required consider-
able steadiness of thought to compare the forces of
bodies at rest and in motions under the obscurity and
vacillatipn thus produced.

The term Momgntwm had been introduced to express
the force of bodies in motion, before it was known what
that effect was. Galileo, in his Discorso intorno alle
Cose che stamno in su I'Acqua, says, that ¢ Momentum
is the foxce, ¥ffigacy, or virtue, with which the motion
moves and the body moved"resists, depending not upon
weight only, but upon the velocity, inclination, and

16 Galileo, Op. iil. 104. 1 Drinkwater, Life of Galileo, p. 59.
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any other cause of such virtue” When he arrived at
more precision in his views, he determined,as we have
seen, that, in the same body, the Momentum ispropor-
tional to the Velocityg and, hence it ¥as easily seen
that in different bodies it was proportional to the
Velocity and Mass jointly. The principle thus enun-
ciated is capable of very extensive application, and,
among other consequences, leads to a determination of
the results of the mutual Percugsion of Bodies. But
though Galileo, like others of his predecessors and con-
temporaries, had Speculated concerning the problem of
Percussion, he did not arrive at any satisfdbtory con-
clusion; and the problem remained for the mathema-
ticians of the next generation tg solve.

We may here notice Descartes and his Laws of Mo-
tion, the publication of which is sometimes spoken of
ag an important event in the history of Mechanics,
This is saying far too much. The Principia of
Descartes did little for physical science. His assertion
of the Laws of Motion, in their most general shape,
was perhaps an improvement in form; but his Third
Law is false in substance. Descartes claimed several
of the discoveries of Galileo and others of his contem-
poraries; but we cannot assent to such claims, when
we find that, as we shall see, he did not wnderstand, or
would not apply, the Laws of Motio®? when he had
them before him. If we were to compare Des
with Galileo, we might say, that of the mechanical
truths which were easily attainable in thé beginning of
the seventeenth century, Galileo took hold of as many,
and Descartes of as few, a3 was well possible for a man
of genius.

[2nd Ed] {The following remgrks of BL Libri
appear to be just. After giving an account of the dgc-
trines put forth on tht.a subject of Astronomy, Mechanics,
and other branches of science, by Leonardo da Vinci,
Fracastoro, Maurolycus, Commandinug, Benedetti, he
adds ; (Hust. .des Sciences® Mathématiques en Italie,
t. iii, p. 131 ;) ¢ This short analysisis sufficient to show
that, at the period at which we are, arrived, Aristotle
no longer reigned unquestioned in the Italian Schools.
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If we had to write the history of philosophy, we
should prove by a multitude of facts that it was the
Ttaliansowho overthrew the ancient idol of philosophers.
Men go on incbssantly repenting that the struggle was
begun by Descartes, and they proclaim him the legis-
lator of modern philosophers. But when we examine
the philosophical writings of Fracastoro, of Benedetti,
,of Cardan, and above all, those of Galileo; when we
see on all sides energetic protests raised against the
{»erxpatetlc doctrines ; we ask, what there 1ema.med for

he inventor of vortices to do, in ~overturning the
natural plillosophy of Aristotle ?, In addition to this,
the memorable labours of the School of Cosenza, of
Telesius, of Giordano Bruno, of Campanella; the
writings of Patricius, who was, besides, a good geome-
ter; of Nizolius, whom Leibnitz esteemed so highly,
and of the other metaphysicians of the same epoch,—
prove that the ancient philosophy had already lost its
empire on that side the Alps, when Descartes threw
himself upon the enemy now put to the rout. The
yoke was cast off in Italy, and all Europe had only to
follow the example, without its being necessary to give
a new impulse to real science.’

In England, we are accustomed to hear Francis
Bacon, rather than Descartes, spoken of as the first
great antagoni’t of the Aristotelian schools; and the
lgrrislator of nfodern philosophy. But it is true, both
of one and the other, that the overthrow of the ancient
system had been effectively begun before their time by
the practical discoverers here mentioned, -and others
who, by experiment and reasoning, established truths
inconsistent with the received Aristotelian doctrines.
Gilbert in England, Kepler in Germahy, as well as
Bgnedetti and Galileo in Italy, gave a powerful
impulse to the cause of real knowledge, before the
influence of Bacon and Descartes had produced any
general effect: , What Bacon really did was this;—
that by ths august image® which he presented of a
future Philosophy, the rival of the Aristotelian, and
far more powerful and extensive, he drew to it the
affections and hopes of all men of comprehensive and
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vigorous minds, as well as of those who'attended to
special trains of discovery. He annoumced a New
Method, not merely a correction of special® current
errours ; he thus canverfed the Indurrection into
a Revolution, and established a new philosophical
Dynasty. Descartes had, in some degree, the same

urpose ; and, in addition to this, he not only proclaimed
himself the author of a New Method, but professed to,
give a complete System of the,results of the Method.
His physical philosophy was put forth as complete ang
demonstrative, and thus involved the vices of the
ancient dogmatism. Telesius and Campanefla had also
grand notions of an entire reform in the method of
philosophizing, as I have noticed in the Philosophy of
the Inductive Sciences, Book xii.]
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CHAPTER fIL.

SeQuEL T0 THE EPocH OF GALILEO.—PERIOD OF
VERIFICATION AND DEDUCTION.

HE evidence on which Galileo rested the truth of
the Luws of Motion which he asserted, was, as we
have seen, the simplicity of the laws themselves, and
the agreement of their consequences with facts; proper
allowances being made for disturbing causes. His
successors took up and continued- the task of making
repeated comparisons of the theory with practice, till
no doubt remained of the exactness of the fundamental
doctrines : they also employed themselves in simplify-
ing, as much as possible, the mode of stating these
doctrines, and in tracing their consequences in various
problems by the aid of mathematical reasoning. These
employments led to the publication of various Treatises
on Falling Bodies, Inclined Planes, Pendulums, Pro-
jectiles, Spouting Fluids, which occupied a great part
of the seventcenth century.

The authors of these treatises may be considered as
the School of (falileo. Several of them were, indeed,
his pupils or personal friends. Castelli was his disciple
and astronomical assistant at Fiorence, and afterwards
his correspondent. Torricelli was at first a pupil of
Castelli, but became the inmate and amanuensis of
Galileo jp 1641, and succeeded him in his situation at
the court of Florence on his death, wiich took place
a few months afterwards. Viviani formed one of his
family during the three last years of his life; and sur-
viving him and his contemporaries, (for Viviani lived
even intq tht ejghteenth century,) has a manifest plea-
sure and pride in calling himself the last of the disciples
of Galileo. Gasseridi, an eminent French mathemati-
cian and professor,, visited him in 1628 ; and it shows
us the extent of his reputation when we find Milton
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referring thus to his travels in Italy:! ‘There it was
that I found and visited the famous Galileo, grown
old, a prisoner in the Inquisition, for thinking4n astro-
nomy otherwise thanethe Franciscan #nd Dominican
licensers thought.’

Besides the above writers, we may mention, as per-
sons who pursued and illustrated Galileo’s doctrines,
Borelli, who was professor at ¥lorence and Pisa;
Mersenne, the correspondent gf Descartes, who was
professor at Paris; Wallis, who was appointed Saviliag
professor at Oxfbrd in 1649, his predecessor being
ejected by the parliamentary commissioners® Itisnot
necessary for us to trace the progress of purely mathe-
matical inventions, which constitute a great part of the
works of these authors ; but a few circumstances may
be mentioned.

The question of the proof of the Second Law of
Motion was, from the first, identified with the contro-
versy respecting the truth of the Copernican System ;
for this law supplied the true answer to the most for-
midable of the objections against the motion of the
earth; namely, that if the earth were moving, bodies
which were dropt from an elevated object would be
left behind Ly the place from which they fell. This
argument was reproduced in various forms by the oppo-
nents of the new doctrine ; and the &nswers to the
argument, though they belong to the history of Astyg-
nomy, and form part of the Sequel to the Epoch of
Copernicus, belong more peculiarly to the history of
Mechanics, and are events in the sequel to the Disco-
veries of Galileo. So faw, indeed, as the mechanical
controversy was concerned, the advocates of thg Second
Law of Motior! appealed, very triumphantly, to experi-
ment. Gassendi made many experiments on this
subject publicly, of which an account is given in his
Epistole tres de Motu Impresso a Motore Translato?
It appeared in these experiments, tha$ Bodigs let fall
downwards, or cast upwards, forwards, or sbackwards,
from a ship, or chariot, or man, whether at rest, or in

Y Specch for the Liberty of Unlicensed Printing.  * Mont. if. 199,
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any degree of motion, had always the same motion
relatively to the motor. In the application of this
principl¢ to the system of the world, indeed, Gassendi
and other philosophers of kis time were greatly ham-
pered; for the deference which religious scruples
required, did not allow them to say that the earth
really moved, but only that the physical reasons against
its motion were inwvalid. This restriction enabled
Riccioli and other writers on the geocentric side to
involve the subject in metaphysical difficulties; but
the conviction of men was not permanently shaken by
these, and the Second Law of Motion was soon assumed
as unquestioned,

The Laws of the Motion of Falling Bodies, as
assigned by Galileo, were confirmed by the reasonings
of Gassendi and Fermat, and the experiments of
Riccioli and Grimaldi ; and the effect of resistance
was pointed out by Marsenne and Dechales. The
parabolic motion of Projectiles ,was more especially
illustrated by experiments on the jet which spouts
from an orifice in a vessel full of fluid. This mode of
experimenting is well adapted to attract notice, since
the curve described, which is transient and invisible
in the case of & single projectile, becomes permanent
and visible when we have a continuous stream. The
doctrine of the motions of fluids has always been
zpalously cultivhted by the Italians, Castelli’s treatise,
Della Misura dell’ Acque Corrente, (1638,) is the first
work on this subject, and Montucla with justice calls
him ‘the creator of a new branch of hydraulics ;3
although he mistakenly suppesed the velocity of efflux
to be ag the depth of the orifice from the surface.
Marsenne and Torricelli also pursued tlis subject, and
after them, many others,

Galileo’s belief in the near approximation of the
eurve described by a cannon-ball or musket-ball to the
thegretical pirabola, was somewhat too obsequiously
adopted by-succeeding praétical writers on artillery.
They underrated, as he had done, the effect of the

3 Mont. ii. 201.
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resistance of the air, which is in fact so great as
entirely to change the form and properties of the curve.
Notwithstanding this, the parabolic t.heory %vas em-
ployed, asin Andersog’s A%t of Gunnery; (1674;) and
Blondel, in his 4 de jeter les Bombes, (1683,) not only
calculated Tables on this supposition, but attempted to
answer the objections which had been made respecting
the form of the curve describede It was not till a,
later period, (1740,) when Robins made a series of
careful and sagacious experiments on artillery, and
when some of th® most eminent mathematicians cal-
culated the curve, taking into account the Tresistance,
that the Theory of Projectiles could be said to be
verified in fact. .

The Third Law of Motion was still in some con-
fusion when Galileo died, as we have seen. The next
great step made in the school of Galileo was the deter-
mination of the Laws of the motions of bodies in their
Direct Impact, so far as this impact affects the motion
of translation. The difficulties of the problem of Per-
cussion arose, in part, from the heterogeneous nature
of Pressure (of a body at rest), and Momentum (of a
body in motion); and, in part, from mixing together
the effects of percussion on the parts of a body, as, for
instance, cutting, bruising, and breaking, with its effect
in moving the whole.

The former difficulty had been seen With some cleag:
ness by Galileo himself. In a posthumoys addition to
his Mechanical Dialogues, he says, ‘there are two
kinds of resistance in a moveable body, one internal,
as when we say it is more difficult to lift a weight of
a thousand pounds than a weight of a hundged ; an-
other respectin} space, as when we say that it requires
more force to throw a stone one hundred paces thgn
fifty.’4 Reasoning ypon this difference, he’ comes to
the conclusion that ¢the Momentum of percussion is
infinite, since there is no resistance, yrdwever great,
which is not overcome by & force of percussion, how-
ever small’> He further explain§ this by observing

4 Op. iii. 210, b jif, 211,
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that the resistance to percussion must occupy some
portion of time, although this portion may be insen-
sible. This correct mode of removing the apparent
incongruity of continuous and ingtantaneous force, was
a material step in the solution of the problem.

The Laws of the mutual Impact of bodies were
erroneously given by Descartes in his Principia ; and
appear to have been first correctly stated by Wren,
Wallis, and Huyghens, who about the same time
{1669) sent papers to the Royal Society of London
on the subject. In these solutions,”we perceive that
men weré gradually coming to apprehend the Third
Law of Motion in its most general sense; namely,
that the Momentum (which is proportional to the
Mass of the body and its Velocity jointly,) may be
taken for the measure of the effect; so that this
Momentum is as much diminished in the striking body
by the resistance it experiences, as it is increased in
the body struck by the Impact. This was sometimes
expressed by saying that ‘the Quantity of Motion
remains unaltered, Quantity of Motion being used as
synonymous with Momentum. Newton expressed it
by saying that ‘Action and Reaction are equal and
opposite,” which is still one of the most familiar modes
of expressing the Third Law of Motion.

In this mode of stating the Law, we see an example
of a propensity which has prevailed very generally
among mathematicians; namely, a disposition to pre-
sent the fundamental laws of rest and of motion as if
they were equally manifest, and, indeed, identical.
The close analogy and connexion which exists between
the pripciples of equilibrium and of motion, often led
men to confound. the evidence of the“two; and this
cenfusion introduced an ambiguity in the use of words,
as we have seen in the case of Momentum, Force, and
others. The same may be said of 4ction and Reaction,
which have"both a statical and a dynamical signifi-
cation. And by this means, the most general state-
ments of the laws of motion are made to coincide with
the most general statical propositions. For instance,
Newton deduced from his principles the conclusion,



SEQUEL TO THE EPOCH OF GALILRO. 47

that by the mutual action of bodies, the motion of
their center of gravity canuot be affected.  Marriotte,
in his T'raité de la Percussion (1684), had assegted this
proposition for the case of direct impaat. But by the
reasoners of Newton’d time, the dynamical proposition,
that the motion of the center of gravity is not altered
by the actual free motion and impact of bodies, was
associated with the statical proposition, that when
bodies are in equilibrium, the center of gravity cannot'
be made to ascend or descend by the virtual motions
of the bodies. Bhis latter is a proposition which wa$
assumed as self-evident by Torricelli; but which may
more philosophically be proved from elementary statical
principles.

This disposition to identify the elementary laws of
equilibrium and of motion, led men to think too
slightingly of the ancient solid and sufficient founda-
tion of Statics, the doctrine of the lever. When the
progress of thought had opened men’s minds to a more
general view of the subject, it was considered as a
blemish in the science to found it on the properties of
one particular machine. Descartes says in his Letters,
that ‘it is ridiculous to prove the pulley by means of
the lever” Amnd Varignon was led by similar reflec-
tions to the project of his Nouvelle Jfécanique, in
which the whole of statics should be $founded on the
composition of forces, This project was published in
1687 ; but the work did not appear till 1725, after tfe
death of the author. Though the attempt to reduce
the equilibrium of all machines to the composition of
forces, is philosophical and meritorious, the attempt to
reduce the composition of Pressures to the composition
of Motions, wath which Varignon’s work is 8ccupied,
was a retrograde step in the subject,’ so far as the pro-
gress of distinct mechanical ideas was concerned. *

Thus, at the period at which we have now arrived,
the Principles of Elementary Mechanics were generally
known and accepted; andsthere was%n the’minds of
mathematicians a prevalent tendeacy to reduce them
to the most simple and comprehensive form of which
they admitted. The execution of°this simplification
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and extension, which we term the generalization of the
laws, is so important an event, that though it forms
part of ¢the natural sequel of Galileo, we shall “treat of
it in & separaté chapter. But we must first bring up
the history of the mechanics of fluids to the cor-
responding point.
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CHAPTER IV.

DiISCOVERY OF THE MECHANICAL PRINCIPLES OF
FLuibs,

Sect. 1.—Rediscovgry of the Laws of Equilibrium of*
Fluids.

TE have already said, that the true laws of the
equilibrium of fluids were discovered by Archi-
medes, and rediscovered by Galileo and Stevinus; the
intermediate time having been occupied by a vagueness
and confusion of thought on physical subjects, which
made it impossible for men to retain such clear views
as Archimedes had disclosed. Stevinus must be con-
sidered as the earliest of the authors of this redis-
covery ; for his work (Principles of Statik and Hydro-
statik) was published in Dutch about 1585; and in
this, his views are perfectly distinct and correct. He
restates the doctrines of Archimedes, and shows that,
as a consequence of them, it follows that the pressure
of a fluid on the bottom of a vessel May be much
greater than the weight of the fluid ftself: this he
proves, by imagining some of the upper pogtions of the
vessel to be filled with fixed solid bodies, which take
the place of the fluid, and yet do not alter the pressure
on the base. He also shows what will be the pres-
sure on any portion of a base in an oblique pagition ;
and hence, by ®ertain mathematica} artifices which
make an approach to the Infinitesimal Calculus, he
finds the whole pressure on the base in such cases. This
mode of treating the subject would take in a large por-
tion of our elementary Hydrostatics as theScience now
stands. Galileo saw the prbperties of fluids no less
clearly, and explained them very disfintly, in 1612, in
his Duscourseton Floating Bodies. Ithad been main-
tained by the Aristotelians, that form was the cause of
VOL. 11, E .
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bodies floating ; and collaterally, that ice was condensed
water; apparently from a confusion of thought between
rigidify and gensity. Galileo asserted, on the contrary,
that ice is rarefied waterp as gppears by its floating;
and in support of this, he proved, by various expen‘
ments, that the floating of bodies does not depend on
their form. The happy genius of Galileo is the more
remarkable in this*case, as the controversy was a good
deal perplexed by the mixture of phenomena of an-
“other kind, due to what is usually called copillary or
molecular attraction. Thus it is a*fact, that a ball of
ebony sinks in water, while a flat slip of the same
material lies on the surface ; and it required consider-
able sagacity to separate such cases from the general
rule. Galileo’s opinions were attacked by various
writers, as Nozzolini, Vincenzio di Grazia, Ludovico
delle Colombe ; and defended by his pupil Castelli, who
published a reply in 1615. These opinions were gene-
rally adopted and diffused ; but somewhat later, Pascal
pursued the subject more systematically, and wrote his
Treatise of the Equilidbrium of Fluids in 1653 ; in
which he shows that a fluid, enclosed in a vessel,
necessarily presses equally in all directions, by imagin-
ing two pistons, or sliding plugs, applied at different
parts, the 'syrfa,ce of one being centuple that of the
other: it is clear, as he observes, that the force of one
.man acting at the first piston, will balance the force of
one hundrgd men acting at the other. ¢And thus
says he, ¢ it appears that a vessel full of water is a new
Principle of Mechanics, and a new Machine which will
multiply force to any degwee we choose.” Pascal also
referrgd the equilibrium of fluids to the ¢principle of
virtual velocitigs, which regulates tAe equilibrium of
other machines. This, indeed, Galileo had done before
him. Tt followed from this doctrme, that the pressure
which is exercised by the lower parts of a fluid arises
from the Weight of the upper parts.

In all*this there was fdothing which was not easily
assented to: but®the extension of these doctrines to
the air required,an additional effort of mechanical con-
ception. The pressure of the air on all sides of us,
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and its weight above us, were two truths which, had
never yet been apprehended with any kimd of clear?
ness. Seneca, indeed,! talks of the ‘gravity* of the
air, and of its poweg of diffusing itself when con-
densed, as the causes of wind: but we can hardly
consider such propriety of phraseology in him as more
than a chance; for we see the value of his philosophy
by what he 1mmed1ately adds: ‘Do you think that we
have forces by which we move oprselves, and ¢hat the
air is left without any power of moving? when even.
water has a motidh of its own, as we see in t]%e growth
of plants.” We can hardly attach much value to such
a recognition of the gravity and elasticity of the air.
Yet the effects of these causgs were so numerous
and obvious, that the Aristotelians had been obliged
to invent a principle to account for them; namely,
‘Naturc’s Horrour of a Vacuum.” To this principle
were referred many familiar phenomena, as suction,
breathing, the action of a pair of bellows, its drawing
water if immersed in water, its refusing to open when
the vent is stopped up. The action of a cupping
instrument, in which the air is rarefied by fire ; the fact
that water is supported when a full inverted bottle is
placed in a basin; or when a full tube, open below and
closed above, is similarly placed; the rutning out of
the water, in this instance, when the top is opened;
the action of a siphon, of a syringe, of'a pump; tham
adhesion of two polished plates, and otheg facts, were
all explained by the fuge vacui. Indeed, we must
contend that the principle was a very good one, inas-
much as it brought together all these facts, which are
really of the same kina, and referred them to a common
cause. But when urged as an ultigate principle, it
was not only unphilosophical, but imperfect and wrong
It was unphilosophical, because it introduced the notion
of an emotion, Horrour, as an account of physical
facts; it was imperfect, because it wag £t best only
a law of phenomena, not pointing out any physical
cause; and it was wrong, because it‘gave an unlimited
.

—

1 Quast Nat.v.S5.
E 2
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extent to the effect. Accordingly, it led to mistakes.
Thus Mersenne, in 1644, speaks of a siphon which
shall go over A mountain, being ignorant then that the
effect of such an instrumbnt vas limited to a height
of thirty-four feet. A few years later, however, he
had detected this mistake; and in his third volume,
published in 1647, he puts his siphon in his emendanda,
and speaks correctly of the weight of air as supporting
the mereury in the tube of Torricelli. It was, indeed,
by finding this horrour of a vacuum tohave a limit at
the height of thirty-four feet, that the true principle
was suggested. It was discovered that when attempts
were made to raisc water higher than this, Nature
tolerated a vacuum above the water which rose. In
1643, Torricelli tried to produce this vacuum at a
smaller height, by using, instead of water, the heavier
fluid, quicksilver; an attempt which shows that the
true explanation, the balance of the weight of the
water by another pressure, had already suggested itself.
Indeed, this appears from other evidence. Galileo had
already taught that the air has weight; and Baliani,
writing to him in 1630, says,? ¢ If we were in a vacuum,
the weight of the air above our heads would be felt.’
Descartes also appears to have some share in this dis-
covery; for, jn a letter of the date of 1631, lie explains
the suspensign of mercury in a tube, closed at top,
by the pressure of the column of air reaching to the
clouds.

Still men’s minds wanted confirmation in this view :
and they found such confirmation, when, in 1647,
Pascal showed practically, that if we alter the length
of the superincumbent column of air by going to a
high place, we alter the weight whicR it will support.
“This celebrated experiment was made by Pascal him-
self on a church-steeple in Parjg, the column of mer-
cury in thg Torricellian tube being used to compare
the weights of the air; but he wrote to his brother-
in-law, who lived near the high mountain of Puy de
Déme in Auvergne, to request him to make the experi-

2 Drinkwater's Galileo, p. 90.



MECHANICAL PRINCIPLES OF FLUID. 53

ment there, where the result would be more dgcisive.
“You sec, he says, ‘ that if it happens that,the height
of the mercury at the top of the hill be less ¢han at
the bottom, (which I {avc. many reaschs to believe,
though all those who have thought about it are of a
different opinion,) it will follow that the weight and
pressure of the air are the sole cause of this suspension,
and not the horrour of a vacuum : esince it is very cer-
tain that there is more air to weigh on it at the bottom
than at the top; while we cannot say that nature
abliors a vacuum 4t the foot of a mountain more than’
on its summit’—M. Perrier, Pascal’s corrdépondent,
made the observation as he had desired, and found a
difference of three inches of mercury, ¢ which,’ he says,
¢ravished us with admiration and astonishment.’

‘When the least obvious case of the operation of the
pressure and weight of fluids had thus been made out,
there were no further difficulties in the progress of the
theory of Hydrostatics. When mathematicians began
to consider more general cases than those of the action
of gravity, there arose differences in the way of stating
the appropriate principles : but none of these differences
imply any different conception of the fundamental
nature of fluid equilibrium.

Sect. 2.—Discovery of the Laws of Jl[ot?on of Fluids.

THE art of conducting water in pipes, and of direct™
ing its motion for various purposes, is very®old. When

treated systematically, it has been termed Hydraulics:

but Hydrodynamics is the general name of the science

of the laws of the motious of fluids, under those or

other circumstamces. The Art is as old as tie com-

mencement of civilization: the Stience does not

ascend higher than the time of Newton, though

attempts on such subJects were made by Galileo and

his scholars. .

When a fluid spouts from an orifie in a vessel,
Castelli saw that the velocity of effux depends on the
depth of the orifice below the surface: but he erro-
neously judged the velocity to be exactly proportional
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to theedepth. Torricelli found that the fluid, under
the inevitable causes of defect which occur in the
experimuent, would spout nearly to the height of the
surface: he therefore inferted, that the full velocity is
that which a body would acquire in falling through the
depth ; and that it is consequently proportional to the
square root of the depth.—This, however, he stated
only as a result of ¢xperience, or law of phenomena, at
the end of his treatise, De Motu Naturaliter Accelerato,
printed in 1643.

Newton treated the subject theoretically in the
Principia (1687) ; but we must allow, as Lagrange says,
that this is the least satisfactory passage of that great
work. Newton, having made his experiments in
another manner than Torricelli, namely, by measuring
the quantity of the efflux instead of its velocity, found
n result inconsistent with that of Torricelli. The
velocity inferred from the quantity discharged, was
only that due to half the depth of the fluid.

In the first edition of the Principia’ Newton gave
a train of reasoning by which he theoretically demon-
strated his own result, going upon the principle, that
the momentum of the issuing fluid is equal to the
momentum which the column vertically over the orifice
would generate by its gravity. But Torricelli’s experi-
ments, which had given the velocity due to the whole
depth, were confirmed on repetition: how was this
discrepancy fo be explained?

Newton explained the discrepancy by observing the
contraction whieh the jet, or vein of water, undergoes,
just after it leaves the orifice, and which he called the
vena centracta. At the orifice, the velocity is that due
to half the height; at the vena contracta it is that due
to the whole height. The former velocity regulates
the quantity of the discharge; the latter, the path of
the jet.

+Thiseexplanation was an important step in the sub-
ject: but it made Newton’s original proof appear very
lefective, to say the least. In the second edition of

3 B. ii. Prop. xxxvii.
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the Principia (1714), Newton attacked the problem in
a manner altogether different from his former investi-
gation. He there assumed, that when a rdund, vessel,
containing fluid, has a hole jn its bottons, the descend-
ing fluid may be conceiled to be a conoidal mass, which
has its base at the surface of the fluid, and its nar-
row end at the orifice, This portion of the fluid he
calls the cataract; and supposes that while this part
desconds, the surrounding parts remain immovable, as
if they were frozen; in this wly he finds a result
agreeing with Towicelli's experiments on the velocity*
of the efflux. ¢

We must allow that the assumptions by which this
result is obtained are somewhat arbitrary; and those
which Newton introduces in attempting to connect
the problem of issuing fluids with that of the resistance
to a body moving in a fluid, are no less so. But even
up to the present time, mathematicians have not been
able to reduce problems concerning the motions of
fluids to mathematical principles and calculations,
without introducing some steps of this arbitrary kind.
And one of the uses of experiments on this subject is,
to suggest those hypotheses which may enable us, in
the manner most consonant with the true state of
things, to reduce the motions of fluids to those general
laws of mechanics, to which we knowethey must be
subject. . .

Hence the science of the Motion of Fluids, unlike
all the other primary departments of Mechanics, is a
subject on which we still need experiments, to point
out the fundamental principles. M?my such experi-
ments have been made, with a view either to compare
the results of deduction and observation, or, when this
comparison failed, to obtain purely empirical rules.
In this way the resistance of fluids, and the motion 8f
water in pipes, cunads, and rivers, has been treated.
Italy has possessed, from early times, a large body of
such writers. The earliereworks of fhis kiid have
been collected in sixteen quarto volumes. Lecchi and
Michelotti about 1465, Bidone moré recently, have
pursued these inquiries. Bossut, Buat, Hachette, in
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France, have laboured at the same task, as have
Coulomb and Prony, Girard and Poncelet. Eytelwein’s
German treéatise (Hydraulik), contains an account of
what others £nd himself have done. Many of these
trains of experiments, both in France and Italy, were
made at the expense of governments, and on a very
magnificent scale, In England less was done in this
way during the last century, than in most other coun-
tries. The Philosophical Transactions, for instance,
scarcely contain a single paper on this subject founded
bn experimental investigations.t Di. Thomas Young,
who was 1t the head of his countrymen in so many
branches of science, was one of the first to call back
attention to this: and Mr. Rennie and others have
recently made valuable experiments. In many of the
questions now spoken of, the accordance which engi-
neers are able to obtain, between their calculated and
observed results, is very great: but these calculations
are performed by means of empirical formula, which
do not connect the facts with their causes, and still
leave a wide space to be traversed, in order to complete
the science.

In the mean time, all the other portions of Me-
chanics were reduced to general laws, and analytical
processes; and means were found of including Hydro-
dynamics, notzithstanding the difficulties which attend
its special problems, in this common improvement of

“form. This progress we must relate.

[2nd Ed.]" [The Hydrodynamical problems referred
to above are, the laws of a fluid issuing from a ves-
sel, the laws of ihe motion of water in pipes, canals,
and rivers, and the laws of the resistance of fluids, To
these niay be added, as an hydrodynrmical problem
important in thedry, in experiment, and in the com-
phrison of the two, the laws of waves. Newton gave,
in the Principia, an explanation of the waves of water
(Lib. ii. Pron. 44), which appears to proceed upon an
erfoneotlis, view of the nature of the motion of the
fluid: but in his rolution of the problem of sound,

4 Rennie, Report to Brit. Assoc.
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appeared, for the first time, a correct view of the pro-
pagation of an undulation in a fluid. Thg history of
this subject, as bearing upon the theory of seund, is
given in Book viii.: bpt I aay here refhark, that the
laws of the motion of waves have been pursued experi-
mentally by various persons, as Bremontier (ZRecherches
sur le Mowvement des Ondes, 1809), Emy (Du Mouve-
ment des Ondes, 1831), the Weberse( Wellenlelre, 1825) ;
and by Mr. Scott Russell (Reports of the British Asso-
ciation, 1844). The analytical tlleory has been carried
on by Poisson, Catichy, and, among ourselves, by Prof’
Kelland (Kdin. Trans.), and Mr. Airy (in #he article
Tides, in the FEncyclopedia Metropolitana). And
though theory and experiment have not yet been
brought into complete accordance, great progress has
been made in that work, and the remaining chasm
between the two is manifestly due only to the incom-
pleteness of both.]

Perhaps the most remarkable case of fluid motion
recently discussed, is one which Mr. Scott Russell has
presented experimentally ; and which, though novel, is
easily seen to follow from known principles ; namely,
the G'reat Solitary Wave., A wave may be produced,
which shall move along a canal unaccompanied by any
other wave : and the simplicity of this case makes the
mathematical conditions and consequences more simple *
than they are in most other problems of Hydrody-
namics.
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CHAPTER V.

¢ ¢
GENERALIZATION OF THE PRINCIPLES oF MECHANICS.

Sect. 1.—~Generalization of the Second Law of Motion.—
Central Forces.

fI‘HE Second Law of Motion being proved for Con-
stant Worces which act in parallel lines, and the
Third Law for the Dircet Action of bodies, it still
required great mathematical talent, and some inductive
power, to see clearly the laws which govern the motion
of any number of bodies, acted upon by each other,
and by any forces, anyhow varying in magnitude and
direction. This was the task of the generalization of
the laws of motion.

Galileo had convinced himself that the velocity of
projection, and that which gravity alone would pro-
duce, are ‘both maintained, without being altered,
perturbed, or impeded in their mixture’ 1t is to be
observed, however, that the truth of this result depends
upon a partieular circumstance, namely, that gravity,
at all points, ’acts in lines, which, as to sense, are
Jarallel. Whén we have to consider cases in which
“this is not true, as when the force tends to the center
of a circle, tne law of composition cannot be applied
in the same way; and, in this case, mathematicians
were met by some peculiar difficulties.

One of these difficulties arises from the apparent
inconsistency of the statical and dynawnical measures
of force. 'When a body moves in a circle, the force
which urges the body to the center is only a tendency
to motion; for the body does nof, in fact, approach to
the centcr ; tnd this mere tendency to motion is com-
bined with an actual motisn, which takes place in the
circumference. 'We appear to have to compare two
things which are heterogeneous. Descartes had noticed
this difficulty, but without giving any satisfactory
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solution of it.! If we combine the actual motion to
or from the center with the transverse mwtion about
the center, we obtain a result which is false ort mecha-
nical principles. Galdleo éndeavoured in this way to
find the curve described by a body which falls towards
the eartl’s center, and is, at the same time, carried
round by the motion of the earth; and obtained an
erroneous result. Kepler and Férmat attempted the
same problem, and obtained solutions different from
that of Galileo, but not more correct. .
Even Newton, at an early period of his speculations,
had an erroneous opinion respecting this curve, which
he imagined to be a kind of spiral. Hooke animad-
verted upon this opinion when jt was laid before the
Royal Society of London in 1649, and stated, more
truly, that, supposing no resistance, it would be ‘an
eccentric ellipsoid,” that is, a figure resembling an
ellipse. But though he had made out the approximate
form of the curve, in some unexplained way, we have
no reason to believe that he possessed any means of
determining the mathematical properties of the curve
described in such a case. The perpetual composition
of a central force with the previous motion of the body,
could not be successfully treated without the considera-
tion of the Doctrine of Limits, or something equivalent
to that doctrine. The first example ‘Which we have
of the right solution of such a problem occurs, so faz-
as I know, in the Theorems of Huyghens concern-
ing Circular Motion, which were published, without
demonstration, at the end of his Horologium Oscilla-
torium, in 1673. It was there asserted that when
equal bodies describe circles, if the times age equal,
the centrifugaf forces will be as thg diameters of the
circles; if the velocities are equal, the forces will Jbe
reciprocally as the djameters, and so on. * In order to
arrive at these propositions, Huyglhens must, virtually
at least, have applied the Second Lagv®f Motion to
the limiting elements of the curve, according to the
way in which Newton, a few yéars later, gave the

v Princip. P. iii. 59.
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demonstration of the theorems of Huyghens in the
Principia.

The growing persuasion that the motions of the
heavenly bodies about the sun ngight be explained by
the action of central forces, gave a peculiar interest to
these mechanical speculations, at the period now under
review. Indeed, it is not easy to state separately, as
our present object requires us to do, the progress of
Mechanics, and the progress of Aqtlouomv Yet the
distinction which we have to make is, in its nature,.
sufficiently marked. It is, in fact, *no less marked
than the @istinction between speaking logically and
speaking truly. The framers of the science of motion
were employed in establishing those notions, names,
and rules, in conformity to which @/ mechanical truth
must be expressed ; but what was the truth with regard
to the mechanism of the universe remained to be
determined by other means. Physical Astronomy, at
the period of which we speak, cclipsed and overlaid
theoretical Mechanics, as, a little previously, Dyna-
mics had eclipsed and superseded Statics.

The laws of variable force and of curvilinear motion
were not much pursued, till the invention of Fluxions
and of the Differential Calculus again turned men’s
minds to these subjects, as easy and interesting exer-
cises of the powers of these new methods. Newton’s
_Principia, of which the first two Books are purely
dynamical, is the great exception to this assertion;
inasmuch as 1t contains correct solutions of a great
variety of the most general problems of the science;
and, indeed, is, even yet, one of the most complete
treatises which we possess upon the subject.

‘We have seen that Kepler, in his attefipts to explain
the curvilinear motions of the planets by means of a
central force, failed, in consequence of his belief that a
continued transverse action of the central body was
requisite.to keen up a continual motion. Galileo had
founded his theory of projettiles on the principle that
such an action was hot necessary; yet Borelli, a pupil
of Galileo, when, in 1666, he published his theory of
the Medicean Stars (the satellites of Jupiter), did not
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keep quite clear of the same errours which had vitiated
Kepler's reasonings. In the same way,&hough Des-
cartes is sometimes spoken of as the firgt prothulgator
of the First Law of Yotion, yet his theory of Vortices
must have been mainly suggested by a want of an
entire confidence in that law. When he represented
the planets and satellites as owing their motions to
oceans of fluid diffused through*the celestial spaces,
and constantly whirling round ghe central bodies, he
must bave felt afraid of trusting the planets to the
bperation of the Yaws of motion in free space. Sounder
physical philosophers, however, began to plreeive the
real naturc of the question. As early as 1666, we
read, in the Journals of the Royal Society, that ¢ there
was read a paper of Mr. Hooke’s, explicating the
inflexion of a direct motion into a curve by a super-
vening attractive principle;’ and before the publica-
tion of the Lrincipia in 1687, Huyghens, as we have
seen, in Holland, and, in our own country, Wren,
Halley, and Hooke, had made some progress in the
true wmechanics of circular motion,? and had distinctly
contemplated the problem of the motion of a body in
an ellipse by a central force, though ‘they could not
solve it.  Halley went to Cambridge in 1684, for the
express purpose of consulting Newton upen the subject.
of the production of the elliptical motion of the planets
by means of a central force, and, on the‘roth of Decem..
ber,* announced to the Royal Society that he had seen
Mr. Newtou’s book, De Motw Corporum. The feeling
that mathematicians were on the brink of discoveries
such as are contained in this work was so strong, that
Dr. Halley was requested to remind Mr. Ngwton of
his prothise of entering them in the Register of the
Society, *for securing the invention to himself till sugh
time as he can be at leisure to publish it.”* The manu-
seript, with the title Philosophie Naturalis Principia
Mathematica, was presented to the socipty (to which it
was dedicated) on the 28th*of April, 1686.* Dr. Vin-

2 Newt. Princip. Schol. to Prop. iv. .
3 8ir D, Brewster's Life of Newton, p. 154. 4 Id. p. 184,
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cent, who presented it, spoke of the novelty and dignity
of the subiect; and the president (Sir J. Hoskins)
added, with great truth, ¢ that the method was so much
the more to be prized aseit was both invented and
perfected at the same time,’

The reader will recollect that we are here speaking
of the Principia as a Mechanical Treatise only; we
shall afterwards have to consider it as containing the
greatest discoveries of Physical Astronomy. As a
work on Dynamics, its merit is, that it exhibits a
wonderful store of refined and beaut:ful mathematical
artifices, applied to solve all the most general problems
which the subject offered. The Principia can hardly
be said to contain any new inductive discovery respect-
ing the principles of mechanics; for though Newton’s
Aaxioms or Laws of Motion, which stand at the begin-
ning of the book, are a much clearer and more general
statement of the grounds of Mechanics than had yet
appeared, they do not involve any doctrines which had
not been previously stated or taken for granted by
other mathematicians.

The work, however, besides its unrivalled mathema-~
tical skill, employed in tracing out, deductively, the
consequences of the laws of motion, and its great cos-
mical discoveries, which we shall hereafter treat of,
had great phiiosophical value in the history of Dyna-

, mics, as exhibiting a clear conception of the new cha-
racter and functious of that science. 1In his Preface,
Newton says, ¢ Rational Mechanics must be the science
of the Motions which result from any Forces, and of the
Forces which are required for any Motions, accurately
propounded and demonstrated. For many things
induce me to suspect, that all natural phenomena may
depend upon some Forces by which the particles of
bodies are either drawn towards each other, and cohere,
or repel and recede from each othier: and these Forces
being hitherto unknown, philosophers have pursued
their researches in vain. #And I hope that the princi-
ples expounded in this work will afford some light,
either to this mode of philosophizing, or to some mode
which is more true.’
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Before we pursue this subject further, we must
trace the remainder of the history of the Third Law.

Sect, 2.—Generalizati®n of the Third Law of Motion.—
Center of Oscillation.—Huyghens.

Tae Third Law of Motion, whether expressed accord-
ing to Newton’s formula, (by the equality of Action
and Reaction,) or in any other of the ways employed
about the same time, easily gave the solution of
mechanical problems in all cases of direct acion; that
is, when each body acted directly on others. But
there still remained the problems in which the action
is ndirect ;—when bodies, in .motion, act on each
other by the intervention of levers, or in any other
way. If a rigid rod, passing through two weights, be
made to swing about its upper point, so as to form a
pendulum, each weight will act and react on the other
by means of the rod, considered as a lever turning
about the point of suspension. What, in this case,
will be the effect of this action and reaction? Inwhat
time will the pendulum oscillate by the force of gravity ?
‘Where is the point at which a single weight must be
placed to oscillate in the same time? in other words,
where is the Center of Oscillation ? * .
Such was the problem,—an exampfe only of the
general problem of indirect action,—which mathema .
ticians had to solve. That it was by np means easy
to see in what manner the law of the communication
of motion was to be extended from simpler cases to
those where rotatory motion was produced, is shown
by this;—that Newton, in attempting to salve the
mechanical problem of the Precessioneof the Equinoxes,
fell into a serious errour on this very subject. e
assumed that, when g part has to communiéate rotatory
movement to the whole, (as the protuberant portion of
the terrestrial spheroid, attracted bye the sun and
moon, communicates a small movement to the whole
mass of the earth,) the quantity of the motion, ¢ motus,’
will not be altered by being communicated. This
principle is true, if, by motion, we understand what is
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called moment of inertia, a quantity in which both the
velocity of‘each particle and its distance from the axis
of rotation a-e taken into account: but Newton, in
his calculations of its amolint, Considered the velocity
only; thus making motion, in this case, identical with
the momentum which he introduces in treating of the
simpler case of the third law of motion, when the
action is direct. This errour was retained even in the
later editions of the Principia.’
¢ The question of the center of oggillation had been
proposed_ by Mersenue somewhat earlier, in 1646.
And though the problem was out of the reach of any
principles at that time known and understood, some
of the mathematicians of the day had rightly solved
some cases of it, by proceeding as if the question had
been to find the Center of Percussion. The Center of
Percussion is the point about which the momenta of
all the parts of a body balance each other, when it is
in motion about any axis, and is stopped by striking
against an obstacle placed at that center. Roberval
found this point in some easy cases; Descartes also
attempted the problem; their rival labours led to an
angry controversy: and Descartes was, as in his phy-
sical speculations he often was, very presumptuous,
though not pore than half right.
Huyghens was hardly advanced beyond hboyhood
- when Mersenne first proposed this problem; and, as
he says,” covld see no principle which even offered an
opening to the solution, and had thus been repelled at
the threshold. When, however, he published his
Horologium Oscillatorium in 1673, the fourth part of
that work was on the Center of Oscillation or Agita-
tion; and the pxnciple which he then #ssumed, though
.ot so simple and self-evident as those to which such
problems were afterwards referred, was perfectly cor-
rect and general, and led to exact solutions in all
cases. * The rcader has already seen repeatedly in the
course of this history, complex and derivative prin-

§ B. iii. Lemma iii. to Prop. xxxix. ¢ Mont. ii. 423.
7 Hor. Osc. Pref,
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ciples presenting themselves to men’s minds before
simple and elementary ones. The ¢ hypothesis’ assumed
by Huyghens was this; ¢ that if any wgights fre put
in motion by the forcg of gravity, they can not move
so that the center of gravity of them all shall rise
higher than the place from which it descended.’ This
being assumed, it is easy to show that the center of
gravity will, under all circumstances, rise as high as its
original position; and this consideration leads to a
determination of the oscillation of a compound pen-
dulum. We mdy observe, in the princi})le thus
selected, a conviction that, in all mechanical action,
the center of gravity may be taken as the representa-
tive of the whole system. -This gonviction, as we have
seen, may be traced in the axioms of Archimedes and
Stevinus; and Huyghens, when he proceeds upon it,
undertakes to show, that he assumes only this, that a
heavy body cannot, of itself, move upwards.

Clear as Huyghens’s principle appeared to himself,
it was, after some time, attacked by the Abbé Catelan,
a zealous Cartesian. Catelan also put forth principles
which he conceived were evident, and deduced from
them conclusions contradictory to those of Huyghens.
His principles, now that we know them to be false,
appear to us very gratuitous. They are these; ‘that .
in & compound pendulum, the sum of tHe velocities of
the component weights is equal to the sum of the
. velocities which they would have acquired if they had
been detached pendulums; and that the time of the
vibration of a compound pendulum is an arithmetic
mean between the times of the vibrations of the
weights, moving as detached pendulums’ Hugghens
easily showed tMat these suppositionsgwould make the
center of gravity ascend to a greater height than tha$
from which it fell; and after some time, James Ber-
noulli stept into the arena, and ranged himself on the
side of Huyghens. As the discussion tju% proceeded,
1t began to be seen that th® question really was, in
what manner the Third Law of Motion was to be

8 Hor. Osc. p 121.
VOL. 11 ¥
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extended to cases of indirect action; whether by dis-
tributing the action and re-action according to statical
principles, or {n some other way. I propose it to the
consideration of mathemdticiams,” says Bernoulli in
1686, ‘ what law of the communication of velocity is
observed by bodies in motion, which are sustained at
one extremity by a fixed fulerum, and at the other by
a body also moving, but more slowly. Is the excess
of velocity which must be communicated from the one
ody to the other to be distributed in the same pro-
portion ifl which a load supported on the lever would
be distributed?” He adds, that if this question be
answered in the affirmative, Huyghens will be found
to be in errour; but this is a mistake. The principle,
that the action and re-action of bodies thus moving are
to be distributed according to the rules of the lever, is
true; but Bernoulli mistook, in estimating this action
and re-action by the velocity acquired at any moment ;
instead of taking, as he should have done, the tncrement
of velocity which gravity tended to impress in the next
instant. This was shown by the Marquis de 'Hépital ;
who adds, with justice, ‘I conceive that I have thus
fully answered the call of Bernoulli, when he says, I
propose it to the consideration of mathematicians, &e.’
‘We may, Yrom this time, consider as known, but not
as fully estabtished, the principle that ¢ When bodies
»in motion affect each other, the action and re-action
are distribyted according to the laws of Statics;
although there were still found occasional difficulties
in the generalization and application of the rule.
James Bernoulli, in 1703, gave ‘a General Demonstra-
tion of the Center of Oscillation, drawn from the
nature of the Leger.” In this demonsttation? he takes
a a fundamental principle, that bodies in motion, con-
nected by levers, balance, when the products of their
momenta and the lengths of the levers are equal in
opposite dirécsions. For the proof of this proposition,
he refers to Marriotte, who had asserted it of weights
acting by percussion,)® and in order to prove it, had

9 Op. ii. 930. 10 Choq des Corps, p. 396.
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balanced the effect of a weight on a lever by the effect
of a jet of water, and had confirmed it by bther expe-
riments.)! Moreover, says Bernoulli, there is no one
who denies it. Still,#this°kind of proof was hardly
satisfactory or elementary enough. John Bernoulli
took up the subject after the death of his brother
James, which happened in 1705. The former pub-
lished in 1714 his Meditatio de Naturd Centri Oscilla-
tionis. In this memoir, he assumes, as his brother had
doune, that the effegts of forces on a lever in motion are®
distributed accorj,ing to the common ruleg of the
lever.)? The principal gencralization which he intro-
duced was, that he considered gravity as a force solicit-
ing to motion, which might have different intensities
in different bodics. At the same time, Brook Taylor
in England solved the problemn, upon the same princi-
ples as Bernoulli; and the question of priority on this
subject was one point in the angry intercourse which,
about this time, becane common between the English
mathematicians and thosc of the Continent. Hermann
also, in his Phoronomia, published in 1716, gave a
proof which, as he informs us, he had devised before
he saw John Bernoulli’s. This proof is founded on
the statical equivalence of the ‘solicitations of gravity’
and the ‘wvicarious solicitations’ which gorrespond to
the actual motion of cach part; or, ag it has been
expressed by more modern writers, the equilibrium of
the impressed and effective forces. .

It was shown by John Bernoulli and Hermann, and
was indeed easily proved, that the proposition assumed
by Huyghens as the foundation of his solution, was, in
fact, a consequence of the clementary principlesewhich
belong to this brfnch of mechanics. Lué this assumption
of Huyghens was an example of a more general propo®
sition, which by some,mathematicians at this time had
been put forward as an original and elementary law;
and as a principle which ougljt to superssae the usual
measure of the forces of bodies in mgtion ; this prinei-
ple they called ¢the Conservation of Vis Viva.' The

U Ib. Prop. xi. 121 172,
F 2
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attempt to make this change was the commencement
of one pf the most obstinate and curious of the contro-
versies which. form part of the history of mechanical
science. The celebrated L&ibnilz was the author of the
new opinion. In 1686, he published, in the Leipsic
Acts, ‘A short Demonstration of a memorable Errour
of Descartes and others, concerning the natural law by
which they think that God always preserves the same
quantity of motion ;+in which they pervert mechanics.’
‘The principle that the same quantity of motion, and
therefore, of moving force, is always preserved in the
world, follows from the equality of action and re-ac-
tion; though Descartes had, after his fashion, given a
theological reason for it; Leibnitz allowed that the
quantity of moving force remains always the same,
but denied that this foree is measured by the quantity
of motion or momentum. He maintained that the
same force is requisite to raise a weight of one pound
through four feet, and a weight of four pounds through
one foot, though the momenta in this case are as one
to two. This was answered by the AbLé de Conti;
who truly observed, that allowing the effects in the two
cases to be equal, this did not prove the forces to be
equal; since the effect, in the first case, was produced
in a double time, and therefore it was quite consistent
to suppose the force only half as great. Leibnitz,
however, persisted in his innovation ; and in 1695 laid
down the distinction betwcen wvires mortue, or pres-
sures, and wires vivee, the name he gave to his own
measure of force. He kept up a correspondence with
John Bernoulli, whom he converted to his peculiar
opinigas on this subject; or rather, as Bernoulli says,!?
made him think for himself, which ended in his proving
‘directly that which Leibnitz had defended by indirect
reasons. Among other arguments, he had pretended
to show (what is certainly not true), that if the com-
thon ‘measure of forces be adhered to, a perpetual
motion would be possible. It is easy to collect many
cases which adnit of being very simply and conve-

13 Op. fii. 40.
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niently reasoned upon by means of the vis viva, that
is, by taking the force to be proportional tosthe square
of the velocity, and not to the velocity dtself. = Thus,
in orders to give the ar®ow Avice the velocity, the bow
must be four times as strong; and in all cases in which
no account is taken of the time of producing the effect,
we may conveniently use similar methods.

But it was not till a later period that the question
excited any general notice. The € cademy of Sciences
of Paris in 1724 proposed as a subject for their prizes
dissertation the laws of the impact of bodigs. Ber-
noulli, as a competitor, wrote a treatise, upon Leib-
nitzian principles, which, though not honoured with
the prize, was printed by the Academy with commen-
dation.’* The opinions which he here defended and
illustrated were adopted by several mathematicians;
the controversy extended from the mathematical to
the literary world, at that time more attentive than
usual to mathematical disputes, in consequence of the
great struggle then going on between the Cartesian and
the Newtonian system. It was, however, obvious, that
by this time the interest of the question, so far as the
progress of Dynamics was concerned, was at an end ; for
the combatants all agreed as to the results in each parti-
cular case. The Laws of Motion were noy‘established ;
and the question was, by means of what definitions and
ahstractions could they be best expressed ;—a metaphy-
sical, not a physical discussion, and therefore one in
which ‘the paper philosophers,’ as Galileo called them,
could bear a part. In the first volume of the Z'rans-
actions of the Academy of St. Petersburgh, published in
1728, there are three Leibnitzian memoirs by Her-
mann, Bullfinge?, and Wolff. In England, Clarke was
an angry assailant of the German opipion, whicl
S'Gravesande maintaiped. In France, Mairan attacked
the vis viva in 1728; ‘ with strong and victorious rea-
sons,’ as the Marquise du Chatelet declared] in the first
edition of her Zreatise on Fire.'s But shortly after

¥ Discours sur les Loix de la Communicatioh du M 17
15 Mont. iii. 640.
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this praise was published, the Chateau de Cirey, where
the Marquise usually lived, became a school of Leib-
nitzian opinigns, and the resort of the principal parti-
sans of the vis viva. ‘Soen, abserves Mairay, ¢ their
language was changed; the vis viva was enthroned by
the side of the monads.” The Marquise tried to retract
or explain away her praises; she urged arguments on
the other side. Siill the question was not decided;
even her friend Voltaire was not converted. In 1741
he read a memoir On the Measure and Nature of
Moving Forces, in which he maintained the old opinion.
Finally, ‘D’Alembert in 1743 declared it to be, as it
truly was, a mere question of words; and by the turn
which Dynamics then took, it ceased to be of any pos-
sible interest or importance to mathematicians.

The representation of the laws of motion and of the
reasonings depending on them, in the most gemeral
form, Ly means of analytical language, cannot be said
to have been fully achicved till the time of D’Alem-
bert; but as we have already seen, the discovery of
these laws had taken place somewhat earlier; and that
law which is more particularly expressed in D’Alem-
bert’s Principle (the equality of the action gained and
lost) was, it has been seen, rather led to by the general
current of the reasoning of mathematicians about the
end of the seventeenth century than discovered by
any one. Huyghens, Marriotte, the two Bernoullis,
L’'Hopital, Taylor, and Hermann, have each of them
their name in the history of this advance; but we can-
not ascribe to any of them any great real inductive
sagacity shown in what they thus contributed, except
to Huyghens, who first seized the principle in such a
form as to find the Center of Oscillation by means of
tt. Indeed, in the steps taken by the others, language
itself had almost made the generalization for them at
the time when they wrote; and it required no small
degrees of acvteness and care to distinguish the old
cases, in which the law had already been applied, from
the new cases, in which they had to apply it.
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SEQUEL To THE GENERALIZATION OF THE PRINCIPLES
oF MEecHANICS.—PERIOD OF MATHEMATICAL DE-
DUCTION.—ANALYTICAL MECHANICS.

o
E have now finished the history of the discovery,
of Mechani&al Principles, strictly so called. The
three Laws of Motion, generalized in the mhnner we
have described, contain the materials of the whole
structure of Mechanics; and in the remaining progress
of the science, we are led to no new truth which was
not implicitly involved in those previously known.
It muy be thought, therefore, that the narrative of this
progress is of comparatively small interest. Nor do
we maintain that the application and developement of
principles is a matter of so much importance to the
philosophy of science, as the advance towards and to
them. Still, there are many circumstances in the
latter stages of the progress of the science of Mechanics,
which well deserve notice; and make a rapid survey
of that part of its history indispensable to<our purpose. .
The Laws of Motion are expressed in ferms of Space
and Number; the developement of the consequences of
these laws must, therefore, be performed by means of
the reasonings of mathematics; and the science of
Mechanics may assume the various aspects which
belong to the different modes of dealing with mathe-
matical quantities. Mechanics, like pure mathematics,
may be geometrical or may be analytical; that is, it
may treat space either by a direct consideration of itg
properties, or by a symbolical representation of them :
Mechanics, like puré mathematics, may proceed from
special cases, to problems and methods of extreme gene-
rality ;—may summon to its 8id the curious and refined
relations of symmetry, by which geteral and complex
conditions are simplified ;—may become more powerful
by the discovery of more powerful analytical artifices;—
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may even have the generality of its principles further
expanded, sinasmuch as symbols are a more general
language thap words. We shall very briefly notice
a series of modifications ofethis éind.

1. Geometrical Mechanics. Newton, d&c.—The first
great systematical Treatise on Mechanics, in the most
general sense, is the two first Books of the Prmctpm
of Newton. In tliis work, the method employed is
predominantly geometmcal not only space is not
-represented symbolically, or by reference to number;
but numbers, as, for instance, those which measure
time and force, are represented by spaces; and the
laws of their changes are indicated by the properties
of curve lines. 1t is well known that Newton em-
ployed, by preference, methods of this kind in the
exposition of his theorems, even where he had made
the discovery of them by analytlcal calculations. The
intuitions of space appeared to him, as they have
appeared to many of his followers, to be a more clear
and satisfactory road to knowledge, than the operations
of symbolical language. Hermann, whose Phorononmia
was the next great work on this subject, pursucd a
like course; employing curves, which he calls ¢ the
scale of velocities, ¢ of forces, &e. Methods nearly
similar wers employed by the two first Bernoullis,
and other mathematicians of that period; and were,
indeed, so long familiar, that the influence of them
may still be traced in some of the terms which are
used on such subjects; as, for instance, when we talk
of ‘reducing a problem to quadratures,’ that is, to the
finding the area of the curves employed in these
methods.

2. Analytical Mechanics. Euler.—As analysis was
more cultivated, it gained a predominancy over geo-
metry; being found to be a far more powerful instru-
ment for obtaining results; and possessing a beauty
and an evidence, which, though different from those
of geometry, had great attractions for minds to which
they became familiar. The person who did most to
give to analysis the generality and symmetry which
are now its pride, was also the person who mad,
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Mechanics analytical; I mean Euler. He began his
execution of this task in various memgirs which
appeared in the Z'ransactions of the Academy of Sciences
at St. Petersburgh, coglmen,cing with i earliest vo-
lumes; and in 1736, he published there his Mechanics,
or the Science of Motion analytically expounded; in the
way of & Supplement to the Transactions of the Imperial
Academy of Sciences. In the preface to this work, he
says, that though the solutions of problems by Newton
and Hermann were quite satisfactory, yet he found
that he had a diffculty in applying them to new pro-
blems, differing little from theirs; and that, sherefore,
he thought it would be useful to extract an analysis
out of their synthesis.

3. Mechanical Problems.—In reality, however, Euler
has done much more than merely give analytical
methods, which may be applied to mechanical problems:
he has himself applied such methods to an immense
number of cases. His transcendent mathematical
powers, his long and studious life, and the interest
with which he pursued the subject, led him to solve an
almost inconceivable number and variety of mechanical
problems. Such problems suggested themselves to
Lim on all occasions. One of his memoirs begins, by
stating that, happening to think of the lige of Virgil,

[ ]
Anchora de prord jacitur stant litore puppes;
The anchor drops, the rushing keel is staid;

he could not help inquiring what would e the nature
of the ship’s motion under the circumstances here
described. And in the last few days of his life, after
his mortal illness had begun, having seen in the news-
papers some satements respecting balloons, e pro-
ceeded to calculate their motions; *and performed a
difficult integration, in which this undertaking engagdd
him. His Memoirs%ccupy a very large portion of the
Petropolitan Transactions during his lifp, from 1728
to 1783; and he declared that he should leavé papers
which might enrich the publications of the Academy
of Petersburg for twenty years after his death;—a
promise which has been more than flfilled ; for, up to
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1818, the volumes usually contain several Memoirs ot
his. He gpd his contemporaries may be said to have
exhausted the subject; for there are. few mechanical
problems whith have beeg singe treated, which they
have not in some manner touched upom.

I do not dwell upon the details of such problems;
for the next great step in Analytical Mechanics, the
publication of D’Alembert’s Principle in 1443, in a
great degree superseded their interest. The Transac-
tions of the Academies of Paris and Berlin, as well as
“St. Petersburg, are filled, up to this %ime, with various
questiong of this kind. They require, for the most
part, the determination of the motions of several bodies,
with or without weight, which pull or push each
other by means of thfeads, or levers, to which they are
fastened, or along which they can slide; and which,
having a certain impulse given them at first, are then
left to themselves, or are compelled to move in given
lines and surfaces. The postulate of Huyghens, respect-
ing the motion of the center of gravity, was generally
one of the principles of the solution; but other prin-
ciples were always needed in addition to this; and it
required the exercise of ingenuity and skill to detect
the most suitable in each case. Such problems were,
for some time, a sort of trial of strength among mathe-
maticians: the priuciple of D’Alembert put an end to
this kind of -challenges, by supplying a direct and
general method of resolving, or at least of throwing
into equatiofis, any imaginable problem. The mecha-
nical difficulties were in this way reduced to difficulties
of pure mathematics. )

4. D' Alembert's Principle.—D’Alembert’s Principle
is only‘the expression, in the most genaral form, of the
principle upon wWhich John Bernoulli, Hermann, and
others, had solved the problem of the center of oscilla-
tion. It was thus stated, ¢ The tnotion impressed on
each particlg of any system by the forces which act
upon it, may He resolved iato two, the efective motion,
and the motion gained or lost: the effective motions
will be the real motions of the parts, and the motions
gained and lost will be such as would keep the system
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at rest.” The distinction of sfatics, the doctrine of
equilibrium, and dynamics, the doctrine of motion,
was, as we have seen, fundamental ; and the difference
of difficulty and complexity in the two subjects was
well understood, and generally recognized by mathe-
maticians. D’Alembert’s principle reduces every dyna-
mical question to a statical one; and hence, by means
of the conditions which connect the possible motions
of the system, we can determijne what the actual
motions must be. The difficulty of determining the
laws of cquilibriim, in the application of this prin-
ciple in complex cgses, is, however, often as great as if
we apply more simple and direct considerations.

5. Motion in Resisting Media. Ballistics—We
shall notice more particularly the history of some of
the problems of mechanics. Though John Bernoulli
always spoke with admiration of Newton's Principia,
and of its author, he appears to have been well dis-
posed to point out real or imagined blemishes in the
work. Against the validity of Newton’s determination
of the path described by a body projected in any part
of the solar system, Bernoulli urges a cavil which it is
difficult to conceive that a mathematician, such as he
was, could seriously believe to be well founded. On
Newton’s determination of the path of a body in a re-
sisting medium, his criticism is more just. He pointed
out a material errour in this solution: 'this correction
came to Newton's knowledge in London, in October
1712, when the impression of the second é&dition of the
Principia was just drawing to a close, under the care
of Cotes at Camnbridge: and Newton immediately can-
celled the leaf and corrected the errour.l

This problem of the motion of the body in & resist-
ing medium, led to another collislon between the
English and the German mathewaticians. The pro-
position to which we’have referred, gave only an indi-
rect view of the nature of the curve described by a
projectile in the air; and itis probable that Newton,
when he wrote the Principia, did ot see his way to

1 MS. Correspondence in Trin, Coll. Library.
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any direct and complete solution of this problem. At
a later period, in 1718, when the quarrel had waxed
hot between the admirers of Newton and Leibnitz,
Keill, who come forwsrd g3 a champion on the
English side, proposed this problem to the foreigners
as a challenge. Keill probably imagined that what
Newton had not discovered, no one of his time would
be able to discover. But the sedulous cultivation of
analysis by the Germans had given them mathematical
powers beyond the expectation of the English; who,
whatever might be their talents, “had made little
advance i the effective use of gengral methods; and
for a long period seemed to be fascinated to the spot,
in their admiration of Newton’s excellence. Bernoulli
speedily solved the problem; and reasonably enough,
according to the law of honour of such challenges,
called upon the challenger to produce his solution.
Keill was unable to do this; and after some attempts
" at procrastination, was driven to very paltry evasions,
Bernoulli then published his solution, with very just
expressions of scorn towards his antagonist. And this
may, perhaps, be considered as the first material addi-
tion which was made to the Principia by subsequent
writers. ’
6. Constellation of Mathematicians.—We pass with
admiration aldng the great series of mathematicians,
by whom the science of theoretical mechanics has been
cultivated, from the time of Newton to our own.
There is no group of men of science whose fame is
higher or brighter. The great discoveries of Coper-
nicus, Galileo, Newton, had fixed all eyes on those
portiong of human knowledge on which their successors
employed their lahours. The certainty belonging to
this line of speculation seemed to elevate mathema-
ticians above the students of other subjects; and the
beauty of mathematical relations,” and the subtlety of
intellect whith, may be shown in dealing with them,
were fitted to win unbounded applause. The succes-
sors of Newton and the Bernoullis, as Euler, Clairaut,
D’Alembert, Lagrange, Laplace, not to introduce living
names, have been some of the most remarkable men of
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talent which the world has seen. That their talent is,
for the most part, of a different kind frem that by
which the laws of nature were discovereg, I sh4ll have
occasion to explain elsewhere; for the present, I must
endeavour to arrange the principal achievements of
those whom I have mentioned.

The series of persons is connected by social relations.
Euler was the pupil of the first*generation of Ber-
noullis, and the intimate friend of the second genera~
tion; and all these extraordinary men, as well as Her,
mann, were of the city of Basil, in that age a spot
fertile of great mathematicians to an unparalleled
degree. .In 1740, Clairaut and Maupertuis visited
John Bernoulli, at that time the¢ Nestor of mathema-
ticians, who died, full of age and honours, in 1748.
Euler, several of the Bernoullis, Maupertuis, Lagrange,
among other mathematicians of smaller note, were
called into the north by Catharine of Russia and
Frederic of Prussia, to inspire and instruct academies
which the brilliant fame then attached to science, had
induced those monarchs to establish. The prizes pro-
posed by these socicties, and by the French Academy
of Sciences, gave occasion to many of the most valuable
mathematical works of the century.

n. The Problem of Three Bodies.—In 1747, Clairaut
and D’Alembert scnt, on the same day, ‘to this body,
their solutions of the celebrated ‘Problem of Three
Bodies,” which, from that time, became the great object
of attention of mathematicians;—the bow in which
each tried his strength, and endeavoured to shoot fur-
ther than his predecessors.

This problem was, in fact, the astronomical guestion
of the effect prdduced by the attractjon of the sun, in
disturbing the motions of the moon about the earths;
or by the attraction of one planet, disturbing the
motion of another planet about the sun; but being
expressed generally, as referring to ong*body. which
disturbs any two others, it bccame a mechanical
problem, and the history of it beldngs to the present
subject. R

One consequence of the synthetical form adopted by
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Newton in the Principia, was, that his successors had
the problem of the solar system to begin entirely ancw.
Those who wauld not do this, made no progress, as was
long the case with the English.. Clairaut says, that he
tried for a long time to make some use of Newton’s
labours; but that, at last, he resolved to take up the
subject in an independent manner. This, accordingly,
he did, using andlysis throughout, and following
methods not much different from those still employed.
We do not now speak of the comparison of this theory
with observation, except to remark, that both by the
agreements and by the discrepancies of this comparison,
Clairaut and other writers were perpetually driven on
to carry forwards the calculation to a greater and
greater degree of accuracy.

One of the most important of the cases in which
this happened, was that of the movement of the A pogee
of the Moon ; and in this case, a mode of approximating
to the truth, which had been depended on as nearly
exact, was, after having caused great perplexity, found
by Clairaut and Euler to give only half the truth.
This same Problem of Three Bodies was the oceasion of
a memoir of Clairaut, which gained the prize of the
Academy of St. Petersburg in 1751; and, finally, of
his T'héorie de la Lune, published in 1765. D’Alemn-
bert laboured at the same time on the same problem;
and the value of their methods, and the merit of the
inventors, unhappily hecame a subject of controversy
between those two great mathematicians. Euler also,
in 1753, published a Theory of the Moon, which was,
perhaps, more useful than either of the others, since it
was afterwards the basis of Mayer’s method, and of his
Tables. It is difficult to give the gerferal reader any
distinct notion of these solutions. We may observe,
that the quantities which determine the moon’s position,
are to be determined by means of certain algebraical
equations, which express the mechanical conditions of
the motion. The operation, by which the result is to
be obtained, involves the process of integration ; which,
in this instance, cannot be performed in an immediate
and definite manner; since the quantities thus to be
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operated on depend upon the moon’s position, and thus
require us to know the very thing which we have to
determine by the operation. The resul§ must®be got
at, therefore, by succegsive @pproximations: we must
first find a quantity near the truth; and then, by the
help of this, one nearer still; and so on; and, in this
manner, the moon’s place will be given by a converg-
ing series of terms. The form of these terms depends
upon the relations of position between the sun and
moon, their apogees, the moon’s nodes, and other quan-.
tities; and by thé variety of combinations of which
these admit, the terms become very numefous and
complex. The magnitude of the terms depends also
upon various circumstances; as the relative force of
the sun and earth, the relative times of the solar and
lunar revolutions, the eccentricities and inclinations of
the two orbits. These are combined so as to give
terms of different orders of magnitudes; and it depends
upon the skill and perseverance of the mathematician
how far he will continue this series of terms. For
there is no limit to their number; and though the
methods of which we huve spoken do theoretically
cnable us to calculate as many terms as we please, the
labour and the complexity of the operations are so
serious that common calculators are stopped by them.
None but very great mathematicians lm.%e been able
to walk safely any considerable distaiice into this
avenue,—so rapidly does it darken aswe proceed. And
even the possibility of doing what has been done, de-
pends upon what we may call accidental eircumstances;
the smallness of the inclinations and eccentricities of
the system, and the like. ‘If nature had not fayoured
us in this way,’® Lagrange used to say, ‘there would
have been an end of the geometers in this problem.}y
The expected return of the comet of 1682 in 1459,
gave a new interest 3 the problem, and Clairaut pro-
ceeded to calculate the case which was thym suggested,
‘When this was treated by the'methods which had suc-
ceeded for the moon, it offered no prospect of success,
in consequence of the absence of the, favourable cir-
cumstances just referred to, and, accordingly, Clairaut,
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after obtaining the six equations to which he reduces
the solutien,? adds, ¢ Integrate them who can ;' (Intdgre
mainténant qui pourra). New methods of approxima-
tion were devised for this«<ase.q

The problem of three bodies was not prosecuted in
«consequence of its analytical beauty, or its intrinsic
attraction ; but its great difficulties were thus resolutely
combated from nécessity; because in mo other way
could the theory of universal gravitation be known to

.be true or made to be useful. The construction of

Tables of the Moon, an object which offered a large
pecuniary reward, as well as mathematical glory, to
the successful adventurer, was the main purpose of
these labours, .

The Theory of the Planets presented the Problem of
Three Bodies in a new form, and involved in peculiar
difficulties; for the approximations which succeed in
the Lunar Theory fail here. Artifices somewhat
modified are required to overcome the difficulties of
this case.

Euler had investigated, in particular, the motions of
Jupiter and Saturn, in which there was a secular
acceleration and retardation, known by observation,
but not easily explicable by theory. Euler's memoirs,
which gained the prize of the French Academy, in
1748 and 1752, contained much beautiful analysis;
and Lagrange published also a theory of Jupiter and
Saturn, in which he obtained results different from
those of Euler. Laplace, in 1487, showed that this
inequality arose from the circumstance that two of
Saturn’s years are very nearly equal to five of Jupiter's.

The problems relating to Jupiter's Satellites, were
found to be even more complex than shose which refer
Jo the planets: for it was necessary to consider each
satellite as disturbed by the other three at once; and
thus there occurred the Probleni of Five Bodies. This
problem wes resolved by Lagrange.?

Again, the newly-discovered small Planets, Juno,
Ceres, Vesta, Palias, whose orbits almost coincide with

2 Journal des Spavans, Aug. 1759. 3 Bailly, 4st. Mod. iii, 178,
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each other, and are more inclined and more eccentric
than those of the ancient planets, give ri®, by their
perturbations, to new forms of the gproblem, and
require new artifices.

In the course of these vesearches respecting Jupiter,
Lagrange and Laplace were led to consider particularly
the secular Inequalities of the solar system; that is,
those inequalitics in which the dutation of the cycle
of change embraces very many#tevglutions of the
bodies’ themselves. Euler in 1749, and 1755, ande
Lagrange,* in 1765, had introduced the method of the
Variation of the Elements of the orbit; which consists
in tracing the effect of the perturbing forces, rot as
dircetly altering the place of the planet, but as pro-
ducing a change from one instant to another, in the
dimensions and position of the Elliptical orbit which
the planet describes.® Taking this view, he determines
the secular changes of cach of the elements, or deter-
mining quantities of the orbit. In 1793, Laplace also
attacked this subject of secular changes, and obtained
expressions for them. On this occasion, he proved the

4 Gautier, Prob. de Trois Corps,

p. 155.
5 In the first edition of this His-

stantes arbitraires’ And in page
310 is an abstract of the paper of
1756: and spcaki‘nfg of the method, -

tory, I had ascribed to Lagrange
the invention of the Method of
Variation of Elements in the the-
ory of Perturbations. But justice
to Euler requires that we should
assign this distinction to him; at
least, next to Newton, whose mode
of representing the paths of bodies
by means of a Revoling Orbit, in
the Ninth Section of the Principia,
may be considercd as an anticipa-
tion of the method of variatfon of
elements. In the fifth volume of
the M canique Céleste, livre xv. p.
3¢S, is an abstract of Euler's paper
of 1749; where Laplace adds,
¢Cest le premier essai de la mé-
thode de la variation des con-
VOL. II,

Laplace says, ‘It consists in regard-
ing the elements of the elliptical
motion as variable in virtue of the
perturbing forces, Those elements
are, 1,the axis major; 2,the epoch
of the body being at the apse; 3,
the excentricity ; 4, the movement
of the apse; S, the inclin#ion: 6,
the longitudeyof the node:’ and he
then proceeds to show how Eule®
did this. It is pdssible that La-
grange knew nothing of Euler's
paper. See Méc, €€l. vq). v. .
31e. But Euler's conception and
treatment of the method are com-
plete, so that he must be looked
upon as the author of it.

G
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celebrated proposition that, ¢ the mean motions of the
planets ardinvariable :’ that is, that there is, in the
revolutions ofthe system, no progressive change which
is not finally stopped and feversed ; no increase, which
is not, after some period, changed into decrease; no
retardation which is not at last succeeded by accelera-
tion ; although, in some cases, millions of years may
elapse before the system reaches the turning point.
Thomas Simpsgn ndticed the same consequence of the
jaws of uuiversal attraction. 1In 1774 and 1776,
LagrangeS still laboured at the secular equations;
extending his researches to the nodes and inclinations;
and showed that the invariability of the mean motions
of the plavets, which Laplace had proved, neglecting
the fourth powers of the eccentricities and inclinations
of the orbits,” was true, however far the approximation
was carried, so long as the squares of the disturbing
masses were neglected. He afterwards improved his
methods ;2 and, in 1783, he endeavoured to extend the
calculation of the changes of the clements to the
periodical equations, as well as the secular.

8. Meécanique Céleste, &:c.—I.aplace also resumed the
consideration of the secular changes; and, finally, un-
dertook his vast work, the Mécanique Céleste, which he
intended to”gontain a complete view of the existing
state of this splendid department of science. We may
see, in the exultation which the author obviously feels
at the thought of erecting this monument of his age,
the enthusiasm which had been excited by the splendid
course of mathematical successes of which I have given
a sketch. The two first volumes of this great work
appeared in 1799. The third and fourth volumes were
published in 182 and 1805 respectiVely. Since its
publication, little has been added to the solution of the
great problems of which it treaty. In 1808, Laplace
presented to the French Bureau des Longitudes, a
Supplément”to the Mécanique Céleste; the object of
which was to improve still further the mode of obtain-
ing the secular variations of the elements. Poisson

6 Gautier, p- 1:4. 7 1b. p. 184. 8 Ib. p. 196.
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and Lagrange proved the invariability of the major
axes of the orbits, as far as the second order of the
perturbing forces. Various other authdts have since
laboured at this subjedt. Burckhardt, in 1808, ex-
tended the perturbing function as far as the sixth order
of the eccentricities. Gauss, Hansen, and Bessel, Ivory,
MM. Lubbock, Plana, Pontécoulant, and Airy, have,
at different periods up to the presgpt time, either ex-
tended or illustrated some particular par't of the theory,
or applied it to spqcial cases; as in the instance of Pro-
fessor Airy’s calculation of an inequality of Venus and
the earth, of which the period is 240 years. The
approximation of the Moon’s motions has becn pushed
to an almost incredible extent by ‘M. Damoiseau, and,
finally, Plana has once more attempted to present, in a
single work (three thick quarto volumes), all that has
hitherto becn executed with regard to the theory of
the Moon.

I give only the leading points of the progress of
analytical dynamics. Hence I have not® spoken in
detail of the theory of the Satellites of Jupiter, a sub-
ject on which Lagrange gained a prize for a Memoir,
in 1766, and in which Laplace discovered some most
curious propertics in 1784. Still less havg I referred
to the purely speculative question of Jwufochronous
Curves in a resisting medium, though it was a subject
of the labours of Bernoulli, Euler, Fontaine, D’Alem-
bert, Lagrange, and Laplace. The reader will rightly
suppose that many other curious investigations are
passed over in utter silence.

[2nd Ed.] [Although the analytical calculations
of the great mathematicians of the last century had
determined, in a demonstrative mannér, a vast seriesy
of inequalities to which the motions of the sun, moon,
and planets, were subject in virtue of their mutual
attraction, there were still unsatisfactory points in
the solutions thus given of, the great’ mechanica
problems suggested by the System of the Universe.
One of these points was the want of any evident
mechanical significance in the successive members of
these series. Lindenau relates that Lagrange, near the

G2
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end of his life, expressed his sorrow that the methods
of apprommatxon employed in Physical Astronomy
rested on arbitrary processes, and not on any insight
into the results of mechanical action. But something
was subsequently done to remove the ground of this
complaint. In 1818, Gauss pointed out that secular
equations may be conceived to result from the disturb-
ing body being distributed along its orbit so as to
form a ring, and thus made the result conceivablo
‘more distinctly than as a mere result of calculation.
And it nppears to me that Professor Airy’s treatise
entitled Gravitation, published at Cambridge in 1834,
is of great value in supplying similar modes of concep-
tion with regard to the mechanical origin of many of
the principal inequalities of the solar system.

Bessel in 1824, and Hansen in 1828, published works
which are considered as belonging, along with those of
Gauss, to a new @ra in physical astronomy.? Gauss’s
Theoria Motuum Corporum Celestium, which had La-
lande’s medhl assigned to it by the French Institute,
had alrcady (1810) resolved all problems concerning
the determination of the place of a planet or comet in
its orbit in function of the elements. The value of
Hansen'’s labours respecting the Perturbations of the
Planets was vecognized by the Astronomical Society of
London, whish awarded to them its gold medal.

The investigations of M. Damoiseau, and of MM,
Plana and €arlini, on the Problem of the Lunar Theory,
followeq nearly the same course as those of their pre-
decessors. In these, as in the Mécanique Céleste, and
in preceding works on the same subject, the Moon's
co-ordinates (time, radius vector and latitude) were
gexpressed in function of her true longitude. The inte-
gratlons were effected in series, and then by reversion
of the series, the longitude wasvexpressed in function
of the time; and then in the same manner the other
two co-ordinites, But Sir John Lubbock and M. Pont-
écoulant huve made the mean longitude of the moon,

9 Abhand. der Alkad. d. Wissensch. zu Berlin. 1824 ; and Disquisitiones
circa Theoriam Perturbationum. See Jahn. Gesch. der Astron. p. 84.
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that is, the time, the independent variable, and have
expressed the moon’s co-ordinates in terms &f sir.les and
cosines of angles increasing proportionally to the time.
And this method hase beent adopted by M. Poisson
(Mem. Inst. xiii. 1835, p. 212). M. Damoiseau, like
Laplace and Clairaut, has deduced the successive coeffi-
cients of the lunar inequalities by numerical equations.
But M. Plana expresses explicitly ‘each coeflicient in
genceral terms of the letters expressfay the constants of
the problem, arrarui;ing them according to the order ofs
the quantities, and substituting numbers at_the end
of the operation only. By attending to this arrange-
ment, MM. Lubbock and Pontécoulant have verified
or corrected a large portion of the terms contained in
the investigations of MM. Damoiseau and Plana. Sir
John Lubbock has calenlated the polar co-ordinates of
the Moon directly ; M. Poisson, on the other hand, has
obtained the variable elliptical elements; M. Pont-
dgpulant conceives that the method of variation of arbi-
trary constants may most conveniently be reserved for
secular inequalities and inequalities of long periods.

MM. Lubbock and Pontécoulant have made the
mode of treating the Lunar Theory and the Planctary
Theory agree with cach other, instead of following two
different paths in the caleulation of the ty’o problems, .
which had previously been done. .

Prof. Hansen, also, in his Fundamenta Nova Inves-
tigattonis Orbite veree quam Luna perlustyat (Gothe,
1838) gives a general method, including the Lunar
Theory and the Planetary Theory as two special cases.
To this is aunexed a solution of the Problem of Four
Bodies. .

I am here sfeaking of the Lunay and Planetary
Theories as Mechanical Problems only. Connccted
with this subject, I will not omit to notice a very
general and beautiful method of solving problems
respecting the motion of systems of mutadlly astracts
ing bodies, given by Sir W. K. Hamilton, in the LPhi-
losophical Tramsactions for 1834—5; (‘On a General
Method in Dynamics.’) His method aonsists in inves-
tigating the Principal Function of the co-ordinates of
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the bodies: this function being one, by the differentia-
tion of which, the co-ordinates of the bodies of the sys-
tem may be fuund. Moreover, an approximate value of
this function being obtaintd, tl.e same formulee supply
a means of successive approximation without limit.]

9. Precession. Motion of Rigid Bodies.—The series
of investigations of which I have spoken, extensive
and complex as it 1s, treats the moving bodies as points
only, and takes nd*account of any peculiarity of their
form or motion of their parts. The investigation of
the motion of a body of any magnitude and form, is
another branch of analytical mechanics, which well
deserves notice. Like the former branch, it mainly
owed its cultivation ,to the problems suggested by the
solar system. Newton, as we have seen, endeavoured
to calculate the effect of the attraction of the sun and
moon 1n producing the precession of the equinoxes; but
in doing this he made some mistakes. In 1747,
D’Alembert solved this problem by the aid of kis
¢ Principle; and it was not difficult for him to show,
as he did in his Opuscules, in 1761, that the same
method enabled him to determine the motion of a
body of any figure acted upon by any forces. But, as
the reader will have observed in the course of this
narrative, the great mathematicians of this period
were always nearly abreast of each other in their
a,dvances.—Efuler,W in the mean time, had published,
in 1751, a,solution of the problem of the precession;
and in 1752, a memoir which he entitled, Discovery of
a New Principle of Mechanics, and which contains a
solution of the general problem of the alteration of
rotary motion by forces. ID’Alembert noticed with
disapprobation $he assumption of priority which this
witle implied, though allowing the merit of the memoir.
Various improvements were magde in these solutions;
but the final form was given them by Euler; and they
were ‘applied, to a great variety of problems in his
Theory of the Motion of Solid and Rigid Bodies, which
was written!! about 1760, and published in 1765.

10 4. Berl. 1745, 1750. 11 See the Prcfuce to the book.
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The formule in this work were much simplified by the
use of a discovery of Segner, that every body has three
axes which were called Principal Axesy abouf which
alone (in general) it weuld permanently revolve. The
equations which Euler and other writers had obtained,
were attacked as erroneous by Landen in the Philoso-
phical Transactions for 1785 ; but I think it is infpos-
sible to consider this criticism otherwise than as an
example of the inability of the English mathematicians
of that period to Jake a steady hold of the analytical
generalizations to which the great Continental authors
had been led. Perhaps one of the most refarkable
calculations of the motion of a rigid body is that which
Lagrange performed with regard to the Moon's Libra-
tion; and by which he showed that the Nodes of the
Moon’s Equator and those of her Orbit must always
coincide.

10. Vibrating Strings.—Other mechanical questions,
unconnected with astronomy, were also pursued with
great zeal and success.  Among these was the problem
of a vibrating string, stretched between two fixed
points. There is not much complexity in the me-
chanical conceptions which belong to this case, but
considerable difficulty in reducing them to analysis,
Taylor, in his Method of Increments, published in 1716,
had annexed to his work a solution of fhis problem ;
obtained on suppositions, limited indeéd, but appa-
rently conformable to the most common cireumstances
of practice. John Bernoulli, in 1728, had also treated
the same problem. But it assumed an interest alto-
gether new, when, in 1747, D’Alembert published his
views on the subject; in which he maintaineq that,
instead of one Rind of curve only, there were an infi-
nite number of different curves, which answered the
conditions of the question. The problem,. thus put
forward by one grea% mathematician, was, as usual,
taken up by the others, whose names §Re reader is
now so familiar with in such &n association. In 1748,
Euler not only assented to the *generalization of
D’Alembert, but held that it was net necessary that
the curves so introduced should be defined by any
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algebraical condition whatever. From this extreme
indeterminateness D’ Alembert dissented ; while Daniel
Bernoulli, trusting more to physical and less to ana-
lytical reasonings, maintdined ¢that both these genc-
ralizations were inapplicable in fact, and that the
solution was really restricted, as had at first been
supposed, to the form of the trochoid, and to other
forms derivable from that. He introduced, in such
problems, the ‘Law of Coexistent Vibratious, which
ds of eminent use in enabling us to onceive the results
of complex mechanical conditions, and the real import
of many analytical expressions. In the mean time,
the wonderful analytical genius of Lagrange had
applied itself to this problem. He had formed the
Academy of Turin, in conjunction with his friends
Saluces and Cigna; and the first memoir in their
Transactions was one by him on this subject: in this
and in subsequent writings he has established, to the
satisfaction of the mathematical world, that the func-
tions introduced in such cases are not necessarily
continuous, but are arbitrary to the same degree that
the motion is so practically ; though capable of expres-
sion by a series of circular functions. This contro-
versy, concerning the degree of lawlessness with which
the conditions of the solution may be assimed, is of
consequence, not only with respect to vibrating strings,
but also with respect to many problems, belonging to
a branch of Mechanics which we now have to meution,
the Doctrine of Fluids.
11. Equilibrivon of Fluids.—Figure of the Earth.—
Tides.—The application of the general doctrines of
Mechanics to fluids was a natural and inevitable step,
when the princinles of the science had been generalized.
It was easily seen that a fluid is, for this purpose,
nothing more than a body of which the parts are move-
able amongst each other with entire facility; and that
the nfathemtician must trace the consequences of this
condition upon his equations. This accordingly was
done, by the founders of mechanics, both for the cases
of the equilibrivm and of motion. Newton'’s attempt to
solve the problem of the figure of the earth, supposing



SEQUEL TO THE GENERALIZATION. 89

it fluid, is the first example of such an investigation:
and this solution rested upon principles whjch we have
already explained, applied with the skill and sagacity
which distinguished a}l that Newton did.

We have already seen how the generalit} of the
principle, that fluids press equally in all directions, was
established. In applying it to calculation, Newton
took for his fundamental principle, the equal weight
of columns of the fluid reaching #o0 the center ; Huy-
ghens took, as his basis, the perpendicularity of the
resulting force at %each point to the surface of the fluid;
Bouguer conceived that both principles were secessary ;
and Clairaut showed that the equilibrium of all canals
is requisite. He also was the first mathematician who
deduced from this principle thé Equations of Partial
Differentials by which these laws are expressed ; a step
which, as Lagrange says,!® changed the face of Hydro-
statics, and made it a new science. Euler simplified
the mode of obtaining the Equations of Equilibrium
for any forces whatever; and put them in the form
which is now geunerally adopted in our treatises.

The .explanation of the Z'ides, in the way in which
Newton attempted it in the third book of the Prin-
cipia, is another example of a lydrostatical investiga-
tion: for he considered only the form #hat the ocean
would have if it were at rest. The m8moirs of Mac-
laurin, Daniel Bernoulli, and Euler, dn the question
of the Tides, which shared among them the prize of the
Academy of Sciences in 1740, went ufon the same
views.

The Treatise of the Figure of the Earth, by Clairaut,
in 1743, extended Newton’s solution of the same pro-
blem, by supp@sing a solid nucleus covered with a fluid
of different density. No peculiar*novelty has bgen
introduced into this subject, except & method employed
by Laplace for detefmining the attractions of spheroids
of small eccentricity, which is, as Profossor Airy has
said,’3 ‘a calculus the most*singular in its nature, and

2 Méc. Analyt. il. p. 180. 13 Enc. Met. Fig. of Earth, p. 192,
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the most powerful in its effects, of any which has
yet appeargd ’

12. Capillagy . Action.—There is only one other pro-
blem of the statics of fluids, op which it is necessary
to say s?word,—the doctrine of Capillary Attraction.
Daniel Bernoulli,'* in 1738, states that he passes over
the subject, because he could not reduce the facts to
general laws: but ‘Clairaut was more successful, and
Laplace and Poissos have since given great analytical
completeness to his theory. At present our business
18, not so much with the sufficiency of the theory to
expla,m rhenomena, as with the mechanical problem
of which this is an example, which is one of a very
remarkable and important character ; namely, to deter-
mine the effect of atfractions which are exercised by
all the particles of bodies, on the hypothesis that the
attraction of each particle, though sensible when it
acts upon another particle at an extremely small dis-
tance from it, becomes insensible and vanishes the
moment this distance assmines a perceptible magni-
tude. It may easily be imagined that the a.na.]ysxs by
which results are obtained unfler conditions so general
and so peculiar, is curious and abstract: the problem
has been resolved in sowme very extensive cases.

13. Motior, of . Fluids.—The only branch of mathe-
matical mech&nics which remains to be considered, is
that which is,"'we may venture to say, hitherto incom-
parably the most incomplete of all, —Hydrodynamics.
It may easily be imagined that the mere hypothesis of
absolute relative mobility in the parts, combined with
the laws of motion and nothing more, are conditions
too vague and general to lead to definite conclusions.
Yet such are the conditions of the problems which
rglate to the motion of fluids. Accordingly, the mode
of solving them has been, to introduce certain other
hypotheses, often acknowledged t6 be false, and almost
always in souig¢ measure arbltrary, which may assist in
deter mining and obtaining the solution. The Velocity
of a ﬂuld issuing from an orifice in a vessel, and the

a Iydrodyn. Pref. p. §.
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Resistance which a solid body suffers in moving in
a fluid, have been the two main problemg on which
mathematicians have employed themselges. We have
already spoken of #he manner in which Newton
attacked both these, and endeavoured to connect them,
The subject became a branch of Analytical Mechanics
by the labours of D. Bernoulli, whose Hydrodynamice
was published in 1738. This work rests upon the
Huyghenian principle of which wchave already spoken
in the history of the center of oscillation; namely, the
equality of the actual descent of the particles and the
potential ascent; or, in other words, the consdtvation of
vis wiva, This was the first analytical treatise; and
the analysis is declared by Lagrange to- be as elegant
in its steps as it iy simple in its results. Maclaurin
also treated the subject; but is accused of reasoning
in such a way as to show that he had determined
upon his result beforchand ; and the method of John
Bernoulli, who likewise wrote upon it, has been
strongly objected to by D’Alembert. D’Alembert him-
self applied the princigle which Dbears his name to
this subject; publishing a Treatise on the Equilibrium
and Motion of Fluids in 1744, and on the Resistance
of Fluids in 1753. His Réflexions sur la Cause Géné-
rale des Vents, printed in 1747, are alse a celebrated
work, belonging to this part of mathethatics. Euler,
in this as in other cases, was one of those who most
contributed to give analytical elegance to the subject.
In addition to the questions which have been men-
tioned, he and Lagrange treated the problems of the
small vibrations of fluids, both inelastic and elastic ;—
a subject which leads, like the question of vjibrating
strings, to sofhe subtle and abstruse considerations
concerning the significations of the integrals of partial
differential equations. Laplace also took up the sub-
ject of waves propagated along the surface of water;
and deduced a very celebrated theory of the tides, in
which he considered the otean to be, not in equili-
brium, as preceding writers had subposed, but agitated
by a constant series of undulations, produced by the
solar and lunar forces. The difficulty of such an inves-
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tigation may be judged of from this, that Laplace, in
order to cazry it on, is obliged to assume a mechanical
proposition, upproved, and only conjectured to be true ;
namely,!5 that, ‘in a system of bodies acted upon by
forces which are periodical, the state of the system is
periodical like the forces” Even with this assumption,
various other arbitrary processes are requisite; and it
appears still very ddubtful whether Laplace’s theory is
either a better medi.anical solution of the problewm, or
q nearer approximation to the laws of the phenomena,
than that obtained by D. Bernoulli, following the
views of Newton. .

In most cases, the solutions of problems of hydrody-
namics are not satisfactorily confirmed by the results
of observation. Doisson and Cauchy have prosecuted
the subject of waves, and have deduced very curious
conclusions by a very recondite and profound analysis.
The assumptions of the mathematician here do not
represent the conditions of nature; the rules of theory,
therefore, are not a good standard to which we may
refer the aberrations of particular cases; and the laws
which we obtain from experim®nt are very imperfectly
illustrated by @ priori calculation. The case of this
department of knowledge, Hydrodynamics, 1s very
peculiar; we have reached the highest point of the
science,—the 'laws of extreme simplicity and gene-
rality from which the phenomena flow; we cannot
doubt that the ultimate principles which we have
obtained aré the true ones, and those which really
apply to the facts; and yet we are far from heing able
to apply the principles to explain or find out the facts.
In order to do this, we want, in addition to what we
have, true and useful principles, interntediate between
thehighest and the lowest ;—between the extreme and
almost barren generality of the laws of motion, and the
endless varietics and inextricablé complexity of fluid
motions in sperial cases. The reasonsof this peculiarity
in the science of Hydrodyhamics appears to be, that its
general principles ‘were not discovered with reference

B Méc, C t. il p. 218,
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to the science itself, but by extension from the sister
science of the Mechanics of Solids; theys were not -
obtained by ascending gradually from garticdlars to
truths more and more® general, respecting the motions
of fluids; but were caught at once, by a perception
that the parts of fluids are included in that range of
_generality which we are entitled to give to the supreme
laws of motions of solids. Thus, Solid Dynamics and
Fluid Dynamics resemble two edifices which have their
highest apartmeng in common, and though we can ex-
plore every part of the former building, we have not
yet succeeded in traversing the staircase of the latter,
either from the top or from the bottom. If we had
lived in a world in which there, were no solid bodies,
we should probably not yet have discovered the laws
of motion; if we had lived in a world in which there
were no finids, we should have no idea how insufficient
a complete possession of the general laws of motion
may be, to give us a true knowledge of particular
results.

14. Various Generaly Mechanical Principles—The
generalized laws of motion, the points to which I have
endeavoured to conduct my history, include in them
all other laws by which the motions of bodies can be
regulated; and among such, several laws which had
been discovered before the highest point of generaliza-
tion was reached, and which thus served as stepping-
stones to the ultimate principles. Such_ were, as we
have seen, the Principles of the Conservation of wis
vtva, the Principle of the Conservation of the Motion of
the Center of Gravity, and the like. These principles
may, of course be deduced from our elementary laws,
and were finalfy established by mathgmaticians on that
footing. There are other principles which may®e
similarly demonstraed ; among the rest,” I may men-
tion the Principle of the Conservation of areas, which
extends to any fimber of bodies a law" analogous. to
that which Kepler had observed, and Newton demon-
strated, respecting the areas described by each planet
round the sun. I may mention alse, the Principle of
the Immobility of the plane of maximum areas, a plane
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which is not disturbed by any mutual action of the

'parts of axy system. The former of these principles
was published -about the same time by Euler, D. Ber-
noulli, and Darcy, under differeiit forms, in 1746 and
1747 ; the latter by Laplace.

To these may be added a law, very celebrated in its
time, and the occasion of an angry controversy, the
Principle of least action. Maupertuis conceived that
he could establish & priori, by theological arguments,
that all mechanical changes must take place in the
world so as to occasion the least possible quantity of
action. Tn asserting this, it was proposed to measure
the Action by the product of Velocity and Space;
and this measure being adopted, the mathematicians,
though they did not genevally assent to Maupertuis’
reasonings, found that his priuciple expressed a remark-
able and useful truth, which might be established on
known mechanical grounds.

15. Analytical Generality. Connexion of Statics and
Dynamics.—Before 1 quit this subject, it is important
to remark the peculiar character which the science of
Mechanics has now assumed, in consequence of the
extreme analytical generality which has been given
it. Symbols, and operations upon symbols, include
the whole of the reasoner’s task; and though the rcla-
tions of space are the leading subjects in the scicnce,
the great analytical trcatises upon it do not con-
tain a single diagram. T1he Mécanique Analytique of
Lagrange, of which the first edition appeared in 1788,
is by far the most consummate example of this analy-
tical generality. ¢ The plan of this work,’ says the
author, ¢is entirely new. I have proBosed to myself
to reduce the whole theory of this science, and the art
of resolving the problems which it includes, to general
formulee, of which the simple developement gives all
the equations necessary for the solution of the pro-
blem.'—¢ Thé’reader will find no fighres in the work.
The methods which I deliver do not require either
constructions, or geometrical or mechanical reasonings;
but only algebraical operations, subject to a regular
and uniform rule of proceeding.’ Thus this writer
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makes Mechanics a branch of Analysis; instead of
making, as had previously been done, Alnalxsis an
implement of Mechanics.!'8 The transeendent gene-
ralizing genius of Lagsange, and his matchless analy-
tical skill and elegance, have made this undertaking as
successful as it is striking.

The mathematical reader is aware that the language
of mathematical symbols is, in its nature, more general
than the language of words; and”that in this way
truths, translated jpto symbols, often suggest their own
generalizations, g:)mething of this kind has happened
in Mechanics. The same Formula expresses fle gene-
ral condition of Statics and that of Dynamics. The
tendency to generalization which is thus introduced by
analysis, makes mathematicians unwilling to acknow-
ledge a plurality of Mechanical principles; and in the
most recent analytical treatises on the subject, all the
doctrines are deduced from the single Law of Inertia.
Indeed, if we identify Forces with the Velocities which
produce them, and allow the Composition of Forces to
be applicable to force so wnderstood, it is easy to see
that we can reduce the Laws of Motion to the Prin-
ciples of Statics; and this conjunction, though it may
not be considered as philosophically just, is verbally
correct. If we thus multiply or extend the meanings .
of the term Force, we make our elementary principles
simpler and fewer than before; and those persons,
therefore, who are willing to assent to sych a use of
words, can thus obtain an additional generalization of
dynamical principles ; and this, as I have stated, has been
adopted in several recent treatises. I shall not further
discuss here how far this is a real advance in scignce.

Having thus®rapidly gone through the history of
Force and Attraction in the abstract, we return to thd
attempt to interpret the phenomena of the universe by
the aid of these abstrdctions thus established.

16 Lagrange himself terms Me- the place af a body in space, the
chanics, * An Analytical Geometry time enters as a fourth co-ordinate.
of four dimensions.’ Besides the [Note by Litfrow.]
three co-ordinates which determine
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But before we do so, we may make one remark on
the history- of this part of science. In consequence of
the vast career into which the Doctrine of Motion has
been drawn by the splendid p.oblems proposed to it
by Astronomy, the origin and starting point of Me-
chanics, namely Machines, had almost been lost out
of sight. Machines had become the smallest part of
Mechanics, as Lam‘lgwwaswring had become the smallest
part of Geometry. Yet the application of Mathematics
%o the doctrine of Machines has led. at all periods of
the Science, and especially in our own time, to curions
and valuable results. Some of these will be noticed in
the Additions to this volume.
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DEsoesD from heaven, Urania, by that name
If rightly thou art called, whose voice divine
Following, above the Olympian hill I soar,
Above the flight of Pegasean wing.
The meaning, not the name, I call, for thoun
Nor of the muses nine, nor on the top
Of old Olympus dwell’st : but heavenly-born,
Before the hills appeared, or fountain flowed,
Thou with Eternal Wisdom didst converse,
Wisdom, thy sister.

¢ " Paradise Lost, B. vii,
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CHAPTER L
PreLvpE To THE INDUCTIVE EPocH OF NEWTON.

L]

E have now to contemplate the last and most

splendid period of the progress of Astronomy;
—the grand comgpletion of the history of the most
ancient and prosperous province of human kyowledge ;
—the steps which elevated this science to an unrivalled
eminence above other sciences ;—the first great example
of a wide and complex assemblage of phenomena
indubitably traced to their single simple cause;—in
short, the first example of the formation of a perfect
Inductive Science.

In this, as in other considerable advances in real
science, the complete disclosure of the new truths by
the principal discoverer, was preceded by movements
and glimpses, by trials, seekings, and guesses on the
part of others; by indications, in short, that men's
minds were already carried hy their intellectual
impulses in the direction in which the truth lay, and
were beginning to detect its mature. oIn a case so
important and interesting as this, it is more peculiarly
proper to give some view of this Prelude to the Epoch
of the full discovery. .

(#rancis Bacon.) That Astronomy should become
Physical Astronomy,—that the motions of the heavenly
bodies should be traced to their causes, as well as
reduced to rule,—was felt by all persons of active and
philosophical minds as pressing andsirresistible need,
at the time of which we speak. We have already
seen how much this, feeling had to do in impelling
Kepler to the train of laborious research by which he
made his discoveries. Perhgps it may%e interestirg
to point out how strongly this persugsion of the neces-
sity of giving a physical character to astronomy, had
taken possession of the mind of Bacon, who, looking
at the progress of knowledge with a more comprehen-

H 2
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sive spirit, and from a higher point of view than
Kepler, could have none of his astronomical prejudices,
since on that shbject he was of a different school, and
of far inferior knowledge. In His ‘Description of the
Intellectual Globe,’ Bacon says that while Astronomy
had, up to that time, had it for her business, to inquire
into the rules of the dieavenly motions, and Philosophy
" into their causes, they had both so far worked without
due appreciation of their respective tasks; Philosophy
neglecting facts, and Astronomy claiming assent to her
mathemaigcal hypotheses, which ought to be considered
as mere steps of calculation. ‘Since, therefore, he
continues,! ¢ each science has hitherto been a slight and
ill-constructed thing, we must assuredly take a firmer
stand; our ground being, that these two subjects,
which on account of the narrowmess of men’s views
and the traditions of professors have been so long
dissevered, are, in fact, one and the same thing, and
compose one body of science.” It must be allowed that,
however erroneous might be the points of Bacon’s
positive astronomical creed, these general views of the
nature and position of the science are most sound and
philosophical.

(Kepler.) ,In his attempts to suggest a right physical
view of the séarry heavens and their relation to the
earth, Bacon failed, along with all the writers of his
time. It bas already been stated that the main cause
of this failure was the want of a knowledge of the
true theory of motion;—the non-existence of the
science of Dynamics. At the time of Bacon and
Kepler, it was only just beginning to be possible to
reduce* the heavenly motions to the laws of earthly
mpotion, because the latter were only jus“, then divulged.
Accordingly, wehave seen that the whole of Kepler's
physical speculations proceed upop an ignorance of the
first law of qmotion, and assume it to be the main
problem of th® physical astronomer to assign the cause
which keeps up thg motions of the planets. Kepler's
doctrine is, that a certain Force or Virtue resides in

! Vol. ix, 2a1.
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the sun, by which all bodies within his influence are
carried round him. He illustrates® the nature of this
Virtue in various ways, comparing it t® Light, and to
the Magnetic Power, which it resembles in the circum-
stances of operating at a distance, and also in exercis-
ing a feebler influence as the distance becomes greater.
But it was obvious that these comparisons were very
imperfect; for they do not explain how the sun pro-
duces in a body at a distance a motion athwart the line
of emanation; apd though Kepler introduced an ae-
sumed rotation of the sun on his axis as the cause of
this effect, that such a cause could produce %he result
could not be established by any analogy of terrestrial
motions. But another image to which he referred,
suggested a much more substantial and conceivable
kind of mechanical action by which the celestial
meotions might be produced, namely, a current of fluid
matter circulating round the sun, and carrying the
Planet with it, like a boat in a stream. In the Table
of Contents of the work on the planet Mars, the
purport of the chapter to which I have alluded is
stated as follows: ¢ A physical speculation, in which it
is demonstrated that the vehicle of that Virtue which
urges the planets, circulates through the spaces of the
universe after the manner of a river, or whirlpool-
(vortex), moving quicker than the planets’ I think it
will be found, by any one who reads Kepler's phrases
concerning the moving force,—the magngtic nature,—
the immaterial virtue of the sun, that they convey no
distinct conception, except sofar as they are interpreted
by the expressions just quoted. A vortex of fluid
constantly whirling round the sun, kept in thig whirl-
ing motion b} the rotation of theysun himself, and
carrying the planets round the sun by its revolution,
as a whirlpool carrigs straws, could be readily under-
stood; and though it appears to have been held by
Kepler that this current and vortex wds immaterial,
he ascribes to it the power of overcoming the inertia
of bodies, and of putting them and keeping them in

2 De Stelld Martis, P. 3, . XXXiv.
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motion, the only material properties with which he
had anythitg to do. XKepler's physical reasonings,
therefore, amount, in fact, to the doctrine of Vortices
round the central bodies, and ar¢ occasionally so stated
by himself; though by asserting these vortices to be
‘an immaterial species, and by the fickleness and
variety of his phrageology on the subject, he leaves
this theory in some confusion ;—a proceeding, indeed,
which both his want of sound mechanical conceptions,
and his busy and inventive fancy, mjght have led us
to expect, Nor, we may venture to say, was it easy
for any one at Kepler's time to devise a more plausible
theory than the theory of vortices might bave been
made. It was only with the formation and progress
of the science of Mechanics that this theory became
untenable.

(Descartes.) But if Kepler might be excused, or
indeed admired, for propounding the theory of Vortices
at his time, the case was different when the laws of
motion had been fully developed, and when those who
knew the state of mechanical science ought to have
learned to consider the motions of the stars as a
mechanical problem, subject to the same conditions as
other mechanical problems, and capable of the same
exactness of golution. And there was an especial
inconsistency in the circumstance of the Theory of
Vortices being put forwards by Descartes, who pre-
tended, or was asserted by his admirers, to have been
one of the discoverers of the true Laws of Motion. It

. certainly shows both great conceit and great shallow-
ness, that he should have proclaimed with much pomp
this crude invention of the ante-mechanical period, at
the time when the best mathematicians’ of Europe, as
Borelli in Italy, Hooke and Wallis in England,
Huyghens in Holland, were patiently labouring to
bring the mechanical problem of the universe into its
mest distinct form, in order that it might be solved at
last and for ever.

I do not mean to assert that Descartes borrowed his
doctrines from Kepler, or from any of his predecessors ;
for the theory .was sufficiently obvious; and especially
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if we suppose the inventor to seek his suggestions
rather in the casual examples offered to thg sense than
in the exact laws of motion. Nor would it be reason-
able to rob this philosopher of that credit, of the
plausible deduction of a vast system from apparently
simple principles, which, at the time, was so much
admired; and which undoubtedly was the great cause
of the many converts to his views.” At the same time
we may venture to say that a systdm of doctrine thus
deduced from asgumed principles by a long chain ¢f
reasoning, and not verified and confirmed at every step
by detailed and exact facts, has hardly a ®hance of
containing any truth. Descartes said that he should
think it little to show how the world s constructed,
if he could not also show that it must of necessity
have been so constructed. The more modest philo-
sophy which has survived the boastings of his school
is content to receive all its knowledge of facts from
experience, and never dreams of interposing its per-
emptory must be when nature is ready to tell us
what 4. The a priori philosopher has, however,
always a strong feeling in his favour among men.
The deductive form of his speculations gives them
something of the charm and the apparent certainty of
pure mathematics; and while he avoids that laborious.
recurrence to experiments, and measurds, and multi-
plied observations, which is irksome and distasteful to
those who are impatient to grow wise at_once, every
fact of which the theory appears to give “an explana-
tion, seems to be an unasked and almost an infallible
witness in its favour.

My business with Descartes here is only with his
physical Theorf of Vortices; which, great as was its
glory at one time, is now utterly extinguished. It
was propounded in his Principia Philosophic, in 1644.
In order to arrive at’this theory, he begins, as might
be expected of him, from reasonings sufficiently gege-
ral. He lays it down as a’maxim, in the first sen-
tence of his book, that a person who seeks for truth
must, once in his life, doubt of all thaj he most believes.
Conceiving himself thus to have stripped himself of all
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his belief on all subjects, in order to resume that part
of it whichxmerits to be retained, he begins with his
celebrated assertion, ‘I think, therefore, I am; which
appears to him a certain and immoveable principle, by
means of which he may proceed to something more.
Accordingly, to this he soon adds the idea, and hence
the certain existence, of God and his perfections. He
then asserts it to be also manifest, that a vacuum in
any part of the universe is 1mposs31ble the whole must
ke filled with matter, and the matter must be divided
into equal angular parts; this being the most simple,
and therefore the most natural supposition. This
matter being in motion, the parts are necessarily
ground into a spherical form; and the corners thus
rubbed off (like filings or sawdust) form a second and
more subtle matter.* There is, besides, a third kind
of matter, of parts more coarse and less fitted for
motion, The first matter makes luminous bodies, as
the sun, and the fixed stars; the second is the trans-
parent substance of the skies; the third is the material
of opaque bodies, as the earth, planets, and comets.
‘We may suppose, also,’ that the motions of these parts
take the form of revolving circular currents,’ or
vortices. By this means, the first matter will be col-
lected to the center of each vortex, while the second,
or subtle matter, surrounds it, and, by its centrifugal
effort, constitutes light. The plangets are carried round
the sun by the motion of his vortex,” each planet
being at such a distance from the sun as to be in a
part of the vortex suitable to its solidity and mobility.
The motions are prevented from being exactly circular
and regular by various causes; for instance, a vortex
may be pressed into an oval shape*by contiguous
vortices. The satellites are, in like manner, carried
round their primary planets by subordinate vortices;
while the comets have sometimes‘the liberty of gliding
out of cone vortex into the one next contiguous, and

3 Prin. p.58. 4 Ib, p. 59. 5 Ib, p. 56.
6 Ib. p. 61, 7 Ib. c. 140, D. 114,
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thus travelling in a sinuous course, from system to
system, through the universe. ‘

It is not necessary for us to speak here of the entire
deficiency of this system in mechanical consistency,
and in a correspondency to observation in details and
measures. Its general reception and temporary sway,
in some instances even among intelligent men and
good mathematicians, are the most remarkable facts
connected with it. Thése may be afcribed, in part, to
the circumstance, that philosophers were now ready
and eager for a physical astronomy commensurate with
the existing state of knowledge; they may h8ve been
owing also, in some measure, to the character and
position of Descartes. He was a man of high claims
in every department of speculation, and, in pure
mathematics, a genuine inventor of great eminence ;—
a man of family and a soldier ;—an inoffensive philo-
sopher, attacked and persecuted for his opinions with
great bigotry and fury, by a Dutch divine, Voet j—
the favourite and teacher of two distinguished prin-
cesses, and, it is said, the lover of one of them. This
was Elizabeth, the daughter of the Elector Frederick,
and consequently grand-daughter of our James the
First. His other royal disciple, the celebrated Chris-
tina of Sweden, showed her zeal for his instructions-
by appointing the hour of five in the morhing for their
interviews. Tlis, in the climate of Sweden, and in
the winter, was too severe a trial for the constitution
of the philosopher, born in the sunny valley of the
Loire; and, after a short residence at Stockholm, he
died of an inflammation of the chest in 1650. He
always kept up an active correspondence with his
friend Mersenu®, who was called, by Some of the Pari-
sians, ‘the Resident of Descartes at Paris; and whe
informed him of all that was done in the world of
science. It is said that he at first sent to Mersenne
an account of a system of the universe pfhich de hgd
devised, which went on the Sssumption of a vacunm;
Mersenne informed him that the vackum was no longer
the fashion at Paris; upon which Jhe proceeded to
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remodel his system, and to reestablish it on the prin-
ciple of a plenum. Undoubtedly he tried to avoid
promulgating opinions which might bring him into
trouble. He, on all occasions, endeavoured to explain
away the doctrine of the motion of the earth, so as to
evade the scruples to which the decrees of the pope
had given rise; and, in stating the theory of vortices,
he says8 ¢ There is®no doubt that the world was created
at first with all ifs perfection} nevertheless, it is well
to consider how it might have arisen from certain
principles, although we know that it did not.” Indeed,
in the wiiole of his philosophy, he appears to deserve the
character of being both rash and cowardly, ¢ pusillani-
mus simul et audax,’ far more than Aristotle, to whose
physical speculations Bacon applies this description.?
Whatever the causes might be, his system was well
received and rapidly adopted. Gassendi, indeed, says
that he found nobody who had the courage to read
the Principia through;1° but the system was soon
embraced by the younger professors, who were eager
to dispute in its favour. It is said! that the Univer-
sity of Paris was on the point of publishing an edict
against these new doctrines, and was ounly prevented
from doing so by a pasquinade which is worth men-
tioning. It was composed by the poet Boileau (about
1684), and pProfessed to be a Request in favour of
Aristotle, and an Edict issued from Mount Parnassus
in consequence. It is obvious that, at this time, the
cause of Caltesianism was looked upon as the cause of
free inquiry and modern discovery, in opposition to
that of bigotry, prejudice, and ignorance. Probably
the poet was far from being a very severe or profound
critic of the truth of such claims. ¢ This petition of
the Masters of Arts, Professors, and Regents of the
University of Paris, humbly showeth, that it is of
public notoriety that the sublirie and” incomparable
Aristotle wats, without contest, the first founder of the
four elemeunts, fire, air, earth, and water; that he did,

8 Prin. p. 56. . 9 Bacon, Descriptio Globi Intellectualis.
10 Del. 4. M. ii, 193, 11 Enc. Brit. art. Cartesianism.
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by special grace, accord unto them a simplicity which
belongeth not to them of natural right;’ gnd so on.
¢ Nevertheless, since, a certain time pasf, two indi-
viduals, named Reason.and Experience, have leagued
themselves together to dispute his claim to the rank
which of justice pertains to him, and have tried to
erect themselves a throne on the ruins of his autho-
rity; and, in order the better to gail their ends, have
excited certain factious spirits, who, finder the names
of Cartesians and Gassendists, have begun to shake off
the yoke of their master, Aristotle; and, contemning
his authority, with unexampled temerity, woflld dis-
pute the right which he had acquired of making true
pass for false and fulse for true ’—In fact this produc-
tion does not exhibit any of the peculiar tenets of
Descartes, although, probably, the positive points of
his doctrines obtained a footing in the University of
Paris, under the cover of this assault on his adversa-
ries. The Physics of Rohault, a zealous disciple of
Descartes, was published at Paris about 1670,!2 and
wasg, for a time, the standard book for students of this
subject, both in France and in England. I do not here
speak of the later defenders of the Cartesian system,
for, in their hands, it was much modified by the strug-
gle which it had to maintain against the Newtonian
system, *

We are concerned with Descartes and his school
only as they form part of the picture of the intellectual
condition of Europe just before the publication -of
Newton’s discoveries. Beyond this, the Cartesian
speculations are without value. When, indeed, Des-
cartes’ countrymen could no longer refuse their gssent
and admiration %o the Newtonian th.eory, it came to
be the fashion among them to say that Descartes had,
been the necessgry precursor of Newton ; and to adopt
a favourite saying of Leibnitz, that the Cartesian phi-
losophy was the antechamber of Truth® Yet thig
comparison is far from being happy: it appeared rather
a8 if these suitors had mistaken the door; for those

12 And a second edition in 167a.
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who first came into the presence of Truth herself, were
those whq never entered this imagined antechamber,
and those who were in the antechamber first, were the
last in penetrating further. Iu partly the same spirit,
Playfair has noted it as a service which Newton per-
haps owed to Descartes, that ¢ he had exhausted one
of the most tempting forms of error’” We shall see
soon that this temptation had no attraction for those
who looked at $he problem in its true light, as the
Italian and English philosophers already did. Voltaire
has observed, far more truly, that Newton’s edifice
rested on no stone of Descartes’ ‘foundations. He
illustrates this by relating that Newton only once read
the work of Descartes, and, in doing so, wrote the
word ¢ error,’ repeatedly, on the first seven or eight
pages; after which he read no more. This volume,
Voltaire adds, was for some time in the possession of
Newton’s nephew,13

(Gassendi.) Even in his own country, the system
of Descartes was by no means universally adopted.
We have seen that though Gassendi was coupled with
Descartes as one of the leaders of the new philosophy,
he was far from admiring his work. Gassendi’s own
views of the causes of the motions of the heavenly
bodies are not very clear, nor even very clearly refer-
rible to the laws of mechanics; although he was one
of those who had most share in showing that those
laws apply to astronomical motions. In a chapter,
headed!* ¢ Que sit motrix siderum causa,” he reviews
several opinions; but the one which he seems to adopt,
is that which ascribes the motion of the celestial globes
to certain fibres, of which the action is similar to that
of the muscles of animals. It does ffot appear, there-
fore, that he had distinctly apprehended, either the
continuation of $he movements of thgplanets by the
First Law of Motion, or their déflection by the Second
Law j—the #wo main steps on the road to the dis-
covery of the true fordes by which they are made to
describe their orvits.

13 Cartesianism, Ene. Phil. 14 Gassendi, Opera, vol. 1. p. 639.
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(Leibnitz, dzc.) Nor does it appear that in Germany
mathematicians had attained this point of view. Leib-
nitz, as we have seen, did not assent to the opinions of
Descartes, as containings the complete truth; and yet
his own views of the physics of the universe do not
seem to have any great advantage over these. In
1641 he published 4 new physical hypothesis, by which
the causes of most phenomena are deduged from a certain
single universal motion supposed in our globe;—not to
be despised either by the Tychonians or the Copernicans.
He supposes the particles of the earth to have separate
motions, which produce collisions, and thus probagate!s
an ‘agitation of the ether,’ radiating in all directions;
and,!® ¢ by the rotation of the sun on its axis, concurring
with its rectilinear action on the earth, arises the mo-
tion of the earth about the sun.’ The other motions
of the solar system are, as we might expect, accounted
for in a similar manner; but it appears difficult to
invest such a hypothesis with any mechanical con-
sistency.

John Bernoulli maintained to the last the Cartesian
hypothesis, though with several modifications of his
own, and even pretended to apply mathematical calcu-
lation to his principles. This, however, belongs to a
later period of our history; to the reception, not to
the prelude, of the Newtonian theory.

(Borelli.) In Italy, Holland, and England, mathe-
maticians appear to have looked much mgre steadily
at the problem of the celestial motions, by the light
which the discovery of the real laws of motion threw
upon it. In Borelli's Theories of the Medicear Planets,
printed at Florence in 1666, we have already a con-
ception of the nfture of central actiop, in which true
notions begin to appear. The attraction, of a body:
upon another which revolves about s spoken of, and
likened to magnetic action; not converting'the attract-
ing force into a transverse force, according to the erros
neous views of Kepler, but taking it as a tendency of
the bodies to meet. It is manifest; says he,7 ‘that

15 Art. §. 6 I, 8. 7 Cap. 2.
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every planet and satellite revolves round some prin-
cipal globe of the universe as a fountain of virtue,
which so draws and holds them, that they cannot by
any means be separated from‘it, but are compelled to
follow it wherever it goes, in constant and continuous
revolutions.” And, further on, he describes!® the
nature of the actipn, as a matter of conjecture indeed,
but with remarkable correctness.’® ¢We shall account
for these motions by supposing, that which can hardly
vbe denied, that the planets have a certain natural
appetite for uniting themselves with the globe round
which they revolve, and that they really tend, with
all their efforts, to approach to such globe; the planets,
for instance, to the sun, the Medicean Stars to Jupiter.
It is certain, also, that circular motion gives a body a
tendency to recede from the center of such revolution,
as we find in a wheel, or a stone whirled in a sling,
Let us suppose, then, the planet to endeavour to ap-
proach the sun; since, in the mean time, it acquires,
by the circular motion, a force to recede from the same
central body, it comes to pass, that when those two
opposite forces are equal, each compensates the other,
and the planet cannot go nearer to the sun nor further
from him than a certain determinate space, and thus
appears balanced and floating about him.’

This is a very remarkable passage; but it will be
observed, at the same time, that the author has no
distinct conception of the manner in which the change
of direction of the planet’s motion is regulated from
one instant to another; still less do his views lead to
any mode of calculating the distance from the central
bodywat which the planet would be thus balanced, or
the space throngh which it might ‘approach to the
‘center and recede from it. There is a great interval
from Borelli's glesses, even to Huyghens' theorems;
and a much greater to the beginning of Newton's
discoveries. u _

(&ngland.) It is peculiarly interesting to us to
trace the gradual approach towards these discoveries

18 Ib, 11, L YA
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which took place in the minds of English mathema-
ticians; and this we can do with tolerable distinctness.
Gilbert, in his work, De Magnete, printed in 1600, has
only some vague notioes that the magnetic virtue of
the earth in some way determines the direction of the
earth’s axis, the rate of its diurnal rotation, and that
of the revolution of the moon abou} it.?0 He died in
1603, and, in his posthumous work, aJready mentioned,
(De Mundo nostro Sublunari Philosophia nova, 1651,)
we have already a pore distinct statement of the attracs
tion of one body by another.?! ¢The force which ema-
nates from the moon reaches to the eartl» and, in like
manner, the magnetic virtue of the earth pervades the
region of the moon: both correspond and conspire by
the joint action of both, according to a proportion and
conformity of motions: but the earth has more effect,
in cunseyuence of its superior mass; the earth attracts
and repels the moon, and the moon, within certain
limits, the earth ; not so as to make the bodies come
together, as magnetic bodies do, but so that they may
goonin a continuous course.’ Though this phraseolo
is capable of representing a good deal of the truth, it
does not appear to have been connected, in the author’s
wind, with any very definite notions of mechanical
action in detail. We may probably say, the same of -
Milton’s language :

« « « « « o What if the sun

Be center to the world ; and other stars,,

By his attractive virtue and their own
Incited, dance about him various rounds ¢

Par. Lost, B. viii.

Boyle, about the same period, seems to have inclined
to the Cartesial hypothesis. Thus,dn order to show
the advantage of the natural theology which contems
plates organic contrivances, over th# which refers to
astronomy, he remarks, ‘it may be said, that in bodies
inanimate,?? the contrivance is, very rarely so exquisite
but that the various motions and occurrences of their

-*.
2 Lib. vi, cap. 6, 7. o 2 Ib.ii. ¢ 19.
22 Shaw's Boyle’s Works, ii. 160.
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parts may, without much improbability, be suspected
capable, after many essays, to cast one other into several
of those circumvolutions called by Epicurus, svorpopic,
and by Descartes, vortices; which being once made,
may continue a long time after the manner explained
by the latter” Neither Milton nor Boyle, however,
can be supposed to have had an exact knowledge of
the laws of mechanics; and therefore they do not fully
represent the views of their mathematical contempo-
yaries. But there arose about thig time a group of
philosophers, who began to knock at the door where
Truth whs to be found, although it was left for Newton
to force it opén. These were the founders of the Royal
Society, Wilkins, Wallis, Seth Ward, Wren, Hooke,
and others. The time of the beginning of the specu-
lations and association of these men corresponds to the
time of the civil wars between the king and parliament
in England; and it does not appear a fanciful account
of their scientific zeal and activity, to say, that while
they shared the common mental ferment of the times,
they sought in the calm and peaceful pursuit of know-
ledge a contrast to the vexatious and angry struggles
which at that time disturbed the repose of society.
It was well if these dissensions produced any good tq
science to balance the obvious evils which flowed from
them. Gaschigne, the inventor of the micrometer, a
friend of Horrox, was killed in the battle of Marston
Moor. Milburne, another friend of Horrox, who like
him detectéd the errours of Lansberg’s astronomical
tables, left papers on this subject, which were lost by
the coming of the Scotch army into England in 1639;
in thecivil war which ensued, the anatomical collec-
tions of Harvey were plundered and dustroyed. Most
of these persons of whom I have lately had to speak,
were involved in@he changes of fortune of the Com-
monwealth, some on one side aid some on the other.
VWilkins wal,made Warden of Wadham by the com-
mittee of parliament Appointed for reforming the
University of Oxford ; and was, ig, 1659, made Master
of Trinity College, Cambridge, by Richard Cromwell,
but ejected thence the year following, upon the restora-
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tion of the royal sway. Seth Ward, who was a Fellow
of Sidney College, Cambridge, was deprived of his
Fellowship by the parliamentdry committec; but at
a later period (1649) sie took the engagement to be
faithful to the Commonwealth, and became Savilian
Professor of Astronomy at Oxford. Wallis held a
Fellowship of Queen’s College, Cambridge, but vacated
it by marriage. He was afterwards much employed
by the royal party in deciphering secret writings, in
which art he had peculiarskill. Yet he was appointed
by the parliamentary commissioners Savilian Professor
of Geometry at Oxford, in which situation he was con-
tinued by Charles I1. after his restoration. Christopher
Wren was somewhat later, and escaped these changes.
He was chosen Fellow of All-Souls in 1652, and suc-
ceeded Ward as Savilian Professor of Astronomy.
These men, along with Boyle and several others,
formed themselves into a club, which they called the
Philosophical, or the Invisible College; and met, from
about the year 1645, sometimes in London, and some-
times in Oxford, according to the changes of fortune
and residence of the members. Hooke went to Christ
Church, Oxford, in 1653, where he was patronized by
Boyle, Ward, and Wallis; and when the Philosophical
College resumed its meetings in Londen after the
Restoration, as the Royal Society, Hooke was made
“ curator of experiments’ Halley was of the next
generation, and comes after Newton; he studied at
Queen’s College, Oxford, in 1673; but was at first a
man of some fortune, and not engaged in any official
situation, His talents and zeal, however, made him
an active and effcctive ally in the promotion of
science. * .

The connexion of the persons of whom we have been’
speaking has a bearing on our subject; for it led, histo-
rically speaking, to the publication of Neyton’s disco-
veries in physical astronomy., Rightly %o propose £
problem is no inconsiderable step to jts solution ; and
it was undoubtedly a great advance towards the true
theory of the universe to consider the motion of the
planets round the sun as a mechanical question, to be

VOL. II 1
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solved by a reference to the laws of motion, and by
the use of mathematics. So far the English philoso-
phers appear ‘to have gone, before the time of Newton.
Hooke, indeed, when the doctfine of gravitation was
published, asserted that he had discovered it previously
to Newton; and though this pretension could not be
maintained, he centainly had perceived that the thing
to be done was,qto determine the effect of a central
force in producing curvilinear motion ; which effect, as
*we have already seen, he illustrated by experiment as
early ag, 1666. Hooke had also spoken more clearly
on this subject in An Attempt to prove the Motion of
the Earth from Observations, published in 1674. In
this, he distinctly states that the planets would move
in straight lines, if they were not deflected by central
forces; and that the central attractive power increases
in approaching the center in certain degrees, dependent
on the distance. ¢ Now what these degrees are,” le
adds, ¢ I have not yet experimentally verified;’ but he
ventures to promise to any one who succeeds in this
undertaking, a discovery of the cause of the heavenly
motions. He asserted, in conversation, to Halley and
Wren, that he had solved this problem, but his solu-
tion was never produced. The proposition that the
attractive force of the sun varies inversely as the
square of the distance from the center, had already
been divined, if not fully established. If the orbits
of the plarets were circles, this proportion of the forces
might be deduced in the same manner as the proposi-
tions concerning circular miotion, which Huyghens
published in 1673; yet it does not appear that Huy-
ghen¢ made this application of his principles. Newton,
however, had already made this step fome years before
this time. Accgrdingly, he says in a letter to Halley,
o Hooke’s clalin to this discovery,® ‘ When Huy-
renius put,out his Horologium Oscillatorium, a co

seing presekited to me, in my letter of thanks I gave
‘hose rules in the end thereof a particular commenda-
ion for their usefulness in computing the forces of

= Biog, Brit., art. Hooke.
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the moon from the earth, and the earth from the sun.’
He says, moreover, ¢ I am almost confident by circum-
stances, that Sir Christopher Wren knew the duplicate
proportion when I ga%e him a visit; and then Mr.
Hooke, by his book Cometa, will prove the last of us
three that knew it.” Hooke’s Cometa was published
in 1698. These inferences were all connected with
Kepler's law, that the times are in, the sesquiplicate
ratio of the major axes of the orbits. But Halley had
also been led to the duplicate proportion by another
train of reasoning, namely, by considering the force
of the sun as an emanation, which must become more
feeble in proportion to the increased spherical surface
over which it is diffused, and therefore in the inverse
proportion of the square of the distances.’® In this
view of the matter, however, the difficulty was to
determine what would be the motion of a body acted
on by such a force, when the orbit is not circular but
oblong. The investigation of this case was a problem
which, we can easily conceive, must have appeared of
very formidable complexity while it was unsolved,
and the first of its kind. Accordingly Halley, as his
biographer says, ‘finding himself unable to make it
out in any geometrical way, first applied to Mr. Hooke
and Sir Christopher Wren, and meeting with no
assistance from either of them, he went to Cambridge
in August (1684), to Mr. Newton, who supplied him
fully with what he had so ardently sought.s

A paper of Halley’s in the Philosophical Transac-
tions for January, 1686, professedly inserted as a
preparation for Newton’s work, contains some argu-
ments against the Cartesian hypothesis of gfavity,
which seem to ifaply that Cartesian opinions had some
footing among English philosophers; and we are told"
by Whiston, Newtons successor in *his professorship
at Cambridge, that Cartesianism formed a, part of the
studies of that place. Indeed, Rohault’® Physics wad

34 Bullialdus, in 1645, had as- hold of and grapples the planets,
serted that the force by which the must be as the inverse square of
sun ‘ prehendit et harpagat,’ takes the distance.

I2
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used as a class-book at that University long after the
time of which we are speaking; but the peculiar
Cartesian doctrines which it contained were soon
superseded by others. ¢

‘With regard, then, to this part of the discovery,
that the force of the sun follows the inverse duplicate
proportion of the distances, we see that several other
persons were on the verge of it at the same time with
Newton; though he alone possessed that combination
‘of distinctness of thought and power of mathematical
inventien, which enabled him to force his way across
the barrier. But another, and so far as we know, an
earlier train of thought, led by a different path to the
same result; and it was the convergence of these two
lines of reasoning that brought the conclusion to men’s
minds with irresistible force. I speak now of the
identification of the force which retains the moon in
her orbit with the force of gravity by which bodies fall
at the earth’s surfuce. In this comparison Newton
had, so far as I am aware, no forerunner. Wec are
now, therefore, arrived at the point at which the his-
tory of Newton’s great discovery properly begins.
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CHAPTER II

"Tue Inpuctive EpocH oF NEwTON.—DISCOVERY OF
THE UNIVERSAL GRAVITATION OF, MATTER, ACCORD-
ING TO THE LAW OF THE INVERSE SQUARE OF THE
DiSTANCE. '

N order that we may the more clearly con;ider the

bearing of this, the greatest scientific discovery
ever made, we shall resolve it into the partial pro-
positions of which it consists. Of these we may
enumerate five. The doctrine of universal gravitation
asserts,

1. That the force by which the different planets are
attracted to the sun is in the inverse proportion of the
squares of their distances;

2. That the force by which the same planet is
attracted to the sun, in different parts of its orbit, is
also in the inverse proportion of the squares of the
distances;

3. That the earth also exerts such a force on the
moon, and that this force is identical withgthe force of
gravity ; :

4. That bodies thus act on other bodies, besides
those which revolve round them; thus, that the sun
cxerts such a force on the moon and satellites, and
that the planets exert such forces on one another;

5. That this force, thus cxerted by the general
masses of the sun, earth, and planets, arises from the
attraction of ealh particle of these qmasses; which
attraction follows the above law, and belongs to all-
matter alike. .

The history of the establishment of these, five truths
will be given in order. . . oo

1. Sun’s Force on Different Planets—With regard
to the first of the above five propositions, that the
different planets are attracted to the sun by a force
which is inversely as the square of the distance,
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Newton had so far been anticipated, that several per-
sons had discovered it to be true, or nearly true; that
is, they had discovered that if the orbits of the planets
were circles, the proportions‘of the central force to
the inverse square of the distance would follow from
Kepler's third law, of the sesquiplicate proportion of
the periodic times. As we have seen, Huyghens’
theorems would have proved this, if they had been so
applied ; Wren knew it; Hooke not only knew it, but
wclaimed a prior knowledge to Newton; and Halley
had satjsfied himself that it was at least nearly true,
before he visited Newton, Hooke was reported to
Newton at Cambridge, as having applied to the Royal
Society to do him justice with regard to his claims; but
when Halley wrote and informed Newton (in a letter
dated June 29, 1686), that Hooke’s conduct ¢ had been
represented in worse colours than it ought, Newton
inserted in his book a notice of these his predececssors,
in order, as he said, ¢ to compose the dispute.’! This
notice appears in a Scholium to the fourth Proposition
of the Principia, which states the general law of revo-
lutions in circles. ¢ The case of the sixth corollary,’
Newton there says, ¢ obtains in the celestial bodies, as
has been separately inferred by our countrymen, Wren,
Hooke, and, Halley; he soon after names Huyghens,
¢ who, in his excellent treatise De Horologio Oscilla-
torio, compares the force of gravity with the centri-
fugal forces of revolving bodies.’

The two steps requisite for this discovery were, to
propose the motions of the planets as simply a mecha-
nical problem, and to apply mathematical reasoning so
as te solve this problem, with reference to Kepler's

. third law consirlered as a fact. The' former step was
* a consequence of the mechanical discoveries of Galileo
and his school; the result of the firm and cléar place
which these gradually obtained in men’s minds, and of
«the dtter ab>lition of all the notions of solid spheres
by Kepler. The mathematical step required no small
mathematical powers; as appears, when we consider

- Biog. Brit. folio, art. Hooke.
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that this was the first example of such a problem, and
that the method of limits, under all its forms, was at
this time in its infaney, or rather, at its birth. Accord-
ingly, even this step, s$hough much the easiest in the
path of deduction, no one before Newton completcly
executed.

2. Force in different Points of an Orbit.—The infe-
rence of the law of the force from’ Kepler's two laws
concerning the elliptical motion, was a problem quite
different from the preceding, and much more difficult;
but the dispute with respect to priority in the two
propositions was intermingled. Borelli, in 1866, had,
as we have seen, endeavoured to reconcile the general
form of the orbit with the notion of a central attrac-
tive force, by taking centrifugal force into the account;
and Hooke, in 1679, had asserted that the result of
the law of the inverse square in the force of the earth
would be an ellipse,® or a curve like an ellipse.’ But
it does not appear that this was anything more than
a conjecture. Halley says¢ that ¢ Hooke, in 1683,
told him he had demonstrated all the laws of the
celestial motions by the reciprocally duplicate propor-
tion of the force of gravity; but that, being offered
forty shillings by Sir Christopher Wren to produce
such a demonstration, his answer was, that he had it,
but would conceal it for some time, that Bthers, trying
and failing, might know how to value it when he
should make it public’ Halley, however, truly ob-
serves, that after the publication of the démonstration
in the Principia, this reason no longer held; and adds,
‘I have plainly told him, that unless he produce
another differing demonstratlon, and let the world
judge of it, neisher I nor any one else can believe it.

Newton allows that Hooke's assertions in 1679 gave
occasion to his investigation on this point of the theory.
His demonstration *is contained in ‘the second and
third Sections of the Principia. He firgf treats of the

2 Newton's Letter, Biog. Brit., Hooke, p. 2660.
8 Birch's Hist R. S., Wallis’s Life, o
4 Enc. Brit., Hooke, p. 2660.
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general law of central forces in any curve; and then,
on account, as he states, of the application to the
motion of the heavenly bodies, he treats of the case of
force varying inversely as the equare of the distance,
in a more diffuse manner. ’

In this, as in the former portion of his discovery,
the two steps were, the proposing the heavenly motions
as a mechanical pr(;blem, and the solving this problem.
Borelli and Hooke had certainly made the former step,
with considerable distinctness; but the mathematical
solution required no common inventive power.

Newtén seems to have been much rufied by Hooke’s
speaking slightly of the value of this sccond step ; and
is moved in return to deny Hooke’s pretensions with
some asperity, and to assert his own. He says, in a
letter to Halley, ¢ Borelli did something in it, and
wrote modestly; he (Hooke) has done nothing; and
yet written in such a way as if he knew and had suffi-
ciently hinted all but what remained to be determined
by the drudgery of calculations and observations;
excusing himself from that labour by reason of his
other business; whereas he should rather have cxcused
himself by reason of his inability : for it is very plain,
by his words, he knew not how to go about it. Now
is not this very fine? Mathematicians that find out,
settle, and dd all the business, must content themselves
with being nothing but dry calculators and drudges;
and another that does nothing but pretend and grasp
at all things, must carry away all the inventious, as
well of those that were to follow him as of those that
went before” This was written, however, under the
influence of some degree of mistake; and in a subse-
quent letter, Newton says, ¢ Now I understand he was
in some respects misrepresented to me, I wish I had
spared the postscript to my last, in which is the pas-
sage just quoted. We see, by the melting away of
rival claims, the undivided honour which belongs to
Newton, as the real discoverer of the proposition now
under notice. Weée may add, that in the sequel of the
third Section of the Principia, he has traced its con-
sequences, and solved various problems flowing from
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it with his usual fertility and beauty of mathematical
resource ; and has there shown the necessary connexion
of Kepler's third law with his first and second.

3. Moow's Gravity o the Eurth.—Though others
had considered cosmical forces as governed by the
general laws of motion, it does not appear that they
had identified such forces with the force of terrestrial
gravity. This step in Newton’s discoveries has gene-
rully been the most spoken of by superficial thinkers;
and a false kind of interest has been attached to it,
from the story of its being suggested by the fall of an
apple. The popular mind is caught by the ®haracter
of an eventful narrative which the anecdote gives to
this occurrence; and by the antithesis which makes a
profound theory appear the result of a trivial accident.
How inappropriate is such a view of the matter we
shall soon sce. The narrative of the progress of
Newton'’s thoughts, is given by Pemberton (who had
it from Newton himselt) in his preface to his View of
Newtonw's Plilosophy, and by Voltaire, who had it from
Mvrs. Conduit, Newton’s niece. ¢ The first thoughts,’
we are told, ¢ which gave rise to his Principia, he had
when he retired from Cambridge, in 1666, on account
of the plague, (he was then twenty-four years of age).
As he sat alone in a garden, he fell into a speculation
on the power of gravity; that as this hower is not
found sensibly diminished at the remotest distance
from the center of the earth to which we can rise,
neither at the tops of the loftiest buildings, nor even
on the summits of the highest mountains, it appeared
to him reasonable to conclude that this power must
extend much further than was usually thought; Why
not as high asethe mgon? said he to himself; and if
80, her motion must be influenced by it; perhaps she
is retained in her orbit thereby.’

The thought of c#smical gravitation was thus dis-
tinctly brought into being: and Newtop's superiority
here was, that he conceived the celestial motions as
distinctly as the motions which took place close to

Elémens de Phil. de Newton, 3me partie, chap. iii.
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him ;—considered them as of the same kind, and applied
the same rules to each, without hesitation or obscurity.
But so far, this thought was merely a guess: its occur-
rence showed the act1v1ty of the thinker; but to give
it any value, it required much more than a ¢ why not ¥
—a ‘perhaps” Accordingly, Newton’s ‘why not?
was immediately succeeded by his ‘if so, what then?
His reasoning was, that if gravity reach to the moon,
it is probably of the same kind as the central force of
the sun, and follows the same rule with respect to the
distance. What is this rule? We have already seen
that, by ¢alculating from Kepler’s laws, and supposing
the orbits to be circles, the rule of the force appears to
be the inverse duplicate proportion of the distance;
and this, which had been current as a conjecture among
the previous generation of mathematicians, Newton
had already proved by indisputable reasonings, and
was thus prepared to proceed in his train of inquiry.
If, then, he went on, pursuing his train of thought,
the earth’s gravity extend to the moon, diminishing
according to the inverse square of the distance, will
it, at the moon’s orbit, be of the proper magnitude for
retaining her in her path? Here again came in caleu-
lation, and a calculation of extreme interest; for how
important and how critical was the decision which
depended on' the resulting numbers? According to
Newton’s calculations, made at this time, the moon, by
her motion in her orbit, was deflected from the tangent
every minute through a space of thirteen feet. But
by noticing the space through which bodics would fall
in one minute at the eartlrs surface, and supposing
this to be diminished in the ratio of the inverse square,
it appeared that gravity would, at the moon’s orbit,
draw a body through more than fifteen feet. The dxf-
ference seems small, the approximation encouraging,
the theory plausib]e ; a man irf love with his own
fancies.would readily have discovered or invented some
probable cause of this Uifference. But Newton ac-

uiesced in it as a disproof of his conjecture, and ‘laid
aside at that time any further thoughts of this matter ;’
thus resigning a favourite hypothesis, with a candour
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and openness to conviction not inferior to Kepler,
though his notion had been taken up on far stronger
and sounder grounds than Kepler dealt in; and with-
out even, so far as we know, Kepler's regrets and
struggles. Nor was this levity or indifference; the
idea, though thus laid aside, was not finally condemned
and abandoned. When Hooke, in, 1679, contradicted
Newton on the subject of the curve described by a
falling body, and asserted it to be an ellipse, Newton
was led to investigate the subject, and was then again
conducted, by another road, to the same law of the
inverse square of the distance. This naturally turned
his thoughts to his former speculations. Was there
really no way of explaining the discrepancy which this
law gave, when he attempted to reduce the moon’s
motion to the action of gravity? A scientific opera-
tion then recently completed, gave the explanation at
once. e had been mistaken in the magnitude of the
earth, and consequently in the distance of the moon,
which is determined by measurements of which the
earth’s radius is the base. He had taken the common
estimate, current among geographers and seamen, that
sixty English miles are contained in one degree of
latitude. But Picard, in 1670, had measured the
length of a certain portion of the meridian in France,
with far greater accuracy than had yet been attained ;
and this measure enabled Newton to repeat his calcu-
lations with these amended data. We may imagine
the strong curiosity which he must have %elt as to the
result of these calculations. His former conjecture
was now found to agree with the phenomena to a
remarkable degree of precision. This conclusipn, thus
coming after dong doubts and delays, and falling in
with the other results of mechantcal calculation fpr
the solar system, gave a stamp from that moment to
his opinions, and through himn to those of the whole
philosophical world. o <.
[2nd Ed.] [Dr.*Robison’ (Mechanical Philosophy,
P- 288) says that Newton having Hecome a member of
the Royal Society, there learned the,accurate measure-
ment of the earth by Picard, differing very much from
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the estimation by which he had made his calculations
in 1666. And M. Biot, in his life of Newton, pub-
lished in the Bio, Jmplue Universelle, says, ¢ According
to conjecture, about the month of June, 1682, Newton
bcmg in London, at a meeting of the Royal Society,
mention was made of the new measure of a degree of
the earth’s surface,, recently executed in France by
Picard; and great pmlse was given to the care which
had been employed in making this measure exact.’

I had adopted this conJecture as a fact in my first
edition; but it has been pointed out by Prof. Rigaud
(sttorw&l Essay on the First Publication of the Prin-
cipia, 1838), that Picard’s measurcment was probably
well known to the Fellows of the Royal Society as
early as 1675, there being an account of the results of
it given in the Lhilvsophical 1'ransactions for that
year. Newton appears to have discovered the method
of determining that a body might describe an ellipse
when acted upon by a force residing in the focus, and
varying inversely as the square of the distance, in
1679, upon occasion of his correspondence with Hooke.
In 1684, at Halley’s request, he returned to the sub-
ject, and in February, 1685, there was inserted in the
Register of the Royal Society a paper of Newton's
(Zsaact Newtowi Propositiones de Motu) which con-
tained some of the principal Propositions of the first
two Books of the Principia. This paper, howcver,
does not (,ontam the Proposition ¢ Lunam gravitare in
terram,’ nor ‘any of the other propositions of the third
Book. The Principia was printed in 1686 and 7,
apparently at the expense of Hailey. On the 6th of
April, 1684, the Third Book was presentc,d to the
Royal Society. ]

It does not appear, I think, that before Newton,
phllosophers in general had supposed that terrestrial
gravity was the very force by which*® the moon’s motions
arg produced.’, Men had, as we have seen, taken up
the conceptlon “of such fofces, and had pr obably called
them gravity: but“this was done only to explain, by
analogy, what kind of forces they were, just as at
otheg times they compared them with magnetism ; and
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it did not imply that terrestrial gravity was a force
which acted in the celestial spaces. After Newton
had discovered that this was so, the application of the
term ¢ gravity’ did unfloubtedly convey such a sugges-
tion; but we should err if we inferred from this
coincidence of expression that the notion was com-
monly entertained before him., Thus Huyghens
appears to use language which may be mistaken, when
he says,® that Borelli was of opinion that the primary
planets were urged by ‘gravity’ towards the sun, and
the satellites towards the primaries. The notion of
terrestrial gravity, as being actually a cosmical force,
is foreign to all Borelli’s speculations.” But Horrox,
as early as 1635, appears to have entertained the true
view on this subject, although vitiated by Keplerian
errours concerning the connexion between the rotation
of the central body and its effcet on the body which
revolves about it. Thus he says,? that the emanation
of the earth carries a projected stone along with the
motion of the earth, just in the same way as it carries
the moon in her orbit; and that this force is greater
on the stone than on the moon, because the distance
is less.

The Proposition in which Newton has stated the
discovery of which we are now speaking, is the fourth
of his third Book: ¢‘That the moon gravitates to the
earth, and by the force of gravity is perpetually
deflected from a rectilinear motion, and jretained in
her orbit” The proof consists in the numerical calcu-
lation, of which he only gives the elements, and points
out the method; but we may observe, that no small
degree of knowledge of the way in which astronomers
had obtained tRese elements, and judgment in selecting
among them, were nccessary: thus, the mean distance
of the moon had been made as little as fifty-six and a
half semi-diameters ‘of the earth by Tycho, and as

8 Cosmotheros, 1. 2. p. 720. 8 Astrongmia Kepleriana defensa
7 1 have found no instance in ef promota, cap. 2. Sece further
which the word is so used by on this subjéct in the Aql%’ g
him, this volume, . )
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much as sixty-two and a half by Kircher: Newton
gives good reasons for adopting sixty-one.

The term gravity, and the expression ‘to gravi-
tate, which, as we have just seén, Newton uses of the
moon, were to receive a still wider application in con-
sequence of his discoveries ; but in order to make this
cxtension clearer, we consider it as a separate step.

4. Mutual Attraction of all the Celestial Bodies.—
If the preceding parts of the discovery of gravitation
were comparatively easy to conjecture, and difficult to
prove ; tlus was much more the case with the part of
which wé have now to speak, the attraction of other
bodies, besides the central ones, upon the planets and
satellites, If the mathematical calculation of the
unmixed effect of a central force required transcendent
talents, how much must the difficulty be increased,
when other influences prevented those first results
from being accurately verified, while the deviations
from accuracy were far more complex than the original
action! If it had not been that these deviations,
though surprisingly numerous and complicated in their
nature, were very small in their quantity, it would
have been impossible for the intellect of man to deal
with the subject ; as it was, the struggle with its diffi-
culties is even now a matter of wonder.

The conjecture that there is some mutual action of
the planets, had been put forth by Hooke in his
Attempt to wrove the Motion of the Karth, (1674.) Tt
followed, he said, from his doctrine, that not only the
sun and the moon act upon the course and motion of
the earth, but that Mercury, Venus, Mars, Jupiter,
and Saturn, have also, by their attractive power, a con-
siderable influenge upon the motion of the earth, and
the earth in like manner powerfully affects the motions
of those bodies. And Borelli, in attempting to form
¢ theories’ of the satellites of J- uptter, had seen, though
dimly*and cenfusedly, the probability that the sun
would disturb the motions of these bodies. Thus he
says, (cap. 14,)  How can we believe that the Medicean
globes are not,. like other planets, impelled with a
greater veloc1ty when they approach the sun: and
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thus they are acted upon by two moving forces, one of
which produces their proper revolution about J uplter,
the other regulates their motion round the sun.’ And
in another place, (cap*20,) he attempts to show an
effect of this principle upon the ivclination of the
orbit ; though, as might be expected, without any real
result,

The case which most obvlously suggests the notion
that the sun exerts a power to disturb the motions of
secondary planets abotit primary ones, might seem to
be our own moon; for the great mequahtles which
had hitherto been dlscovered had all, except the first,
or elliptical anomaly, a reference to the position of the
sun. Nevertheless, I do not know that any one had
attempted thus to explain the curiously irregular course
of the earth’s attendant. To calculate, from the dis-
turbing agency, the amount of the irregularities, was
a problem which could not, at any former period, have
been dreamt of as likely to be at any time within the
verge of human power.

Newton both made the step of inferring that there
were such forces, and, to a very great extent, calculated
the effects of them. The inference is made on mecha-
nical principles, in the sixth Theorem of the third
Book of the I’rmczpza,—that the moon is attracted
by the sun, as the earth is;—that the satellites ‘of
Jupiter aud Saturn are attracted as the primaries are;
in the same manner, and with the samg forces, If
this were not so, it is shown that these attendant
bodies could not accompany the principal ones in the
regular manner in which they do. All those bodies
at equal distances from the sun would be gqually
attracted. ¢

But the complexity which must’ occur in tracing
the results of this principle will easily.be seen. The
satellite and the primary, though nearly at the same
distance, and in the same dlrectlon, from the sun, are
not exactly so. Moreover the difference of the dis-
tances and of the directions is perpetually changing;
and if the motion of the satellite be elliptical, the
cycle of change is long and intricate: on this account
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alone the effects of the sun’s action will inevitably
follow cycles as long and as perplexed as those of the
positions. But on another account they will be still
more complicated ; for in theccontinued action of a
force, the effect which takes place at first, modifies and
alters the effect afterwards. The result at any moment
is the sum of the aesults in preceding instants: and
since the terms, in this series of instantaneous effects,
follow very complex rules, the sums of such series will
be, it might be expected, utt®ly incapable of being
reduced to any manageable degree of simplicity.

It' certainly does not appear that any one but
Newton could make any impression on this problem,
or course of problems. No one for sixty years after
the publication of the Principia, and, with Newton’s
methods, no one up to the present day, had added
anything of any value to his deductions. We know
that he calculated all the principal lunar inequalities;
in many of the cases, he has given us his processes;
in others, only his results. But who has presented, in
his beautiful geomctry, or deduced from his simple
principles, any of the inequalitics which he left un-
touched? The ponderous instrument of synthesis, so
effective in his hands, has never since been grasped by
one who could use it for such purposes; and we gaze
at it with admiring curiosity, as on some gigantic
implement of war, which stands idle among the memo-
rials of ancient days, and makes us wonder what
manner of man he was who could wield as a weapon
what we can hardly lift as a burden.

It is not necessary to point out in detail the sagacity
and skall which mark this part of the ’rincipia. The
mode in which the author obtains the effect of a dis-
turbing force in producing a motion of the apse of an
elliptical orbit (the ninth Section of the first Book),
has always been admired for its ingenuity and elegance.
The general otatement of the nature of the principal
inequalities produced by the sun in the motion of a
satellite, given in'the sixty-sixth Proposition, is, even
yet, one of the best explanations of such action; and
the calculations of the quantity of the effects in the
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third Book, for instance, the variation of the moon,
the motion of the nodes and its inequalities, the change
of inclination of the orbit,—are full of beautiful and
efficacious artifices. But Newton's inventive faculty
was exercised to an extent greater than these published
investigations show. In several cases he has suppressed
the demonstration of his method,.and given us the
result only; either from haste, or from mere weariness,
which might well overtake one who, while he was
struggling with facts and numbers, with difficulties of
conception and practice, was aiming also at that geo-
metrical clegance of exposition, which he considered
as alone fit for the public eye. Thus, in stating the
effect of the eccentricity of the moon’s orbit upon the
motion of the apogee, he says,? ¢ The computations, as
too intricate and embarrassed with approximations, I
do not choose to introduce.’

The computations of the theoretical motion of the
moon being thus difficult, and its irregularities nume-
rous and complex, we may ask, whether Newton’s
reasoning was sufficient to establish this part of his
theory; namely, that her actual motions arise from
her gravitation to the sun. And to this we may reply,
that it was sufficient for that purpose,—since it showed
that, from Newton's hypothesis, inequalities must
result, following the laws which the moon’s inequali-
ties were known to follow ;~—since the amount of the
inequalities given by the theory agreed yearly with
the rules which astronomers had collected from obser-
vation ;—and since, by the very intricacy of the calcu-
lation, it was rendered probable, that the first results
might be somewhat inaccurate, and thus might give
rise to the still Yemaining differences,between the cal-
culations and the facts. A Progression of the Apogee;
8 Regression of the Nodes; and, besides-the Elliptical,
or first Inequality, &n inequality, following the law
of the Evection, or second inequality discovertd by
Ptolemy; another, following the law of the Variation
discovered by Tycho;—were pointed out in the first

9 Schol. to I'rop. 35, first edit,
VOL. II, K
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edition of the Principia, as the consequences of the
theory. Moreover, the quantities of these inequalities
were calculated and compared with observation with
the utmost confidence, and the agreement in most
instances was striking. The Variation agreed with
Halley’s recent observations within a minute of a
degree.l® The Mean Motion of the Nodes in a year
agreed within less than one-hundredth of the whole.l!
The Equation of the Motion of the Nodes also agreed
well1?2 The Inclination of the Plane of the Orbit to
the ecliptic, and its changes, according to the different
situations of the nodes, likewise agreed.3 The Evec-
tion has been already noticed as encumbered with :
peculiar difficulties: here the accordance was less close.
The Difference of the daily progress of the Apogee in
syzygy, and its daily Regress in Quadratures, is, New-
ton says, ¢ 45 minutes by the Tables, 6% by our calcu-
lation.” He boldly adds, ¢ I suspect this difference to
be due to the fault of the Tables” In the second
edition (ryrr) he added the calculation of several
other inequalities, as the Annual Kquation, also dis-
covered by Tycho; and he compared them with more
recent observations made by Flamsteed at Greenwich ;
but even in what has already been stated, it must be
allowed thap there is a wonderful accordance of theory
with phenomena, both being very complex in the rules
which they educe.

The sampe theory which gave these Inequalities in
the motion of the Moon produced by the disturbing
force of the sun, gave also corresponding Inequalities
in the motions of the Satellites of other planets, arising
from ¢he same cause; and likewise pointed out the
‘necessary existepce of irregularities i the motions of
the Planets arising from their mutual attraction.
Newton gave propositions by whlch the Irregularities
of the motjon of Jupiter's moons might be deduced
¢rom those of our own;* and it was shown that the
motions of their nodes would be slow by theory, as

1 B, jii. Prop. 39. 11 Prop. 33. 12 Prop. 33.
i Prop. 35. 14 B.i. Prop. 66.
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Flamsteed had found it to be by observation.’ But
Newton did not attempt to calculate the effect of the
mutual action of the planets, though he observes, that
in the case of Jupiter "and Saturn this effect is too
considerable to be neglected;1® and he notices in the
second edition,!? that it follows from the theory of
gravity, that the aphelia of Mertury, Venus, the
Earth, and Mars, slightly progress.

In one celebrated instance, indeed, the deviation of
the theory of the Principia from observation was
wider, and more difficult to explain; and as #%his de-

.viation for a time resisted the analysis of Euler and
Clairaut, as it had resisted the synthesis of Newton, it
at onc period staggered the faith of mathematicians in
the exactness of the law of the inverse square of the
distance. I speak of the Motion of the Moon’s Apo-
gee, o problem which has already been referred to;
and in which Newton’s method, and all the methods
which could be devised for some time afterwards, gave
only half the observed motion; a circumstance which
arose, as was discovered by Clairaut in 1750, from the
insufficiency of the method of approximation. New-
ton does not attempt to conceal this discrepancy.
After calculating what the motion of apse would be,
upon the assumption of a disturbing force of the same
amount as that which the sun exerts on the moon, he
simply says,® ¢the apse of the moon moves about
twice as fast.’ *

The difficulty of doing what Newton did in this
branch of the subject, and the powers it must have
required, may be judged of from what has already been
stated ;—that no one, with his methods, has yet *been
able to add anytfiing to his labours: few have under-
taken to illustrate what he has written, and no great
number have understogd it throughout. The extreme
complication of the forces, and of the conditions under _

15 B. iii. Prop, 23. There is reafon to believe, how-
16 B, {ii. Prop. 13. ever, that Newton had, in his un-
17 Scholium to Prop. 14. B.iii. published calculations, rectificd
18 B. i. Prop. 44, second edit. this discrepancy.

K2
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" which they act, makes the subject by far the most
thorny walk of mathematics. It is necessary to resolve
the action into many elements, such as can be sepa-
rated; to invent artifices for dealing with each of
these; and then to recompound the laws thus obtained
into one common conception. The moon’s motion
cannot be conceived without comprehending a scheme
more complex than the Ptolemaic epicycles and eccen-
tries in their worst form ; and the component parts of
the system are not, in this instance, mere geometrical
ideas, cequiring only a distinct apprehension of rela-
tions of space in order to hold them securely; they are.
the foundations of mechanical notions, and require to
be grasped so that we can apply to them sound mecha-
nical reasonings. Newton’s successors, in the next
generation, abandoned the hope of imitating him in
this intense mental effort; they gave the subject over
to the operation of algebraical reasoning, in which
symbols think for us, without our dwelling constantly
upon their meaning, and obtain for us the consequences
which result from the relations of space and the laws
of force, however complicated be the conditions under
which they are combined. Even Newton’s country-
men, though they were long before they applied them-
selves to the method thug opposed to his, did not pro-
duce anything which showed that they had mastered,
or could retrace, the Newtonian investigations.

Thus tue Problem of Three Bodies,!? treated geome-
trically, belongs exclusively to Newton ; and the proofs
of the mutual action of the sun, planets and satellites,
which depend upon such reasoning, could not be dis-
coveted by any one but him.

But we have not yet done with "his achievements
on this subject; for some of the most remarkable and
“beautiful of the reasonings which he connected with
this problem, belong to the next step of his generali-

" zation.
5. Mutual Aﬂmctwn of all Particles of Matter.—

19 See the hisbo;y of the Problem of Three Bodies, ante, in Book vi.
Chap. vi. Sect. 7.
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That all the parts of the universe are drawn and held
together by love, or harmony, or some affection to
which, among other names, that of attraction may
have been given, is an fssertion which may very pos-
sibly have been made at various times, by speculators
writing at random, and taking their chance of meaning
and truth. The authors of such casual dogmas have
generally nothing accurate or substantial, either in
their conception of the general proposition, or in their
reference to examples of it; and therefore their doc-
trines are no concern of ours at present. Butyamong
those who were really the first to think of the mutual
attraction of matter, we cannot help noticing Francis
Bacon ; for his notions were so far from being charge-
able with the looseness and indistinctness to which we

have alluded, that he proposed an experiment? which

was to decide whether the facts were so or not;—

whether the gravity of bodies to the carth arose from

an attraction of the parts of matter towards each other,

or was a tendency towards the center of the earth.

And this experiment is, even to this day, one of the

best which can be devised, in order to exhibit the

universal gravitation of matter: it consists in the

comparison of the rate of going of a clock in a deep

mine, and on a high place. Huyghens, {n his book
De Causd Grawtatis, published in 1690, showed that
the earth would have an oblate form, in consequence
of the action of the centrifugal force ; but his reason-
ing does not suppose gravity to arise from the mutual

attraction of the parts of the earth. The apparent
influence of the moon upon the tides had long been
remarked; but no one had made any progress in ¢ruly
explaining the nlechanism of this influence; and all
the analogies to which reference had been made, on

this and similar subjects, as magnetic and other
attractions, were rather delusive than jllustrative,

since they represented the atfraction as somefhinge
peculiar in particular bodies, depending upon the

nature of each body.

2 Now. Org. Lib. ii. Aph. 36.
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That all such forces, cosmical and terrestrial, were
the same single force, and that this was nothing more
than the insensible attraction which subsists between
one stone and another, was a‘conception equally bold
and grand; and would have been an incomprehensible
thought, if the views which we have already explained
had not prepared ¢he mind for it. But the preceding
steps having disclosed, between all the bodies of the
universe, forces of the same kind as those which pro-
duce the weight of bodies at the earth, and, therefore,
such ag exist in every particle of terrestrial matter;
it became an obvious question, whether such forces
did not also belong to all particles of planetary matter,
and whether this was not, in fact, the whole account
of the forces of the solar system.  But, supposing this
conjecture to be thus suggested, how formidable, on
first appearance at least, was the undertaking of veri-
fying it! For if this be so, every finite mass of matter
exerts forces which are the result of the infinitely
numerous forces of its particles, these forces acting in
ditferent directions. It does not appear, at first sight,
that the law by which the force is related to the dis-
tance, will be the samne for the particles as it is for the
masses; and, in reality, it is not so, except in special
cages. :And, again, in the instance of any effect pro-
duced by the force of a body, how are we to know
whether the force resides in the whole mass ag a unit,
or in the separate particles? We may reason, as
Newton docs,”! that the rule which proves gravity to
belong universally to the plancts, proves it also to
belong to their parts; but the mind will not be satis-
fied avith this extension of the rule, except we can find
decisive instances, and calculate the effects of both
suppositions, under the appropriate conditions. Ac-
cordingly, Newton had to solve a new series of pro-
blems suggested by this inquiry; and this he did.

These solutions are no less remarkable for the ma-
thematical power which they exhibit, than the other
parts of the Principia. The propositions in which it

e

21 Princip. B.iii. Prop. 7.
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is shown that the law of the inverse square for the
particles gives the same law for spherical masses, have
that kind of beauty which might well have justified
their being published fOr their mathematical elegance
alone, even if they had not applied to any real case.
Great ingenuity is also employed in other instarfes,
as in the case of spheroids of small eccentricity. And
when the amount of the mechanical action of masses
“of various forms has thus heen assigned, the sagacity
shown in tracing the results of such action in the solar
system is truly admirable; not only the general nature
of the effect being pointed out, but its quantity caleu-
lated. I speak in particular of the reasonings con-
cerning the Figure of the Earth, the Tides, the Pre-
cession of the Equinoxes, the Regression of the Nodes
of a ring such as Saturn’s; and of some effects which,
at that time, had not been ascertained even as facts of
observation ; for instance, the difference of gravity in
different latitudes, and the Nutation of the carth’s
axis. 1t is true, that in most of these cases, Newton’s
process could be considered only as a rude approxima-
tion. In one (the Precession) he committed an errour,
and in all, his means of calculation were insufficient.
Indeed these are much more difficult investigations
than the Problem of Three Bodies, in which three
points act on cach other by explicit laws. ~ Up to this
day, the resources of modern analysis have been em-
ployed upon some of them with very partigl success;
and the facts, in all of them, required to be accurately
ascertained and measured, a process which is not com-
pleted even now. Nevertheless the form and nature
of the conclusions which Newton did obtain, werg such
as to inspire a sftong confidence in thg competency of
his theory to explain all such phenomena as have been
spoken of. We shall afterwards have t6 speak of the
labours, undertaken in order to examine the pheno-
mena more exactly, to which the theory gavesocca~
sion.
Thus, then, the theory of the univérsal mutual gra-
vitation of all the particles of matter, according to the
law of the inverse square of the distances, was con-
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ceived, its consequences calculated, and its results
shown to agree with phenomena. It was found that
this theory took up all the facts of astronomy as far as
they had hitherto been ascertained; while it pointed
out an interminable vista of new facts, too minute or
too%omplex for observation alone to disentangle, but
capable of being «detected when theory had pointed
out their laws, and of being used as criteria or con-
firmations of the truth of the doctrine. For the same
reasoning which explained the evection, variation, and
annual equation of the moon, showed that there must
be many other inequalities besides these; since these
resulted from approximate methods of calculation, in
which small quantities were neglected. And it was
known that, in fact, the inequalitics hitherto detected
by astronomers did not give the place of the moon
with satisfactory accuracy; so that there was room,
among these hitherto untractable irregularities, for the
additional results of the theory. To work out this
comparison was the employment of the succeeding
century; but Newton began it. Thus, at the end of
the proposition in which he asserts)®® that ‘all the
lunar motions and their irregularities follow from the
principles here stated,” he makes the observation which
we have jugt made; and gives, as examples, the dif-
ferent motions of the apogee and nodes, the difference
of the change of the eccentricity, and the difference
of the moon’s variation, according to the different
distances of the sun. ‘But, this inequality, he says,
‘in astronomical calculations, is usually referred to
the prosthaphwresis of the moon, and confounded
with it.’

Reflections on. the Discovery.—Such, then, is the
great Newtonian Induction of Universal Gravitation,
and such its history. It is indisputably and incom-
parably the greatest scientific discovery ever made,
avhether we look at the advance which it involved, the
extent of the truth disclosed, or the fundamental and
sutisfactory nature of this truth. Asto the first point,

22 B, iii. I'rop. 22.
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we may observe that any one of the five steps into
which we have separated the doctrine, would, of itself,
have been considered as an important advance ;—would
have conferred distinction on the persons who made it,
and the time to which it belonged. All the five steps
made at once, formed not a leap, but a flight,—not an
improvement merely, but a metamorphosis,—not an
epoch, but a termination. Astronomy passed at once
from its boyhood to mature manhood. Again, with
regard to the extent of the truth, we obtain as wide a
generalization as our physical knowledge admits, when
we learn that every particle of matter, in Al times,
places, and circumstances, attracts every other particle
in the universe by one common law of action. And
by saying that the truth was of a fundamental and
satisfactory nature, I mean that it assigned, not a rule
merely, but a cause, for the heavenly motions; and
that kind of cause which most eminently and peculiarly
we distinetly and thoroughly conceive, namely, mecha-
nical force. Kepler's laws were merely formal rules,
governing the celestial motions according to the re-
lations of space, time, and number; Newton’s was a
causal law, referring these motions to mechanical
reasons. It is no doubt conceivable that future dis-
coveries may both extend and further explain Newtop’s
doctrines ;—may make gravitation a case of some wider
law, and may disclose something of the mode in which
it operates; questions with which Newton himself
struggled. But, in the mean time, few persons will
dispute, that both in generality and profundity, both
in width and depth, Newton’s theory is altogether
without a rival or neighbour.? .

23 The value and nature of this ton’s discoveries. ‘XKepler,” says

step have long been genarally ac-
knowledged wherever science is
cultivated. Yet it would appear
that there is, in one part of Europe,
& school of philosophers who con-
test the merit of this part of New-

a celebrated German metaphy-
sician,* ¢discovered the laws of
fype motion; ® discovety of m-
mortal glory. It has since been
the fashion to say that Newton
first found,out the proof of these

* Hegel, Encyclopedia, § 270.
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The requisite conditions of such a discovery in the
mind of its author were, in this as in other cases, the
idea, and its comparison with facts ;—the conception of
the law, and the moulding this conception in such a
form as to correspond with known realities. The idea
of mechanical force as the cause of the celestial
motions, had, as we have seen, been for some time
growing up in men’s minds;—had gone on becoming
more distinet and more general; and had, in some
persons, approached the form in which it was enter-
tained by Newton. Still, in the mere conception of
universal gravitation, Newton must have gone far
beyond his predecessors and contemporaries, both in
generality and distinctness; and in the inventiveness
and sagacity with which he traced the consequences of
this conception, he was, as we have shown, without a
rival, and almost without a second. As to the facts
which he had to include in his law, they had been
accumulating from the very birth of astronomy ; but
those which he had more peculiarly to take hold of,
were the facts of the planetary motions as given by
Kepler, and those of the moon’s motious as given by
Tycho Brahe and Jeremy Horrox.

We find here occasion to make a remark which is
important in jts bearing on the nature of progressive
science. What Newton thus used and referred to as
Jucts, were the lows which his predecessors had esta-

rules. Tt has scldom happened  conception which made the transi-

that the glory of the first dis-
coverer has been more unjustly
transferred to another person.’ It
may appear strange tlwén any one
in the present day should hold
such language ; but if we examine
the reasons which this author
gives, they will be found, T think,
to hmount to this ;%hat his mind
is in the condition in which Kep-
ler's was; and that the wholerange
of mechanical ideas and modes of

tion from Kepler to Newton pos-
sible, are extraneous to the domain
of his philosophy. Even this au-
thor, however, f I understand him
rightly, recognizes Newton as the
author of the doctrine of Pertur-
bations.e

I have given a further account
of these views, in a Memoir On
Hegel's Criticism of Newton’s Prin-
cipia. Cambridge Transactions,
1849.
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blished. 'What Kepler and Horrox had put forth as
¢ theories,” were now established truths, fit to be used
in the construction of other theories. It is in this
manner that one theery is built upon another ;—that
we rise from particulars to gencrals, and from one
generalization to another ;—that we have, in short,
successive steps of induction. ,As Newton’s laws
assumed Kepler’s, Kepler's laws assumed as facts the
results of the planetary theory of Ptolemy; and thus
the theories of each generation in the scientitic world
are (when thoroughly verified and (‘btd.])hbll(;‘d) the
facts of the next generation. Newton’s thedry 1s the
circle of generalization which includes all the others;
—the highest point of the inductive ascent;—the
catastrophe of the philosophic drama to which Plato
had prologized ;—the point to which men's minds had
been journeying for two thousand years.

Character of Newton.—It is not casy to anatomize
the constitution and the operations of the mind which
makes such an advance in knowledge.  Yet we may
observe that there must exist in it, in an eminent
degree, the elements which compose the mathematical
talent. It must possess distinctness of intuition,
tenacity and facility in tracing logical connexion, fer-
tility of mvcntxon, and a stmng tend('ucy to generali-
zation. It is casy to discover indicalions of these
characteristics in Newton.  The distinctness of his
intuitions of space, and we may add of force also, was
seen in the amusements of his youth; in his con-
structing clocks and mills, carts and dials, as well as
the facility with which he mastered geometry. This
fondness for handicraft employments, and for making
models and nfachines, appears to be a common prelude
of excellence in physical science 2t probably on this
very account, that it arises from the distinctness of
intuitive power with which the child conceives the
shapes and the working of wuch muterm]'comlnnatm)m
Newton's mventxyc puwu appuus in the number and

2 As iu Galileo, Hooke, Huyghensy and others.
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variety of the mathematical artifices and combinations
which he devised, and of which his books are full. If
we conceive the operation of the inventive faculty in
the only way in which it appears possible to conceive
it ;—that while some hidden source supplies a rapid
stream of possible suggestions, the mind is on the
watch to seize and detain any one of these which will
suit the case in hand, allowing the rest to pass by and
be forgotten ;—we shall see what extraordinary fertility
of mind is implied by so many successful efforts; what
an innumerable host of thoughts must have been pro-
duced, to'supply so many that deserved to be selected.
And since the selection is performed by tracing the
consequences of each suggestion, so as to compare them
with the requisite conditions, we see also what rapidity
and certainty in drawing conclusions the mind must
possess as a talent, and what watchfulness and patience
as a habit.

The hidden fountain of our unbidden thoughts is
for us a mystery; and we have, in our consciousness,
no standard by which we can measure our own talents;
but our acts and habits are something of which we are
conscious; and we can understand, therefore, how it
was that Newton could not admit that there was any
difference between himself and other men, except in
his possession of such habits as we have mentioned,
perseverance and vigilance. 'When he was asked how
he made hig discoveries, he answered, ‘by always
thinking about them ;" and at another time he declared
that if he had done anything, it was due to nothing
but industry and patient thought: ‘I keep the subject
of my inquiry constantly before me, and wait till the
first dawning opens gradually, by little #nd little, into
a full and clear light” No better account can be given
of the nature of the mental ¢ffort which gives to the
philosopher the full benefit of hi} powers; but the
nagural powers of men’s minds are not on that account
the less different. There are many who might wait
through ages of darkness without being visited by any
dawn. .

The habit to which Newton thus, in some sense,
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owed his discoveries, this constant attention to the
rising thought, and development of its results in every
direction, necessarily engaged and absorbed his spirit,
and made him' inatt®ntive and almost insensible to
external impressions and common impulses. The
stories which are told of his extreme absence of mind,
probably refer to the two yecars during which he was
composing his Principia, and thus following out a train
of reasoning the most fertile, the most complex, and
the most important, which any philosopher had ever
had to deal with. The magnificent and striking ques-
tions which, during this period, he must have had
daily rising before him; the perpetual succession of
difficult problems of which the solution was necessary
to his great object; may well have entirely occupied
and posscssed him, ¢ He existed only to calculate and
to think.’® Often, lost in meditation, he knew not
what he did, and his mind appeared to have quite for-
gotten its connexion with the body. His servant
reported that, in rising in a morning, he frequently sat
a large portion of the day, half-dressed, on the side of
his bed; and that his meals waited on the table for
houfs before he came to take them. KEven with his
transcendent powers, to do what he did, was almost
irreconcileable with the common conditipns of human
life; and required the utmost devotion of thought,
energy of effort, and steadiness of will,—the strongest
character, as well as the highest endowgpents, which
belong to man.

Newton has been so universally considered as the
greatest example of a natural philosopher, that his
moral qualities, as well as his intellect, have been
referred to as®models of the philogophical character;
and those who love to think that great talents are
naturally associated with virtue, have always dwelt
with pleasure upon’the views given of Newton by his
contemporaries; for they have uniformly represented
him as candid and humble, mild and good. We may
take as an example of the impressidns prevalent about

% Biot.



142 HISTORY OF PHYSICAL ASTRONOMY.
him in his own time, the expressions of Thomson, in
the Poem on his Death.?0

Say ye who best can tell, ye happy few,
‘Who saw him in the softest lights of life,
All unwithheld, indulging to his friends
The vast unhorrowed treasures of his mind,
Oh, speak the wondrous man! how mild, how calm,
How greatly humble, how divinely good,
How firm established on eternal truth !
Fervent in doing well, with every nerve
Still pressing on, forgetful of the past,
And panting for perfection ; far above
Those little cares and visionary joys
That so perplex the fond impassioned heart
Of ever-cheated, ever-trusting man.

[2nd Ed.] [In the first edition of the Principia,
published in 1687, Newton showed that the nature of
all the then known incqualities of the moon, and in
some cases their quantities, might be deduced from the
principles which he laid down: but the determination
of the amount and law of most of the inequalities
was deferred to a more favourable opportunity, when
he might be furnished with better astronomical ob-
servations. Such observations as he needed forethis
purpose had been made by Flamsteed, and for these he
applied, representing how much value their use would
add to the observations. ‘If) he says, in 1694, ‘ you
publish them without such a theory to recommend
them, they Wlll only be thrown into the heap of the
observations®of former astronomers, till somebody shall
arise that by perfecting the theory of the moon shall
discover your observations to be exacter than the rest;

the complaints'5f Flamsteed, who
ascribes to Newton angry language

2% In the same straip we find
the general voice of the time. For

instance, one of Loggan’s ‘ Views
of Cambridge’is dedicated ¢ Isaaco
Newtono «. Mathématico, Physico,
Chymico consummatissimo; mnec
minus suavitate morum ef candore
animi . . . spectabili.’

In opposition to the general cur-
rent of such testimony, we have

and harsh conduct in the matter
of the phblication of the Green-
wich Observations, and of Whiston.
Yet even Flamsteed speaks well
of his general disposition. Whiston
was himself so weak and prejudiced
that his testimony is worth very
little.
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but when that shall be, God knows: I fear, not in
your lifetime, if I should die before it is done. For
I find this theory so very intricate, and the theory of
gravity so necessary te it, that I am satisfied it will
never be perfected but by somebody who understands
the theory of gravity as well, or better than I do.
He obtained from Flamsteed the, lunar observations
for which he applied, and by using these he framed
the Theory of the Moon which is given as his in David
Gregory’s Astronomice Elementa.? He also obtained
from Flamsteed the diameters of the planets as observed
at various times, and the greatest elongations®f Jupi-
ter’s Satellites, both of which, Flamsteed says, he made

use of in his Principia.

Newton, in his letters to Flamsteed in 1694 and 5,
acknowledges this service.?]

27 In the Preface to a Treatise
on Dynamics, Part i., published
in 1836, I have endeavoured to
show that Newton’s modes of de-
termining several of the lunar in-
equalities admitted of an accuracy
not very inferior to the modern
analytical methods.

28 The quarrel on the subject of
the publication of Flamsteed’s Ob-
servations took place at a later
period. Flamsteed wished to have
his Observations printed complete
and entire. Halley, who, under
the authority of Newton and
others, had the management of
the printing, made many altera-
tions and omissions'. which Flam-
steed considered as deforming and
spoiling the work. The advantages
of publishing a complete stries of

observations, now generally under-
stood, were not then known to
astronomers in general, though
well known to Klamsteed, and
earnestly insisted upon in his re-
monstrances. The result was that
Flamsteed published his Observa-
tions at his own expense, and
finally obtained germission to de-
stroy the copies printed by Halley,
which he did. In 1726, after
Flamsteed’s death, his widow ap-
plied to the Vice-Chancellor of
Oxford,req ing that the vol
printed by Halley might be re-
moved out of the Bodleian Library,
where it exists, as being ¢ nothing
more thanean erroneous abridge-
ment of Mr. Flamsteed’s works,’
and unfit to seé the light.
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CHAPTER 11

SEQUEL To THE ErocH OF NEWTON.—RECEPTION OF
THE NEWTONIAN THEORY.

Sect. 1.—General Remarks.

HE doctrine of universal gravitation, like other
great steps in science, required a certain time to
make its way into men’s minds; and had to be con-
firmed, illustrated, and completed, by the labours of
succeeding philosophers. As the discovery itself was
great beyond former example, the features of the
natural sequel to the discovery were also on a gigantic
scale; and many vast and laborious trains of research,
each of which might, in itself, be considered as forming
a wide science, and several of which have occupied
many profound and zealous inquirers from that time
to our own day, come before us as parts only of the
verification of Newton’s theory. Almost everything
that has beep done, and is doing, in astronomy, falls
inevitably under this description; and it is only when
the astronomer travels to the very limits of his vast
field of labour, that he falls in with phenomena which
do not acknowledge the jurisdiction of the Newtonian
legislation. We must give some account of the events
of this part of the history of astronomy; but our
narrative must necessarily be extremely brief and
imperfect; for the subject is most large and copious,
and our limits are fixed and narrow. We have here
to do with the history of discoveries, only so far as it
illustrates their philosophy. .And though the astrono-
mical discoveries of the last century are by no means
poor, even in interest of this kind, the generalizations
which they involve are far less important for our object,
in consequence of being included in a previous gene-
ralization. Newton shines out so brightly, that all
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who follow seem faint and dim. It is not precisely
the case which the poet describes;

As in a theatre theweyes of men,

After some well-graced actor leaves the stage,
Are idly bent on him that enters next,
Thinking his prattle to be tedious :

[4
but our eyes are at least less intently bent on the
astronomers who succeeded, and we attend to their
communications with less curiosity, because we know
the end, if not the course, of their story; we know
that their speeches have all closed with Newton’s
sublime declaration, asserted in some new form.

Still, however, the account of the verification and
extension of any great discovery, is a highly-important
part of its history. In this instance it is most impor-
tant; both from the weight and dignity of the theory
concerned, and the ingenuity and extent of the methods
employed : and, of course, so long as the Newtonian
theory still required verification, the question of the
truth or falsehood of such a grand system of doctrines
could not but excite the most intense curiosity. In
what I have said, I am very far from wishing to depre-
ciate the value of the achievements of modern astro-
nomers, but it is essential to my purpose to mark the
subordination of narrower to wider truths,—the dif-
ferent character and import of the labours of those
who come before and after the promulgation of a
master-truth. With this warning I now proceed to
my narrative.

Sect. 2.—Reception of the Newtonian Theory in
England,

THERE appears to be a popular persuasion that great
discoveries are usually received with a prejudiced and
contentious opposition, and the authors of ,them,
neglected or persecuted. The reverse ‘of this was
certainly the case in England with segard to the dis-
coveries of Newton. As we have a.lrea,dy seen, even
before they were published, they were’ proclaimed by
Halley to be something of trandcendent values and
VOL, II
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from the moment of their appearance, they rapidly
tade their way from one class of thinkers to another,
nearly as fast as the nature of men’s intellectual capa-
city allows. Halley, Wren, and all the leading mem-
bers of the Royal Society, appear to have embraced
the system immediately and zealously. Men whose
pursuits had lain father in literature than in science,
and who had not the knowledge and habits of mind
which the strict study of the system required, adopted,
on the credit of their mathematical friends, the highest
estimation of the Principia, and a strong regard for
its author, as Evelyn, Locke, and Pepys. Only five
years after the publication, the principles of the work
were referred to from the pulpit, as so incontestably
proved that they might be made the basis of a theolo-
gical argument. This was done by Dr. Bentley, when
he preached the Boyle’s Lectures in London, in 1692.
Newton himself, from the time when his work appeared,
is never mentioned except in terms of profound admi-
ration ; as, for instance, when he is called by Dr.
Bentley, in his sermon,! ¢‘That very excellent and
divine theorist, Mr. Isaac Newton. It appears to
have been soon suggested, that the Government ought
to provide in some way for a person who was so great
an honour +> the nation. Some delay took place with
regard to this; but, in 1695, his friend Mr. Montague,
afterwards Earl of Halifax, at that time Chancellor of
the Excheyuer, made him Warden of the Mint ; and,
in 1699, he succeeded to the higher office of Master of
the Mint, a situation worth 1200l or 1500l a year,
which he filled to the end of his life. In 1703, he
became President of the Royal Sgciety, and was
annually re-elected {o this office during the remaining
twenty-five years of his life. In 1705, he was knighted
in the Master’s Lodge, at Trinity College, by Queen
Anne, then on a visit to the university of Cambridge.
‘After the accession of George the First, Newton’s
conversation wag frequently sought by the Princess,
afterwards Queen Caroline, who had a taste for specu-

1 Serm. vii. 221.
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lative studies, and was often heard to declare in public,
that she thought herself fortunate in living at a time
which enabled her to ¢njoy the society of so great a
genius. His fame, and the respect paid him, went on
increasing to the end of his life; and when, in 1727,
full of years and glory, his earthly career was ended,
his death was mourned as a national calamity, with
the forms usually confined to royalty. His body lay
in state in the Jerusalem ehamber; his pall was borne
by the first nobles of the land ; and his earthly remains
were deposited in the center of Westminster®Abbey,
in the wmidst of the memorials of the greatest and
wisest men whom England has produced.

It cannot be superfluous to say a word or two on
the reception of his philosophy in the universities of
England. These are often represented as places where
bigotry and ignorance resist, as long as it is possible to
resist, the invasion of new truths. We cannot doubt
that such opinions have prevailed extensively, when
we find an intelligent and generally temperate writer,
like the late Professor Playfair of Edinburgh, so far
possessed by them, as to be incapable of seeing, or
interpreting, in any other way, any facts respecting
Oxford and Cambridge. Yet, notwithstanding these
opinions, it will be found that, in the Enghsh univer-
sities, new views, whether in science or in other sub-
Jjects, have been introduced as soon as they were clearly
established ;—that they have been diffused ®from the
few to the many more rapidly there than elsewhere
occurs;—and that from these points, the light of
newly-discovered truths has most usually spread over
the land. In most instances undoubtedly there has
been something of a struggle on:such occasions, be-
tween the old and the new opinions. + Few men's
minds can at once shake off a familiar and consistent
system of doctrines, and adopt a novel ang strange set,
of principles as soon as presented: but all can see that
one change produces many, and that ehange, in itself,
is a source of inconvenience and danger. In the case
of the admission of the Newtonian opinions into Cam-
bridge and Oxford, however, there are no traces even

L2
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of a struggle. Cartesianism had never struck its roots
deep in this country; that is, the peculiar hypotheses
of Descartes. The Cartesian books, such, for instance,
as that of Rohault, were indeed in use; and with good
reason; for they contained by far the best treatises on
most of the physwal sciences, such as Mechanics, Hy-
drostatics, Optics, and Formal Astronomy, which could
then be found. But I do not conceive that the Vor-
tices were ever dwelt upon as a matter of importance
in our academic teaching. At any rate, if they were
brought among us, they were soon dissipated. Newton’s
College, and his University, exulted in his fame, and
did their utmost to honour and aid him. He was
exempted by the king from the obligation of taking
orders, under which the fellows of Trinity College in
general are; by his college he was relieved from all
offices which might 1nterfcrt,, however slightly, with
his studious employments, though he resided within
the walls of the society tlurty-hve years, almost with-
out the interruption of a month.? By the University
he was elected their representative in parliament in
1688, and again in 1701 ; and though he was rejected
in the dissolution in 1705, those who opposed him
acknowledged him3 to be ‘the glory of the University
and nationy but considered the question as a political
one, and Newton as sent ‘to tempt them from their
duty, by the great and just veneration they had for
him.” Instruments and other memorials, valued because
they belonged to him, are still preserved in his college,
along with the tradition of the chambers which he
occupied.

The most active and powerful minds at Cambridge
became at oncé disciples and followers of Newton.
Samuel Clarke, afterwards his friend, defended in the
public schools a thesis taken frpm his philosophy, as

2 His name 1! nowhere fou.nd on sian Professor. The constancy of
the college-books, as appointed to his residence in college appears
any of theoffices whicﬁ usually pass from the exzit and redit book of
down the list of resident fellows in  that time, which is still preserved.
rotation. This might be owing in 3 A pamphlet by Styan Thurlby. .
part, however, to his being Luca- '
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early as 1694; and in 16947 published an edition of
Rohault’s Physics, with notes, in which Newton is
frequently referred to with expressions of profound
respect, though the leading doctrines of the Principia
are not introduced till a later edition, in 1703. In
1699, Bentley, whom we have already mentioned as a
Newtonian, became Master of Trintty College; and in
the same year, Whiston, another of Newton’s disciples,
was appointed his deputy as professor of mathematics.
‘Whiston delivered the Newtonian doctrines, both from
the professor’s chair, and in works written forgthe use
of the University; yet it is rcmarkable that a taunt
respecting the late introduction of the Newtonian
system into the Cambridge course of education, has
been founded on some peevish expressions which he
uses in his Memoirs, written at a period when, having
incurred expulsion from his professorship and the
University, Lie was naturally querulous and jaundiced
in his views. In 1509-10, Dr. Laughton, who was
tutor in Clare Hall, procured himself to be appointed
moderator of the University disputations, in order to
promote the diffusion of the new mathematical doc-
trines. By thistime the first edition of the Principia
was become rare, and fetched a great price.  Bentley
urged Newton to publish a new one; and @otes, by far
the first, at that time, of the mathematicians of Cam-
bridge, undertook to superintend the printing, and the
edition was accordingly published in 1773. o

[z2nd Ed.] [I perceive that my accomplished German
translator, Littrow, has incautiously copied the insinua-
tions of some modern writers to the effect that Clarke’s
reference to Newton, in his Edition of Rohault’s
Physics, was a Tode of introducing eNewtonian doc-
trines covertly, when it was not allowed him to intro-
duce such novelties openly. I am quite sure that any
one who looks into this matter will see that this sup-
position of any unwillingness at Cambridye to réceive’
Newton’s doctrine is quite absurd,, and can prove
nothing but the intense prejudices of those who main-
tain such an opinion. Newton received and held his
professorship amid the uncxampled admiration of all
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contemporary members of the University. Whiston,
who is sometimes brought as an evidence against Cam-
bridge on this point, says, ‘I with immense pains set
myself with the utmost zeal t6 the study of Sir Isaac
Newton’s wonderful discoveries in his Philosophice
Naturalis Principia Mathematica, one or two of which
lectures I had heard him read wn the publick schools,
though T understood them not at the time. As to
Rohault’s Physics, it really did contain thc best mecha-
nical philosophy i i
were heJd by Descartes in common w1th Gallleo, a,nd
with all the sound mathematicians who succeeded them.

Nor does it look like any great antipathy to novelty
in the University of Cambridge, that this book, which
was quite as novel in its doctrines as Newton’s Prin-
cipia, and which had only been published at Paris in
16471, had obtained a firm hold on the University in
less than twenty years. Nor is there any attempt
made in Clarke’s notes to conceal the novelty of New-
ton’s discoverics, but on the contrary, admiration is
claimed for them as new.

The promptitude with which the Mathematicians of
the University of Cambridge adopted the best parts of
the mechanical philosophy of Descartes, and the greater
‘philosophy of Newton, in the seventeenth century,
has been peralleled in our own times, in the prompti-
tude with which they have adopted and followed into
their consaquences the Mathematical Theory of Heat
of Fourier and Laplace, and the Undulatory Theory of
Light of Young and Fresnel

In Newton’s College, we possess, besides the memo-
rials of him mentioned above (which include two
locks of his silver-white hair), a paper in his own hand-
writing, describing the preparatory reading which was
necessary in order that our College students might be
able to read, the Principia. I have printed this paper
i the Preface to my Edition of the First Threc Sec-
tions of the Pringipia in the original Latin (1846).

Bentley, who had expressed Lis admiration for New-
ton in his Boylels Lectures in 1692, was made Master
of the College in 1699, as I have stated; and partly,
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no doubt, in consequence of the Newtonian sermons
which he had preached. In his administration of the
College, he zealously stimulated and assisted the exer-
tions of Cotes, Whiston; and other disciples of Newton.
Smith, Bentléy’s successor as Master of the College,
. erected a statue of Newton in the College Chapel (a
noble work of Roubiliac), with the inscription, Qué
genus humanum ingenio superavit.

At Oxford, David Gregory and Halley, both zealous
and distinguished disciples of Newton, obtained the
Savilian professorships of astronomy and geometry in
1691 and 1703.

David Gregory's Astronomie Physice ¢t Geometrice
Elementa issued from the Oxford Press in 1702, The
author, in the first sentence of the Preface, states his
object to be to explain the mechanics of the universe
(Physica Ceelestis), which Tsaac Newton, the Prince
of Geometers, has carried to a point of elevation which
all look up to with admiration. And this design is
exceuted by a full exposition of the Newtonian doc-
trines and their results. Keill, a pupil of Gregory,
followed his tutor to Oxford, and taught the Newtonian
philosophy there in 1700, being then Deputy Sedleian
Professor.  He illustrated his lectures by experiments,
and published an Introduction to the Principia which
is not out of use even yet. .

In Scotland, the Newtonian philosophy was aceepted
with great alacrity, as appears by the ipstances of
David Gregory, and Keill. David Gregory was pro-
fessor at Edinburgh before he removed to Oxford, and
was succeeded there by his brother James. The latter
had, as carly as 1690, printed a thesis containing, in
twenty-two propositions, a compend of Newton’s Prin-
cipia.t  Probably these were intended as theses for

4 See Hutton’s Math. Dilt., art.
James Gregory. If it fell in
with my plan to notice deriva-
tive works, I might speak of
Maclaurin’s admirable Account of
Sir Isaac Newton's Discoveries, pub-
lished in 1748. This is still one

of the best books on the subject.
The late Professo; Rigawd’s Hig
torilal Essay on the First Publica-
tion of Sirelsaac Newton's * Prin-
cipia’ (Oxf.1838) contains a careful
and candid Yiew of the circum-
stances of that event.
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academical disputations; as Laughton at Cambridge
introduced the Newtonian philosophy into these exer-
cises. The formula at Cambridge, in use till very
recently in these disputations, was ¢ Recté statuit New-
tonus de Motu Lunee,’ or the like.

The general diffusion of these opinions in England
took place, not only by means of books, but through
the labours of various experimental lecturers, like
Desaguliers, who removed from Oxford to London in
1713; when he informs us® that ¢ he found the New-
tonian philosophy generally received among persons of
all rank’s and professions, and even among the ladies by
the help of experiments.’

‘We might casily trace in our literature indications
of the gradual progress of the Newtonian doctrines.
For instance, in the earlier editions of Pope’s Dunciad,
this couplet occurred, in the description of the effects
of the reign of Dulness:—

Philosophy, that reached the heavens before,
Shrinks to her hidden cause, and is no more,

¢ And this,’ says his editor, Warburton, ‘ was intended
as a censure on the Newtonian philosophy. For the
poet had been misled by the prejudices of foreigners,
as if that philosophy had recurred to the occult quali-
ties of ArisYotle. This was the idea be received of it
from a man cducated much abroad, who had read
evcrything( but everything superficially.6 When I
hinted to him how he had been imposed upon, he
changed the lines with great pleasure into a compli-
ment (as they now stand) on that divine genius, and a
satire on that very folly by which he himself had been
misled.” In 1743 it was printed, ¢

Philosophy, that leaned on heaven before,

Shrinks to her second cause, and is no more.

The Newtohjans repelled the charge of dealing in
occult causes ;7 and, referring gravity to the will of the

5 Desag. Pref. 6 T presume Bolingbroke is here meant.
7 See Cotes’s Preface to the Principia.
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Deity, as the First Cause, assumed a superiority over
those whose philosophy rested in second causes.

To the cordial reception of the Newtonian theory by
the English astronomers, there is only one conspicuous
exception; which is, however, one of some note, being
no other than Flamsteed, the Astronomer Royal, a
most laborious and exact observer., Flamsteed at first
listened with complacency to the promises of improve-
ments in the Lunar Tables, which the new doctrines
held forth, and was willing to assist Newton, and to
receive assistance from him. But after a time, he lost
his respect for Newton's theory, and ceased tottake any
interest in it. He then declared to one of his corre-
spondents,® ‘I have determined to lay these crotchets
of Sir Isaac Newton’s wholly aside.” We need not,
however, find any difficulty in this, if we recollect that
Flamsteed, though a good observer, was no philosopher ;
~—never understood by a Theory anything more than
a Formula which should predict results;—and was
incapable of comprehending the object of Newton’s
theory, which was to assign causes as well as rules, and
to satisfy the conditions of Mechanics as well as of
Geometry.

[2nd Ed.] [T do not sce any rcason to retract what
was thus said ; but it ought perhaps to be distinctly said
that on these very accounts Flamsteedd rejection of
Newton’s rules did not imply a denial of the doctrine
of gravitation. In the letter above quoted, Flamsteed
says that he has been employed upon thé Moon, and
that ¢ The heavens reject that equation of Sir I. New-
ton which Gregory and Newton called his sixth: I had
then [when he wrote before] compared but 72 of my
observations with the tables, now I have examined
above 100 more. I find them all $irm in the same,
and the seventh [equation] too” And thereupon he
comes to the determiination above stdted.

At an earlier period Flamsteed, as I, Bave said, had
received Newton's suggestions"with great deference, and
had regulated his own observatioms and theories with

8 Baily's dccount of Flamsteed, dc., p. 309.
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reference to them. The calculation of the lunar ine-
qualitics upon the theory of gravitation was found by
Newton and his successors to be a more difficult and
laborious task than he had anticipated, and was not per-
formed without several trials and errours. One of the
equations was at first published (in Gregory’s Astrono-
mie Elementa) witha wrong sign. And when Newton
had done all, Flamsteed found that the rules were far
from coming up to the degree of accuracy which had
been claimed for them, that they could give the moon's
place true to 2 or 3 minutes. It was not till consider-
ably latet that this amount of exactness was attained.

The late Mr. Baily, to whom astronomy and astro-
nomical literature are so deeply indebted, in his Sup-
plement to the Account of Flamsteed, has examined
with great care and great candour the assertion that
Flamsteed did not understand Newton’s Theory. He
remarks, very justly, that what Newton himself at
first presented as his Theory, might more properly be
called Rules for computing lunar tables, than a physical
Theory in the modern acceptation of the term. He
shows, too, that Flamsteed had read the Principia
with attention. Nor do I doubt that many consider-
able mathematicians gave the same imperfect assent to
Newton’s doctrine which Flamsteed did. But when
we find thatl others, as Halley, David Gregory, and
Cotes, at once not only saw in the doctrine a source of
true formulwx, but also a magnificent physical discovery,.
we_are obliged, I think, to make Flamsteed, in this
respect, an exception to the first class of astronomers
of his own time.

Mr. Baily’s suggestion that the annual equations
for the corrections of the lunar apogee and node were
collected from Flamsteed’s tables and observations
independently of their suggestion by Newton as the
results of Theory (Supp. p. 692, *Note, and p. 698),
appears, to me not to be adequately supported by the
evidence given. |

Y Supp. p. 691.
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Sect. 3.—Reception of the Newtonian Theory abroad.

THE reception of the Newtonian theory on the Conti-
nent, was much more tardy and unwilling than in its
native island. Even those whose mathematical attain-
ments most fitted them to appreciate its proofs, were
prevented by some peculiarity of view from adopting
it as a system; as Leibnitz, Bernoulli, Huyghens;
who all clung to one modification or other of the
system of vortices. In France, the Cartesian system
had obtained a wide and popular receptiof, having
been recommended by Fontenelle with the graces of
his style; and its empire was so firm and wéll esta-
blished in that country, that it resisted for a long time
the pressure of Newtonian arguments. Indeed, the
Newtonian opinions had scarcely any disciples in
Frauce, till Voltaire asserted their claims, on his
return from England in 1728: until then, as he him-
self says, there were not twenty Newtonians out of
England.

The hold which the philosophy of Descartes had
upon the minds of his countrymen is, perhaps, not
surprizing. e really had the merit, a gredt one in
the history of science, of having completely overturned
the Aristotelian system, and introduced the philosophy
of matter and motion. In all branches of mixed
mathematics, as we have already said, his followers
were the best guides who had yet appeared. His hypo-
thesis of vortices, as an explanation of the celestial
motions, had an apparent advantage over the Newto-
nian doctrine, in this respect ;—that it referred effects
to the most intelligible, or at least most familiar kinds
of mechanical causation, namely, pressure and impulse.
And above all, the system was acceptable to most
minds, in consequéhce of being, as® was pretended,
deduced from a few simple principles by necessagyy
consequences; and of being ‘also directly connected
with metaphysical and theological *speculations. We
may add, that it was modified by ,its mathematical
adherents in such a way as to remove most of the
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objections to it. A vortex revolving about a center
could be constructed, or at least it was supposed that
it could be constructed, so as to produce a tendency of
bodies to the center. In all cases, therefore, where a
central force acted, a vortex was supposed; but in
reasoning to the results of this hypothesis, it was easy
to leave out of sighteall other effocts of the vortex, and
to consider only the central force; and when this was
done, the Cartesian mathematician could apply to his
problems a mechanical principle of some degree of con-
sistency. This reflection will, in some degree, account
for what®%t first seems so strange ;—the fact, that the
language of the French mathematicians is Cartesian,
for almost half a century after the publication of the
Principia of Newton.

There was, however, a controversy between the two
opinions going on all this time, and every day showed
the insurmountable difficulties under which the Carte-
sians laboured. Newton, in the Principia, had inserted
a series of propositions, the object of which was to
prove, that the machinery of vortices could not be
accommodated to one part of the celestial phenomena,
without contradicting another part. A more obvious
difficulty was the case of gravity of the earth; if this
force arose, as Descartes asserted, from the rotatlon ot
the earth’s vortex about its axis, it ought to tend
directly to the axis, and not to the conter. The
asserters of vortices often tried their skill in remedy-
ing this vice in the hypothesis, but never with much
success. Huyghens supposed the ethereal matter of
the vortices to revolve about the center in all direc-
tions; Perrault made the strata of the vortex increase
in veloclty of rotation as they recede frdbm the center;
Saurin maintained that the circumambient resistance
which comprises the vortex will produce a pressure
passing through the center. The ‘elliptic form of the
oxbits of the planets was another difficulty. Descartes
had supposed the vortices themselves to be oval; but
others, as John Bernoulli, contrived ways of havm«
elliptical motion in-a clrcular vortex.

The mathematical prize-questions proposed by the



SEQUEL TO THE EPOCH OF NEWTON. 157

French Academy, naturally brought the two sets of
opinions into conflict. The Cartesian Memoir of John
Bernoulli, to which we have just referred, was the one
which gained the prize in 1730. It not unfrequently
happened that the Academy, as if desirous to show its
impartiality, divided the prize between Cartesians and
Newtonians. Thus in 1734, the ‘question being, the
cause of the inclination of the orbits of the planets,
the prize was shared between John Bernoulli, whose
Memoir was founded on the system of vortices, and
his son Daniel, who was a Newtonian. The last act
of homage of this kind to the Cartesian system was
performed in 1740, when the prize on the question of
the Tides was distributed between Daniel Bernoulli,
Euler, Maclaurin, and Cavallieri; the last of whom
had tried to patch up and amend the Cartesian hypo-
thesis on this subject.

Thus the Newtonian system was not adopted in
France till the Cartesian generation had died off;
Fontenelle, who was secretary to the Academy of
Sciences, and who lived till 1756, died a Cartesian.
There were exceptions; for instance, Delisle, an astro-
nomer who was selected by Peter the Great of Russia,
to found the Academy of St. Petersburg; who visited
England in 1724, and to whom Newton then gave his
picture, and Halley his Tables. But in general,
during the interval, that country and this had a
national difference of creed on physical supjects. Vol-
taire, who visited England in 1727, notices this differ-
ence in his lively manner. ¢ A Frenchman who arrives
in London, finds a great alteration in philosophy, as in
other things. He left the world full [a plenum), he finds
it empty. At*Paris you see the unjverse composed of
vortices of subtile matter, in London we see nothing
of the kind. With you it is the pressure of the moon
which causes the tides of the sea, in England it is the
sea which gravitates towards the moon; so that when
you think the moon ought to give us high water, these
gentlemen believe that you ought Yo have low water;
which unfortunately we cannot test by experience;
for in order to do that, we should have examined the



1 58 HISTORY OF PHYSICAL ASTRONOMY.

Moon and the Tides at the moment of the creation.
You will observe also that the sun, which in France
has nothing to do with the business, here comes in for
a quarter of it. Among you Cartesians, all is done by
an impulsion which one does not well understand;
with the Newtonians, it is done by an attraction of
which we know the cause no better. At Paris you
fancy the earth shaped like a melon, at London it is
flattened on the two sides.”

It was Voltaire himself, as we have said, who was
mainly instrumental in giving the Newtonian doctrines

.. .

currency in France. He was at first refused permis-
sion to print his Elements of the Newtonian Philosophy,
by the chancellor, D’ A guesseanx, who was a Cartesian ;
but after the appearance of this work in 1738, and of
other writings by him on the same subject, the Car-
tesian edifice, already without real support or con-
sistency, crumbled to pieces and disappeared. The
first Memoir in the Zransactions of the French Aca-
demy in which the doctrine of central force is applied
to the solar system, is one by the Chevalier de Louville
in 1720, On the Construction and T'heory of Tables of
the Sun. In this, however, the mode of explaining
the motions of the planets by means of an original
impulse and gn attractive force is attributed to Kepler,
not to Newton. The first Memoir which refers to the
universal gravitation of matter is by Maupertuis, in
1736. But,Newton was not unknown or despised in
France till this time. In 1699 he was admitted one
of the very small number of foreign associates of the
French Academy of Sciences. Even Fontenelle, who,
as we have said, never adopted his opinions, spoke of
him in a worthy mpanner, in the £loge Which he com-
posed on the occasion of his death. At a much earlier
period too, Fontenelle did homage to his fame. The
following passage refers, I presume, to Newton. In
the History of the Academy for 1708, which is written
by the secretary, he says,!? in referring to the difficulty
which the comets occasion in the Cartesian hypothesis:

L3
10 Hist, Ac. Sc. 1708, p. 103.
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¢ We might relieve ourselves at once from all the em-
barrassment which arises from the directions of these
motions, by suppressing, as has been done by one of the
greatest geniuses of the age, all this immense fluid
matter, which we commonly suppose between the
planets, and conceiving them suspended in a perfect
void.’

Comets, as the above passage implies, were a kind
of artillery which the Cartesian plenum could not
resist. When it appeared that the paths of such wan-
derers traversed the vortices in all directiong, it was
impossible to maintain that these imaginary currents
governed the movements of bodies immersed in them ;
and the mechanisin ceased to have any real efficacy.
Both these phenomena of comets, and many others,
became objects of a stronger and more genera] interest,
in consequence of the controversy between the rival
parties; and thus the prevalence of the Cartesian
system did not seriously impede the progress of sound
knowledge. In some cases, no doubt, it made men
unwilling to reccive the truth, as in the instance of
the deviation of the comets from the zodiacal motion;
and again, when Romer discovered that light was not
instantaneously propagated. But it encouraged obser-
vation and calculation, and thus forwardegd the verifi-
cation and extension of the Newtonian system; of
which process we must now consider some of the
incidents.
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CHAPTER IV.

SEQuEL To THE EpocH oF NEWTON, CONTINUED.—
VERIFICATION AND CoOMPLETION OF THE NEWwTO-
NIAN THEORY. ’

o Sect. 1.—Division of the Subject.

HE verification of the Law of Universal Gravita-
tion as the governing principle of all cosmical phe-
nomena, led, as we have already stated, to a number of
different lines of research, all long and difficult. Of
these we may treat successively, the motions of the
Moon, of the Sun, of the Planets, of the Satellites, of
Comets; we may also consider separately the Secular
Inequalities, which at first sight appear to follow a
different law from the other changes; we may then
speak of the results of the principle as they affect this
Earth, in its Figure, in the amount of Gravity at dif-
ferent places, and in the phenomena of the Tides.
Each of thege subjects has lent its aid to confirm the
general law; but in each the confirmation has had its
peculiar difficulties, and has its separate history. Our
sketch of this history must be very rapid, for our aim
is only to show what is the kind and course of the con-
firmation which such a theory demands and receives.
For the same reason we pass over many events of
this period which are highly important in the history
of astronomy. They have lost much of their interest
for us, and even for common readers, because they are
of a class with which we are already familiar, truths
included in more general truths to which our eyes now
most readily turn. Thus, the discovery of new satel-
lites and planets is but a repetition of what was done
by Galileo: the determination of their nodes and
apses, the reduction of their motions to the law of the
ellipse, is but a fresh exemplification of the discoveries
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of Kepler. Otherwise, the formation of Tables of the
satellites of Jupiter and Saturn, the discovery of the
eccentricities of the orbits, and of the motions of the
nodes and apses, by Cassini, Halley, and others, would
rank with the great achievements in astronomy.
Newton’s peculiar advance in the Z'ables of the celestial
motions is the introduction of Perturbations. To these
motions, so affected, we now proceed.

Sect. 2.—Application of the Newtonian Theory to the
“Moon.

TaE Motions of the Moon may be first spoken of, as
the most obvious and the most important of the appli-
cations of the Newtonian Theory. The verification of
such a theory consists, as we have seen in previous
cases, in the construction of Tables derived from the
theory, and the comparison of these with observation,
The advancement of astronomy would alone have been
a sufficient motive for this labour; but there were
other reasons which urged it on with a stronger im-
pulse. A perfect Lunar Theory, if the theory could be
perfected, promised to supply a method of finding the
Longitude of any place on the earth’s surface; and thus
the verification of a theory which professed to be com-
plete in its foundations, was identified with an object
of immediate practical use to navigators and geogra--
phers, and of vast acknowledged value. A good
method for the near discovery of the longitude had
been estimated by nations and princes at large sums of
money. The Dutch were willing to tempt Galileo to
this task by the offer of a chain of gold: Philip the
Third of Spain had promised a reward for this object
still earlier;! th® parliament of Englagd, in 1414, pro-
posed a recompence of 20,000l sterling; the Regent
Duke of Orléans, two years afterwards, offered 100,000
francs for the same purpose. These prizes, added to
the love of truth and of fame, kept this object con-*
stantly before the eyes of mathematigians, during the
first half of the last century.

! Del. 4. M. . 39, 66.
YOL. IT. ’ M
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If the Tables could be so constructed as to represent
the moon’s real place in the heavens with extreme
precision, as it would be seen from a standard obser-
vatory, the observation of her apparent place, as seen
from any other point of the earth’s surface, would
enable the observer to find his longitude from the
standard point. The motions of the moon had hitherto
so ill agreed with the best Tables, that this method
failed altogether. Newton had discovered the ground
of this want of agreement. He had shown that the
same force which produces the Evection, Variation,
and Annual Equation, must produce also a long series
of other Inequalities, of various magnitudes and cycles,
which perpetually drag the moon before or behind the
place where she would be sought by an astronomer
who knew only of those principal and notorious in-
equalities. But to calculate and apply the new in-
equailties, was no slight undertaking.

In the first edition of the Principia in 1684, New-
ton had not given any calculations of new inequalities
affecting the longitude of the moon. But in David
Gregory’s Elements of Physical and Geometrical Astro-
nomy, published in 1702, is inserted? ¢ Newton’s Lunar
Theory as applied by him to Practice; in which the
great discoverer has given the results of his calcula-
tions of eight of the lunar Equations, their quantities,
epochs, and periods. These calculations were for a
long period the basis of new Tables of the Moon, which
were published by various persons;? as by Delisle in
1715 or 1716, Grammatici at Ingoldstadt in 1426,
Wright in 1732, Angelo Capelli at Venice in 1733,
Dunthorne at Cambridge in 1739.

Flamsteed had given Tubles of the Moon upon
Horrox's theory in 1681, and wished to improve them ;
and though, as we have seen, he would not, or could
not, accept Newton’s doctrines ifi their whole extent,
Newton commumca,ted his theory to the observer in
the shape in whigh he could understand it and use it:4
and Flamsteed employed these dircetions in construct-

2 p.332. 3 Lalande, 1457. 4 Baily. Account of Wlamsteed, p. 7.
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ing new Lunar Tables, which he called his Zheory.5
These Tables were not published till long after his
death, by Le Monnier at Paris in 1746. They are said,
by Lalande,® not to differ much from Halley’s. Halley’s
Tables of the Moon were printed in 1719 or 1720,
but not published till after his death in 1749. They
had been founded on Flamsteed’s observations and his
.own; and when, in 1720, Halley succeeded Flamsteed
in the post of Astronomer Royul at Greenwich, and
conceived that he had the means of much improving
what he had done before, he began by printjng what
he had already executed.”

But Halley had long proposed a method, different
from that of Newton, but marked by great ingenuity,
for amending the Lunar Tables. He proposed to do
this by the use of a cycle, which we have mentioned
as one of the earliest discoveries in astronomy ;—the
Period of 223 lunations, or eighteen years and eleven
days, the Chaldean Saros. This period was anciently
used for predicting the eclipses of the sun and moon;
for those eclipses which happen during this period, are
repeated again in the same order, and with nearly the
same circumstances, after the expiration of one such
period and the commencement of a second.  The reason
of this is, that at the end of such a cycle, she moon is
in nearly the same position with respect to the sun,’
lier nodes, and her apogee, as she was at first; and is
only a few degrees distant from the same purt of the
heavens. But on the strength of this consideration,

5 p.2r1.

6 Lal. 1459. -

7 Mr. Baily * says that Mayer's
Nouvelles Tables de la Lunein 1753,
published upwards of fifty ¢years
after Gregory’s Astronomy, may be
considered as the first lunar tables
formed solely on Newton’s prin-
ciples. Though Wright in 1732
published New and Correct Tables

* Supp.

of the Lunar Motions according to
the Newtonioqe Theory, Newton's
rules were in them only partially
adopted. In 1735 Leadbetter pub-
lished his Uranoscopia, in which
those rules were more fuldy fol-,
lowed. But these Newtonian Tables
did not supergede Flamsteed's 1lor-
roxian Tables, till both were sup-
planted by those of Mayer.

p. 702.

M 2
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Halley conjectured that all the irregularities of the
moon’s motion, however complex they may be, would
recur after such an interval ; and that therefore, if the
requisite corrections were determined by observation
for one such period, we might by means of them give
accuracy to the Tables for all succeeding periods. This
idea occurred to him before he was acquainted with
Newton’s views.8 After the lunar theory of the Prin-
cipia had appeared, he could not help seeing that the
idea was confirmed ; for the inequalities of the moon’s
motion, which arise from the attraction of the sun,
will depend on her positions with regard to the sun,
the apogee, and the node; and therefore, however
numerous, will recur when these positions recur.
Halley announced, in 1691,° his intention of follow-
ing this idea into practice; in a paper in which he
corrected the text of three passages in Pliny, in which
this period is mentioned, and from which it is some-
times called the Plinian period. 1n 1710, in the pre-
face to a new edition of Street’s Caroline Tables, he
stated that he had already confirmed it to a consider-
able extent.l® And even after Newton’s theory had
been applied, he still resolved to use his cycle as a
means of obtaining further accuracy. On succeeding
to the Observatory at Greenwich in 1720, he was
further delayed by finding that the instruments had
belonged to Flamsteed, and were removed by his exe-
cutors. ‘And this, he says,)! ¢ was the more grievous
to me, on account of my advanced age, being then in
my sixty-fourth year; which put me past all hopes of
ever livjng to see a complete period of eighteen years’
observation. But, thanks to God, he has been pleased
hitherto (in 1731) to afford me suffitient health and
strength to execute my office, in all its parts, with my
own hands and eyes, without any assistance or inter-
ruption, during one whole period of the moon’s apogee,
which period is performed in somewhat less than nine
years” He found the agreement very remarkable,

8 Phil. Trans. 1731, p. 188. 9 Ib. p. 536.
10 Ib. 1731, p. 187, I Ib. p. 193.
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and conceived hopes of attaining the great object, of
finding the Longitude with the requisite degree of
exactness; nor did he give up his labours on this sub-
ject till he had completed his Plinian period in 1739.

The accuracy with which Halley conceived himself
able to predict the moon’s place!? was within two
minutes of space, or one fifteenth of the breadth of the
moon herself. The accuracy rcquired for obtaining
the national reward was considerably greater. Le
Mounier pursued the idea of Halley.!® But before
Halley’s method had been completed, it wgs super-
seded by the more direct prosecution of Newtons
views.

We have already remark®d, in the history of analy-
tical mechanies, that in the Lunar Theory, considered
as one of the cases of the Problem of Three Bodies,
no advance was made beyond what Newton had done,
till mathematicians threw aside the Newtonian arti-
fices, and applied the newly-developed generalizations
of the analytical method. The first great apparent
deficiency in the agreement of the law of universal
gravitation with astronomical observation, was removed
by Clairaut’s improved approximation to the theo-
retical Motion of the Moon's. Apogee, in 1750; yet not
till it had caused so much disquietude, that Clairaut
himself had suggested a modification of the law of
attraction ; and it was only in tracing the consequences
of this suggestion, that he found the Newtonian law
of the inverse square to be that which, when rightly
developed, agreed with the facts. Euler solved the
problem by the aid of his analysis in 1745, gnd pub-
lished Tables of the Moon in 1746. His tables were
not very accurate at first;1® but he, D’Alembert, and
Clairaut, continued to labour at this object, and the
two latter published Tables of the Moon in 1754.16
Finally, Tobias Mayer, an astronomer of Gottingen,
having compared Euler's tables with observations,
corrected them so successfully, that, in 1753 he pub-

2 Phil. Trans. 1731, p. 195, « 13 Bailly, 4. M. ¢. 131,
14 Lal. 1460. 15 Bradley's Correspondence. 16 Lal. 1460,
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lished Tables of the Moon, which really did possess
the accuracy which Halley only flattered himself that
he had attained. Mayer's success in his first Tables
encouraged him to make them still more perfect. He
applied himself to the mechanical theory of the moon’s
orbit; corrected all the cocfficients of the series by a
great number of observations; and, in 1755, sent his
new Tables to London as worthy to claim the prize
offered for the discovery of longitude. He died soon
after (in 1762), at the early age of thirty-nine, worn
out by his incessant labours; and his widow sent to
London a copy of his Tables with additional correc-
tions. These Tables were committed to Bradley, then
Astronomer Royal, in ordé to be compared with obser-
vation. Bradley laboured at this task with unremit-
ting zeal and industry, having himself long entertained
hopes that the Lunar Method of finding the Longitude
might be brought into general use. He and his assist-
ant, Gael Morris, introduced corrections into Mayer's
Tables of 1755. In his report of 1756, he says!?
that he did not find any difference so great as a minute
and a quarter; and in 1760, he adds, that this devia-
tion had been further diminished by his corrections.
It is not foreign to our purpose to observe the great
labour which this verification required. Not less than
1220 observations, and long caleulations founded upon
each, were employed. The accuracy which Mayer's
Tables possessed was cousidered to entitle them to a
part of the parliamentary reward; they were printed
in 1790, and his widow received 3000l from the
English, nation. At the same time, Euler, whose
Tables had been the origin and foundagion of Mayer’s,
also had a recompence of the same amount.

This public national acknowledgment of the practical
accuracy of these Tables is, it will be observed, also a
solemn recognition of the truth of the Newtonian
theory, as far as truth ean be judged of by men acting
under the highest official responsibility, and aided by
the most complete command of the resources of the

17 Bradley’s Mem. p. xeviii.
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skill and talents of others. The finding the Longitude
is thus the seal of the moon's gravitation to the sun
and earth; and with this occurrence, therefore, our
main concern with the history of the Lunar Theory
ends. Various improvements have been since intro-
duced into this research; but on these we, with so
many other subjects before us, must forbear to enter. .

Sect. 3.—Application of the Newtonian Theory to the
Llanets, Satellites, and Earth.

THE theories of the Plancts and Satellites, as affected
by the law of universal gravitation, and therefore by
perturbations, were naturally subjects of interest, after
the promulgation of that law. Some of the effects of
the mutual attraction of the planets had, indeced,
already attracted notice. The inequality produced by
the mutual attraction of Jupiter and Saturn cannot be
overlooked by a good observer. In the preface to the
second edition of the Principia, Cotes remarks,!® that
the perturbation of Jupiter and Saturn is not unknown
to astronomers. In Halley’s Tables it was noticed!®
that there are very great deviations from regularity in
these two planets, and these deviations are ascribed to
the perturbing force of the planets on each other; but
the correction of these by a suitable equation is left to
succeeding astronomers.

The motion of the planes and apsides af the plane-
tary orbits was one of the first results of their mutual
perturbation which was observed. In 1706, La Hire
and Maraldi compared Jupiter with the Rudolphine
Tables, and those of Bullialdus; it appeared’ that his
aphelion had advanced, and that his ngdes had regressed.
In 1728, J. Cassini found that Saturn’s aphelion had
in like manner tragvelled forwards. In 1720, when
Louville refused to allow in his solar tables the motion
of the aphelion of the earth, Fontenelle observed that
this was a misplaced scrupulousness, since the aphelion
of Mercury certainly advances. Yet this reluctance

18 Preface to Principta, p. Xxi. 19 End of Planetary Tables.
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to admit change and irregularity was not yet overcome.
When astronomers had found an approximate and
apparent constancy and regularity, they were willing
to believe it absolute and exact. In the satellites of
Jupiter, for instance, they were unwilling to admit
even the eccentricity of the orbits; and still more, the
variation of the nodes, inclinations, and apsides. But
all the fixedness of these was successively disproved.
Fontenelle in 1732, on the occasion of Maraldi’s dis-
covery of the change of inclination of the fourth
satellite, expresses a suspicion that all the clements
might prove liable to change. ¢ We see,” says he, ¢ the
constancy of the inclination already shaken in the -
three first satellites, and the eccentricity in the fourth.
The immobility of the nodes holds out so far, but
there are strong indications that it will share the same
fate.’

The motions of the nodes and apsides of the satellites
are a necessary part of the Newtonian theory; and
even the Cartesian astronomers now required only
data, in order to introduce these changes into their
Tables, .

The complete reformation of the Tables of. the Sun,
Planets, and Satellites, which followed as a natural
consequence, from the revolution which Newton had
introduced, was rendered possible by the labours of the
great constellation of mathematicians of whom we
have spoken in the last book, Clairaut, Euler, D’Alem-
bert, and their successors; and it was carried into etfect
in the course of the last century. Thus Lalande
applied Clairaut’s theory to Mars, as did Mayer; and
the inequalities in this case, says Bailly®® in 1785, may
amount to two minutes, and therefore must not be
neglected. Lalande determined the inequalities of
Venus, as did Father Walmesley, an English mathe-
matician; these were found to reach only to thirty
seconds.

The Planetary Tables®! which were in highest repute,
up to the end of the last century, were those of Lalande.

0 Ast. Mod. iii. 170, 2l Airy. Report on Ast. to Brit, Ass.183a.
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In these, the perturbations of Jupiter and Saturn
were introduced, their magnitude being such that they
cannot be dlspensed with; but the Tables of Mercury,
Venus, and Mars, had no perturbations. Hence these
latter Tables might be considered as accurate enough
to enable the observer to find the object, but not to
test the theory of perturbations. But when the cal-
culation of the mutual disturbances of the planets was
applied, it was always found that it enabled mathema-
ticians to bring the theoretical places to coincide more
exactly with those observed. In improving, as much
as possible, this coincidence, it is necessary *to deter-
mine the mass of each planet; for upon that, accord-
ing to the law of universal gravitation, its disturbing
power depends. Thus, in 1813, Lindenau published
Tables of Mercury, and concluded, from them, that a
considerable increase of the supposed mass of Venus
was nceessary to reconcile theory with observation.?
He had published Tables of Venus in 1810, and of
Mars in 1811.  And, in proving Bouvard’s Tables of
Jupiter and Saturn, values were obtained of the masses
of those planets. The form in which the question of
the truth of the doctrine of universal gravitation now
offers itself to the minds of astronomers, is this:—
that it is taken for granted that it will jaccount for
the motions of the heavenly bodies, and the question
is, with what supposed masses it will give the Dest
account.® The continually-increasing accyracy of the
table shows the truth of the fundamental assumption.
The question of perturbation is exemplified in the

2 Airy. Report on Ast. to Brit. lite. It appeared, from this cal-

Ass. 1832.

% Among the most important
corrections of the supposed masses
of the planets, we may ndlice that
of Jupiter, by I’rofessor Airy. This
determination of Jupiter's mass
was founded, not on the cffect as
seen in perturbations, but on a
much more direct datum, the time
of revolution of his fourth satel-

culation, that Jupiter's mass re-
quired to be increased by about
1-8oth. This result agrees with
that which has been derived by
German astronomers from the per-
turbations which the attractions
of Jupitey produces in the four
new planets, and has been gene-
rally adopted as an improvement
of the elements of our system.
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satellites also. Thus the satellites of Jupiter are not
only disturbed by the sun, as the moon is, but also by
each other, as the planets are. This mutual action
gives rise to some very curious relations among their
motions; which, like most of the other leading inequa-~
lities, were forced upon the notice of astronomers by
observation before they were obtained by mathematical
calculation. In Bradley’'s remarks upon his own
Tables of Jupiter's Satellites, published among Halley’s
Tables; he observes that the places of the three interior
satellites are affected by errours which recur in a
cycle of % 437 days, answering o the time in which they
return to the same relative position with regard to
each other, and to the axis of Jupiter's shadow.
‘Wargentin, who had noticed the same circumstance
without knowledge of what Bradley had done, applied
it, with all diligence, to the purpose of improving the
tables of the satellites in 1746. But, at a later period,
Laplace established, by mathematical reasoning, the
very curious theorem on which this cycle depends,
which he calls the libration of Jupiter's satellites; and
Delambre was then able to publish Tables of Jupiter’s
Satellites more accurate than those of Wargentin,
which he did in 1789.2¢

The progress of physical astronomy from the time
of Euler and Clairaut, has consisted in a series of cal-
culations and comparisons of the most abstruse and
recondite kind. The formation of Tables of the Planets
and Satcllites from the theory required the solution of
problems much more complex than the original case
of the Problem of three bodies. The real motions of
the planets and their orbits are rendered still further
intricate by this, that all the lines and ‘points to which
we can refer them, are themselves in motion. The task
of carrying order ‘and law into this mass of apparent
confusion, has required a long series of men of tran-
scendent intellectual powers ; “and a perseverance and
delicacy of observation, such as we have not the
smallest example of in any other subject. It is impos-

2t Voiron. Hist. Ast. p. 322.
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sible here to give any detailed account of these labours ;
but we may mention one instance of the complex con-
siderations which enter into them. The nodes of
Jupiter’s fourth satellite do not go backwards,? as the
Newtonian theory seems to require ; they advance upon
Jupiter’s orbit. But then, it is to be recollected that
the theory requires the nodes to retrograde upon the
orbit of the perturbing body, which is here the third
satellite; and Lalande showed that, by the necessary
relations of space, the latter motion may be retrograde
though the former is direct.

Attempts have heen made, from the time of the
solution of the Problem of three bodies to the present,
to give the greatest possible accuracy to the Tables of
the Sun, by considering the effect of the various per-
turbations to which the earth is subject. Thus, in
1756, Euler calculated the effect of the attractions of
the planets on the earth (the prize-question of the
French Academy of Sciences), and Clairaut soon after.
Lacaille, making use of these results, and of his own
numerous observations, published Tables of the Sun.
In 1786, Delambre? undertook to verify and improve
these tables, by comparing them with 314 observations
made by Maskelyne, at Greenwich, in 1775 and 1484,
and in some of the intermediate years. d&e corrected
most of the elements; but he could not remove the
uncertainty which occurred respecting the amount of
the inequality produced by the reaction of the moon.
He admitted also, in pursuance of Clairaut’s theory,
a second term of this inequality depending on the
moon’s latitude; but irresolutely, and halfjdisposed to
reject it on the authority of the observations. Suc-
ceeding researches of mathematicians have shown, that
this term is not admissible as a result of mechanical
principles. Delambre’s Tables, thus improved, were
exact to seven or eight seconds;* which.was thoulet
and truly, a very cloqe comcldence for the timé. But
astronomers were far from resting content with this.

In 1806, the French Board of Lonmtude published

% Bailly, iii.175. 2 Voiron. Hist. p.315. 27 Montucla, iv. 4a.
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Delambre’s improved Solar Tables; and in the Con- .
natssance des Tems for 1816, Burckhardt gave the
results of a comparison of Delambre's Tables with a
great number of Maskelyne's observations ;—far greater
than the number on which they were founded.?® It
appeared that the epoch, the perigee, and the eccentri-
city, required sensible alterations, and that the mass
of Venus ought to be reduced about one-ninth, and
that of the Moon to be scnsibly diminished. In 1827,
Professor Airy?® compared Delambre’s tables with
2000 Greenwich observations, made with the new
transit-instrument at Cambridge, and deduced from
this comparison the correction of the elements, These
in general agreed closely with Burckhardt’s, excepting
that a diminution of Mars appeared necessary. Some
discordances, however, led Professor Airy to suspect
the existence of an' inequality which had escaped the
sagacity of Laplace and Burckhardt. And, a few
weeks after this suspicion bad been expressed, the same
mathematician announced to the Royal Society that
he had detected, in the planetary theory, such an
inequality, hitherto unnoticed, arising from the mutual
attraction of Venus and the Earth. Its whole effect
on the earth’s longitude, would be to increase or
diminish it by nearly three seconds of space, and its
period is about 240 years. ‘This term, he adds,
‘accounts completely for the difference of the sccular
motions given by the comparison of the epochs of
1783 and 1821, and by that of the epochs of 1801 and
1821

Many exgellent Tables of the motions of the sun,
moon, and planets, were published in the latter part
of the last century; but the Bureau des Longitudes,
which was established in France in 1495, endeavoured
to give new or improved tables, of most of these
motions. Thus were produced Delambre’s Tables of
the Sun, Burg's Tables of the Moon, Bouvard’s Tables
of Jupiter, Saturn, and Uranus. The agreement

28 Airy. Report, p. 150. 2 Phil. Trans. 1828.
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between these and observation is, in general, truly
marvellous.

We niay notice here a difference in the mode of
referring to observation when a theory is first esta~
blished, and when it is afterwards to be confirmed and
corrected. It was remarked as a merit in the method
of Hipparchus, and an evidence of the mathematical
coherence of his theory, that in order to determine
the place of the sun’s apogee, and the eccentricity of
his orbit, he required to know nothing besides the
lengths of winter and spring. But if the fewness of
the requisite data is a beauty in the first fixation of a
theory, the multitude of :observations to which it
applies is its excellence when it is established ; and in
correcting Tables, mathematicians take far more data
than would be requisite to determine the elements.
For the theory ought to account for all the facts: and
since it will not do this with mathematical rigour (for
observation is not perfect), the elements are determined,
not so as to satisfy any selected observations, but so
as to make the whole mass of errour as small as pos-
sible. And thus, in the adaptation of theory to obser-
vation, even in its most advanced state, there is room
for sagacity and skill, prudence and judgment.

In this manner, by selecting the best mean elements
of the motions of the heavenly bodies, the observed
motions deviate from this mean in the way the theory
points out, and constantly return to it. To this gene-
ral rule, of the constant return to a mean, there are,
however, some apparent exceptions, of which we shall

now speak.

Sect. 4.—Apblication of the Newtgnian Theory to
Secular Inequalities.

Securar Inequalities in the motions of the heavenly
bodieg occur in consequence of changes in'the elements
of the solar system, which gd on progressively from
age to age. The example of such ehanges which was
first studied by astronomers, was the Acceleration of
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the Moon's Mean Motion, discovered by Halley. The
observed fact was, that the moon now moves in a very
small degree quicker than she did in the earlier ages
of the world. When this was ascertained, the various
hypotheses which appeared likely to account for the
fact were reduced to calculation. The resistance of
the medium in which the heaveuly bodies move was
the most obvious of these hypotheses. Another,
which was for some time dwelt upon by Laplace, was
the successive transmission of gravity, that is, the
hypothesis that the gravity of the earth takes a certain
finite tite to reach the moon. But none of these
suppositions gave satisfactory conclusions; and the
strength of Euler, I’ Alembert, Lagrange, and Laplace,
was for a time foiled by this difficulty. At length,
in 1487, Laplace announced to the Academy that he
had discovered the true cause of this acceleration, and
that it arose from the action of the sun upon the moon,
combined with the secular variation of the eccentricity
of the earth’s orbit. 1t was found that the effects of
this combination would exactly account for the changes
which had hitherto so perplexed mathematicians. A
very remarkable result of this investigation was, that
¢ this Secular Inequality of the motion of the moon is
periodical, but it requires millions of years to re-
estallish itself; so that after an almost inconceivable
time, the acceleration will become a retardation.
Laplace some time after (in 1797,) announced other
discoveries relative te the secular motions of the apogee
and the nodes of the moon’s orbit. Laplace collected
these researches in his ¢ Theory of the Moon,” which he
published in the third volume of the Mécanique Céleste
in 1802.

A similar case occurred with regard to an accclera-
tion of Jupiter's mean motion, and a retardation of
Saturn’s, which had been observed by Cassini, Maraldi,
agd Horrox. After several imperfect attempts by
other mathematicians, ‘Laplace, in 1784, found that
there resulted fron the mutual attraction of these
two planets a great Inequality, of which the period is
929 years and a half, and which has accelerated Jupiter
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and retarded Saturn ever since the restoration of
astronomy.

Thus the secular ihequalities of the celestial motions,
like all the others, confirm the law of universal gravi-
tation. They are called ‘secular, becuuse ages are
requisite to unfold their cxistence, and hecause they
are not obviously periodical. They might, in some
measure, be considered as extensions of the Newtonian
theory, for though Newton’s law accounts for such facts,
he did not, so far as we know, foresee such a result of
it. But on the other hand, they are exactly of the
same nature as those which he did foresee and chlculate.
And when we call them ‘secular, in opposition to
periodical, it is not that there is any real difference,
for they, too, have their cycle; but it is that we have
assumed our mean motion without allowing for these
long inequalities. And thus, as Laplace observes on
this very occasion,® the lot of this great discovery of
gravitation is no less than this, that every apparent
exception becomes a proof, every difficulty a new
occasion of a triumph. And such, as he truly adds,
is the character of a true theory,—of a real represen-
tation of nature.

Tt is impossible for us here to enumerate even the
principal objects which have thus filled thg triumphal
march of the Newtonian theory from its outset up to
the present time. But among these secular changes,
we may mention the Diminution of the Obliquity of
the Ecliptic, which has been going on from the earliest
times to the present. This change has been explained
by theory, and shown to have, like all the other
changes of the system, a limit, after which the dimi-
nution will be @onverted into an increase.

‘We may mention here some subjects of a kind some-
what ditferent from those just spoken qf. The true
theoretical quantity df the Precession of the Equinoxes,
which had been erroneously calculated by Newton,
was shown by D’Alembert to agree with observation.
The constant coincidence of the Nodes of the Moon's

' Syst. du Monde, 8vo, ii. 37.
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Equator with those of her Orbit, was proved to result
from mechanical principles by Lagrange. The curious
circumstance that the Time of the*Moon’s rotation on
her axis is equal to the Time of her revolution about
the earth, was shown to be consistent with the results
of the laws of motion by Laplace. Laplace also, as
we have seen, explained certain remarkable relations
which constantly connect the longitudes of the three
first satellites of Jupiter ; Bailly and Lagrange analysed
and explained the curious librations of the nodes and
inclinations of their orbits; and Laplace traced the
effect of ‘Jupiter's oblate figure on their motions, which
masks the other causes of inequality, by determining
the direction of the motions of the perijove and node
of each satellite.

Sect. 5.—Application of the Newtonian Theory to the
New Planets.

WE are now so accustomed to consider the Newtonian
theory as true, that we can hardly imagine to ourselves
the possibility that those planets which were not dis-
covered when the theory was founded, should contra-
dict its doctrines. We can scarcely conceive it possible
that Uranus or Ceres should have been found to violate
Kepler's laws, or to move without suffering perturba-
tions from Jupiterand Saturn. Yet if we can suppose
men to have had any doubt of the exact and universal
truth of the doctrire of universal gravitation, at the
period of these discoveries, they must have scrutinized
the motions of these new bodies with an interest far
more lively than that with which we now look for the
predicted return of a comet. The soli€ establishment
of the Newtonian theory is thus shown by the manner
in which we take it for granted not only in our reason-
ings, but in our feelings. But though this is so, a
short notice of the process by which the new planets
were brought within the domain of the theory may
properly find a pléce here.

William Herschel, a man of great emergy and
ingenuity, who had made material improvements in
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reflecting telescopes, observing at Bath on the 13th of
March, 1781, discovered, in the constellation Gemini,
a star larger and less Inminous than the fixed stars.
On the application of a more powerful telescope, it
was seen magnified, and two days afterwards he per-
ceived that it had changed its plase. The attention
of the astronomical world was directed to this new
object, and the best astronomers in every part of
Europe employed themselves in following it along the
skv.3t

)”I‘he admission of an cighth planet into the long-
established list, was a notion so foreign td men’s
thoughts at that time, that other suppositions were
first tried. The orbit of the new body was at first
calculated as if it had been a comet running in a para-
bolic path. But in a few days the star deviated from
the course thus assigned it: and it was in vain that in
order to reprefent the observations, the perihelion
distance of the parabola was increased from fourteen
to eighteen times the carth’s distance from the sun.
Saron, of the Academy of Sciences of Paris, is said? to
have been the first person who perceived that the
places were better represented by a circle than by a
parabola: and Lexell, a celebrated mathematician of
Pctersburg, found that a motion in a cirgular orbit,
with a radius double of that of Saturn, would satisfy
all the obscrvations. This made its period about
eighty-two years. .

. Lalande soon discovered that the circular motion
was subject to a sensible inequality : the orbit was, in
fact] an ellipse, like those of the other planets. To
determine the equation of the center of a body which
revolves so slowly, would, according to the ancient
methods, have required many years: but Laplace con-
trived methods by which the elliptical elements were
determined from fou? observations, within little more
than a year from its first discovery by Herschel. ‘These:
caleulations were soon followed” by tables of the new
planet, published by Nouet. *

' 3! Voiron. Hist. Ast. p. 1. 32 Ip,
VOL. 1L . N
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In order to obtain additional accuracy, it now became
necessary to take account of the perturbations. The
French Academy of Sciences proposed, in 1789, the
construction of new Tables of this Planet as its prize-
question. 1t is a curious illustration of the constantly
accumulating eviflence of the theory, that the calcula-
tion of the perturbatlons of the planet enubled astro-
nomers to discover that it had been observed as a star
in three different positions in former times; namely,
by Flamsteed in 1690, by Mayer in 1756, and by Le
Monnier in 1769. Delambre, aided by this discovery
and by ‘the theory of Laplace, caleulated Tables of the
planet, which, being compared with observation for
three years, never deviated from it more than seven
seconds. The Academy awarded its prize to these
Tables, they were adopted Ly the astronomers of
Europe, and the planet of Herschel now conforms to
the laws of attraction, along with those ancient mem-
bers of the known system from which the theory was
inferred.

The history of the discovery of the other new planets,
Ceres, Pallas, Juno, and Vesta, is nearly similar to
that just related, except that their planctary character
was more readily believed. The first of these was dis-
covered ov the first day of this century by Piazzi, the
astronomer at Palermo; but he had only begun to
suspect its nature, and had not completed his third
observation, when his labours were suspended by a
dangerous illness: and on his recovery the star was
invisible, being lost in the rays of the sun.

He declared it to be a planet with an elliptical orbit ;
but the path which it followed, on emerging from the
neighbourhood of the sun, was not that which Piazzi
had traced out for it. Its extreme smallness made it
difficult to rediscover; and the whole of the year 1801
was employed in searching the sky for it in vain. At

« last,’ after many trials, Von Zach and Olbers again
found it, the one on the last day of 1801, the other on
the first day of 1802. Gauss and Burckhardt imme-
diately used the new observations in determining the
elements of the orbit; and the former invented a new
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method for the purpose. Ceres now moves in a path
of which the course and inequalities are known, and
can no more escape the scrutiny of astronomers,

The second year of the nineteenth century also pro-
duced its planet. This was discovered by Dr. Olbers,
a physician of Bremen, while he was searching for
Ceres among the stars of the constellation Virgo. He
found a star which had a perceptible motion even in
the space of two hours. It was soon announced as a
new planet, and received from its discoverer the name
of Pallas. As in the case of Ceres, Burckhagdt and
Gauss employed themselves in calculating its orbit.
But some peculiar difficulties here occurred. Its
eccentricity is greater than that of any of the old
planets, and the inclination of its orbit to the ecliptic
is not less than thirty-five degrees. These circum-
stances both made its perturbations large, and rendered
them difticult to calculate. Burckhardt employed the
known processes of analysis, but they were found
insufficient: and the Imperial Institute (asthe French
Academy was termed during the reign of Napoleon,)
proposed the Perturbations of Pallas as a prize-
question, .

To these discoveries succceded others of the sam
kind. The German astronomers agreed #o examine
the whole of the zonc in which Ceres and Pallas move;;
in the hope of finding other planets, fragments, as
Olbers conceived they might possibly be, of*one origi-
nal mass. In the course of this research, Mr. Harding
of Lilienthal, on the 1st of September, 1804, found
a new star, which he soon was led to consider as a
planet. Gauss and Burckhardt also calculated the
elements of this orbit, and the plamet was named
Juno.

After this discovery, Olbers sought the sky for addi-
tional fragments of his planet with extraordinary per-
severance. He conceived thate one of two opposite’
constellations, the Virgin or the Whgle, was the place
where its separation must have taken place ; and where,
therefore, all the orbits of all the portions must pass.
He resolved to survey, three times a year, all the small

N 2
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stars in these two regions. This undertaking, so
curious in its nature, was successful. The zgth of
March, 1807, he discovered Vesta, which was soon
found to be a planet. And to show the manner in
which Olbers pursucd his labours, we may state that
he afterwards published a notification that he had
examined the same parts of the heavens with such
regularity, that he was certain no new planet had
passed that way between 1808 and 1816. Gauss and
Burckhardt computed the orbit of Vesta; and when
Gauss gompared one of his orbits with twenty-two
observations of M. Bouvard, he found the errours
below seventeen seconds of space in right ascension,
and still less in declination.

The elements of all these orbits have been succes-
sively improved, and this has been done entirely by
the German mathematicians.3® These perturbations
are calculated, and the places for some time before and
after opposition are now given in the Berlin Ephemeris.
‘I have lately observed, says Drofessor Airy, ‘and
comparcd with the Berlin Ephemeris, the right ascen-
sions of Juno and Vesta, and I find that they are
rather more accurate than those of Venus: so com-
plete is the confirmation of the theory by these new
bodies ; smexact are the methods of tracing the theory
to its consequences.

‘We may observe that all these new-discovered
bodies have received names taken from the ancient
mythology. In the case of the first of these, astro-
nomers were originally divided ; the discoverer him-
self named it the Georgium Sidus, in honour of his
patron, George the Third; Lalande and others called
it Herschel. Nothing can be more jult than this mode
of perpetuating the fame of the author of a discovery;
but it was felt to be ungmceful.to violate the homo-
geneity of the ancient system of names. Astronomers
*tried to find for the hitherto neglected denizen of the
skies, an appropyiate place among the deities to whose
assembly he was at last admitted; and Uranus, the

8 Airy, Rep. 157.
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father of Saturn, was fixed upon as best suiting the
order of the course.

The mythological nomenclature of planets appeared
from this time to be generally agreed to. Piazzi
termed his, Ceres Ferdinandea. The first term, which
contains a happy allusion to Sicily, the country of the
discovery in modern, and of the goddess in ancient,
times, has been accepted; the attempt to pay a com-
pliment to royalty out of the products of science, in
this as in most other cases, has been sct aside,  Pallas,
Juno, and Vesta, werc named, without any peculiar
propriety of sclection, according to the choice of their
discoverers.

Sect. 6.—Application of the Newtonian Theory to
Comets.

A rEW words must be said upon another class of bodies,
which at first scemed as lawless as the clouds and
winds; and which astronomy has reduced to a regu-
larity as complete as that of the sun;—upon Comets.
No part of the Newtonian discoveries excited a more
intense interest than this. These anomalous visitants
were anciently gazed at with wonder and alarm; and
might still, as ii former times, be accused of ¢ perplex-
ing nations,” though with very different fears and ques-
tionings. The conjecture that they, too, obeyed the
law of universal gravitation, was to be verified by
showing that they described a curve such as that force
would produce. Hevelius, who was a most diligent
observer of these objects, had, without reference fo
gravitation, satisfied himself that they moved in para-
bolas.3* To det®rmine the elements pf the parabola
from observations, even Newton called’ ‘problema
longe difficillimum.” Newton determined the orbit of
the comet of 1680 by certain graphical methods. His
methods supposed the orbit to bg a parabola, and Satis-e
factorily represented the motion in the visible part of
the comet’s path. But this method did not apply to

34 Dailly, ii. 246. 3 Principia, ed. 1, D. 494+
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the possible return of the wandering star. Halley
has the glory of having first detected a periodical
comet, in the case of that which has since borne his
name. But this great discovery was not made without
labour. In 1705, Halley?s explained how the para-
bolic orbit of a planet may be determined from three
observations; and, joining example to precept, himselt
calculated the positions and orbits of twenty-four
comets. He found, as the reward of this industry,
that the comets of 160%, and of 1531, had the same
orbit ag that of 1682. And here the intervals are
also nearly the same, namely, about seventy-five years.
Arc the three comets then identical? In looking back
into the history of such appearances, he found comets
recorded in 1456, in 1380, and in 1305 ; the intervals
are still the same, seventy-five or seventy-six years.
It was impossible now to doubt that they werc the
periods of a revolving body; that the comet was a
planet; its orbit a long ellipse, not a parabola.37

But if this were so, the Comet must reappear in
1758 or 1759. Halley predicted that it would do so;
and the fulfilment of this prediction was naturally
looked forwards to, as an additional stamp of the
truths of the theory of gravitation.

But in gll this, the Comet had bee® supposed to be
affected only by the attraction of the sun. The planets
must disturb its motion as they disturb each other.
How would this disturbance affect the time and cir-
cumstances of its reappearance? Halley had proposed,
but not attempted to solve, this question.

The effect of perturbations upon a comet defeats all
known methods of approximation, and requires im-
mense labour. fClairaut, says Bailly,® ‘undertook

3 Bailly, ii. 646.

37 The importance of Halley’s
Jabours on Comets has always
been acknowledged. In spebking
of Halley’s Synopsis Astronomicee
Cometicee, Delambre says (Ast.
xviii. Sitcle, p. 130), ¢ Voila bien,
depuis Kepler, ce qu'on a fait de

plus grand, de plus beau, de plus
neuf én astronomie.’ MHalley, in
predicting the comct of 1758, says,
if it returns, ‘Hoc primum ab
homine Anglo inventum fujsse non
inficiabitur &qua posteritas,’

38 Bailly, 4. M. iii. 190.
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this: with courage enough to dare the adventure, he
had talent enough to obtain a memorable victory:’ the
difficulties, the labours, grew upon him as he advanced,
but he fought his way through them, assisted by
Lalande, and by a female calculator, Madame Lepaute.
He predicted that the comet would reach its perihelion
April 13, 1759, but claimed the license of a month for
the inevitable inaccuracy of a calculation which, in
addition to all other sources of errour, was made in
haste, that it might appear as a prediction. The
comet justified his calculations and his caution toge-
ther; for it arrived at its perihelion on the® r3th of
March.

Two other Comets, of much shorter period, have
been detected of late years; Encke’s, which revolves
round the sunin three years and one third, and Biela’s,
which describes an ellipse, not cxtremely eccentric, in
six years and three quarters. These bodies, apparently
thin and vaporous masses, like other comets, have,
since their orbits were calculated, punctually conformed
to the law of gravitation. 1f it were still doubtful
whether the more conspicuous comets do so, these
bodies would tend to prove the fact, by showing it to
be true in an intermediate case.

[2nd Ed.] [A third Comet of short period was dis-
covered by Faye, at the Observatory of Paris, Nov.
22, 1843. It is included between the orbits of Mars
and Saturn, and its period is seven years and three
tenths.

This is commonly called Faye’'s Comet, as the two
mentioned in the text are called Encke’'s and Biela’s.
In the former edition I had expressed my assent to
the rule proposed by M. Arago, that the latter ought
to be called Gambart's Conet, in honour of the astro-
nomer who first proved it to revolve round the Sun.
But astronomers in feneral have used the former name,
considering that the discovery and observationsof the
object are more distinct and conspicuous merits than a
calculation founded upon the obsérvations of others.
And in reality, Biela had great merit in the discovery
of his Comet’s periodicity, having set about his search
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of it from an anticipation of its return founded upon
former observations.

Also a Comet was discovered by De Vico at Rome
on Aug. 22, 1844, which was found to describe an
elliptical orbit having its aphclion near the orbit of
Jupiter, which is consequently one of those of short
period. And on Feb. 26, 1846, M. Brorsen of Kiel
discovered a telescopic Comet whose orbit is found to
be elliptical.

We may add to the history of Comets, that of
Lexell's, which, in 1770, appeared to be revolving in
a period of about five years, and whosc motion was
predicted accordingly. The prediction was disap-
pointed; but the failure was sufficiently explained by
the comet’s having passed close to Jupiter, by which
occurrence its orbit was utterly deranged.
twice (in 1764 and '1779) through the system of Jupi-

It results from the theory of universal gravita-
tion, that Comets arc collections of extremely atte-
puated matter. Lexell's is supposed to have passed
ter’s Satellites, without disturbing their motions,
though suffering itself so great a disturbance as to
have its orbit entirely altered. The same result is
still more decidedly proved by the last appearance of
Biela’s Comgt. It appeared double, but the two bodies
did not perceptibly atfect each other’s motions, as I
am informed by Professor Challis of Cambridge, who
observed bath of them from Jan. 23 to Mar. 25, 1846.
This proves the quantity of matter in each body to
have been exceedingly small.

Thus, no verification of the Newtonian theory, which
was possible in the motions of the stars, has yet been
wanting. The rejurn of Halley’s Comet’ again in 1835,
and the extreme exactitude with which it conformed
to its predicted course, is a testimony of truth, which
must appear striking even to the most incurious respect-
ing such matters.3

3 M. de Humboldt (Kosmos, p. served in China in 1378 being
116) speaks of mine returns of identified with this. But whether
Halley’s Comet, the comet ob- we take 1378 or 1380 for the
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Sect. 1.—Application of the Newtonian Theory to the
‘ Figure of the Earth.

TuE Heavens had thus been consulted respecting the
Newtonian doctrine, and the answer given, over and
over again, in a thousand different forms, had been,
that it was true; nor had the most persevering cross-
examination been able to establish anything of contra-
diction or prevarication. The same question was also
to be put to the Earth and the Occan, and we must
briefly notice the result.

According to the Newtonian principles, the form of
the earth must be a globe somewhat flattened at the
poles. This conclusion, or at least the amount of the
flattening, depends not only upon the existence and
law of attraction, but upon its belonging to each par-
ticle of the mass separately; and thus the experi-
mental confirmation of the form asserted from calcula-
tion, would be a veritication of the theory in its widest
sense. The application of such a test was the more
necessary to the interests of science, inasmuch as the
French astronomers had collected from their measures,
and had connected with their Cartesian system, the
opinion that the earth was not oblate but oblong.
Dominic Cassini had measured seven degrees of lati-
tude from Amiens to Perpignan, in 1701, and found
them to decrease in going from south to north. The
prolongation of this measure to Dunkirk confirmed
the same result. But if the Newtonian doctrine was
true, the contrary ought to be the case, and the degrecs
ought to increase in proceeding towards the pole.

The only answer which the Newtonians could at
this time mak® to the difficulty thus presented, was,
that an arc so short as that thus measured, was not to
be depended upon for the determination of such a
question ; inasmuch as the inevitable erronrs of obser-
vation might exceed the diffgrences which wére the

L ]
appearance in that century, if we or 1380, in 1456, in 1531,in 1607,
begin with that, we have only in 1682,in 1759, and in 1835.
scven appearances, namely in 1378
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object of research. It would, undoubtedly, have be-
come. the English to have given a more complete
answer, by executing measurements under circum-
stances not liable to this uncertainty. The glory of
doing this, however, they, for a long time, abandoned
to other nations. The French undcltook the task
with great spirit.® In 1733, in one of the meetings
of the French Academy, when this question was dis-
cussed, De la Condamine, an ardent and eager man,
proposed to settle this question by sending members
of the Academy to measure a degree of the meridian
near the ¢quator, in order to compare it with the French
degrees, and offered himself for the expedition. Mau-
pertuis, in like manner, urged the necessity of another
expedition to measure a degrec in the neighbourhood
of the pole. The government received the applications
favourably, and these remarkable scientific missions
were sent out at the national expense.

As soon as the result of these measurements was
known, there was no longer any doubt as to the
fact of the earth’s oblateness, and the question only
turned upon its quantity. KEven before the return
of the academicians, the Cassinis and Lacaille had
measured the French arc, and found errours which
subverted the former result, making the earth oblate
to the amouut of 1-168th of its diameter. The expe-
ditions to Peru and to Lapland had to struggle with
difficulties in the exccution of their design, which
make their narratives resemble some romantic history
of irregular warfare, rather than the monotonous
records of mere measurements. The equatorial degree
employed the observers not less than eight years.
‘When they did return, and their reselts were com-
pared, their discrepancy, as to quantity, was consider-
able. The comparison of the Peruvian and French
arcs gave an ellipticity of nearly 1-314th, that of the
Peruvian and Swedish arcs gave 1-213th for its value.

Newton had deduced'from his theory, by reasonings
of singular ingentity, an ellipticity of 1-230th; but

40 Bailly, iii. 11,
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this result had been obtained by supposing the earth
homogeneous. If the earth be, as we should most
readily conjecture it to be, more dense in its interior
than at its exterior, its ellipticity will be less than that
of a homogeneous spheroid revolving in the same time.
It does not appear that Newton was aware of this;
but Clairaut, in 1743, in his Figure of the Earth,
proved this and many other important results of the
attraction of the particles. Especially he established
that, in proportion as the fraction expressing the
Elllptl(ﬂty becomes smaller, that expressing the Excess
of the polar over the equatorial gravity becom%s larger;
and he thus connected the mcasures of the ellipticity
obtained by means of Degrees, with those obtained by
means of Pendulums in different latitudes.

The altered rate of a Pendulum when carried
towards the equator, had been long ago observed by
Richer and Halley, and had been quoted by Newton
as confirmatory of hLis theory. Pendulums were swung
by the academicians who measured the degrees, and
confirmed the general character of the results.

But having reached this point of the verification of
the Newtonian theory, any additional step becomes
more " difficult. Many cxcellent measures, both of
Degrees and of Pendulums, have been mmﬁe since those
Jjust mentioned. The results of the Ares* is an Ellip-
ticity of 1-298th ;—of the Pendulums, an Ellipticity
of about 1-285th. This difference is coysiderable, if
compared with the quantities themselves; but does
not throw a shadow of doubt on the truth of the
theory. Indced, the abservations of each kind exhibit
irregularities which we may easily account for, by
ascribing them to the unknown distribution of the
denser portions of the earth; but which preclude the
extreme of aceuracy and certainty in our result.

But the near agreement of the deternjination, from
Degrees and from Pendulums, is not the only coin-
cidence by which the doctrine is confirmed. We can
trace the effect of the earth’s OBlateness in certain

it Airy. Fiy. Eurth, p. 230,
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minute apparent motions of the stars; for the attrac-
tion of the sun and moon on the projuberant matter
of the spheroid produces the Precession of the equi-
noxes, and a Nutation of the earth’s axis. The Pre-
cession had been known from the time of Hipparchus,
and the existence of Nutation was foreseen by New-
‘ton; but the quantity is so small, that it required
consummate skill and great labour in Dradley to
detect it by astronomical observation. Deing, how-
ever, 8o detected, its amount, as well as that of the
Precession, gives us the means of detgrmining the
amount of Terrestrial Ellipticity, by which the effect
is produced. But it is found, upou caleulation, that
we cannot obtain this determination without assuming
some law of density in the homogencous strata of
which we suppose the earth to consist.® The density
will certainly increase in proceeding towards the center,
and there is a simple and probable law of this increase,
which will give 1-300th for the Ellipticity, from the
amount of two Junar Inequalities, (one in latitude and
one in longitude,) which are produced by the earth’s
oblateness. Nearly the same result follows from the
quantity of Nutation. Thus everything tends to con-
vinee us that the ellipticity cannot deviate much from
this fraction,

[2nd Ed.] [T ought not to omit another class of
phenomena in which the effects of the Karth’s Oblate-
ness, acting -according to the law of universal gravita-
tion, have manifested themselves;—I speak of the
Moon’s Motion, as affected by the Harth’s Ellipticity.
In this case, as in most others, dbservation anticipated
theory. Mason had inferred from lunar observations
a certain Inequality in Longitude, depending upon
the distance of the Moon’s Node from the Equinox.
Doubts were entertained by astronomers whether this
inequality really existed; but Laplace showed that
sueh an’inequality would arise from the oblate form of
the earth; and that its magnitude might serve to
determine the amount of the oblateness. Laplace

4 Airy. Fig. Earth, p. 235
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showed, at the same time, that along with this In-
equality in Longitude there must be an Inequality in
Latitude; and this assertion, Burg confirmed by the
discussion of observations. The two Inequalities, as
shown in the observations, agree in assigning to the
eartl’s form an Ellipticity of 1-305th.]

Sect. 8.—Confirmation of the Newtonian Theory by
Eaxperiments on Attraction.

THE attraction of all the parts of the earth to one
another was thus proved by experiments, in which the
whole mass of the carth is concerned. But attempts
have also been made to measure the attraction of
smaller portions; as mountains, or artificial masses.
This is an experiment of great difficulty; for the at-
traction of such nasses must be compared with that
of the earth, of which it is a scarcely-perceptible frac-
tion; and, morcover, in the case of mountains, the
effect of the mountain will be modified or disguised by
unknown or unappreciable circumstances. 1ln many
of the measurements of degrees, indications of the
attraction of mountains had been perceived; but at
the suggestion of Maskelyne, the experiment was care-
fully made, in 1774, upon the mountain, Schehallien,
in Scotland, the mountain being mineralogically sur-
veyed by Playfair. The result obtained was, that the
attraction of the mountain drew the plub-line about
six seconds from the vertical ; and it was deduced from
this, by Huttou’s calculations, that the deusity of the
earth was about ouce and four-fifths that of Sche-
hallien, or four and a half times that of water.
Cavendish, Who had suggested many of the artifices
in this calculation, himself made the experiment in
the other form, by using leaden bals, about nine
inches diameter, This observation was conducted with
an extreme degrec of ingenuity and delicacy, whieh
could alone make it valuable; and the result agreed
very nearly with that of the Schehallien experiment,
giving for the density of the earth about five and one-
third times that of water. Nearly the same result
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was obtained by Carlini, in 1824, from observations
of the pendulum, made at a point of the Alps (the
Hospice, on Mount Cenis) at a considerable elevation
above the average surface of the earth.

Sect. 9.—Application of the Newtonian Theory to the
Tides.

‘WE come, finally, to that result, in which most remains
to be done for the verification of the general law of
attraction ; the subject of the Tides. Yet, even here,
the verification is striking, as far as observations have
been carried. Newton’s theory explained, with sin-
gular felicity, all the prominent circumstances of the
tides then known ;—the difference of spring and neap
tides; the effect of the moon's and sun’s declination
and parallax; even the difference of morning and
evening tides, and the anomalous tides of particular
places. About, and after, this time, attempts were
made both by the Royal Society of England, and by
the French Academy, to collect numerous observa-
tions ; but these were not followed up with sufficient
perseverance. Perhaps, indeed, the theory had not
been at that time sufficiently developed; but the
admirable prize-essays of Euler, Bernoulli, and D’Alem-
bert, in 1740, removed, in a great measure, this defi-
ciency. These dissertations supplied the means of
bringing this subject to the same test to which all the
other consequences of gravitation had been subjected ;—
namely, the calculation of tables, and the continued
and orderly comparison of these with observation.
Laplace has attempted this verification in another
way, by calculating the results of the thtory (which he
has done with an extraordinary command of ana.lysis,{
and then by comparing these, in supposed critica.

cases, with the Brest observations! This method has
cenfirthed the theory as far as it could do so; but such
a process cannot supersede the necessity of applying
the proper criterion of truth in such cases, the con-
struction and verification of Tables. Bernoulli’s theory,
on the other hand, has been used for the construction
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of Tide-tables; but these have not been properly com-
pared with expegiment ; and when the comparison has
been made, having been executed for purposes of gain
rather than of science, it has not been published, and
cannot be quoted as a verification of the theory.

Thus we have, as yet, no sufficient comparison of
fact with theory, for Laplace’s is far from a complete
comparison. In this, as in other parts of physical
astronomy, our theory ought not only to agree with
observations selected and grouped in a particular
manner, but with the whole course of obgervation,
and with every part of the phenomena. In this, as in
other cases, the true theory should be verified by its
giving us the best Tables; but Tide-tables were never,
I believe, calculated upon Laplace’s theory, and thus
it was never fairly brought to the test.

Tt is, perhaps, remarkable, considering all the expe-
rience which astronomy had furnished, that men should
have expected to reach the completion of this branch
of science by improving the mathematical theory,
without, at the same time, ascertaining the laws of
the facts. In all other departments of astronomy, as,
for instance, in the cases of the moon and the planets,
the leading features of the phenomena had been made
out empirically, before the-theory explained them.
The course which analogy would have recommended
for the cultivation of our knowledge of the.tides,
would have been, to ascertain, by an analysis of long
series of observations, the effect of changes in the time
of transit, parallax, and declination of the moon, and
thus to obtain the laws of phenomena; and then to
proceed to investigate the laws of causation.

Though thi8 was not the course followed by mathe-
matical theorists, it was really pursued by those who
practically calculated Tide-tables; and the application
of knowledge to the useful. purposes of life being thus
separated from the promotion of the theory, was natt-
rally treated as a gainful property, and preserved by
secrecy. Art, in this instance, having cast off her
legitimate subordination to Science, or rather, being
deprived of the guidance which it was the duty of



192 HISTORY OF PHYSICAL ASTRONOMY.

Science to afford, resumed her ancient practices of
exclusiveness and mystery, Liverpool, London, and
other places, had their Tide-tables, constructed by un-
divulged methods, which methods, in some instances
at least, were handed down from father to son for
several generations as a family-possession; and the
publication of new Tables accompanied by a statement
of the mode of calculation, was resented as an infringe-
ment of the rights of property.

The mode in which these secret methods were
invented, was that which we have pointed out;—the
analysis of a considerable series of observations. Pro-
bably the best example of this was afforded by the
Liverpool Tide-tables. These were deduced by a cler-
gyman named Holden, from observations made at that
port by a harbour-master of the name of Hutchinson;
who was led, by a love of such pursuits, to observe
the tides carefully for above twenty years, day and
night. IJolden’s Tables, founded on four years of these
obscrvations, were remarkably accurate.

At length men of science began to perceive that such
calculations were part of their business; and that they
were called upon, as the guardians of the established
theory of the universe, to compare it in the greatest
possible defail with the facts. Mr. Lubbock was the
first mathematician who undertook the extensive la-
bours which such a conviction suggested. Finding
that regular tide-observations had bLeen made at the
London Docks from 1795, ite took nineteen years of
these (purposely selecting the length of a cycle of the
motions of the lunar orbit,) and caused them (in 1831)
to be analysed by Mr. Dessiou, an expert calculator.
He thus obtained*? Tables for the etlevo of the Moon’s
Declination, Parallax, and hour of Transit, on the
tides; and was enabled to' produce Tide-tables founded
upon the data thus obtained. Some mistakes in these
as first published (mistakes unimportant as to the
theoretical value of the work,) served to show the
jealousy of the practical tide-table calculators, by the

4 Phil, Trans. 1831, Brilish Almanac, 1832,
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acrimony with which the oversights were dwelt upon;
but in a very few years, the tables thus produced by
an open and scientific process. were more exact than
those which resulted from any of the secrets; and thus
practice was brought into its proper subordination to
theory.

The theory with which Mr. Lubbock was led to
compare his results, was the Equilibrium-theory of
Daniel Bernoulli; and it was found that this theory,
with certain modifications of its elements, represented
the facts to a remarkable degree of precision. Mr.
Lubbock pointed out this agreement especially in the
semi-mensual inequality of the times of high water.
The like agrecment was afterwards (in 1833) shown
by Mr. Whewell* to obtain still more accurately at
Liverpool, both for the Times and Heights; for by
this time, nineteen years of Hutchinson’s Liverpool
Observations had also been discussed by Mr. Lubbock.
The other inequalities of the Times and Heights
(depending upon the Declination and Parallax of the
Moon and Sun,) were variously compared with the
Equilibrium-theory by Mr. Lubbock and Mr. Whe-
well; and the general result was, that the facts agreed
with the condition of equilibrium at a certain anterior
time, but that this anterior time was differtnt for dif-
ferent phenomena. In like manner it appeared to
follow from these researches, that in order to explain
the facts, the mass of the moon must b® supposed
different in the calculation at different places. A
result in effect the same was obtained by M. Daussy,*
an active French hydrographer; for he found that
observations at yarious stations could not be reconciled
with the formule of Laplace’s Mécanique Céleste (in
which the ratio of the heights of spring-tides and neap-
tides was computed an an assumed mass of the moon)
without an alteration of level which was, in. fact,
equivalent to an alteration of the moon’s mass. Thus
all things appeared to tend to show that the Equili-
brium-theory would give the formule for the inequali-

“ Phil. Trans, 1834. 45 Connaissance des Tems, 1838.
VOL. II. o
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ties of the tides, but that the magnitudes which enter
into these formule must be sought from observation.

Whether this result is consistent with theory, is a
question not so much of Physical Astronomy as of
Hydrodynamics, and has not yet been solved. A
Theory of the Tides which should include in its con-
ditions the phenomena of Derivative Tides, and of their
combinations, will probably require all the resources of
the mathematical mechanician.

As a contribution of empirical materials to the
treatmext of this hydrodynamical problem, it may be
allowable to mention here Mr. Whewell's attempts to
trace the progress of the tide into all the seas of the
globe, by drawing on maps of the ocean what he calls
Cotidal Lines;—lines marking the contemporaneous
position of the various points of the great wave which
carries high water from shore to shore This is
necessarily a task of labour and difficulty, since it re-
quires us to know the time of high water on the same
day in every part of the world; but in proportion as
it 1s completed, it supplies steps between our general
view of the movements of the ocean and the pheno-
mena of particular ports.

Looking at this subject by the light which the
example of the history of astronomy affords, we may
venture to repeat, that it will never have justice done it
till it is treated as other parts of astronomy are treated ;
that is, till Tables of all the phenomena which can be
observed, are calculated by means of the best know-
ledge which we at present possess, and till these Tables
are constantly improved by a compuarison of the pre-
dicted with the observed fact. A set of Tide-observa-
tions and Tide-ephemerides of this kind, would soon
give to this subject that precision which marks the
-other parts of astronomy ; and would leave an assem-
blage.of unexplained resvdual phenomena, in which a
careful research might find the materials of other
truths as yet unsuspected.

46 Essay towards a First Approximaticn to a Map of Cotidal Lines.
Phil. Trans. 1833, 1836.
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[2nd Ed{ [That there would be, in the tidal move-
ments of the ocean, inequalities of the heights and
times of high and low water, corresponding to those
which the equilibrium-theory gives, could be considered
only as a conjecture, till the comparison with observa-
tion was made. It was, however, a natural conjecture;
since the waters of tie ocean are at every moment
tending to acquire the form assumed in the equili-
brium-theory: and it may be considered likely that
the @auses which prevent their assuming this form
produce an effect nearly constant for each place.

Whatever be thought of this reasoning, the conjecture
is confirmed by observ ation with curious exactness.
The laws of a great number of the tidal phenomena—
namely, of the Semi-inensual Inequality of the Heights,
of the Semi-mensual Inequality of the Times, of the
Diurnal Tnequality, of the eftect of the Moon’s Decli-
nation, of the effect of the Moon’s Parallax—are repre-
sented very closely by formulwe derived from the equi-
librium-theory. The hydrodynamical mode of treating
the subject has not added anything to the knowledge
of the laws of the phenomena to which the other view
had conducted us.

‘We may add, that Laplace’s assumption, that in the
moving fluid the motions must have a perfodicity cor-
responding to that of the forces, is also a conjecture.
And though®this conjecture may, in some cases of the
problem, be verified, by substituting the résulting ex-
pressions in the equa.tions of motion, this cannot be
done in the actual case, where the revolving motion
of the ocean is prevented by the intrusion of tracts of
land running nearly from pole to pole.

Yet in Mr. Airy’s Treatise On Z'ides and Waves
(in the Kncyclopadia Metropolitana) much has been
done to bring the hydrodynamical theory of oceanic
tides into agreement with observation. In thisadmi;
rable work, Mr. Airy has, by peculiar artifices, solved
problems which come so near the actwal cases that they
may represent them. He has, in this way, deduccd
the laws of the semi-diurnal and the diurnal tide, and
the other features of the tides which the equilibriumn

02
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theory in some degree imitates! but he has also, taking
into account the effect of friction, shown that the
actual tide may be represented as the tide of an earlier
epoch ;—that the relative mass of the moon and sun,
as inferred from the tides, would depend upon the
depth of the ocean (Art. 455);—Wwith many other
results remarkably explaining the observed pheno-
mena. He has also shown that the relation of the
cotidal lines to the tide waves really propagated is, in
complex cases, very obscure, becausc different ®aves
of differsnt magnitudes, travelling in different direc-
tions, may coexist, and the cotidal line is the com-
pound result of all these.

With reference to the Maps of Cotidal Lines, men-
tioned in the text, I may add, that we are as yct
destitute of observations which should supply the
means of drawing such lines on a large scale in the
Pacific Ocean. Admiral Liitke has however supplicd
us with some valuable materials and remarks on this
subject in his Notice sur les Marées Périodiques dans
le grand Océan Borvéal et dans la Mer Glaciale,; and
has drawn them, apparently on sufficient data, in the
White Sea.]
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CHAPTER V.

DISCOVERIES ADDED TO THE NEWTONIAN THEORY.

Sect. 1.—Tables of Astronomical Refraction.

E have travelled over an immense fieldeof astro-

nomical and mathematical labour in the last few
pages, and have yet, at the end of every step, still
found ourselves under the jurisdiction of the Newto-
nian lJaws. We are reminded of the universal monar-
chies, where a man could not escape from the empire
without quitting the world. We have now to notice
some other discoveries, in which this reference to the
law of universal gravitation is less immediate and
obvious; I mean the astronomical discoveries respect-
ing Light.

The general truths to which the establishment of
the true laws of Atmospheric Refraction led astrono-
mers, were the law of Deflection of the rays of light,
which applies to all refractions, and the reAl structure
and size of the Atmosphere, so far as it became known.
The great discoveries of Riémer, and Bradley, namely,
the Velocity of Light, the Abcrration of ‘Light, and
the Nutation of the earth’s axis, gave a new distinct-
ness to the conceptions of the propagation of light in
the minds of philosophers, and confirmed the doctrines
of Copernicus, Kepler, and Newton, respecting the
motions which'belong to the earth.

The true laws of Atmospheric  Refraction were
slowly discovered. , Tycho attributed "the apparent
displacement of the heavenly bodies to the low and
gross part of the atmosphere only, and hence made it
cease at a point half-way to the zewith; but Kepler
rightly extended it to the zenith itself Dominic
Cassini endeavoured to discover the law of this correc-
tion by observation, and gave his results in the form
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which, as we have said, sound science prescribes, a Table
to be habitually used for all obgervations. But great
difficulties at this time embarrassed this investigation,
for the parallaxes of the sun and of the planets were
unknown, and very diverse valuecs had been assigned
them by different astronomers. To remove some of
these difficulties, Richer, in 1462, went to observe at
the equator; and on his return, Cassini was able to
confirm and amend his former estimations of parallax
and refraction. But there were still difficulties. Ac-
cording fo La Hire, though the phenomena of twilight
give an altitude of 34,000 toises to the atmosphere,!
those of refraction make it only 2000. John Cassini
undertook to support and improve the caleulations of
his father Dominic, and took the true supposition, that
the light follows a curvilinear path through the air.
The Royal Society of London had already ascertained
experimentally the refractive power of air.? Newton
calculated a Table of Refractions, which was published
under Halley’s name in the Philosophical Travsactions
for 1721, without any indication of the method by
which it was constructed. DBut M. Diot has recently
shown,? by means of the published correspondence of
Flamsteed, that Newton had solved the problem in a
manner nearly corresponding to the most improved
methods of modern analysis.

Dominie Cassini and Picard proved,* Le Monnier
in 1738 confirmed more fully, the fact that the varia-
tions of the Thermometer affect the Refraction. Mayer,
taking into account both these changes, and the changes
indicated by the Barometer, formod a theory, which
Lacaille, with immense labour, applied to the construc-
tion of a Table of Refractions from observation. But
Bradley’s Table (published in 1763 by Maskelyne,)
was more commonly adopted in England; and his
formula, originally obtained empirically, has been
ghown by Young to result from the most probable
suppositions we can make respecting the atmosphere.

1 Bailly, ii. 612. 2 Ib. ii. 607.
8 Biot, dcad. Sc. Compte Rendu, Scpt. 5, 1836. 4 Bailly, iii. 9a.
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Bessel’s Refraction Tables are now considered the best
of those which have appeared.

Sect. 2.— Discovery of the Velocity of Light—
Romer.

THE astronomical history of Refraction is not marked
by any great discoveries, and was, for the most part, a
work of labour only. The progress of the other por-
tions of our knowledge respecting light is more strik-
ing. In 1676, a great number of observations of
eclipses of Jupiter’s satcllites were accumuldted, and
could be compared with Cassini’s Tables. Romer, a
Danish astronomer, whom Picard had brought to
Paris, perceived that these eclipses happened constantly
later than the calculated time at one season of the
year, and carlier at another season;—a difference for
whicli astronomy could offer no account. The errour
was the same for all the satellites; if it had depended
on a defect in the Tables of Jupiter, it might have
affected all, but the effect would have had a reference
to the velocities of the satellites. The cause, then,
was something extrancous to Jupiter. Romer had the
happy thought of comparing the errour with the
earth’s distance from J upiter, and it was found that
the eclipses happened later in proportion as Jupiter
was further off.> Thus we sce the eclipse later, as it
is more remote; and thus light, the messenger whlch
brings us mtellwence of the occurrence, tmvels over
its course in a ‘measurable time. By this evidence,
light appeared to take about eleven minutes in deserib-
ing the diameter of the earth’s orbit.

This discowery, like so many others, once made,
appears easy and inevitable; yet Dominic Cassini had
entertained the idea for a moment, and had rejected
it; and Fontenelle had congratulated himself publicly
on having narrowly esca.ped this seductive errour. The
objections to the admission of the truth arose princi-
pally from the inaccuracy of observation, and from the

5 Bailly, ii. 17. 6 T, ii. 419,



200 IIISTORY OF PHYSICAL ASTRONOMY.

persuasion that the motions of the satellites were cir-
cular and uniform. Their irregularities disguised the
fact in question. As these irregularities became clearly
known, Romer’s discovery was finally established,
and the ‘Equation of Light' took its place in the
Tables.

Sect. 3.—Discovery of Aberration.—Bradley.

IMPROVEMENTS in instruments, and in the art of ob-
serving, were requisite for making the next great step
in tracing the effect of the laws of light. 1t appears
clear, on consideration, that since light and the speec-
tator on the carth are both in motion, the apparent
direction of an object will be determined by the com-
position of these motions. DBut yet the effect of this
composition of motions was (as is usual in such cases)
traced as a fact in observation, before it was clearly
seen as a consequence of reasoning. This fact, the
Aberration of Light, the greatest astronomical dis-
covery of the eighteenth century, belongs to Bradley,
who was then Professor of Astronomy at Oxford, and
afterwards Astronomer Royal at Greenwich. Moly-
neux and Bradley, in 1725, began a series of observa-
tions for the purpose of ascertaining, by obscrvations
near the zefiith, the existence of an annual parallax
of the fixed stars, which Hooke had hoped to detect,
and Flamstecd thought he had discovered. Bradley?
soon found that the star observed by him had a minute
apparént motion ditferent from that which the annual
parallax would produce. He thought of a nutation of
the eartl’s axis as a mode of accounting for this; but
found, by comparison of a star.on the other side of
the pole, that this explanation would not apply. Brad-
ley and Molyneux then considered for a moment an
annual alteration of figure in the earth’s atmosphere,
such ag might affect the refractions, but this hypothesis
was soon rejected.8 In 1724, Bradley resumed his
observations, with a new instrument, at Wanstead ;

7 Rigaud’s Bradley. 8 Rigard, p. xxiii.
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and obtained empirical rules for the changes of decli-
nation in different stars. At last, accident turned his
thoughts to the direction in which he was to find the
cause of the variations which he had discovered.
Being in a boat on the Thames, he observed that the
vane on the top of the mast gave a different apparent
direction to the wind, as the boat sailed one way or
the other. Here was an image of his case: the boat-
represented the earth moving in different directions at
different seasons, and the wind represcnted the light
of a star. He had now to trace the consequences of
this idea; he found that it led to the empiri®al rules,
which he had already discovered, and, in 1729, he gave
his discovery to the Royal Society. His paper is a
very happy narrative of his labours and his thoughts.
His theory was so sound that no astronomer ever con-
tested it; and his observations were so accurate, that
the quantlty which he assigned as the greatest amount
of the change (one nineticth of a devrce) has hardly
been correctod by more recent astronomers. It must
be noticed, however, that he considered the effects in
declination only; the effects in right ascension required
a different mode of obscervation, and a consummate
goodness in the machinery of clocks, which at that

time was hardly attained. .

Sect. y.—Discovery of Nutation.

WHEN Bradley went to Greenwich as Astronomer
Royal, he continued with perseverance observations of
the same kind as those by which he had detected
Aberration. The result of these was another dis-
covery; namely, that very Nutation which he had
formerly rejected.  This may appear strange, but it is
easily explained. The Aberration is an annual change,
and is detected by observing a star at different seasons
of the year; the Nutation is a change of which the
cycle is eighteen years; and which, thelefore, thoufrh
it does not much change the place of a star in one
year, is discoverable in the alterations of several suc-
cessive years. A very few years' observations showed
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Bradley the effect of this change ;® and long before
the half cycle of nine years had elapsed, he had con-
nected it in his mind with the true cause, the motion
of the moon’s nodes. Machin was then Secretary to
the Royal Society,!® and was ‘ employed in considering
the theory of gravity, and its consequences with regard
to the celestial motions:’ to him Bradley communicated
his conjectures; from him he soon received a Table
containing the results of his calculations; and the law
was found to be the same in the Table and in observa-
tion, though the quantities were somewhat different.
It appeated by both, that the earth’s pole, besides the
motion which the precession of the equinoxes gives it,
moves, in eightcen years, through a small circle;—or
rather, as was afterwards found by Bradley, an ellipse,
of which the axes are ninetecn and fourteen seconds.!

For the rigorous establishment of the mechanical
theory of that effect of the moon’s attraction from
which the phenomena of Nutation flow, Bradley rightly
and prudently invited the agsistance of the great
mathematicians of his time. D’Alembert, Thomas
Simpson, Euler, and others, answered this call, and
the result was, as we have already said in the last
chapter, (Sect. 7,) that this investigation added another
to the recondite and profound evidences of the doctrine
of universal gravitation.

It has been said!? that Bradley’s discoveries ¢ assure
him the most distinguished place among astronomers
after Hipparchus and Kepler.” If his discoveries had
been made before Newton’s, there could have been no
hesitation as to placing him on a level with those
great men. The existence of such suggestions as the
Newtonian theory offered on all-astronemical subjects,
may perhaps dim, in our cyes, the brilliance of Brad-
ley’s achievements; but this circumstance cannot place
any other person above the author of such discoveries,
and therefore we may consider Delambre’s adjudication

9 Rigaud, Ixiv, 10 1. 25, 11 Th. Ixvi.
13 Delambre, Ast. du 18 Sitc. p. 420. Rigaud, XxXvii.
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of precedence as well warranted, and deserving to be
permanent.

Sect. §.—Discovery of the Laws of Double Stars.—The
two Herschels. .

No truth, then, can be more certainly established,
than that the law of gravitation prevails to the very
boundaries of the solar system. But does it hold
good further? Do the fixed stars also obey this
universal sway ! The idea, the question, is an obvious
one,—but wherc are we to find the means of® submit-
ting it to the test of observation?

If the Stars were each insulated from the rest, as
our Sun appears to be from them, we should have been
quite unable to answer this inquiry. But among the
stars, there are some which are called Double Stars,
and which consist of two stars, so near to each other
that the telescope alone can separate them. The elder
Herschel diligently observed and measured the rela-
tive positions of the two stars in such pairs; and as
las so often happened in astronomical history, pursuin
one object he fell in with another. Supposing suc
pairs to be really uncounected, he wished to learn, from
their phenomena, something 1<,spect1ng Jhe annual
parallax of the earth’s orbit. But in the course of
twenty years, observations he made the discovery (in
1803) that some of these couples were turning round
each other with various angular velocities. These
revolutions were, for the most part, so slow that he
was obliged to leave their complete determination as
an inheritance to the next generation. Iis son was
not careless of the beuest, and after having added an
enormous mass of observations to those of his father,
he applied himself to determine the-laws of these
revolutions. A prohlem go obvious and so temptmg
was attacked also by others, gs Savary and Eilcke, in
1830 and 1832, with the resources of analysis. But

]icoblem in which the data are so minute and inevi-
tably imperfect, required the mathematician to employ
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much judgment, as well as skill in using and combin-
ing these data; and Sir John Herschel, by employing
positions only of the line joining the pair of stars,
(which can be observed with comparative exactness)
to the exclusion of their distances, (which cannot be
measured with much correctness,) and by inventing a
method which depended upon the whole body of obser-
vations, and not upon selected ones only, for the deter-
mination of the motion, has made his investigations by
far the most satisfactory of those which have appeared.
The resylt is, that it has been rendered very probable,
that in several of the double stars the two stars describe
cellipses about each other; and therefore that here also,
at an immeasurable distance from our system, the law
of attraction according to the inverse square of the
distance, prevails. And, according to the practice of
astronomers when a law has been established, Tables
have been calculated for the future motions; and we
have Ephemcrides of the revolutions of suns round
each other, in a region so remote, that the whole circle
of our earth’s orbit, if placed there, would be imper-
ceptible by our strongest telescopes. The permanent
comparison of the observed with the predicted motions,
continued for more than one revolution, is the severe
and decisive test of the truth of the theory: and the
result of this test astronomers are now awaiting,

[2nd Ed.] [In calculating the orbits of revolving
systems of double stars, there is a peculiar difficulty,
arising from the plane of the orbit being in a position
unknown, but probably oblique, to the visual ray.
Hence it comes to pass that even if the orbit be an
ellipse described about the focus by the laws of plane-
tary motion, it will appear otHerwisey and the true
orbit will have to be deduced from the apparent one.

With regard to a difficulty which has been men-
tioned, that the two stars, if they are governed by
gravity, will not revolve the one about the other,
but both about their common center of gravity;—
this circumstance adds little difficulty to the problem.
Newton has shown (Princip. lib. i. Prop. 61) in the
problem of - two bodies, the relation between the rela-
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tive orbits and the orbit about the common center of
gravity. :

How many of the apparently double stars have
orbitual motions? Sir John Herschel in 1833 gave,
in his Astronomy, (Art. 606,) a list of nine stars,
with periods extending from 43 years (» Coron) to
1200 years, (y Leonis,) which he presented as the chief
results then obtained in this department. In his
work on Double Stars, the fruit of his labours in both
hemispheres, which the astronomical world are looking
for with eager expectation, he will, I behcve, have a
few more to add to these.

Is it well established that such double stars attract
each other according to the law of the inverse square of
the distunce? The answer to this question must be
determined by ascertaining whether the above cases
are regulated by the laws of elliptical motion. This
is a matter which it must require a long course of
careful obscrvation to determine in such a number of
cases as to prove the universality of therule. Perhaps
the minds of astronomers are still in suspense upon
the subject. When Sir John Herschel’s work shall
appear, it will probably be found that with regard to
some of these stars, and y Virginis in particular, the
conformity of the observations with the laws of ellipti-
cal motion amounts to a degree of exactness Which must
give astronomers a strong conviction of the truth of the
law. Forsince Sir W. Herschel's first measures in 1781,
the arc described by one star about the other is above
305 degrees; and during this period the angular annual
motion has been very various, passing through all
gradations from about 20 minutes to 8o degrees. Yet
in the whole of this change, the two curves constructed,
the one from the observations, the other from the
elliptical elements, for the purpose af comparison,
having a total ordinate of 3o5 parts, do not, in any
part of their course, deviate from each other so’ much
as two such parts.]

The verification of Newton’s discoveries was suffi-
cient employment for the last century; the first step
in the extension of them belongs to this century. We
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cannot at present foresee the magnitude of this task,
but every one must fael that the law of gravitation,
before verified in all the particles of our own system,
and now probably extended to the all but infinite dis-
tance of the fixed stars, presses upon our minds with
a strong claim to be accepted as a universal law of the
whole material creation.

Thus, in this and the preceding chapter, I have given
a brief sketch of the history of the verification and
extension of Newton’s great discovery. By the mass
of labour and of skill which this head of our subject
includes; we may judge of the magnitude of the
advance in our knowledge which that discovery made.
A wonderful amount of talent and industry have been
requisite for this purpose; but with these, external
means have co-operated. Wealth, authority, mecha-
nical skill, the division of labour, the power of asso-
ciations and of governments, have been largely and
worthily applied in bringing astronomy to its present
high and flourishing condition. We must consider
briefly what has thus been done.
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CHAPTER VI

Tae INSTRUMENTS AND AIDS OF ASTRONOMY DURING
: TUHE NEWTONIAN PrRIoD.

Sect. 1.—Instruments. N

SOME instrdments or other were employed at all
periods of astronomical observation. But it was
only when observation had attained a considerable
degree of delicacy, that the exact construction of in-
struments became an object of serious care. Gradually,
as the possibility and the value of increased exactness
became manifest, it was seen that everything which
could improve the astronomer’s instruments was of
high importance to him. And hence in some cases a
vast increase of size and of expense was introduced;
in other cases new combinations, or the result of im-
provements in other sciences, were brought into play.
Extensive knowledge, intense thought, -and great
ingenuity, were requisite in the astronomical instru-
ment maker. Instead of ranking with artisans, he
became a man of science, sharing the honour and dig-
nity of the astronomer himself.

1. Measure of Angles—Tycho Brahe was the first
astronomer who acted upon a due appreciation of the
importance of good instruments. The collection of
such at Uraniburg was by far the finest which had
ever existed. He endeavoured to give steadiness to
the frame, and accuracy to the divisiond of his instru-
ments. His Mural Quadrant was well adapted for
this purpose; its radius was five cubits: it 13 clear,
that as we enlarge the instrument we are enabled to
measure smaller arcs. On this principle many large
gnomons were erected. Cassini’s celebrated one in the
church of 8t. Petronius at Bologna, was eighty-three
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feet (French) high. But this mode of obtaining accu-
racy was soon abandonedfor better methods. Three
great improvements were introduced about the same
time. The application of the Micrometer to the tele-
scope, by Huyghens, Malvasia, and Auzout; the appli-
cation of the Telescope to the astronomical quadrant ;
and the fixation of the center of its field by a Cross of
fine wires placed in the focus by Gascoigne, and after-
wards by Picard. We may judge how great was the
.improvement which these contrivances introduced into
the art pf observing, by finding that Hevelius refused
to adopt them because they would make all the old
observations of no value. He had spbnt a laborious
and active life in the exercise of the old methods, and
could not bear to think that all the treasures which
he had accumulated had lost their worth by the dis-
covery of a new mine of richer ore.

2nd Ed.] [Littrow, in his Die Wunder des Him-
mels, Ed. 2, pp. 684, 685, says that Gascoigne invented
and used the telescope with wiresin the common focus
of the lenses in 1640. He refers to Phil. T'rans. xxx.
603. Picard reinvented this arrangement in 1665. I

*have already spoken of Gascoigne as the inventor of
the micrometer.

Romer {already mentioned, p. 199) brought into
use the Transit Instrument, and the employment of
complete Circles instead of the Quadrants used till
then ; and by these means gave to practical astronomy
a new form, of which the full value was not discovered
till long afterwards.]

The apparent place of the object in the instrument
being so precisely determined by the new methods,
the exact Division of the arc into degrees and their
subdivisions became a matter of great consequence.
A series of artists, principally Egglish, have acquired
distinguished places in the lists of scientific fame by
their performances in this way; and from that period,

icular instruments have possessed historical interest
and individual reputation. Graham was one of the
first of these artists. He executed a great Mural Arc
for Halley at Greenwich; for Bradley he constructed
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the Sector which detected aberration. He also made
the Sector which the French academicians carried to
Lapland; and probably the goodness of this instru-
ment, compared with the imperfection of those which
were sent to Peru, was one main cause of the great
difference of duration in the two series of observations.
Bird, somewhat later,! (abdut 1750,) divided several
Quadrants for public observatories. His method of
dividing was considered so perfect, that the knowledge
of it was purchased by the English government, and
published in 17647, Ramsden was equally celabrated.
The crrour of one of his best Quadrants (that at Padua)
is said to be never greater than two scconds. But at
a later period, Ramsden constructed Mural Circles only,
holding this to be a kind of instrument far superior to
the quadrant. He made one of five feet diameter, in
1788, for M. Piazzi at Palermo; and one of eight feet
for the observatory of Dublin. Troughton, a worthy
successor of the artists we have mentioned, has in-
vented a method of dividing the circle still superior to
the former ones; indeed, one which is theoretically
perfect, and practically capable of consummate accu-
racy. In this way, circles have been constructed for
Greenwich, Armagh, Cambridge, and many other
places; and probably this method, carefull; applied,
offers to the astronomer as much exactness as his other
implements allow him to receive; but the slightest
casualty happening to such an instrument, after it has
been constructed, or any doubt whether the method of
graduation has been rightly applied, makes it unfit for
the jealous scrupulosity of modern astronomy.

The English artists sought to attain accurate mea-
surements by c8ntinued bisection and other aliquot
subdivision of the limb of their circle; but ; Mayer pro-
posed to obtain this end otherwise, by repeating the
measure on different parts of the circumference til] the
errour of the division becomes unimportant, instead of
attempting to divide an instrument  without errour.
This invention of the Repeating Circle was zealously

1 Mont. iv. 337,
VOL. 11, P
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adopted by the French, and the relative superiority of
the rival methods is still a matter of difference of
opinion.

[2nd Ed.] [In the series of these great astromo-
mical mechanists, we must also reckon George Reich-
enbach. He was born Aug. 24, 1772, at Durlach;
became Lieutenant of Artillery in the Bavarian Ser-
vice in 1794; (Salinenrath) Commissioner of Salt-
works in 1811; and in 1820, First Commissioner of
Water-works and Roads. He became, with Fraun-
hofer, 4he ornament of the mecchanical and optical
Institute erected in 1805 at Benedictbeuern by Utz-
schneider ; and his astronomical instruments, meridian
circles, transit instruments, equatorials, heliometers,
make an epoch in Observing Astronomy. His con-
trivances in the Salt-works at Berchtesgaden and
Reichenhall, in the Arms Manufactory at Amberg,
and in the works for boring cannon at Vienna, arve
enduring monuments of his rare mechanical talent.
He died May 21, 1826, at Munich.]

2. Clocks.—The improvements in the measures of
space require corresponding improvements in the mea-
sure of time. The beginning of anything which we
can call accuracy, in this subject, was the application
of the Rendulum to clocks, by Huyghens, in 1656.
That the successive oscillations of a pendulum occupy
equal times, had been noticed by Galileo; but in order
to take advantage of this property, the pendulum must
be connected with machinery by which its motion is
kept from languishing, and by which the number of
its swings is recorded. By inventing such machinery,
Huyghens at once obtained a measure of time more
accurate than the sun itself. Hence dstronomers were
soon led to obtain the right ascension of a star, not di-
rectly, by measuring a Distance in the heavens, but indi-
rect]y, by observing the Moment of its Transit. This
' observation is now made with a degree of accuracy
which might, at first sight, appear beyond the limits of
human sense, being noted to-a tenth of a second of time:
but we may explain this, by remarking that though
the number of the second at which the transit happens
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is given by the clock and is reckoned according to the
course of time, the subdlwsmn of the second of time
into smaller fractions is performed by the eye, —by
seeing the space described by the heavenly body in a
whole second, and hence estimating a smaller time,
according to the space which its description occupies.

But in order to make clocks so accurate as to justify
.this degree of precision, their construction was im-
proved by various persons in succession. Picard soon
found that Huyghens' clocks were affected in their
going by temperature, for heat caused expansign of the
metallic pendulum. This cause of errour was remedied
by combining different metals, as iron and copper,
which expand in a different degree, in such a way that
their effects compensate each other. Graham after-
wards used quicksilver for the same purpose. The
Escapement too, (which connects the force which impels
the clock with the pendulum which regulates it,) and
other parts of the machinery, had the most refined
mechanical skill and ingenuity of the best artists con-
stantly bestowed upon them, The astronomer of the
present day, constantly testing the going of such a
clock by the motions of the fixed stars, has a scale of
time as stable and as minutely exact as the scales on
which he measures distance.

The construction of good Watches, that is, portable
or marine clocks, was important on another account,
namely, because they might be used in determining
the longitude of places. Hence the improvement of
this little machine became an object of national inte-
rest, and was included in the reward of 20,000l. which
we have already noticed as offered by the English par-
liament for the*discovery of the longitude. Harrison,?
originally a carpenter, turned his mind to this subject
with wuccess. After thirty years of labour, in which
he was encouraged By many eminent persons, he pro-
duced, in 1758, a time-keeper, which was sent on 4
voyage to Jamaica for trial. After 161 days, the
errour of the watch was only one minute five seconds,

2 Mont. iv. 554.
P 2
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and the artist received from the nation 5000l At a
later period,® at the age of seventy-five years, after a
life devoted to this object, having still further satisfied
the commissioners, he received, in 1465, 10,000l at
the same time that Euler and the heirs of Mayer
received each 3000l for the lunar tables which they
had constructed.

The two methods of finding the longitude, by Chro-
nometers and by Lunar Observations, have solved the
problem for all practical purposes; but the latter
could ngt have been employed at sea without the aid
of that invaluable instrument, the Sextant, in which
the distance of two objects is observed, by bringing
one to coincide apparently with the reflected image of
the other. This instrument was invented by Hadley,
in 1731. Though the problem of finding the longitude
be, in fact, one of geography rather than astronomy, it
is an application of astronomical science which has so
materially affected the progress of our knowledge, that
it deserves the noticc we have bestowed upon it.

3. Telescopes—We have spoken of the application
of the telescope to astronomical measurements, but not
of the improvement of the telescope itself. 1f we
endeavour to augment the optical power of this instru-
ment, we.run, according to ‘the path we take, into
various inconveniences ;—distortion, confusion, want
of light, or coloured images. Distortion and confusion
are produced, if we increace the magnifying power,
retaining the length and the aperture of the object-
glass. 1f we diminish the aperture we suffer from loss
of light. What remains then is to increase the focal
length. This was done to an extraordinary extent, in
telescopes constructed in the beginning of the last cen-
tury. Huyghens, in his first attempts, made them 22
feet long;* afterwards, Campani, by order of Louis the
Fourteenth, made them of 86, 100, and 136 feet.
‘Huyghens, by new eyertions, made a telescope 210
feet long. Auzoyt and Hartsoecker are said to have

3 Mont. iv. 560. 4 Bailly, ii. 253.
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gone much further, and to have succeeded in making
an object-glass of 600 feet focus. But even such tele-
scopes as those of Campani are almost unmanageable:
in that of Huyghens, the object-glass was placed on a
pole, and the observer was placed at the focus with an
eye-glass.

The most serious objection to the increase of the
aperture of ohject-glasses, was the coloration of the
image produced, in consequence of the unequal refran-
gibility of differently-coloured rays. Newton, who
discovered the principle of this defect in lenges, had
maintained that the evil was irrcmediable, and that a
compound lens could no more refract without pro-
ducing colour, than a single lens could. Euler and
Klingenstierna doubted the exactness of Newton’s
proposition ; and, in 1755, Dollond disproved it by
experiment. This discovery pointed out a method of
making object-glasses which should give no colour;—
which should be ackromatic. For this purpose Dol-
lond fabricated various kinds of glass (flint and crown
glass); and Claivaut and D’Alembert calculated for-
mule. Dollond and his son® succeeded in constructing
telescopes of three feet long (with a triple object-glass)
which produced an effect as great as those of forty-five
feet on the ancient principles. At first it waseconceived
that these discoveries opened the way to a vast exten-
sion of the astronomer’s power of vision; but it was
found that the most material improvement was the
compendious size of the new instruments; for, in
increasing the dimensions, the optician was stopped by
the impossibility of obtaining lenses of flint-glass of
very large dimensions. And this branch of art re-
mained long stftionary; but, after a time, its epoch
of advance again arrived. In the present century,
Fraunhofer, at Munich, with the help of- Guinand and
the pecuniary support of Utzschneider, succeeded in
forming lenses of flint-glass of @ magnitude till then®
unheard of. Achromatic ebject-glasges, of a foot in

$ Bailly, iii. 118,
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diameter, and twenty feet focal length, are now no
longer impossible; although in such attempts the artist
cannot reckon on certain success.

[2nd Ed] [Joseph Fraunhofer was born March 6,
1787, at Straubing in Bavaria, the son of a poor glazier.
He was in his earlier years employed in his father’s
trade, so that he was not able to attend school, and
remained ignorant of writing and arithmetic till his
fourteenth year. At a later period he was assisted by
Utzschneider, and tried rapidly to recover his lost
ground. In the year 1806 he entered the establish-
ment of Utzschneider as an Optician. In this esta-
blishment (transferred from Benedictheuern to Munich
in 1819) he soon came to be the greatest Optician of
Germany. His excellent telescopes and microscopes
are known throughout Europe. His greatest telescope,
that in the Observatory at Dorpat, has an object-glass
of g inches diameter, and a focal length of 13} feet.
His written productions are to be found in the Me-
moirs of the Bavarian Academy, in Gilbert’s Annalen
der Physik, and in Schumacher’s 4stronomische Nach-
richten. He died the 7th of June, 1826.]

Such telescopes might be expected to add something
to our knowledge of the heavens, if they had not been
anticipated by reflectors of an equal or greater scale.
James Gregory had invented, and Newton had more
efficaciously introduced, reflecting telescopes. But
these were not used with any peculiar effect, till the
elder Herschel made them his especial study. His
skill and perseverance in grinding specula, and in con-
triving the best apparatus for their use, were rewarded
by a number of curious and striking discoveries, among
which, as we have already related, was the discovery
of a new planet heyond Saturn. In 1789, Herschel
surpassed all his former attempts, by bringing into
action a reflecting telescope of forty feet length, with

*a speculum of four fest in diameter. The first appli-
cation of this magnificent instrument showed a new
satellite (the sixth) of Saturn. He and his son have,
with reflectors of twenty feet, made a complete survey
of the heavens, so far as they are visible in this country ;
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and the latter is now in a distant region completing
this survey, by adding to it the other hemisphere.

In speaking of the improvements of telescopes we
ought to notice, that they have been pursued in the
eye-glasses as well as in the object-glasses. Instead of
the single lens, Huyghens substituted an eye-piece of
two lenses, which, though introduced for another pur-
pose, attained the object of destroying colour.t Rams-
den’s eye-piece is one fit to be uséd with a micrometer,
and others of more complex construction have been
used for various purposes. *

Sect. 2.—Observatories.

AstroNoMY, which is thus benefited by the erection of
large and stable instruments, requires also the esta-
blishment of permanent Observatories, supplied with
funds for their support, and for that of the observers.
Such observatories have existed at all periods of the
history of the science; but from the commencement of
the period which we are now reviewing, they multi-
plied to such an extent that we cannot even enumerate
them. Yet we must undoubtedly look upon such
establishments, and the labours of which they have
been the scene, as important and essential parts of the
history of the progress of astronomy. Some of the
most distinguished of the observatories of modern
times we may mention. The first of these were that
of Tycho Brahe at Uraniburg, and that of the Land-
grave of Hesse Cassel, at Cassel, where Rothman and
Byrgius observed. But by far the most important
observations, at least since those of Tycho which were
the basis of the discoveries of Kepler and Newton,
have been made at Paris and Greenwich. The obser-
vatory of Paris was built in 1667. It.was there that
the first Cassini mafle many of his discoveries; three
of his descendants have since laboured in the same
place, and two others of his family, the Maraldis;?
besides many other eminent astronbmers, as Picard,

6 Coddington’s Optics, ii. 21. 7 Mont. iv. 346.
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La Hire, Lefévre, Fouchy, Legentil, Chappe, Méchain,
Bouvard. Greenwich observatory was built a few
years later (1675); and ever since its erection, the
observations there made have been the foundation of
the greatest improvements which astronomy, for the
time, received. Flamsteed, Halley, Bradley, Bliss,
Maskelyne, Pond, have occupied the place in succes-
sion: on the retirement of the last-named astronomer
in 1835, Professor Airy was removed thither from
the Cambridge observatory In every state, and in
almost every principality in Europe, Observatorics
have béen cstablished; but these bave often fallen
speedily into inaction, or have contributed little to the
progress of astronomy, because their observations have
not been published. From the same causes, the nu-
merous private observatories which exist throughout
Europe have added little to our knowledge, except
where the attention of the astronomer has been directed
to some definite points; as, for instance, the magnificent
labours of the Herschels, or the skilful observations
made by Mr. Pond with the Westbury circle, which
first pointed out the errour of graduation of the Green-
wich quadrants. The Observations, now regularly
published,® are those of Greenwich, begun by Maske-
lyne, and ¢ontinued quarterly by Mr. Pond; those of
Konigsberg, published by Bessel since 1814 ; of Vienna,
by Littrow since 1820; of Speier, by Schwerd since
1826; those of Cambridge, commenced by Airy in
1828; of Armagh, by Robinson in 1829. Besides
these, a number of useful observations have been pub-
lished in journals and occasional forms; as, for instance,
those of Zach, made at Seeberg, near Gotha, since
1788; and others have been employéd in forming
catalogues, of which we shall speak shortly.

[2nd Ed.] [I have left the statement of published
Observations in the text as it stood originally. I
believé that at present (1847) the twelve places con-
tained in the following list publish their Observa-
tions quite regularly, or nearly so;—Greenwich,

8 Airy, Rep. p. 128.
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Oxford, Cambridge, Vienna, Berlin, Dorpat, Munich,
Geneva, Paris, Konigsberg, Madras, the Cape of Good
Hope.

thtrow, in his tyanslation, adds to the publications
noticed in the text as containing astronomical Obser-
vations, Zach’s Monatliche Correspondenz, Lindenau
and Bohneunberger's Zeitschrift fiir Astronomie, Bodes
Astronomisches Jahrbuch, Schumacher’s Astronomische
Nachrichten.]

Nor has the establishment of observatories been
confined to Europe. In 1786, M. de Beaughamp, at
the expense of Louis the Sixteenth, erected an obser-
vatory at Bagdad, ¢built to restore the Chaldean and
Arabian observa.tious,’ as the inscription stated; but,
probably, the restoration once effected, the main inten-
tion had been fulfilled, and little perseverance in ob-
scrving was thought necessary. In 1828, the British
government completed the building of an observatory
at the Cape of Good Hope, which Lacaille had alrcady
made an astronomical station by his observations there
at an earlicr period (1750); and an observatory formed
in New South Wales by Sir T. M. Brishane in 1822,
and presented by him to the government, is also in
activity. The East India Company has founded obser-
vatories at Madras, Bombay, and St. Iklena; and
observations made at the former of these places, and
at St. Helena, have been published.

Tho bearing of the work done at such observatories
upon the past progress of astronomy, has already been
seen in the preceding narrative. Their bearing upon
the present condition of the science will be the subject
of a few remarks hereafter.

Sect. 3.—Seientific Societies.

TuEe .influence of Scientific Societies, or Academical
Bodies, has also been very powerful in the Subjeet
before us. In all branches of knowludwe, the use of
such associations of studious and’® inquiring men is
great; the clearness and coherence of a speculators
ideas, and their agreement with facts, (the two main-
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conditions of scientific truth,) are severely but bene-
ficially tested by collision with other minds. In astro-
nomy, moreover, the vast extent of the subject makes
requisite the division of labour and the support of
sympathy. The Royal Societies of London and of
Paris were founded nearly at the same time as the
metropolitan Observatories of the two countries,. We
have seen what constellations of philosophers, and what
activity of research, existed at those periods; these
philosophers appear in the lists, their discoveries in
the publications, of the above-mentioned eminent So-
cieties. As the progress of physical science, and prin-
cipally of astronomy, attracted more and more admi-
ration, Academies were created in other countries.
That of Berlin was founded by Leibnitz in 1770; that
of St. Petersburg was established by Peter the Great
in 1425 ; and both these have produced highly valuable
Memoirs. In more modern times these associations
have multiplied almost beyond the power of estima-
tion. They have been formed according to divisions,
both of locality and of subject, conformable to the
present extent of science, and the vast population of
its cultivators. It would be useless to attempt to give
a view either of their number or of the enormous
mass of scigutific literature which their Transactions
present. But we may notice, as specially connected
with our present subject, the Astronomical Society of
London, founded in 1820, which gave a strong impulse
to the pursuit of the science in England.

Sect. 4.—Patrons of Astronomy.

TaE advantages which letters and philusophy derive
from the patronage of the great have sometimes been
questioned; that love of knowledge, it has been thought,
cannot be genuine which requires such stimulation,
ner these speculations free and true which are thus
forced into being. In the sciences of observation and
calculation, however, in which disputed questions can
be experimentally decided, and in which opinions are
not disturbed by men’s practical principles and interests,
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there is nothing necessarily operating to poison or
neutralize the resources which wealth and power supply
to the investigation of truth.

Astronomy has, in all ages, flourished under the
favour of the rich and powerful; in the period of
which we speak, this was eminently the case. Louis
the Fourteenth gave to the astronomy of France a
distinetion which, without him, it could not have
attained. No step perbaps tended more to this than
his bringing the celebrated Dominic Cassini to Paris,
This Italian astronomer (for he was born at Permaldo,
in the county of Nice, and was professor at Bologna,)
was already in possession of a brilliant reputation,
when the French ambassador, in the name of his
sovereign, applied to Pope Clement the Niuth, and to
the senate of Bologna, that he should be allowed to
remove to Paris. The request ‘'was granted only so
far as an absence of six years; but at the end of that
time, the benefits and honours which the King had
conferred upon him, fixed him in France. The impulse
which his arrival (in 1669) and his residence gave to
astronomy, showed the wisdom of the measure. In
the same spirit, the French government drew to Paris
Romer from Denmark, Huyghens from Holland, and
gave a pension to Hevelius, and a large sym when his
observatory at Dantzic had been destroyed by fire in
1679.

When the sovereigns of Prussia and Russia were
exerting themselves to encourage the sciences in their
countries, they followed the same course which had
been so successful in France. Thus, as we have said,
the Czar Peter took Delisle to Petersburg in 1725;
the celebrat®d Frederic the Great drew to Berlin,
Voltaire and Maupertuis, Euler and Lagrange; and the
Empress Catharine obtained in the.same way Euler,
two of the Bernoullis, and other mathematicians. In
none of these instances, however, did it happen that
‘the generous plant did still its stock renew, as we
have seen was the case at Paris, with the Cassinis, and
their kinsmen the Maraldis.

[2nd Ed.] [I may notice among instances of the



220  HISTORY OF PHYSICAL ASTRONOMY.

patronage of Astronomy, the reward at present offered
by the King of Denmark for the discovery of a
Comet.]

It is not necessary to mention here the more recent
cases in which sovereigns or statesmen have attempted
to patronize individual astronomers.

Sect. 5.—Astronomical Expeditions.

BespEs the pensions thus bestowed upon resident
mathematicians and astronomers, the governments of
Europe hdve wisely and usefully employed considerable
sums upon expeditions and travels undertaken by men
of science for some appropriate object. Thus Picard,
in 1671, was sent to Uraniburg, the scene of Tycho’s
observations, to determine its latitude and its longi-
tude. He found that ‘the City of the Skies’ had utterly
disappeared from the earth; and even its foundations
were retraced with difficulty. With the same object,
that of accurately connecting the labours of the places
which had been at different periods the metropolis of
astronomy, Clazelles was sent, in 1693, to Alexandria.
We have already mentioned Richer’s astronomical
expedition to Cayenne in 1672. Varin and Deshayes?
were sent a few years later into the same regions for
similar purposes. Halley’s expedition to St. Helena
in 1677, with the view of observing the southern stars,
was at his own expense; but at a later period (in
1698,) he was appointed to the command of a small
vessel by King William the Third, in order that he
might make his magnetical observations in all parts of
the world. Lacaille was maintained by the French
government four years at the Cape of*Good Hope
(1750-4,) for the purpose of observing the stars of the
southern hemisphere. The two transits of Venus in
1761 and 1769, occasioned expeditions to be sent to
Kamtschatka and Tobolsk by the Russians; to the
Isle of France, and to Coromandel, by the French ;!0
to the isles of St. Hélena and Otaheite by the English;

9 Bailly, ii. 374. 0 Ib, iii. 107.
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to Lapland and to Drontheim, by the Swedes and
Danes. I shall not hererefer to the measures of degrees
executed by various nations, still less the innumerable
surveys by land and sea; but I may just notice the
successive English expeditions of Captains Basil Hall,
Sabine, and Foster, for the purpose of determining the
length of the scconds’ pendulum in different latitudes;
and the voyages of M. Biot and others, sent by the
French government for the same purpose. Much has
been done in this way; but not more than the progress
of astronomy absolutely required; and only a small
portion of that which the completion of the subject
calls for,

Sect. 6.—Present State of Astronomy.

AsTRONOMY, in its present condition, is not only much
the most advanced of the sciences, but is also in far
more favourable circumstances than any other science
for making any future advance, as soon as this is pos-
sible. The general methods and conditions by which
such an advantage is to be olLtained for the various
sciences, we shall endeavour hercafter to throw some
light upon; but in the mean time, we may notice here
some of the circumstances in which this peculiar feli-
city of the present state of astronomy may be traced.
The science is cultivated by a number of votaries,
with an assiduity and labour, and with an expenditure
of private and public resources, to which no other
subject approaches ; and the mode of its cultivation in
all public and most private observatories, has this
.character; that it forms, at the same time, a constant
process of vemification of existing discoveries, and a
strict search for any new discoverable laws. The ob-
.servations made are immediately referred to the best
tables, and corrected by the best formule which are
known; and if the result of such a reduction® leaves
anything unaccounted for, the astronomer is forthwith
curious and anxious to trace thisWeviation from the
expected numbers to its rule and its origin; and till
.the first, at least, of these things is performed, he is
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dissatisfied and unquiet. The reference of observations
to the state of the heavens as known by previous
researches, implies a great amount of calculation. The
exact places of the stars at some standard period are
recorded in Catalogues; their movements, according to
the laws hitherto detected, are arranged in Tables;
and if these tables are applied to predict the numbers
which observation on each day ought to give, they
form Ephemerides. Thus the catalogues of fixed stars
of Flamsteed, of Piazzi, of Maskelyne, of the Astro-
nomical Socicty, are the basis of all observation. To
these are applied the Corrections for Refraction of
Bradley or Bessel, and those for Aberration, .for Nuta-
tion, for Precession, of the best modern astronomers.
The observations so corrected enable the observer to
satisfy himself of the delicacy and fidelity of his
measures of time and space; his Clocks and his Arcs.
But this being done, different stars so observed can he
compared with each other, and the astronomer can then
endeavour further to correct his fundamental Elements;
—his Catalogue, or his Tables of Corrections. In
these Tables, though previous discovery has ascertained
the law, yet the exact quantity, the constant or coeffi-
cient of the formula, can be exactly fixed only by
numerous observations and comparisons. This is a
labour which is still going on, and in which there are
differences of opinion on almost every point; but the
amount of these differences iz the strongest evidence
of the certainty and exactness of those doctrines in
which all agree. Thus Lindenau makes the coefficient
of Nutation rather less than nine seconds, which other
astronomers give as about nine seconds and three
tenths. The Tables of Refraction are still the subject
of much discussion, and of many attempts at improve-
ment. And after or amid these discussions, arise
questions whether there be not vther corrections of
which*the law has not yet been assigned. The most
remarkable example ofy such questions is the contro-
versy concerning the existence of an Annual Parallax
of the fixed stars, which Brinkley asserted, and which
Pond denied. Such a dispute between two of the best
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modern observers, only proves that the quantity in
question, if it really exist, is of the same order as the
hitherto unsurmounted errors of instruments and cor-
rections,

[2nd Ed.] [The belief in an appreciable parallax of
some of the fixed stars appears to gain ground among
astronomers. The parallax of 61 Cygni, as determined
by Bessel, is 0”°34; about omne third of a second, or
1-10000 of a degree. That of a Centauri, as deter-
mined by Maclear, is 0”9, or 1-4000 of a degree.]

But besides the fixed stars and their corrections,
the astronomer has the motions of the plandts for his
field of action. The established theories have given us
tables of these, from which their daily places are cal-
culated and given in our Ephemerides, as the Berliner
Jahrbuch of Encke, or the Nautical Almanac, published
by the government of this country, the Connaissance
des Tems which appears at Paris, or the Efemeridi
di Milano. The comparison of the observed with
the tabular place, gives us the means of correcting
the coefficients of the tables; and thus of obtaining
greater exactness in the constants of the solar system.
But these constants depend upon the mass and form
of the bodies of which the system is composed; and
in this province, as well as in sidereal astronomy,
different determinations, obtained by diffbrent paths,
may be compared; and doubts may be raised and
may be solved. In this way, the perturbations pro-
duced by Jupiter on different planets gave rise to a
doubt whether his attraction be really proportional
to his mass, as the law of universal gravitation
agserts. The doubt has been solved by Nicolai and
Encke in Germany, and by Airy in England. The
mass of Jupiter, as shown by the perturbations of
Juno, of Vesta, and of Encke's Comet, and by the mo-
tion of his outermo8t Satellite, is found to agree, though
different from the mass previously received *on the
authority of Laplace. Thus dlso Burckhardt, Littrow,
and Airy, have corrected the elefents of the Solar
Tables. In other cases, the astronomer finds that no
change of the coefficients will bring the Tables and the
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observations to a coincidence;—that a new term in
the formula is wanting. He obtains, as far as he can,
the law of this unknown term; if possible, he traces
it to some known or prohable cause. Thus Mr. Airy,
in his examination of the Solar Tables, not only found
that a diminution of the received mass of Mars was
necessary, but perceived discordances which led him to
suspect the existence of a new inequality. Such an
inequality was at length found to result theoretically
from the attraction of Venus. Encke, in his examina-
tion of his comet, found a diminution of the periodie
time in “the successive revolutions; from which he
inferred the existence of a resisting medium. Uranus
still deviates from his tabular place, and the cause
remains yet to be discovered. (But see the 4dditions
to this volume.)

Thus it is impossible that an assertion, false to any
amount which the existing state of observation can
easily detect, should have any abiding prevalence in
astronomy. Such errours may long keep their ground
in any science which is contained mainly in didactic
works, and studied in the closet, but not acted upon
elsewhere ;—which is reasoned upon much, but brought
to the test of experiment rarely or never. Here, on
the contrary, an errour, if it arise, makes its way into
the Tables, into the Ephemeris, into the observer’s
nightly List, or his sheet of Reductions ; the evidence of
sense flies in its face in a thousend observatories; the
discrepancy is traced to its source, and soon disappears
for ever.

In this favouged branch of knowledge, the most
recondite and delicate discoveries can no more suffer
doubt or contradiction, than the most -palpable facts
of sense which the face of nature offers to our notice.
The last great discovery in astronomy,—the motion of
the stars arising from Aberration,—«is as obvious to the
vast population of astronomical observers in all parts
of the world, as the motion of the stars about the pole
is to the casual night-wanderer. And this immunity
from the danger of any large errour in the received
doctrines, is a firm platform on which the astronomer
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can stand and exert himself to reach perpetually further
and further into the region of the unknown.

The same scrupulous care and diligence in record-
ing all that has hitherto been ascertained has been
extended to those departments of astronomy in which
we have as yet no general principles which serve to
bind together our acquired treasures. These records
may be considered as constituting a Descriptive 4stro-
nomy ; such are, for instance, Catalogues of Stars, and
Maps of the Heavens, Maps of the Moon, representa-
tions of the appearance of the Sun and Planets as seen
through powerful telescopes, pictures of Nebule, of
Comets and the like. Thus, besides the Catalogue of
Fundamental Stars which may be considered as stan-
dard points of reference for all observations of the
Sun, Moon, and Planets, there exist many large cata-
logues of smaller stars. Flamsteed's Historia Celestis,
which much surpassed any previous catalogue, contained
above 3000 stars. But in 1801, the French Hustoire
(éleste appeared, comprising observations of 50,000
stars. e Catalogues or charts of other special portions
of the sky have been published more recently; and in
1825, the Berlin Academy proposed to the astrono-
mers of BEurope to carry on this work by portioning
out the heavens among them. - .

[2nd Ed.] [Before Flamsteed, the best Catalogue
of the Stars was Tycho Brahe’s, containing the places
of about 1000 stars, determined very roughly with the
naked eye. - On the occasion of a project of finding
the longitude, which was offered to Charles II., in
1674, Flamsteed represented that tigp method was
quite useless, in consequence, among other things, of
the inaccuracy of Tycho’s places of the stars. Flam-
steed's letters being shown King Charles, he was
startled at the assertion of the fixed stars places being
false in the Catalogue; and said, with some vehemence,
‘He must have them anew observed, examined, and
corrected, for the use of his seamen.” This was the
immediate occasion of building Greénwich Observa-
tory, and placing Flamsteed there as an observer.
Flamsteed’s Historia Celestis contained above 3000

VOL. IL Q
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stars, observed with telescopic sights. It has recently
been republished with important improvements by
Mr. Baily. See Baily’s Flamsteed, p. 38.

The French Histovre Céleste was published in 1801
by Lalande, containing 50,000 stars, simply as observed
by himself and other French astronomers. The reduc-
tion of the observations contained in this Catalogue
to the mean places at the beginning of the year 1800
may be effected by means of Tables published by
Schumacher for that purpose in 1825.

In 1807, Piazzi’s Catalogue of 6748 stars, founded
on Maskelyne’s Catalogue of 1700, was published ;
afterwards extended to 7646 stars in ¥814. This is
considered as the greatest work undertaken by any
modern astronomer ; the observations being well made,
reduced, and compared with those of former astrono-
mers. Piazzi’s Catalogue is the standard and accurate
Catalogue, as the Histoire Céleste is the standard ap-
proximate Catalogue for small stars. But the new
planets were discovered mostly by a comparison of the
heavens with Bode’s (Berlin) Catalogue. .

I may mention other Catalogues of Stars which have
recently been published. Pond’s Catalogue contains
1112 Northern stars; Johnson’s, 606; Wrottesley’s,
1318 (in Right Ascension only); Airy’s First Cam-
bridge Catulogue, 726 ; his Greenwich Catalogue,
1439. Pearson’s has g520 zodiacal stars; Groom-
bridge’s, 4243 circumpolar stars as far as 50 degrees of
North Polar distance; Santini’s, a zone 18 degrees
North of the equator. Besides these, Mr. Taylor has
published, by ojer of the Madras government, a Cata-
logue of 11,000 stars observed by him at Madras; and
Rumker, who observed in the Observaiory established
by Sir Thomas Brisbane at Paramatta, (in Australia,)
has commenced a Catalogue which is to contain 12,000.
Mr. Baily published two Standard Catalogues; that of
¢he Royal Astronomical Society, containing 2881 stars;
and that of the British Association, containing 8377
stars. I omit other Catalogues, as those of Argelander,
&c., and Catalogues of Southern Stars.

Of the Berlin Maps, fourteen hours in Right Ascen-
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sion have been published: and their value may be
judged of by this circumstance, that it was in a great
measure by comparing the heavens with these Maps
that the new planet Astreea was discovered. The
Zone observations made at Konigsberg, by the late
illustrious astronomer Bessel, deserve to be mentioned,
as embracing a vast number of stars.

The common mode of designating the Stars is founded
upon the ancient constcllations as given by Ptolemy ;
to which Bayer, of Augshurg, in his Uranometria,
added the artifice of designating the brightest stars in
each constellation by the Greek lctters, a, g, v, &e.
applied 1 order of brightness, and when these were
exhausted, the Latin letters. Flamsteed used num-
bers. As the number of observed stars increased,
various methods were employed for designating them ;
and the confusion which has been thus introduced,
both with regard to the boundaries of the constella-
tions and the nomenclature o. the stars in each, has
been much complained of lately. Some attempts have
been made to remedy this variety and disorder. M.
Argelander has recently recorded stars, according to
their magnitudes as seen by the naked eye, in a Neue
Uranometrie.

Among representations of the Moon I may mention
Hevelius's Selenographia, a work of former times, and
Beer and Midler’s Map of the Moon, recently pub-
lished.]

I have already said something of the observations
of the two Herschels on Double Stars, which have
led to a kunowledge of the law of #@e revolution o
such systems. But besides these, the same illustrious
astronomers h#ve accumulated enormous treasures of
observations of Nebule; the materials, it may be,
hereafter, of some vast new generalization with respect
to the history of the system of the universe.

[2nd Ed.]" [A few measures of Double Stars are to
be found in previous astronomical records. But the
epoch of the creation of this part ‘of the science of
astronomy must be placed at the beginning of the
present century, when Sir William Herschel (in 1802)

Q2
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published in the Phil. Trans. a Catalogue of 500 new
Nebule of various classes, and in the Phil. Trans.
1803, a paper ¢ On the changes in the relative situa-
tion of the Double Stars in 25 years.” In succeeding
papers he pursued the subject. In one in 1814 he
noticed the breaking up of the Milky Way in different
places, apparently from some principle of Attraction;
and in this, and in one in 1814, he published those
remarkable views on the distribution of the stars in
our own cluster as forming a large stratum, and on
the congpexion of stars and nebule (the stars appearing
sometimes to be accompanied by nebulw, somctimes to
have absorbed a part of the nebula, and sometimes to
have been formed from nebulz) which have been ac-
cepted and propounded by others as the Nebular Theory.
Sir William Herschel’s last paper was a Catalogue of
145 new Double Stars communicated to the Astrono-
mical Society in 1822. 1In 1827 M. Struve, of Dorpat,
(in Russia,) published his Catalogus Nowvus, containing
the places of 3112 double stars. 'While this was going
on, Sir John Herschel and Sir James South published
(in the Phil. Trans. 1824) accurate measures of 380
Double and Triple Stars, to which Sir J. South after-
wards added 458. Mr. Dunlop published measures of
253 Southern Double Stars. Other Observations have
been published by Capt. Smyth, Mr. Dawes, &e. The
great work of Struve, Mensure Micrometricee, &c.
contains 3134 such objects, including most of Sir W,
Herschel's Double Stars. Sir J. Herschel in 1826,
and 8 presented to the Astronomical Society about
1000 measures@f Double Stars; and in 1830, good
ineasures of 1236, made with his zo-feet reflector.
His paper in Vol. v. of the Ast. So& Mem. besides
measures of 364 such stars, exhibits all the most
striking results, as to the motion of Double Stars,
which have yet been obtained. * In 1835 he carried
his 2o0-feet reflector to the Cape of Good Hope for the
purpose of completing the survey of Double Stars and
Nebule in the southern hemisphere with the same
instruments which had explored the northern skies.
He returned from the Cape in 1838, and is now
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(1846) about to give the world the results of his
labours. Besides the stars just mentioned, his work
will contain from 1500 to 2000 addltlonal double
stars; making a gross number of above 8oo0o; in
which of course are included a number of objects of
no great scientific interest, but in which also are con-
tained the materials of the most important discoveries
which remain to be made by astronomers. The pub-
lication of Sir John Herschel's great work upon
Double Stars and Nebule is looked for w1th cager
interest by astronomers.

Of the observations of Ncbule we may say wlmt has
just been said of the observations of Double Stars ;—
that they probably contain the materials of important
future discoveries. It is impossible not to regard these
phenomena with reference to the Nebulur Llypothesis,
which has been propounded by Laplace, and much
more strongly insisted upon by other persons;—
namely, the hypothesis that systcms of revolving pla-
nets, of which the Solar System is an example, arise
from the gradual contraction and separation of vast
masses of nebulous matter. Yet it does not appear
that any changes have been observed in nebule which
tend to confirm this hypothesis; and the most power-
ful telescope in the world, recently erected By the Earl
of Rosse, has given results which militate against the
hypothesis; inasmuch as it has shown that what ap-
peared a diffused nebulous mass is, by a greater power
of vision, resolved, in all cases yet examined, into
separate stars.

When astronomical phenomena a® viewed with
reference to the Nebular Hypothesis, they do not
belong so properly to Astronomy, in the view here
taken of it, as to Cosmogony. If such speculations
should acquire any scientific value, we shall have to
arrange them among those which I have called Lalc:
tiological Sciences ; nalnely, these Sciences which con”
template the universe, the earth, and its inhabitants,
with reference to their historical changes and the
causes of those changes.]
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INTRODUCTION.

THE SECONDARY MECHANICAL SCIENCES.

IN the sciences of Mechanics and Physical Astro-
nomy, Motion and Force are the direct and
primary objects of our attention. But there is
another class of sciences in which we endeavour to
reduce phenomena, not evidently mechanical, to a
known dependence upon mechanical properties and
laws. In the cases to which I refer, the facts do not
present themselves to the senses as modifications of
position and motion, but as secondury qualities, which
are found to be in some way derived from those
primary attributes. Also, in these cases, the pheno-
mena are reduced to their mechanical laws and causes
in a secondary manner; namely, by treating them as
the operation of a medium interposed between the
object and the organ of sense. These, then, we may
call Secondary Mechanical Sciences. The sciences of
this kind which require our notice are those which
treat of the sensible qualities, Sound, Light, and Heat ;
that is, Acoustics, Optics, and Thermotics.

It will be recollected that our object is not by any
means to give a full statement of all the additions
which have been successively made to our knowledge
on the subjects under review, or a complete list of
the persons by whom such additions have been made;
but to present a view of the progress of each of those
branches of knowledge as a theoretical science ;—to
point out the Epochs of the discovery of those general
principles which reduce many facts to one theory; and
tonote all that is most characteristic,and instructive in
the circumstances and persons which bear upon such
Epochs. A history of any science, written with such
objects, will not need to be long; but it will fail in its
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purpose altogether, if it do not distinctly exhibit some
well-marked and prominent features.

‘We begin our account of the Secondary Mechanical
Sciences with Acoustics, because the progress towards
right theoretical views, was, in fact, made much earlier
in the science of Sound, than in those of Light and of
Heat ; and also, because a clear comprehension of the
theory to which we are led in this case, is the best
preparation for the difficulties (by no means incon-
siderable) of the reasonings of theorists on the other
subjects.
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CHAPTER I

PRELUDE TO THE SOLUTION OF PROBLEMS IN
" Acousrics.

IN some measure the true theory of sound was
guessed by very early speculators on the subject;
though undoubtedly conceived in a very vAgue and
wavering manner. That sound is caused by some
motion of the sounding body, and conveyed by some
motion of the air to the ear, is an opinion which we |
trace to the earliest times of physical philosophy. We'
- may take Aristotle as the best expounder of this stage
of opinion. In his Treatise On Sound and Hearing,
he says, ¢ Sound takes place when bodies strike the
air, not by the air having a form impressed upon it,
(oxnpariépevor), as some think, but by its being
moved in a corresponding manner; (probably he
means in a manner corresponding to the impulse ;) the
air being contracted, and expanded, and overtaken,
and again struck by the impulses of the breath and of
the strings. For when the breath falls upon and
strikes the air which is next it, the air is carried for-
wards with an impetus, and that which is contiguous
to the first is carried onwards; so that the same voice
spreads every way as far as the motion of the air takes
place.’

As is the case with all such specimens of ancient
physics, different persons would find in such a state-
ment very different measures of truth and distinct-
ness. The admirers of antiquity mniight easily, by
pressing the langubge closely, and using the light of
modern discovery, detect in this passage al exapt
account of the production and propagation of sound:
while others might iaintain that®in Aristotle’s own
mind, there were only vague notions and verbal gene-
ralizations. This latter opinion is very emphatically
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expressed by Bacon.! ‘The collision or thrusting of
air, which they will have to be the cause of sound,
neither denotes the form nor the latent process of
sound; but is a term of ignorance and of superficial
contemplation.” Nor can it be justly denied, that an
exact and distinet apprehension of the kind of motion
of the air by which sound is diffused, was beyond the
reach of the ancient philosophers, and made its way
into the world long afterwards. It was by no
means easy to reconcile the nature of such motion
with obvious phenomena. For the process is not
evident as motion; since, as Bacon also observes,? it
does not visibly agitate the flame of a candle, or a
feather, or any light floating substance, by which the
slightest motions of the air are betrayed. Still, the
persuasion that sound is some motion of the air, con-
tinued to keep hold of men’s minds, and acquired addi-
tional distinctness. The illustration employed by
Vitruvius, in the following passage, is even now one of
the best we can offer.3 ¢ Voice is breath, flowing, and
made sensible to the hearing by striking the air. It
moves in infinite circumferences of circles, as when, by
throwing a stone into still water, you produce innu-
merable circles of waves, increasing from the center
and spreading outwards, till the boundary of the space,
or some obstacle, prevents their outlines from going
further. In the same manner the voice makes its
motion in circles. But in water the circle moves
breadthways upon a level plain; the voice proceeds in
breadth, and also successively ascends in height.’

Both the comparison, and the notice of the dif-
ference of the two cases, prove the architect to have
had very clear notions on the subject ; which he further
shows by comparing the resonance of the walls of a
building to the disturbance of the gutline of the waves
of water when they meet with a boundary, and are
thrown back. ¢ Therefqre, as in the outlines of waves
in water, so in the voice, if no obstacle interrupt the

1 Historia Soni et Auditus, vol. ix. p. 68. 2 Ibid.
3 De Arch. v, 3.
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foremost, it does not disturb the seccond and the fol-
lowing ones, so that all come to the ears of persons,
whether high up or low down, without resonance.
But when they strike against obstacles, the foremost,
being thrown back, disturb the lines of those which
follow.” Similar analogies were employed by the
ancients in order to explain the occurrence of Echoes.
Aristotle says,* ¢ An Echo takes place, when the air,
being as one body in consequence of the vessel which
bounds it, and being prevented from being thrust
forwards, is reflected back like a ball.” Nothing mate-
rial was added to such views till modern times.

Thus the first conjectures of those who philosophized
concerning sound, led them to an opinion concerning
its causes and laws, which only required to be distinctly
understood, and traced to mechanical principles, in
order to form a genuine science of Acoustics. It was,
no doubt, a work which required a long time and
sagacious reasoners, to supply what was thus wanting ;
but still, in consequence of this peculiar circumstance
in the early condition of the prevalent doctrine con-
cerning sound, the history of Acoustics assumes a
peculiar form. Instead of containing, like the history
of Astronomy or of Optics, a series of generalizations,
each including and rising above preceding generaliza-
tions; in this case, the highest generalizition is in
view from the first; and the object of the philosopher
is to determine its precise meaning and circumstances
in each example. Instead of having a series of inductive
Truths, successively dawning on men’s minds, we have
a serigg of Explanations, in which certain experimental ,
facts and laws are reconciled, as to their mechanical
principles and their measures, with the general doctrine
already in our possession. Instead of having to travel
gradually towards a great discovery, dike Universal
Gravitation, or Lumeiniferous Undulations, we take our
stand upon acknowledged truths, the production and
propagation of sound by the motion of bodies and of
air; and we connect these with other truths, the laws

4 De Animd, ii. 8.
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.of motion and the known properties of bodies, as, for
instance, their elasticity. Instead of Epocks of Dis-
lcovery, we have Solutions of Problems; and to these
we must now proceed.

‘We must, however, in the first place, notice that
these Problems include other subjects than the mere
production and propagation of sound generally. For
such questions as these obviously occur:—what are
the laws and cause of the differences of sounds ;—of
acute and grave, loud and low, continued and instan-
taneous ;—and, again, of the differences of articulate
sounds, ‘and of the quality of different voices and
different instruments? The first of these questions,
in particular, the real nature of the difference of acute
and grave sounds, could not help attracting attention;
since the difference of notes in this respect was the
foundation of one of the most remarkable mathe-
matical sciences of antiquity. Accordingly, we find
attempts to explain this differcnce in the ancient writers
on music. In Ptolemy’s Harmorics, the third Chapter
of the first Book is entitled, ¢ How the acuteness and
graveness of notes is produced; and in this, after
noting generally the difference of sounds, and the
causes of difference (which he states to be the force of
the striking body, the physical constitution.of the
body struck, and other causes), he comes to the con-
clusion, that ¢the things which produce acuteness in
.sounds, are a greater density and a smaller size; the
things which produce graveness, are a greater rarity
jand a bulkier form.” Me afterwards explains this so
as to include a considerable portion of truth., Thus
‘he says, ‘That in strings, and in pipes, other things
‘remaining the same, those which are stopped at the
1smaller distance from the bridge give the most acute
‘note; and in pipes, those notes which come through
‘holes nearest to the mouth-hole are most acute.” He
gven attempts a further generalization, and says that
the greater acuteness arises, in fact, from the body
being more tens:; and that thus ‘hardness may
counteract the effect of greater density, as we see that
brass produces a more acute sound than lead’ But
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this author’s notions of tension, since they were applied
so generally as to include both the tension of a string,
and the tension of a piece of solid brass, must neces-
sarily have been very vague. And he seems to have
been destitute of any knowledge of the precise nature
of the motion or impulse by which sound is produced ;
and, of course, still more ignorant of the mechanical
principles by which these motions are explained. The
notion of vibrations of the parts of sounding bodies,
does not appear to have been dwelt upon as an
essential circumstance ; though in some casgs, as in
sounding strings, the fact is very obvious. And the
notion of vibrations of the air does not at all appear
in ancient writers, except so far as it may be conceived
to be implied in the comparison of atrial and watery
waves, which we have quoted from Vitruvius. It is,
however, very unlikely that, even in the case of water,
the motions of the particles were distinctly conceived,
for such conception is far from obvious.

The attempts to apprehend distinctly, and to explain
mechanically, the phenomena of sound, gave rise to a
series of Problems, of which we must now give a brief
history. The questions which more peculiarly consti-
tute the Science of Acoustics, are the questions con-
cerning those motions or affections of the air by
which it is the medium of hearing. But the motions
of sounding bodies have both so much connexion with
those of the medium, and so much resemblance to
them, that we shall include in our survey researches
on that subject also. *
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CHAPTER 1II.
PrOBLEM OF THE VIBRATIONS OF STRINGS.

HAT the continuation of sound depends on &
continued minute and rapid motion, a shaking or
trembling, of the parts of the sounding body, was soon
seen. Thus Bacon says,! ¢ The duration of the sound
of a belk or a string when struck, which appears to be
prolonged and gradually extinguished, does not proceed
from the first percussion ; but the trepidation of the
body struck perpetually generates a new sound. For
if that trepidation be prevented, and the béll or string
be stopped, the sound soon dies: as in spinets, as soon
as the spine is let fall so as to touch the string, the
sound ceases.’ In the case of a stretched string, it is
not difficult to perceive that the motion is a motion
back and forwards across the straight line which the
string occupies when at rest. The further examination
of the quantitative circumstances of this oscillatory
motion was an obvious problem ; and especially after
oscillations, though of another kind (those of a pen-
dulous body), had attracted attention, as they had
done in the school of Galileo. Mersenne, one of the
promulgators of Galileo’s philosophy in France, is the
first author in whom I find an examination of the
details of this case (Harmonicorum Liber, Paris, 1636).
He asserts,? that the differences and concords of acute
and grave sounds depend on the rapidity of vibrations,
and their ratio ; and he proves this doctrine by a series
of experimental comparisons. Thus he finds3 that the
note of a string is as its length, by taking a string
first twice, and then four times as.long as the original
gtringy other things remaining the same. This, indeed,
was known to the ancients, and was the basis of that
numerical indication of the notes which the proposition

1 Hist. Son. et Aud. vol. ix. p. 71.
3 L. i. Prop. 15. 3 L. ii. Prop. 6.
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expresses. Mersenne further proceeds to show the
effect of thickness and tension. He finds (Prop. 7)
that a string must be four times as thick as another,
to give the octave below; he finds, also (Prop. 8), that
the tension must be about four times as great in order
to produce the octave above.q From these proportions
various others are deduced, and the law of the phe-
nomena of this kind may be considered as determined.
Mersenne also undertook to measure the phenomena
numerically, that is, to determine the number of
vibrations of the string in each of such cases which
at first might appear difficult, since it is obviously
impossible to count with the eye the passages of a
sounding string backwards and forwards. But Mer-
senne rightly assumed, that the number of vibrations
is the same so long as the tone is the same, and that
the ratios of the numbers of vibrations of different
strings may be determined from the numerical rela-
tions of their notes. e had, therefore, only to deter-
mine the number of vibrations of one certain string,
or one known note, to know those of all others, He
took a musical string of three-quarters of a foot long,
stretched with a weight of six pounds and five-eighths,
which he found gave him by its vibrations a certain
standard note in his-organ: he found that asstring of
the same material and tension, fifteen feet, that is,
twenty times as long, made ten recurrences in a
second ; and he inferred that the number of vibrations
of the shorter string must also be twenty times as
great; and thus such a’string must makein one second
of time two hundred vibrations.

This determination of Mersenne does not appear to
have attracted @lue notice; but some time afterwards
attempts were made to ascertain the connexion between
the spund and its elementary pulsations in a more
direct manner. Hooke, in 1681, produced sounds by
the striking of the teeth of brass, wheels,* and Stancari, ®
in' 1706, by whirling round a large wheel in air,
showed, before the academy of Bologna, how the

¢+ Life, p. xxiif.
VOL. II R
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number of vibrations in a given note might be known.
Sauveur, who, though deaf for the first seven years of
his life, was one of the greatest promoters of the
science of sound, and gave it its name of Acoustics,
endeavoured also, aboul the same time, to determine
the number of vibrationsg of a standard note, or, as he
called it, Fixed Sound. He employed two methods, both
ingenious and both indirect. The first was the methed
of beats. Two organ-pipes, which form a discord, are
often heard to produce a kind of howl, or wavy noise,
the soypd swelling and declining at small intervals of
time. This was readily and rightly aseribed to the eoin-
cidences of the pulsations of sound of the two notes after
certain cycles. Thus, if the number of vibrations of
the notes were as fifteen to sixteen in the same time,
every fifteenth vibration of the one would coincide with
every sixteenth vibration of the other, while all the
intermediate vibrations of the two tones would, in
various degrees, disagree with each other; and thus
every such cycle, of fifteen and sixteen vibrations,
might be heard as a separate beat of sound. Now,
Sauveur wished to take a case in which these beats
were so slow as to be counted,® and in which the ratio
of the vibrations of the notes was known from a know-
ledge of $heir musical relations. Thus if the two notes
form an interval of a semitone, their ratio will be that
above supposed, fifteen to sixteen ; and if the beats be
found to be six in a second, we know that, in that
time, the graver note makes ninety and the acuter
ninety-six vibrations. In this manper Sauveur found
that an open organ-pipe, five feet long, gave one
hundred vibrations in a second.

Sauveur's other method is more retondite, and ap-
proaches to a mechanical view of the question.8 He
proceeded on this basis; a string, horizontally stretched,
cannot be drawn into a mathematical straight line, but

* always hangs in a very flat curve, or festoon. Hence
Sauveur assumed, that its transverse vibrations may
be conceived to be identical with the lateral swingings

§ dec. Sc. Hist. 1700 p. 131, 6 Ac. Sc. Hist. 1713.



VIBRATION OF STRINGS. 243

of such a festoon. Observing that the string C, in the
ufiddle of a harpsichord, hangs in such a festoon to the
amount of 1-323rd of an inch, he calculates, by the laws
of pendulums, the time of oscillation, and finds it
1-122nd of a second. Thus this C, his fixed note,
makes one hundred and twenty-two vibrations in a
gecond. It is curious that this process, seemingly so
arbitrary, is capable of being justified on mechanical
principles ; though we can hardly give the author
credit for the views which this justification implies. It
is, therefore, easy to understand that it agreed with
other experiments, in the laws which it gave for the
dependence of the tone on the length and tension.

The problem of satisfactorily explaining this de-
pendence, on mechanical principles, naturally pressed
upon the attention of mathematicians when the law of
the phenomena was thus completely determined by
Mersenne and Sauveur. It was desirable to show that
both the circumstances and the measure of the pheno-
mena were such as known mechanical causes and laws
would explain. But this problem, as might be ex-
pected, was not attacked till mechanical prineiples, and
the modes of applying them, had become tolerably
familiar.

As the vibrations of a string are produced by ifs
tension, it appeared to be necessary, in the first place,
to determine the law of the tension which is called into
action by the motion of the string; for it is manifest
that, when the string is drawn aside from the straight
line into which it is stretched, there arises an nddi-
tional tension, which aids in drawing it back to the
straight line as soon as it is let go. Hooke (On
Spring, 1678) determined the law of this additional
tension, which he expressed in his noted. formula, ¢ Ut
tensio sic vis,” the Force is as the Tension ; or rather, to
express his meaning more clearly, the Force of temsion
is as the Extension, or, in a string, as the increase of
length. But, in reality, this principle, which is im-
portant in many acoustical problems, is, in the one
now before us, unimportant; the force which urges
the string towards the straight line, depends, with

R 2
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such small extensions as we have now to consider, not
on the extension, but on the curvature; and the power
of treating the mathematical difficulty of curvature,
and its mechanical consequences, was what was re-
quisite for the solution of this problem.

The problem, in its proper aspect, was first attacked
and mastered by Brook Taylor, an English mathema-
tician of the school of Newton, by whom the solution
was published in 1415, in his Methodus Tnerementorum.
Taylor's solution was indeed imperfect, for it only
pointeds out a form and a mode of vibration, with which
the string might move consistently with the laws of
mechanics ; not the mode in which it must move, sup-
posing its form to be any whatever. It showed that the
curve might be of the nature of that which is called
the companion to the cycloid; and, on the supposition of
the curve of the string being of this form, the caleu-
Jation confirmed the previously established laws by
which the tone, or the time of vibration, had been dis-
covered to depend on the length, tension, and bulk
of the string. The mathematical incompleteness of
Taylor’s reasoning must not prevent us from looking
upon his solution of the problem as the most important
step in the progress of this part of the subject: for the
difficultye of applying mechanical principles to the
question being once overcome, the cxtension and cor-
rection of the application was sure to be undertaken
by succeeding mathematisians; and, accordingly, this
soon happened. We may add, moreover, that the sub-
sequent and more general solutions require to bLe
considered with reference to Taylor’s, in order to ap-
prehend distinetly their import; and further, that it
was almost evident to a mathematicfan, even before
the general solution had appeared, that the dependence
of the time of vibration on the length and tension,
would be the same in the general case as in the
Taylorian curve; so that, for the ends of physical phi-
losophy, the solugion was not very incomplete.

John Bernoulli, a few years afterwards,7 solved the

7 Op. iii. p. z07.
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problem of vibrating chords on nearly the same prin-
ciples and suppositions as Taylor; but a little later (in
1747), the next gemeration of great mathematicians,
D’Alembert, Euler, and Daniel Bernoulli, applied the
increased powers of analysis to give generality to the
mode of treating this question; and especially the
calculus of partial differentials, invented for this
purpose. But at this epoch, the discussion, so far as it
bore on physics, belonged rather to the history of
another problem, which comes under our notice here-
after, that of the composition of vibrations; we shall,
therefore, defer the further history of the problem of
vibrating strings, till we have to consider it in con-
nexion with new experimental facts.
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CHAPTER IIL
PROBLEM OF THE PROPAGATION OF SOUND.

E have seen that the ancient philosophers, for the
most part, held that sound was transmitted, as
well as produced, by some motion of the air, without
defining what kind of motion this was; that some
writers, however, applied to it a very happy similitude,
the expansive motion of the circular wawes produced
by throwing a stone into still water; but that notwith-
standing, some rejected this mode of conception, as, for
instance, Bacon, who ascribed the transmission of sound
to certain ¢ spiritual species.’

Though it was an obvious thought to ascribe the
motion of sound to some motion of air; to conceive
what kind of motion could and did produce this effect,
must have been a matter of grave perplexity at the
time of which we are speaking; and is far from easy
to most persons even now. We may judge of the
difficulty of forming this conception, when we recollect
that Jolyo Beruoulli the younger! ‘declared, that he
could not understand Newton's proposition on this
subject. The difficulty consists in this; that the move-
ment of the parts of air, in which sound consists,
travels along, but that the parts of air themselves do
not so travel. Accordingly Otto Guericke,® the in-
ventor of the air-pump, asks, ‘How can sound be
conveyed by the motion of the air? when we find that
it is better conveyed through air that is still, than
when there is a wind’ We may observe, however,
that he was partly misled by finding, as he thought,
that,a bell could be heard in the vacuum of his air-

« pump; a result which arose, probably, from some
imperfection in his apparatus.

Attempts were made to determine, by experiment,

1 Prize Dis. on Light, 1736. 2 De Vac. Spat. p. 138.
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the circumstances of the motion of sound; and espe-
cially its velocity. Gassendi® was one of the first who
did this. He employed fire-arms for the purpose,
and thus found the velocity to be 1493 Paris feet
'in a second. Roberval found a velocity so small
(560 feet) that it threw uncertainty upon the rest, and
affected Newton’s reasonings subsequently.# Cassini,
Huyghens, Picard, Romer, found a velocity of 1172
Paris feet, which is more accurate than the former.
Gassendi had been surprized to find that the velocity
with which sounds travel, is the same whetjer they
are loud or gentle.

The explanation of this constant velocity of sound,
and of its amount, was one of the problems of which a
solution was given in the Great Charter of modern
science, Newtow's Principia (1687). There, for the first
time, were explained the real nature of the motions
and mutual action of the parts of the air through which
sound is transmitted. It was shown’ that a body
vibrating in an elastic medium, will propagate pulses
through the medium ; that is, the parts of the medium
will move forwards and backwards, and this motion will
affect successively those parts which are at a greater and
greater distance from the origin of motion. The parts,
in going forwards, produce condensation ; inereturning
to their first places, they allow extension ; and the play
of the elasticities developed by these expansions and
contractions, supplies the forces which continue to
propagate the motion.

The idea of such a motion as this, is, as we have
said, far from easy to apprehend distinctly: but a
distinet apprehension of it is a step essential to the
physical part of the sciences now under notice; for it
is by means of such pulses, or undulations, that not
only sound, but hght and probably heat, are propa-
gated. We constantly meet with evidence of the
difficulty which men have in, conceiving this “undus
latory motion, and in separatmg it from a local motion

3 Fischer, Gesch. d. Physik. vol. i. 171.
4 Newt. Prin. B, ii, I. 50, Schol. 5 Newt. Prin. B. ii. P. 43.,
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of the medium as a mass. For instance, it is not easy
at first to conceive the waters of a great river flowing
constantly down towards the sea, while waves are
rolling up the very same part of the stream ; and while
the great elevation, which makes the tide, is travelling *
from the sea perhaps with a velocity of fifty miles an
hour. The motion of such a wave, or elevation, is
distinct from any stream, and is of the nature of undu-
lations in general. The parts of the fluid stir for a
short time and for a small distance, so as to accumu-
late thgmselves on a neighbouring part, and then
retire to their former place ; and this movement affeets
the parts in the order of their places. Perbaps if the
reader looks at a field of standing corn when gusts of
wind are sweeping over it in visible waves, he will have
his conception of this matter aided; for he will see that
hiere, where each ear of grain is anchoved by its stalk,
there can be no permanent local motion of the sub-
stance, but only a successive stooping and rising of the
separate straws, producing hollows and waves, closer
and laxer strips of the crowded ears.

Newton had, moreover, to consider the mechanical
consequences which such condensations and rarefac-
tions of the elastic medium, air, would produce in the
parts of the fluid itself. Fmploying known laws of
the clasticity of air, he showed, in a very remarkable
proposition,® the law according to which the particles
of air might vibrate. We may observe, that in this
solution, as in that of the vibrating string already
mentioned, a rule was exhibited according to which
the particles might oscillate, but not the law to which
they must conform. It was proved that, by taking
the motion of each particle to be perfectly similar to
that of a pendulum, the forces, developed by con-
traction and expansion, were precisely sueh as the
motiop required; but it was not shown that no other
type of oscillation would give rise to the same accord-
ance of force and motion. Newton's reasoning also
gave a determination of the speed of propagation of

6 Princ. B. ii. rop. 48.
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thé pulses: it appeared that sound ought to travel
with the velocity which a body would acquire by
falling freely through half the hesght of a homogeneous
atmosphere; ‘the height of a homogeneous atmo-
sphere’ being the height which the air wust have, in
order to produce, at the carth’s surface, the actual
atmospheric pressure, supposing no diminution of
density to take place in ascending. This height is
about 29,000 feet; and hence it followed that the
velocity was 908 feet. This velocity is really con-
siderably less than that of sound; but at thg time of
which we speak, no accurate mcasure had been esta-
blished; and Newton persuaded himsclf, by experi-
ments made in the cloister of Trinity College, his
residence, that his calculation was not far from the
fact. 'When, afterwards, more exact experiments
showed the velocity to be 1142 English feet, Newton
attempted to explain the difference by various consi-
derations, none of whioh were adequate to the purpose;
—as, the dimensions of the solid particles of which the
fluid air consists ;—or the vapours which are mixed
with it.  Other writers offered other suggestions; but
the true solution of the difliculty was reserved for a
period considerably subsequent.

Newton’s calculation of the motion of soynd, though
logically incomplete, was the great step in the solution
of the problem; for mathematicians could not but
presume that his result was not restricted to the
hypothesis on which he had obtained it; and the
extension of the solution required only mere ordinary
talents. The logical defect of his solution was assailed,
as might have been expected. Cramer (professor at
Geneva), in 1941, conceived that he was destroying
the conclusiveness of Newton’s reasoning, by showing
that it applied equally to other modes of oscillation.
This, indeed, conttadicted the enunciation of the
48th Prop. of the Second Book of the Principia,; but
it confirmed and extended all the gencral results of
the demonstration; for it left even the velocity of
sound unaltered, and thus showed that the velocity
did not depend mechanically on the type of the oscil-
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lation. But the satisfactory establishment of this
physical generalization was to be supplied from the
vast generalizations of analysis, which mathematicians
were now becoming able to deal with. Accordingly
this task was performed by the great master of analy-
tical generalization, Lagrange, in 1759, when, at the
age of twenty-three, he and two friends published the
first volume of the Turin Memoirs. Euler, as his
manner was, at once perceived the merit of the new
solution, and pursued the subject on the views thus
suggested. Various analytical improvements and
extensions were introduced into the solution by the
two great mathematicians; but none of these at all
altered the formula by which the velocity of sound
was expressed; and the discrepancy between calcula-
tion and observation, about one-sixth of the whole,
which had perplexed Newton, remained still unac-
counted for.

The merit of satisfactorily explaining this discre-
pancy belongs to Laplace. He was the first to remark?
that the common law of the changes of elasticity in
the air, as dependent on its compression, cannot be
applied to those rapid vibrations in which sound
consists, since the sudden compression produces a
degree of heat which additionally increases the elas-
ticity. The ratio of this increase depended on the
experiments by which the relation of heat and air is
established. Laplace, in 1816, published® the theorem
on which the correction depends. On applying it, the
calculated velocity of sound agreed very closely with
the best antecedent experiments, and was confirmed
by more exact ones instituted for that purpose.

This step completes the solution of the problem of
the propagation of sound, as a mathematical induction,
obtained from, and verified by, facts. Most of the
discussions concerning points of analysis to which the
jnvestigations on this subject gave rise, as, for instance,
the admissibility of discontinuous functions into the

7 Mée. Cél. t. v. 1. xii. p. 96.
8 Ann. Phys. et Chim. t. iii. p. 28
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solutions of partial differential equations, belong to the
history of pure mathematics. Those which really
concern the physical theory of sound may be referred
to the problem of the motion of air in tubes, to which
we shall soon have to proceed; but we must first
speak of another form which the problem of vibrating
strings assumed.

It deserves to be noticed that the ultimate result of
the study of the undulations of fluids seems to show
that the comparison of the motion of air in the diffu-
sion of sound with the motion of circular waves from
a center in water, which is mentioned at the begin-
ning of this chapter, though pertinent in a certain
way, is not exact. It appears by Mr. Scott’s recent
investigations concerning waves,® that the circular
waves are oscillating waves of the Second order, and
are gregarious. The sound-wave seems rather to
resemble the great solitary Wave of Translation of the
First order, of which we have already spoken in
Book vi. chapter vi.

9 Brit. Ass. Reports for 1844, p. 361.
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CHAPTER 1IV.

PROBLEM OF DIFFERENT SOUNDS OF THE SAME STRING.

IT had been observed at an early period of acoustical
knowledge, that one string might give several
sounds. Mersenne and others had noticed! that when
a string . vibrates, one which is in unison with it
vibrates without being touched. He was also aware
that this was true if the second string was an octave
or a twelfth below the first. This was observed as a
new fact in England in 1674, and communicated to
the Royal Society by Wallis.® But the later observers
ascertained further, that the longer string divides
itself into two, or into three equal parts, separated by
nodes, or points of rest; this they proved by hanging
bits of paper on different parts of the string. The
discovery so modified was again made by Sauveur’
about 1700. The sounds thus produced in one string
by the vibration of another, have been termed Sympa-
thetic Sounds. Similar sounds are often produced by
performers on stringed instruments, by touching the
string at one of its aliquot divisions, and are then
called the Acute Harmonics, Such facts were not
difficult to explain on Taylor'’s view of the mechanical
condition of the string; but the difficulty was increased
when it was noticed that a sounding body could
produce these different notes at the same time. Mer-
senne had remarked this, and the fact was more
distinctly observed and pursued by Sauveur. The
notes thus produced in addition to the genuine note of
the string, have been called Secondary Notes; those
usually, heard are, the Octave, the Twelfth, and the
Séventeenth above the npte itself. To supply a mode
of conceiving distinctly, and explaining mechanically,

! Harm. lib. iv. Prop. 28 (1636). 2 Ph.Tr.16%7, April.
3 4. P. 1701, .
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vibrations which should allow of such an effect, was
therefore a requisite step in acoustics.

This task was performed by Daniel Bernoulli in a
memoir published in 1755.# He there stated and
proved the Principle of the coexistence of small vibra-
tions. 1t was already established, that a string might
vibrate cither in a single swelling (if we use this word
to express the curve between two nodes which Ber-
noulli calls a ventre), or in two or three or any number
of equal swellings with immoveable nodes between.
Daniel Bernoulli showed further, that the¢se nodes
might be combined, each taking place as if it were
the only one. This appears sufficient to explain the
coexistence of the harmonic sounds just noticed.
I» Alembert, indeed, in the article Fundamental in the
French Eneyclopédie, and Lagrange in his Dissertation
on Sound in the Turin Memoirs,> offer several objec-
tions to this explanation; and it cannot be denied that
the subject has its difficulties ; but still these do not
deprive Bernoulli of the merit of having pointed out
the principle of Coexistent Vibrations, or divest that
principle of its value in physical science.

Daniel Bernoulli’s Memoir, of which we speak, was
published at a period when the clouds which involve
the general analytical treatment of the groblem of
vibrating strings, were thickening about Euler and
D’ Alembert, and darkening into a controversial hue;
and as Bernoulli ventured to interpose his view, as
a solution of these difficulties, which, in a mathe-
matical sense, it is not, we can hardly be surprized that
he met with a rebuff.  The further prosecution of the
different modes of vibration of the same body need
not be here cdnsidered.

The sounds which are called Grave Harmonics, have
no analogy with the A cute Harmonics above-mentioned ;
uor do they belong to this scction; for in the jcasc of
Grave Harmonics, we have ong sound from the co-opé-
ration of two strings, instead of several sounds from
one string. These harmonics are,’in fact, connected

4 Berlin Mem. 1753, p. 147. 5 T, i. pp. 64, 103.
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with beats, of which we have already spoken; the
beats becoming so close as to produce a note of
definite musical quality. The discovery of the Grave
Harmonics is usually ascribed to Tartini, who mentions
them in 1754 ; but they are first noticed® in the work
of Sorge On tuning Organs, 1744. He there expresses
this discovery in a query. ¢ Whence comes it, that if
we tune a fifth (2 : 3), athird sound is faintly heard, the
octave below the lower of the two notes? Nature
shows that with 2 : 3, she still requires the unity, to
perfect the order 1, 2, 3.” The truth is, that these
numbers express the frequency of the vibrations, and
thus there will be coincidences of the notes 2 and 3,
which are of the frequency 1, and consequently give
the octave below the sound 2. This is the explanation
given by Lagrange,7 and is indeed obvious.

Chladni. Acoust. p, 254. 7 Mem. Tur. i. p. 104.
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CHAPTER V.

ProBLEM oF THE SounNps oF PrIrpEs.

T was taken for granted by those who reasoned on
sounds, that the sounds of flutes, organ-pipes, and
wind-instruments in general, consisted in vibrations of
some kind ; but to determine the nature and laws of
these vibrations, and to reconcile them with mecha-
nical principles, was far from easy. The leading facts
which had been noticed were, that the note of a pipe
was proportional to its length, and that a flute and
similar instruments might be made to produce some of
the acute harmonics, as well as the genuine note. It
had further been noticed,! that pipes closed at the end,
instead of giving the series of harmonics 1, 4, }, 1, &e.,
would give only those notes which answer to the odd
numbers 1, %, 1, &c. In this problem also, Newton?
made the first step to the solution. At the end of the
propositions respecting the velocity of sound, of which
we have spoken, he noticed that it appeared by taking
Mersenne’s or Sauveur’s determination of the number
of vibrations corresponding to a given note, that the
pulse of air runs over twice the length of the pipe in
the time of each vibration. He does not follow out
this observation, but it obviously points to the theory,
that the sound of a pipe consists of pulses which travel
back and forwards along its length, and are kept in
motion by the breath of the plager. = This supposition
would account for the observed dependence of the note
on the length of the pipe. The subject, does not appear
to have been agaip taken up in a theoretical way
till about 1760; when Lagrange in the second solume
of the Twrin Memoirs, and D. Bernoulli in the Memoirs
of the French Academy for 1762, published important

1 D. Bernoulli, Berlin. Mem. 1753, p. 150-
Princip. Schol. Prop. 5o.
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essays, in which some of the leading facts were satis-
factorily explained, and which may therefore be consi-
dered as the pfncipal solutions of the problem.

In these solutions there was necessarily something
hypothetical. In the case of vibrating strings, as we
have seen, the Form of the vibrating curve was guessed
at only, but the existence and position of the Nodes
could be repdered visible to the cye. In the vibra-
tions of air, we cannot see either the places of
nodes, or the mode of vibration; but several of the
results arve independent of these circumstances. Thus
both of the solutions explain the fact, that a tube
closed at one end is in unison with an open tube of
double the length; and, by supposing nodes to occur,
they account for the existence of the odd series of
harmonics alone, 1, 3, 5, in closed tubes, while the
whole series, 1, 2, 3, 4, 5, &c., occurs in open oues.
Both views of the nature of the vibration appear to
be nearly the same; though Lagrange’s is expressed
with an analytical generality which renders it obscure,
and Bernoulli has perhaps laid down an hypothesis
more special than was necessary. Lagrange3 considers
the vibration of open flutes as ¢the oscillations of a
fibre of air,’ under the condition that its elasticity at
the two epds is, during the whole oscillation, the same
as that of the surrounding atmosphere. Bernoulli sup-
poses* the whole inertia of the air in the flute to be
collected into one particle, and this to be moved by the
whole elasticity arising from this displacement. It
may be observed that both these modes of treating the
matter come very near to what we have stated as
Newton’s theory; for though Bernoulli supposes all
the air in the flute t8 be moved at once, and not suc-
cessively, as by Newton’s pulse, in either case the
whole elasticity moves the whole air in the tube, and
requirPs more time to do this according to its quantity.
Since “that time, the Lsubject has received further
mathematical deYclopment from Euler,5 Lambert,6,

3 Mém. Turin, vol. ii. p. 154. * Mém. Berlin, 1753, p. 446.
5 Nov. Act. Petrop. tom. xvi, - ' 6 dcad. Berlin, 1775.
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and Poisson;7 but no new explanation of facts has
arisen. Attempts have however been made to ascer-
tain experimentally the places of the nodes. Bernoulli
himself had shown that this place was affected by the
amount of the opening, and Lambert® had examined
other cases with the same view. Savart traced the node
in various musical pipes under different conditions ; and
very recently Mr. Hopkins, of Cambridge, has pursued
the same experimental inquiry.® It appears from
these researches, that the early assumptions of mathe-
maticians with regard to the position of the nogdes, are
not exactly verified by the facts. When the air in a
pipe is made to vibrate so as to have several nodes which
divide it into equal parts, it had been supposed by
acoustical writers that the part adjacent to the open
end was half of the other parts; the outermost node,
however, is found experimentally to be displaced from
the position thus assigned to it, by a quantity depend-
ing on several collateral circumstances.

Since our purpose was to consider this problem only
so far as it has tended towards its mathematical solution,
we have avoided saying anything of the dependence
of the mode of vibration on the cause by which the
sound is produced ; and consequently, the researches
on the effects of reeds, embouchures, and theslike, by
Chladni, Savart, Willis and others, do not belong to
our subject. It is easily seen that the complex effect
of the elasticity and other properties of the reed and
of the air together, is a problem of which we can
hardly hope to give a complete solution till our
knowledge has advanced much beyond its present
condition.

Indeed in the science of Acoustics there is a vast
body of facts to which we might apply what has just
been said; but for the sake of pointing’ out some of
them, we shall considér them as the subjects of pne
extensive and yet unsolved problem.

L]
7 Journ. Ec. Polyt. cap. 14 . 8 Acad. Berlin, 1775.
9 Camb. Trans. vol. V. D. 234,

VOL. IL 8
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CHAPTER VI.

ProBLEM oF DIFFERENT MODES OF VIBRATION OF
BODIES IN GENERAL.

NOT only the objects of which we have spoken
hitherto, strings and pipes, but almost all bodies
are cappble of vibration. Bells, gongs, tuning-forks,
are examples of solid bodies; drums and tambourines,
of membranes; if we run a wet finger along the edge of
8 glass goblet, we throw the fluid which it contains
into a regular vibration; and the various character
which sounds possess according to the room in which
they are uttered, shows that large masses of air have
peculiar modes of vibration. Vibrations are generally
accompanied by sound, and they may, therefore, be
considered as aecoustical phenomena, especially as the
sound is one of the most decisive facts in indicating
the mode of vibration. Moreover, every body of this
kind can vibrate in many different ways, the vibrating
segments being divided by Nodal Lines and Surfaces
of varioys form and number. The mode of vibration,
selected by the body in each case, is determined by
the way in which it is held, the way in which it is set
in vibration, and the like circumstances.

The general problem of such vibrations includes
the discovery and classification of the phenomena ; the
detection of their formal laws; and, finally, the expla-
nation of these on mechanical principles. We must
speak very briefly of what has bean done in these
ways. The facts which indicate Nodal Lines had been
remarked by Galileo, on the sounding-board of a
mugical instrument; and Hooke had proposed to
observe the vibrations of a bell by strewing flour upon
it. But it was Chlddni, a German philosopher, who
enriched acoudtics with the discovery of the vast
variety of symmetrical figures of Nodal Lines, which are
exhibited on plates of regularforms,when madeto sound,
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His first investigations on this subject, Entdeckungen
diber die Theorie des Klangs,were published 1787 : and
in 1802z and 1814 he added other discoveries. In
these works he not only related a vast number of new
and curious facts, but in some measure reduced some
of them to order and law. Forinstance, he has traced
all the vibrations of square plates to a resemblance
with those forins of vibration in which Nodal Lines are
parallel to one side of the square, and those in which
they are parallel to another side; and he has esta-
blished a notation for the modes of vibration founded
on this classification. Thus, 5-2 denotes a form in
which there are tive Nodal Lines parallel to one side,
and two to another; ora form which can be traced to a
disfigurement of such a standard type. Savart pursued
this subject still further; and traced, by actual observa-
tion, the forms of the Nodal Surfaces which divide solid
bodies, and masses of air, when in a state of vibration.

The dependence of such vibrations upon their
physical cause, namely, the elasticity of the substance,
we can conceive in a general way ; but the mathematical
theory of such cases is, as might be supposed, very
difficult, even if we confine ourselves to the obvious
question of the mechanical possjbility of these different
modes of vibration, and leave out of comsideration
their dependence upon the mode of excitation. The
transverse vibrations of elastic rods, plates, and rings,
had been considered by Euler in 1779 ; but his calcu-
lations concerning plates had foretold only a small
part of the curious phenomena observed by Chladni;!
and the several notes which, according to his calcula-
tion, the same ring ought to give, were not in agree-
ment with ekperiment.? Indeed, researches of this
kind, as conducted by Euler, and other authors?
rather were, and were intended for, examples of ana-
lytical skill, than explanations of physical facts. yJames
Bernoulli, after the publicatjon of Chladni's experi-
ments in 1787, attempted to solve the problem for
plates, by treating a plate as a collection of fibres; but,

! Fischer, vi. 587. 2 Ib. vi. 506. 3 See Chladni, p. 474.
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as Chladni observes, the justice of this mode of con-
ception is disproved, by the disagreement of its results
with experiment.

The Institute of France, which had approved of
Chladni’s labours, proposed, in 1809, the problem now
before us as a prize-question:*—*To give the mathe-
matical theory of the vibrations of elastic surfaces,
and to compare it with experiment.” Only one memoir
was sent in as a candidate for the prize; and this was
not crowned, though honourable mention was made of
it.5 The formule of James Bernoulli were, according
to M. Poisson’s statement, defective, in consequence
of his not taking into account the normal force which
acts at the exterior boundary of the plate® The
author of the anonymous memoir corrected this errour,
and calculated the mnote corresponding to various
figures of the nodal lines; and he found an agreement
with experiment sufticient to justify his theory. He
had not, however, proved his fundamental equation,
which M. Poisson demonstrated in asMemoir, read in
1814.7 At a more recent period also, MM. Poisson
and Cauchy (as well as a lady, Mlle. Sophie Germain)
have applied to this problem the artifices of the most
improved analysis. M. Poisson® determined the rela-
tion of the notes given by the longitudinal and the
transverse vibrations of a rod; and solved the problem
of vibrating circular plates when ‘the nodal lines are
concentric circles. In both these cases, the numerical
agreement of his results with experience, seemed to
confirm the justice of his fundamental views.? He
proceeds upon the hypothesis, that elastic bodies are
composcd of separate particles held together by the
attractive forces which they exert upgxbx cach other,
and distended by the repulsive force of heat. M
Cauchy!® has also calculated the transverse, longi-
tuding, and rotatory vibrations of elastic rods, and

4 See Chladni, p. 357 5 Poisson's Mém.in Ac. Sc. 1812, p. 169.

' 6 TIb. p. 220. 7 1b. 1812, p. 2.

8 Ib. t. viii. 1829. ? An. Chim. tom. xxxvi. 1827, p. 90.
W Exercices de Mathématique, iii. and iv.
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has obtained results agreeing closely with experiment
through a considerable list of comparisons. The
combined authority of two profound analysts, as
MM. Poisson and Cauchy are, leads us to believe that,
for the simpler cases of the vibrations of elastic bodies,
Mathematics has executed her task; but most of the
more complex cases remain as yet unsubdued.

The two brothers, Erncst and William Weber,
made many curious observations on undulations,
which are contained in their Wellenlehre, (Doctrine of
Waves,) published at Leipsig in 1825. They were
led to suppose, (as Young had suggested at an earlier
period,) that Chladni’s figures of nodal lines in plates
were to be accounted for by the superposition of
undulations.  Mr. Wheatstone!? has undertaken to
account for Chladni’s figures of vibrating square
plates by this superposition of two or more simple
and obviously allowable modes of nodal division,
which have the same time of vibration. He assumes,
for this purpose, certain ¢ primary figures,” containing
only parallel nodal lines ; and by combining these,
first in twos, and then in fours, he obtains most of
Chladni’s observed figures, and accounts for their
transitions and deviations fromn regularity.

The principle of the superposition of vibgations is
so solidly established as a mechanical truth, that we
may consider an acoustical problem as satisfactorily
disposed of, when it is reduced to that principle, as
well as when it is solved by analytical mechanics: but
at the same time we may recollect, that the right
application and limitation of this law involves no
small difficulty ; and in this case, as in all advances in
physical sciencey we cannot but wish to have the new
ground which has been gained, gone over by some
other person in some other manner; and thus secured
to us as a permanent®possession, '

Savart's Laws.~—In what has preceded, the vibra-
tions of bodies have been referfed to certain general
classes, the separation of which wds suggested by

1 Wellenlehre, p. 474. 13 Phil. Trans. 1833, p. 593.
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observation ; for example, the transverse, longitudinal,
and rotatory,)® vibrations of rods. The transverse
vibrations, in which the rod goes backwards and
forwards across the line of its length, were the only
ones noticed by the earlier acousticians: the others
were principally brought into notice by Chladni. As
we have already seen in the preceding pages, this
classification serves to express important laws; as, for
instance, a law obtained by M. Poisson which gives
the relation of the notes produced by the transverse
and longitudinal vibrations of a rod. But this dis-
tinction was employed by M. Felix Savart to express
laws of a more general kind; and then, as often
happens in the progress of science, by pursuing these
laws to a higher point of generality, the distinction
again seemed to vanish. A very few words will
explain these steps.

It was long ago known that vibrations may be com-
municated by contact. The distinction of transverse
and longitudinal vibrations being gstablished, Savart
found that if one rod touch another perpendicularly,
the longitudinal vibrations of the first occasion trans-
verse vibrations in the second, and vice versd. This is
the more remarkable, since the two sets of vibrations
are not equal in rapidity, and therefore cannot sympa-
thize in any obvious manner.4 Savart found himself
able to generalize this proposition, and to assért that
in any combination of rods, strings, and lamine, at
right angles to each other, the longitudinal and
transverse vibrations affect 1espectively the rods in the
one and other direction,!® so that when the horizontal
rods, for example, vibrate in the one way, the vertical
rods vibrate in the other.

This law was thus expressed in terms of that classi-
fication of vibrations of which we have spoken. Yet
we epsily see that we may express it in a more general

' manner, without referring to that classification, by
saying, that vibrations are communicated so as always

13 Vibrations tournantes.
M An. Chim. 1819, tom. xiv. p. 138. 15 Ib. p. 152.
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to be parallel to their original direction. And by
following it out im this shape by means of experiment,
M. Savart was led, a short time afterwards, to deny
that there is any essential distinction in these different
kinds of vibration. ‘We are thus led,’ he says!0 in
1822, ‘to consider mormal [transverse] vibrations as
only one circumstance in a more general motion
common to all bodies, analogous to tangentiul [longi-
tudinal and rotatory] vibrations; that is, as produced
by small molecular oscillations, and differently modified
according to the direction which it affects, relatively
to the dimensions of the vibrating body.’

These ‘inductions,’ as he properly calls them, are
supported by a great mass of ingenious experiments;
and may be considered as well established, when they
arc limited to molecular oscillations, employing this
phrase in the sense in which it is understood in the
above statement; and also when they are confined to
bodies in which the play of elasticity is not interrupted
by parts more rigid than the rest, as the sound-post of
a violinl7 And before I quit the subject, I may
notice a consequence which M. Savart has deduced
from his views, and which, at first sight, appears to
overturn most of the earlier doctrines respecting vibrat-
ing bodies. It was formerly held that tense strings
and elastic rods could vibrate only in a determinate
series of modes of division, with no intermediate steps.
But M. Savart maintains,!8 on the contrary, that they
produce sounds which are gradually transformed into
oue another, by indefinite intermediate degrees. The
reader may naturally ask, what is the solution of this
apparent contradiction between the earliest and the
latest discoveries in acoustics 7 And the answer must
be, that these intermediate modes of vibration are
complex in their nature, and difficulf to produce; and
that those which®were formerly believed to be the

16 An. Chim. t. Xxv. p. 33.
7 For the suggestioneof the mecessity ‘f this limitation I am
indebted to Mr. Willis.
18 An Chim. 1826, t. xxxii. p. 384.
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only possible vibrating conditions, are so eminent
above all the rest by their features, their simplicity,
and their facility, that we may still, for common
purposes, consider them as a olass apart; although for
the sake of reaching a general theorem, we may asso-
ciate them with the general mass of cases of molecular
vibrations. And thus we have no exception here, as
we can have none in any case, to our maxim, that
what formed part of the early discoveries of science,
forms part of its latest systems, ,

We have thus surveyed the progress of the science
of sound up to recent times, with respect both to the
discovery of Jaws of phenomena, and the reduction of
these to their mechanical causes. The former branch
of the science has necessarily been inductively pursued ;
and therefore has been more peculiarly the subject of
our attention. And this consideration will explain
why we have not dwelt more upon the deductive
labours of the great analysts who have treated of this
problem.

To those who are acquainted with the high and
deserved fame which the labours of D’ Alembert, Euler,
Lagrange, and others, upon this subject, enjoy among
mathematicians, it may seem as if we had not given
them their due prominence in our sketch. But it is
to be recollected here, as we have already observed in
the case of hydrodynamics, that even when the general
principles are uncontested, mere mathematical deduc-
tions from them do not belong to the history of
physical science, except when they point out laws
which are intermediate between the general principle
and the individual facts, and which observation may
confirm,

The business of constructing any science may be
figured as the task of forming a road on which our
reason can travel through a certain province of the
externsl world. We have to throw a bridge which
may lead from the cha#mbers of our own thoughts,
from our speculative principles, tg the distant shore of
material facts. But in all cases the abyss is too wide
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to be crossed, except we can find some intermediate
points on which the piers of our structure may rest.
Mere facts, without connexion or law, are only the
rude stones hewn from tlse opposite bank, of which our
arches may, at some time, be built. But mere hypo-
thetical mathematical calculations are only plans of
projected structures; and those plans which exhibit
only one vast and single arch, or which suppose n8
support but that which our own position supplies, will
assuredly never become realities. We must have a
firm basis of intermediate generalizations in order to
frame a continuous and stable edifice.

In the subject before us, we have no want of such
points of intermediate support, although they are in
many instances irregularly distributed and obscurely
seen. The number of obscrved laws and relations of
the phenomena of sound, is already very great; and
though the time may be distant, there seems to be no
rcason to dospair of one day uniting them by olear
ideas of mechanical causation, and thus of making
acoustics a perfect secondary mechanical science.

The historical sketch just given includes only such
parts of acoustics as have been in some degree reduced
to general laws and physical causes; and thus excludes
much that is usually treated of under that head.
Moreover, many of the numerical calculations con-
nected with sound belong to its agreeable effect upon
the ear; as the properties of the various systems of
Temperament. These are parts of Theoretical Music,
not of Acoustics;—of the Philosophy of the Fine Arts,
not of Physical Science; and may be referred to in a
future portion of this work, so far as they bear upon
our object, .

The science of Acousties may, however, properly
consider other differences of sound than those of acute
and grave,—for instamce, the articulate differences, or
those by whioh the various letters are formed. Some
progress has been made in reddcing this part of the
subject to general rules; for though Kempelen’s
* talking machine’ was only a work of art, Mr. Willis's
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machine,)® which exhibits the relation among the
vowels, gives us a law such as forms a step in science.
We may, however, consider this instrument as a
phthongometer, or measure of $owel quality; and in that
point of view we shall have to refer to it again when
we come to speak of such measures.

®
¥ QOn the Vowel Sounds, and on Reed Organ-pipes. Camb. Trans.

iii. 237.
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INTRODUCTION.

ForMAL AND Prysicar Orrics.

HE hlstory of the science of Optics, written at
length, would be very voluminous; but we shall
not need to make our history so; since our main
object is to illustrate the nature of science and the
conditions of its progress. In this way Optics is pe-
culiarly instructive; the more so, as its history has
followed a course in some respects different from both
the sciences previously reviewed. Astronomy, as we
have seen, advanced with a steady and continuous
movement from one generation to another, from the
earliest time, till her career was crowned by the great
unforeseen discovery of Newton; Acoustics had her
extreme generalization in view from the first, and her
history consists in the correct application of it to suc-
cessive problems; Optics advanced through a scale of
generalizations as remarkable as those"of Astronomy;
but for a long period she was almost stationary; and,
at last, was rapidly impelled through all those stages
by the energy of two or three discoverers. The
highest point of generality which Optics has reached
is little different from that which Acoustics occupied
at once; but in the older and earlier science we still
want that palpable and pointed confirmation of the
general principle, which the undulatory theory receives
from optical phenomena. Astronomy has amassed her
vast fortune by long-continued industry-and labour;
Optics has obtained hers in a few years by sagacious
and happy speculations; Acoustics, having early ac-
_quired a competence, has since heen employed rather '
in improving and adorning than in, extending her
estate.
The successive inductions by which Optics made her
advances, might, of course, be treated in.the same
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manner as those of Astronomy, each having its prelude
and its sequel. But most of the discoveries in Optics
are of a smaller character, and have less employed the
minds of men, than those of Astronomy; and it will
not be necessary to exhibit them in this detailed
manner, till we come to the great generalization by
which the theory was established. I shall, therefore,
now pass rapidly in review the earlier optical dis-
coveries, without any such division of the series.

Opties, like Astronomy, has for its object of inquiry,
first, the laws of phenomena, and next, their causes;
and we may hence divide this science, like the other,
into Formal Optics and Physical Optics. The distine-
tion is clear and substantive, but it is not easy to
adhere to it in our narrative; for, after the theory had
begun to make its rapid advance, many of the laws of
phenomena were studied and discovered in immediate
reference to the theoretical .cause, and do not occupy
a separate place in the history of science, as in astro-
nomy they do. We may add, that the reason why
Formal Astronomy was almost complete before Physical
Astronomy began to exist, was, that it was necessary
to construct the science of Mechamcs in the mean time,
in order to be‘able to go on; whereas, in Optics,
mathemuticians were able to calculate the results of
the undulatory theory as soon as it had suggested
itself from the earlier facts, and while the great mass
of facts were only becoming known.

We shall, then, in the first nine chapters of the
History of Opbics, treat of the Formal Science, that is,
the discovery of the laws of phenomena. The classes
of phenomena which will thus pass under our notice
are numerous ; namely, reflection, refraction, chromatic
dispersion, achromatization, double refraction, polariza-
tion, dipolarization, the colours of thin plates, the
colaars of thick plates, and the fringes and bands
which accompany shagdows, All these cases had been ,
studied, and, in most of them, the laws had been in a
great measure discovered, before the physical theory of
the subject gave to our knowledge a simpler and more
golid form. :
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FORMAL OPTICS.

CHAPTER 1.

Privary Inpucrion oF Oprics.—RAYS oF LicaTt
AND Laws oF REFLECTION.

IN speaking of the Ancient History of Physics, we
have already noticed that the optical philosophers
of antiquity had satisfied themselves that vision is per-
formed in straight lines;—that they had fixed their
attention upon those straight lines, or rays, as the
proper object of the science;—they had ascertained
that rays reflected from a bright surface make the
angle of reflection equal to the angle of incidence ;—
and they had drawn several consequences from these
principles.

We may add to the consequences already mentioned,
the art of perspective, which is merely a corollary from
the doctrine of rectilinear visual rays; ofor if ‘we
suppose objects to be referred by such rays to a plane
interposed between them and the eye, all the rules of
perspective follow directly. The ancients practised
this art, as we see in the pictures which remain to us;
and we learn from Vitruvius,! that they also wrote
upon it. Agatharchus, who had been instructed by
Eschylus in the art of making decorations for the
theatre, was ‘the first author on this subject, and
Anaxagoras, who -was a pupil of Agatharchus, also
wrote an Actinographia, or doctrine of drawing by
rays : but none of these treatises are come dowp to us.
The moderns re-invented theg'art in the flourishing
times of the art of painting, that is, about the end of the

1 De Arch.ix. Mont.i. 707. °
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fifteenth century; and, belonging to that period also,
we have treatises? upon it.

But these are only deductive applications of the
most elementary optical doctrines; we must proceed
to the inductions by which further discoveries were
made.

% Gauricus, 1504,
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CHAPTER IL

DisCcOVERY OF THE LAW OF REFRACTION.

WE have seen in the former part of this history
that the Greeks had formed a tolerably clear
conception of the refraction as well as the reflection
of the rays of light; and that Ptolemy had measured
the amount of refraction of glass and water at various
angles. If we give the names of the angle of incidences
and the angle of refraction respectively to the angles
which a ray of light makes with the line perpendicular
to surface of glass or water (or any other medium)
within and without the medium, Ptolemy had observed
that the angle of refraction is always less than the
angle of incidence. He had supposed it to be less
in a given proportion, but this opinion is false; and
was afterwards rightly denied by the Arabian mathe-
matician Alhazen. The optical views which occur in
the work of Alhazen are far sounder than those of
his predecessors; and the book may be regarded as
the most considerable monument which wehave of
the scientific genius of the Arabians; for it appears,
for the most part, not to be borrowed from Greek
authorities. The author not only asserts (lib. vii.),
that refraction takes place towards the perpendicular,
and refers to experiment for the truth of this; and
that the quantities of the refraction differ accordmv
to the magnitudes of the angles which the directions
of the incidentad rays (pmm(e linew) make with the
perpendiculars to the surface; but he also says dis-
tinctly and decidedly that the angles of refraction do
not follow the proportion of the angles of incidence.
[2nd Ed] ‘[There appears to be good ground to
assent to the assertion of Alhazen’s orwmahty, made by
his editor Risner, who says, ¢ Euclideuth hic vel Ptole-
maicum nihil fere est.’” Besides the doctrine of reflec-
tion and refraction of light, the Arabian author gives
VOL. II T



274 HISTORY OF OPTICS.

a description of the eye. He distinguishes three
fluids, humor aqueus, crystallinus, vitreus, and four
coats of the eye, tunica adherens, cornea, uvea, tunica
reti similis. He distinguishes also three kinds of
vision : ¢Visihile percipitur aut solo visu, aut visu et
syllogismo, aut visu et anticipati notione’ He has
several propositions relating to what we sometimes
call the Philosophy of Vision: for instance this:
‘E visibili swpius viso remanet in anima generalis
notio,” &c.]

The assertion, that the angles of refraction are
not proportional to the angles of incidence, was
an important remark; and if it had been steadily
kept in mind, the next thing to be done with
regard to refraction was to go on experimenting and
conjecturing till the truc law of refraction was dis-
covered ; and in the mean time to apply the principle
as far as it was known. Alhazen, though he gives
directions for making experimental measures of re-
fraction, does mot give any Table of the results of
such cxperiments, as Ptolemy had done. Vitello, a
Pole, who in the thirteenth century published an
extensive work upon Optics, does give such a table;
and asserts it to be deduced from experiment, as T
have alteady said (vol i) DBut this assertion is still
liable to doubt in consequence of the table containing
impossible observations.

[2nd Ed.] [As T have already stated, Vitello
asserts that his Tables were derived from his own
observations, Their near agreement with those of
Ptolemy does not make this improbable: for where
the observations were only made to half a degree,
there was not much room for obfervers to differ.
It is not unlikely that the observations of refraction
out of air into. water and nr1ass, and out of water
inte glass, were actually made; while the impossible
values which actompany them, of the refraction out
of water and glass into air, and out of glass into
water, were calculated, and calculated from an errone-
ous rule.]

The principle that a ray refracted in glass or water
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is turned towards the perpendicular, without knowing
the exact law of refraction, enabled mathematicians to
trace the effects of transparent bodies in various cases.
Thus in Roger Bacon’s works we find a tolerably dis-
tinct explanation of the effect of a convex glass; and
in the work of Vitello the effect of refraction at the
two surfaces of a glass globe is clearly traced.
Notwithstanding Alhazen’s assertion of the con-
trary, the opinion was still current among mathe-
maticians that the angle of refraction was proportional
to the angle of incidence. But when Kepler’s atten-
tion was drawn to the sulbfcct, he saw that this was
plainly inconsistent with the observations of Vitello
for large angles; and he convinced himself by his own
experiments that the true law was something different
from the one commonly supposed. The discovery of
this true law excited in him an eager curiosity ; and
this point had the more interest for him in consequence
of the introduction of a corrcetion for atmospheric re-
fraction into astronomical calculations, which had been
made by Tycho, and of the invention of the telescope.
In his Supplemendt to Vitello, published in 1604, Kepler
attempts to reduce to a rule the measured quantities
of refraction. The reader who recollects what we
have already narrated, the manner in whick Kepler
attempted to reduce to law the astronomical obser-
vations of Tycho,—devising an almost endless variety
of possible formule, tracing their consequences with
undaunted industry, and rclating, with a vivacious
garrulity, his disappointments and his hopes,—will
not be surprized to find that he proceeded in the
same manner with regard to the Tables of Observed
Refractions. I—fle tried a variety of constructions by
triangles, conic sections, &c., without Deing able to
satisfy himself; and he at last! is obliged to content
himself with an approximate rule, which makes* the
refraction partly proportional to ¢he angle of incidence,
and partly, to the sccant of that angle. In this way
le satisfics the observed refractions within a difference

L. U. K. Life of Kepler, p. 115.
T2
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of less than half a degree each way. When we con-
sider how simple the law of refraction is, (that the
ratio of the sines of the angles of incidence and re-
fraction is constant for the same medium,) it appears
strange that a person attempting to discover it, and
drawing triangles for the purpose, should fail ; but this
lot of missing what afterwards seems to have been
obvious, is a common one in the pursuit of truth.

The person who did discover the Law of the Sines,
was Willebrord Snell, about 1621; but the law was
first published by Descartes, who had seen Sncll’s
papers.®  Descartes does not acknowledge this law to
have been first detected by another; and after his
manner, instead of establishing its reality by refe-
rence to experiment, he pretends to prove @ priori that
it must be true,? comparing, for this purpose, the par-
ticles of light to balls striking a substance which acce-
lerates them.

[2nd Ed.] [Huyghens says of Snell’s papers, ‘Que
et nos vidimus aliquando, et Cartesium quoque vidisse
accepimus, et hinc fortasse mensuram illam quae in
sinibus cousistit elicuerit.” Isaac Vossius, De Lucis
Naturd et Proprietate, says that he also had seen this
law in Snell’s unpublished optical Treatise. The same
writer sdys, ‘Quod itaque (Cartesius) habet, refractionum
momenta non exigenda esse ad angulossed ad lineas, id
tuo Snellio acceptum ferre debuisset, cujus nomen more
solito dissimulavit.” ¢ Cartesius got his law from Snell,
and in his usual way, concealed it.’

Huygheny' assertion, that Snell did not.attend to the
proportion of the sines, is very captious; and becomes
absurdly so, when it is made to meap that Snell did
not know the law of the sines. It is not denicd that
Snell knew the true law, or that the true law is the
law of the sines. Snell does not nse the trigonometrical
term sine, but he expresses the law in a geometrical
form more simply. «Even if he had attended to the
law of the sines, he might reasonably have preferred
his own way of stating it.

Huyghens, Dioptrica, p. 2. 3 Liopt. p. 53.
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James Gregory also independently discovered the
true law of refraction ; and, in publishing it, states
that he had learnt that it had already been published
by Descartes].

But though Descartes does not, in this instance,
produce any good claims to the character of an induc-
tive philosopher, he showed considerable skill in
tracing the consequences of the principle when once
adopted. In particular we must consider him as the
genuine author of the explanation of the rainbow. It
is true that Fleischer and Kepler had previously
ascribed this phenomenon to the rays of sunlight which,
falling on drops of rain, are refracted into each drop,
reflected at its inner surface, and refracted out again :
Antonio de Dominis had found that a glass globe
of water, when placed in a particular position with
respect to the eye, exhibited bright colours; and had
hence explained the circular form of the bow, which,
indeed, Aristotle had done before.® But none of these
writers had shown why therc was a narrow bright
circle of a definite diameter ; for the drops which send
rays to the eye after two refractions and a reflection,
occupy a much wider space in the heavens. Descartes
assigned the reason for this in the most satisfactory
manner,S by showing that the rays which, after two’
refractions and a reflection, come to the eye at an angle
of about forty-one degrees with their original direc-
tion, are far more dense than those in any other posi-
tion. He showed, in the same manner, that the
existence and position of the secondary bow resulted
from the same laws. This is the complete and adequate
account of the state of things, so far as the brightness
of the bows onlysis concerned ; the explanation of the
colours belongs to the next article of our survey.

The explanation of the rainbow and of its magni-
tude, afforded by Snel’s law of sines, was perhaps_one
of the leading points in the verification of the law.
The principle, being once established, was applied, by

4 Mont. i. Jo1. 5 Meteorol. iii. 3.
6 Meteorum, cap. viii. p. 196.
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the aid of mathematical reasoning, to atmospheric
refractmns, optlcal instruments, diacaustic curves, (that
is, the curves of intense light produced by refraction,)
and to various other cases; and was, of course, tested
and confirmed by such app]ications. It was, however,
‘impossible to pursue these applications far, without a
due knowledge of the laws by which, in such cases,
colours are produced. To these we now proceed.

[2nd Ed.] . [I have omitted many intcresting parts
of the history of Optics about this period, because I
was concerned with the inductive discovery of laws,
rather than with mathematical deductions from such
laws when established, or applications of them in the
form of instruments. 1 might otherwise have noticed
the discovery of Spectacle Glasses, of the Telescope,
of the Microscope, of the Camera Obscura, and the
mathematical explanationof these and other pheno-
mena, as given by Kepler and others. I might also
have noticed the progress of knowledge respecting the
Eye and Vision. We have scen that Alhazen described
the structure of the eye. The operation of the parts

was gradually made out. qutiqta, Porta compares the
eye to his Camera Obscura (Magia Naturalis, 1579).
Scheiner, in his Oculus, published 1652, completed the
Theory Qf the Eye. And Kepler discussed some of the
questions cven now often agitated; as the causes angd
conditions of our sceing ob]cctq sm&,]e with two eyes,
and erect with inverted 1m1ges]



CHAPTER IIL

DiscovEry oF THE Law oF DISPERSION BY
REFRACTION.

EARLY attempts were made to account for the
colours of the rainbow, and various other
phenomena in which colours are scen to arise from
transient and unsubstantial combinations of media.
Thus Aristotle explains the colours of the rainbow
by supposing? that it is light seen through a dark
medium : ‘Now, says he, ¢the bright seen through
the dark appears red, as, for instance, the fire of
green wood seen through..the smoke, and the sun
through mist. Also? the weaker is the light, or the
visual power, and the nearer the colour approaches to
the black; becoming first red, then green, then
purple.  But® the vision is' strongest in the outer
circle, because the periphery is greater ;—thus we
shall have a gradation from red, through green, to
purple, in passing from the outer to the inner circle.’
This account would hardly have deserved much
‘notice, if it had not been for a strange attempt. to
.revive it, or something very like it, in modern times.
The same doctrine is found in the work of De
Dominis.# According to him, light is white: but if
we mix with the light something dark, the colours
arise,—first red, then green, then blue or violet. He
applies this to explain the colours of the rainbow,? by
means of the,consideration that, of the rays which
come to the eye from the globes of water, some go
through a larger thickness of the globe than others,
whence he obtains the gradation of colours just
described.
Descartes came far nearer she true philosophy of
A
1 Meteor. ii. 3, p. 373. 2 TIb. p. 374. 3 Ib. p. 375.
4 Cap.iii. p. 9. See also Géthe, Farbenl. vol. ii. p. 251.
5 Gothe, p. 363.
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the iridal colours. He found that a similar series of
colours was produced by refraction of light bounded
by shade, through a prism;6 and he rightly inferred
that neither the curvature of the surface of the drops
of water, nor the reflection, nor the repetition of re-
fraction, were necessary to the generation of such
colours, In further examining the course of the rays,
he approaches very near to the true conception of the
case; and we are led to believe that he might have
anticipated Newton in his discovery of the unequal
refrangibility of different colours, if it had been pos-
sible for him to reason any otherwise than in the
terms and notions of his preconceived hypotheses.
The conclusion which he draws is,” that the particles
of the subtile matter which transmit the action of
light, endeavour to rotate with so great a force and
impetus, that they cannot move in a straight line
(whence comes refraction): and that those particles
which endeavour to revolve much more strongly pro-
duce a red colour, those which endeavour to move only
a little more strongly produce yellow.” Here we have
a clear perception that colours and unequal refrac-
tion are connected, though the cause of refraction is
expressed by a gratuitous hypothesis. And we may
add, that .he applies this notion rightly, so far as le
explains himself;# to account for the colours of the
rainbow,

1t appears to me that Newton and others have done
Descartes injustice, in ascribing to De Dominis the
true theory of the rainbow. There are two main points
of this theory, namely, the showing that a bright
circular band, of a certain definite diameter, arises
from the great intensity of the light*returned at a
certain angle; and the referring the different colours
to the different quantity of the refraction; and both
these gteps appear indubitably to be the discoveries of
Descartes. And he informs us that these discoveries
were not made without some exertion of thought.

§ Meteor. Sect. viii. p. 190. 7 Sect. vii. p. 192,
8 Meteor. Sect. ix.
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“At first, he says? ‘I doubted whether the iridal
colours were produced in the same way as those in the
prism; but, at last, taking my pen, and carefully
calculating the course of the rays which fall on each
part of the drop, I found that many more come at an
angle of forty-one degrees, than either at a greater or
a less angle. So that there is a bright bow terminated
by a shade; and hence the colours are the same as
those produced through a prism.’

The subject was left nearly in the same state, in the
work of Grimaldi, Physico-Mathesis, de Lumine, Colo-
ribus et Iride, published at Bologna in 1665. There is
in this work a constant reference to numerous experi-
ments, and a systematic exposition of the science in an
improved state. The author’s calculations concerning
the rainbow are put in the same form as those of
Descartes; but he is further from seizing the true
principle on which its coloration depends. He rightly
groups together a number of experiments in which
colours arise from refraction ;10 and explains them by
saying that the colour is brighter where the light is
denser: and the light is denser on the side from which
the refraction turns the ray, because the increments
of refraction are greater in the rays that are more
inclined.!! This way of treating the question might
be made to give a sort of explanation of most of the
facts, but is much more erroneous than a developement
of Descartes’s view would have been.

At length, in 1672, Newton gavel? the true expla-
nation of the facts; namely, that light consists of rays
of different colours and different refrangibility. This
now appears to us so obvious a mode of interpreting’
the phenomend, that we can hardly understand how
they can be conceived in any other manner; but yet
the impression which this discovery made, both upon
Newton and upon®his contemporaries, showsg how
remote it was from the then accepted opinions. There
appears to have been a general pe.rsuasion that the

9 Sect. ix. p. 193. 10 Prop. 35, p. 254. 11 Ib. p. 256.
12 Phil. Trans. t. vii. p. 3075.
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coloration was produced, not by any peculiarity in the
law of refraction itself, but by some collateral circum-
stance,—some dispcrsion or variation of density of the
light, in addition to the refraction. Newton’s dis-
covery consisted in teaching distinctly that the law of
refraction was to be applied, not to the beam of light
in general, but to the colours in particular.

When Newton produced a bright spot on the wall
of his chamber, by admitting the sun’s light through a
small hole in his window-shutter, and making it pass
through a prism, he expected the image to be round;
which, of course, it would have becn, if the colours had
been produced by an cqual dispersion in all directions ;
but to his surprize he saw the image, or spectrum, five
times as long as it was broad. He found that no con-
sideration of the different thickness of the glass, the pos-
sible unevenness of its surface, or the different angles of
rays proceeding from the two sides of the sun, could
be the cause of this shape. He found, also, that the
rays did not go from the prism to the image in curves;
lie was then convinced that the different colours were
refracted separately, and at different angles; and he
confirmed this opinion by transmitting and refracting
the rays of each colour separately.

The experiments arve so casy and common, and
Newton’s interpretation of them so simple and evi-
dent, that we might have expected it to receive
general assent; indeed, as we have shown, Descartes
had already been led very near the same point. In
fact, Newtou’s opinions were not long in obtaining
general acceptance ; but they met with enough of cavil
and misapprchension to annoy extremely the dis-
coverer, whose clear views and quiet teriper made him
impatient alike of stupidity and of contentiousness.

We need not dwell, long on the early objections
whicly were made to Newton’s doctrine. A Jesuit, of
the name of Ignatius Pardies, professor at Clermont,
at first attempted to account for the elongation of the
image, by the difference of the angles made by the
rays from the two edges of the sun, which would
produce a difference in the amount of refraction of the
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two Lorders; but when Newton pointed out the ca.l-
culations which showed the insufficiency of this expla-
nation, he withdrew his opposition. Another more
pertinacious opponent appearcd in Francis Linus, a
physician of Licge; who maintained, that having tried
the experiment, he found the sun’s image, when the
sky was clear, to be round and not oblong ; and he
ascribed the elongation noticed by Newton, to the
effect of clouds. Newton for some time refused to
reply to this contradiction of his assertions, though
obstinately persisted in; and his answer was at last
sent, just about the time of Linus’s death, in 167s5.
But Gascoigne, a friend of Linus, still maintained that
he and others had seen what the Dutch physician had
described; and Newton, who was pleased with the
candour of Gascoigne's letter, suggested that the Dutch
experimenters might have taken one of the images
reflected from the surfaces of the prism, of which there
are several, instead of the proper refracted one. By
the aid of this hint, Lucas of Liege repeated Newton’s
experiments, and obtained Newton’s result, except
that he never could obtain a spectrum whose length
was more than three and a half times its breadth.
Newton, on his side, persisted in asserting that the
image would be five times as long as it was lroad, if the
experiment were properly made. It is curious that he
should have becn so counfident of this, as to conceive
himself certain that such would be the result in all
cases. We now know that the dispersion, and con-
sequently the length, of the spectrum, is very different
for different kinds of glass, and it is very probable
that the Dutch prism was really less dispersive than
the English one.’3 The erroneous assumption which
Newton made in this instance, he "held by to the last ;
and was thus prevented from making the discovery of
which we have next to speak.

Newton was attacked by persons of more importande
than those we have yet mentioned; namely, Hooke
and Huyghens. These phllosophel S, however, did not

13 Brewster’s Newton, p. 50.
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object so much to the laws of refraction of different
colours, as to some expressions used by Newton,
which, they conceived, conveyed false notions respect-
ing the composition and nature of light. Newton had
asserted that all the different colours are of distinct
kinds, and that, by their composition, they form white
light. This is true of colours as far as their analysis,
and composition by refraction are concerned; but
Hooke maintained that all natural colours are pro-
duced by various combinations of two primary ones,
red and violet;;'¢ and Huyghens held a similar doctrine,
taking, however, yellow and blue for his basis. Newton
answers, that such compositions as they speak of, are
not compositions of simple colours in his sense of the
expressions. These writers also had both of them
adopted an opinion that light consisted in vibrations;
and objected to Newton that his language was erro-
neous, as involving the hypothesis that light was a
body. Newton appears to have had a horrour of the
word /ypothesis, and protests against its being sup-
posed that his ¢ theory’ rests on such a foundation.
The doctrine of the unequal refrangibility of diffe-
rent rays is clearly exemplified in the effects of lenses,
which produce images more or less bordered with
colour, in consequence of this property. The improve-
ment of telescopes was, in Newton’s time, the great
practical motive for aiming at the improvement of
theovetical optics. Newton’s theory showed why
telescopes were imperfect, namely, in consequence of the
different refraction of different colours, which produces
a chromatic aberration: and the theory was confirmed
by the circumstances of such imperfections. The
ffalse opinion of which we have already spoken, that
/the dispersion must be the same when the refraction
/is the same, led him to believe that the imperfection
!'was ingurmountable,—that achrom&tic refraction could
not be obtained: and this view made him turn his
attention to the construction of reflecting instead of
refracting telescopés. But the rectification of Newton’s

" Brewster’s Newton, p. 54. Phil. Trans. viii. 5084, 6086.
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errour was a further confirmation of the general truth
of his principles in other respects; and since that
time, the soundness of the Newtonian law of refrac-
tion has hardly been questioned among physical
philosophers.

It has, however, in modern times, been very vehe-

ently controverted in a quarter from which we might
not readily have expected a detailed discussion on
such a subject. The cclebrated Giothe has written
a work on The Doctrine of Colours, (Farbenlehre;
Tiibingen, 1810,) one main purpose of which is, to
represent Newton’s opinions, and the work in which
they are formally published, (his Opticks,) as utterly
false and mistaken, and capable of being assented to
only by the most blind and obstinate prejudice. Those
who are acquainted with the extent to which such an
opinion, promulgated by Githe, was likely to be widely
adopted in Germany, will not be surprized that similar
language is used by other writers of that nation. Thus
Schelling!® says, ¢ Newton's Opticks is the greatest proof
of the possibility of a whole structure of fullacies, which,
in all its parts, is founded upon observation and experi-
ment.” Githe, however, does not concede even so much
to Newton’s ' work. He goes over a large portion of it,
page by page, quarrelling with the experiments, dia-
grams, reasoning, and language, without iftermission ;
and holds that it is not reconcileable with the most
simple facts. He declares,!6 that the first time he
looked through a prism, he saw the white walls of the
room still look white, ¢ and though alone, I pronounced,
as by an instinet, that the Newtonian doctrine is false.’
We need not here point out how inconsistent with
the Newtonian doctrine it was, to expect, as Gothe
expected, that the wall should be all over coloured
various colours. .

Géthe not only adopted and strenuously maintained
the opinion that the Newtonian theory was false, but
he framed a system of his own to explain the pheno-
mena of colour. As a matter of ouriosity, it may be

1 Vorlesungen, p. 2'70. 16 Farbenlehre, vol. ii. p. 678.
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worth our while to state the nature of this system ;
although undoubtedly it forms no part of the progress
of physical science. Githe’s views are, in fact, little dif-
ferent from those of Aristotle and Antonio de Dominis,
though more completely and systematically developed.
According to him, colours arise when we see through a
dim medium (*cin trilbes mittel’). Light in itself i
colourless; but if it be seen through a somewhat dim
medium, it appears yellow; if the dimness of the
medium increases, or if its depth be augmented, we
sce the light gradually assume a yellow-red colour,
which finully is heightened to a ruby-red. On the
other hand, if darkness is seen through a dim medium
which is illuminated by a light falling on it, a blue
colour is secn, which becomes clearer and paler, the
more the dimness of the medium increases, and darker
and fuller, as the medium becomes more transparent;
and when we come to ‘the smallest degree of the
purest dimness,’ we see the most perfeet violet.7 In
addition to this ‘doctrine of the dim medium, we
have a second principle asserted concerning refraction.
In a vast variety of cases, images are accompanied by
“accessory images,’ as when we sce bright objects in a
looking-glags.’®  Now, when an image is displaced by
refraction, the displacement is not complete, clear
and sharp, but incomplete, so that there is an accessory
image along with the principal one.!® From these
principles, the colours produced by refraction in the
image of a bright object on a dark ground, are at
once derivable. The accessory image is semitrans-
parent ;* and hence that border of it which is pushed
forwards, is drawn from the dark over the bright, and
there the yellow appears; on the othere hand, where
the clear border laps over the dark ground, the blue
is seen ;2! and hence we easily sce that the image must
appear red and yellow at one end, snd blue and violet
a} the other.

We need not explain this system further, or attempt

17 Furbenlehre, § 150, p. 151. 18 Ib. § 223.
19 Ib. § 227. 20 Ib. § 238. 21 Ib. § 239.
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to show how vague and loose, as well as bascless, are
the notions and modes of conception which it intro-
duces. Perhaps it is not difficult to point out the
peculiarities in Gothe’s intellectual character which
led to his singularly unphilosophical views on this
subject. One important circumstance is, that he
appears, like many persons in whom the poetical
imagination is very active, to have been destitute of
the talent and the habit of geometrical thought.
In all probability, he never apprehended clearly and
steadily those relations of position on which the
Newtonian doctrine depends. Another cause of his
inability to accept the doetrine probably was, that he
had conceived the ¢composition’ of colours in some
way altogether different from that which Newton
understands by composition. What Githe expected
to see, we cannot clearly collect; but we know, from
his own statement, that his intcntion of experiment-
ing with a prism arose from his speculations on the
rules of colouring in pictures; and we can easily see
that any notion of the composition of colours which.
such researches would suggest, would require to be
laid aside, before he could understand Newton’s theor y
of the composition of light.

Other objections to Newton’s theory, of a kind very
different, have been recently made by that eminent
master of optical science, Sir David Brewster. He
contests Newton’s opinion, that the coloured rays into
which light is separated by refraction are altogether
simple and homogencous, and incapable of being
further analysed or modified. TFor he finds that by
passing such rays through coloured media (as blue
glass for instance), they are not only absorbed and
transmitted in very various degrees, but that some
of them have their colour altered; which effect he
conceives as a further analysis of the rays, one coms-
ponent colour being absorbed and the other‘trans-
mitted® And on this subject we can only say, as we
have before said, that Newton las®incontestably and

22 This latter fact has, however, been denied by other experi-
menters.
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completely established his doctrine, so far as analysis
and decomposition by refraction are concerned; but
that with regard to any other analysis, which absorb-
ing media or other agents may produce, we have no
right from his experiments to assert, that the colours
of the spectrum are incapable of such decomposition.
The whole subject of the colours of objects, both
opake and transparent, is still in obscurity. Newton’s
conjectures concerning the causes of the colours of
natural bodies, appear to help us little; and his
opinions on that subject are to be separated altogether
from the important step which he made in optical
science, by the establishment of the true doctrine of
refractive dispersion.

[2nd Ed.] [After®a carcful re-consideration of Sir
D. Brewster’s asserted analysis of the solar light into
three colours by means of absorbing media, I cannot
considerthat he has established his point as an exception
to Newton’s doctrine. In the first place, the analysis
of light into three colours appears to me quite arbitrary,
granting all his experimental facts. I do not see why,
using other media, he might not just as well have
obtained other clementary colours. In the next place,
this cannot be called an analysis in the same sense
as Newton's analysis, except the relation between
the two is shown. Is it meant that Newton’s experi-
ments prove nothing? Or is Newton's conclusion
allowed to be true of light which has not been analysed
by absorption? And where are we to find such light,
since the atmosphere absorbs? DBut, I must add, in
the third place, that with a very sincere admiration
of Sir D. Brewster’s skill as an experimenter, I think
his experiment requires, not only litmitation, .but
confirmation by other experimenters. Mr. Airy re-
peated the experiments with about thirty different
absorbmg substances, and could no# satisfy himself that
in any case they changed the colour of a ray of given
refractive power. Thése experiments were déscribed
by him at a meeting of the Cambridge Philosophical
Society.]

We now proceed to the corrections which the next
generation introduced into the details of this doctrine.
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CHAPTER 1V.

DISCOVERY OF A CHROMATISM,

THE discovery that the laws of refractive dispersion
of different substances were such as to allow of
combinations which neutralized the dispetsion without
neutralizing the refraction, is one which has hitherto
been of more value to art than to science. The pro-
perty has no definite bearing, which has yet been
satisfactorily explained, upon thegtheory of light; but
it is of the greatest importance in its application
to the construction of telescopes; and it excited the
more notice, in consequence of the prejudices and
difficulties which for a time retarded the discovery.
Newton conceived that he had proved by experi-
ment,! that light is white after refraction, when the
emergent rays are parallel to the incident, and in no
other case. If this were so, the production of colour-
less images by refracting media would be impossible;
and such, in deference to Newton’s great authority,
was for some time the general persuasion. Euler?
observed, that a combination of lenses which does not
colour the image must be possible, since we have an
example of such a combination in the human eye; and
he investigated mathematically the conditions requi-
site for such a result. Klingenstierna,® a Swedish
mathematician, also showed that Newton’s rule could
not be universally true. Finally, John Dollond,* in
1757, repeated*Newton’s experiment, and obtained an
opposite result. He found that when an object was
seen through two prisms, one of glass arid one of water,
of such angles that it lid not appear displaced by refrac-
tion, it was coloured. Hence it followed that, without'
being coloured, the rays might be made to undergo

1 Opticks, B. i.p. ii. Prop. 3. 3 4e. Berlin. 1747.
3 Swedish Trans. 1754. 4 Phil. Trans. 1758.
VOL. II, U
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refraction ; and that thus, substituting lenses for
prisms, a combination might be formed, which should
produce an image without colouring it, and make the
construction of an achromatic telescope possible.

Euler at first hesitated to confide in Dollond’s
experiments; but he was assured of their correctness
by Clairaut, who had throughout paid great attention
to the subject; and those two great mathematicians,
as well as D’Alembert, procceded to investigate mia-
thematical formulee which might be useful in the
application of the discovery. The remainder of the
deductions, which were founded upon the laws of
dispersion of various refractive Sl]bstal‘(,Eb, belongs
rather to the historywof art than of science. Dollond
used at first, for his achromatic object-glass, a lens of
crown-glass, and one of flint-glass. He afterwards
employed two lenses of the former substance, including
between them one of the latter, adjusting the curva-
tures of his lenses in such a way as to correct the
imperfections arising from the spherical form of the
glasses, as well as the fault of colour. Afterwards
Blair used fluid media along with glass leuses, in
order to produce improved object-glasses. This has
more recently been done in another form by Mr.
Rarlow. ¢ The inductive laws of refraction being esta-
blished, their results have been deduced by various
mathematicians, as Sir J. Herschel dnd Professor Airy
among ourselves, who have simplified and extended the
investigation of the formule which determine the
best combinations of lenses in the object-glasses and
eye-glasses of telescopes, both with reference to sphe-
rical and to chromatic aberrations.

According to Dolloud’s discovery, the coloured spectra
produced by prisms of two substances, as flint-glass and
crown-glass, would be of the same length when the
refraction was different. But a.questlon then occurred :
When the whole distance from the red to the violet in
one spectrum was the same as the whole distance in
the other, were the intermediate colours, yellow, green,
&e. in corresponding places in the two? This point
also could not be determined any otherwise than by
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experiment. It appearcd that such a correspondence -
did not exist; and, therefore, when the extreme
colours were corrected by combinations of the dif--
ferent media, there still remained an uncorrected:
residue of colour arising from the rest of the spectium.
This defect was a consequence of the property, that
the spectra belonging to different media were not
divided in the same “ratio by the same colours, and
was hence termed the érrationality of the spectrum.
By using three prisms, or three lenses, three colours
may be made to coincide instead of two, and the
effects of this irrationality greatly diminished.

For the reasons already mentioned, we do not pursue
this subject further, but turn be those optical facts
which finally led to a great and comprehensive theory.

[2ud Ed.] [Mr. Chester More Hall, of More Hall,
in Essex, is said to have been led by the study of the
human cye, which he conceived to be achromatic, to
construct achromatic telescopes as early as 1729. Mr.
Hall, however, kept his invention a secret. David
Gregory, in his Catoptrics (1713), had suggested that
it would perhaps be an improvement of telescopes, if,
in imitation of the human eye, the object-glass were
composed of different media.  Encye. Brit. art. Optics.

Tt is said that Clairaut first discovered the®irration-
ality of the coloured spaces in the spectrum.  In con-
sequence of this irrationality, it follows that when two
refracting media are so combined as to correct each
other’s extreme dispersion, (the separation of the red
and violet rays,) this first step of correction still leaves
a residue of coloration, arising from the unequal
dispersion of the intermediate rays (the green, &c.)
These outstanding colours, as they were termed by
Professor Robison, form the residual, .or secondary
spectrum,

Dr. Bla.lr, by very mo'emous devices, succeedcd in

5 The discovery of the fixed lines in the spectriam, by Wollaston and
Fraunhofer, has more recently supplied the means of determiniug,
with extreme accuracy, the corresponding portions of the spectruw in
different refracting substances.

U2
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producing an object-glass, corrected by a fluid lens, in
which this aberration of colour was completely cor-
rected, and which performed wonderfully well.

The dispersion produced by a prism may be cor-
rected by another*prism of the same substance and of
a different angle. In this case also there is an irra-
tionality in the coloured spaces, which prevents the
correction of colour from being complete; and hence,
;& new residuary spectrum, which has been called the

;“ tertiary spectrum, by Sir David Brewster, who first
" noticed it. k

I have omitted, in the notice of discoveries respecting
the spectruin, many remarkable trains of experimental
research, and especially the investigations respecting
the power of various media to absorb the light of
different parts of the spectrum, prosccuted by Sir
David Brewster with extraordinary skill and sagacity.
These observations are referred to in chap. iii. Sir
John Herschel, Prof. Miller, Mr. Daniel, Dr. Faraday,
and Mr. Talbot, have also contributed to this part of
our knowledge.] -
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CHAPTER V.
Discovery oF THE Laws oF DoupLE REFRACTION.

HE laws of refraction which we have hitherto
described, were simple and uniform, and had a
symmetrical reference to the surface of the refracting
medium. It appeared strange to men, when their
attention was drawn to a ¢lass of phenomena in which
this symmetry was wanting, and in which a refraction
took place which was not even in the plane of inci-
dence. The subject was not unworthy the notice and
admiration it attracted; for the prosccution of it
ended in the discovery of the general laws of light.
The phenomena of which 1 now speak, are those
exhibited by various kinds of crystalline bodies; but
observed for a long time in one kind only, namely, the
rhombohedral cale-spar; or, as it was usually termed,
from the country which supplied the largest and
clearest crystals, Jceland spar. These rhombohedral
crystals are usnally very smooth and transparent, and
often of considerable size; and it was observed, on
looking through them, that all objects appeared double.
The phenomena, cven as carly as 1669, had been con-
sidered so curious, that Erasmus Bartholin published
a work upon them at Copenhagen,! (Fxperimenta
Crystalli Islandict, Hafnie, 1669.) He analysed the
phenomena into their laws, so far as to discover that
one of the two images was produced by refraction
after the usual rule, and the other by an unusual
refraction. This latter refraction Bartholin found to
vary in different positions; to be regulated by a line
parallel to the sides of the rhombohedroh; and to be
greatest in the direction of a line bisecting two of the
angles of the rhombic face of the crystal.
These rules were exact as fat as they went; and
when we consider how geometrically complex the law
is, which really regulates the unusual or extraordinary

1 Priestley’s Optics, p. 550.
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refraction ;—that Newton altogether mistook it, and
that it was not verified till the experiments of Haiiy
and Wollaston in our own time;—we might expect
that it would not be soon or easily detected. But
Huyghens possessed a key to the sceret, in the theory,
which he had devised, of the propagation of light by
undulations, and which he conceived with perfect dis-
tinctness and correctness, so far as its application to
these phenomena is concerned.  Hence he was enabled
to lay down the law of the phenomena (the only part
of his discovery which we have here to consider), with
a precision and success which excited deserved admira-
tion, when the subject, at a much later period, regained
its due sharc of attention, His Treatise was written®
in 1678, but not published till 1690.

The laws of the ordinary and the extraordinary
refraction in Iceland spar are related to each other;
they are, in fact, similar constructions, made, in the
one casc, by mecans of an imaginary sphere, in the
other, by means of a spheroid; the spheroid being of
such oblateness as to suit the rhombohedral form of
the crystal, and the axis of the spheroid being the axis
of symmetry of the crystal. Huyghens followed this
general conception into particular positions and condi-
tions; and thus obtained rules, which he compared
with observation, for cutting the erystal and transmit-
ting the rays in various manuners. ‘I have examined
in detail,’ says he,® ¢ the properties of the extraordinary
refraction of this crystal, to see if each phenomenon
which is deduced from theory, would agree with what
is really observed. And this being so, it is no slight
proof of the truth of our suppositions and pr mclples
but what T am going to add here confirms them still
more wonderfu]ly, that is, the different mordes of
cutting this crystal, in which the surfaces produced
giver rise to refractions exactly such as they ought to

"be, and as I had fereseen them, according to the
preceding theory.’

2 See his T'raité de la Lumiére. Preface.
3 See Maseres's Tracts on Optics, p. 250; or Huyghcns, Tr. sur la
Lum. ch, v, Art. 43.
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Statements of this kind, coming from a philosopher
‘like Huyghens, were entitled to great confidence;
Newton, however, appears not to have noticed, or to
have disregarded them. In his Opticks, he gives a
rule for the extraordinary refraction of Iceland spar
which is altogether erroneous, without assigning any
reason for rejecting the law published by Huyghens;
and, so far as appears, without having made any
experiments of his own. The Huyghenian doctrine of
double refraction fell, along with his theory of undula-
tions, into temporary neglect, of which we shall have
hereafter to speak. But in 1788, Haiiy showed that
Huyghens’ rule agreed much better than Newton's
with the phenomena: and in 180z, Wollaston, apply-
ing a method of his own for measuring refraction,
came to the same result. ¢ He made,” says Young,* ‘a
numher of accurate experiments with an apparatus
singularly well calculated to examine the phenomena,
but could find no general principle to counect them,
until the work of Huyglens was pointed out to him.’
In 1808, the subject of double refraction was proposed
as a prize-question by the French Institute; and
Malus, whose Memoir obtained the prize, says, ¢I
began by observing and measuring a long series of
phenomena on natural and artificial faces of Tceland
spar. Then, testing by means of these observations
the different laws proposed up to the present time by
physical writers, I was struck with the admirable
agreement of the law of Huyghens with the pheno-
mena, and 1 was soon convinced that it is veally the
law of nature” Pursuing the consequences of the
law, he found that it satistied phenomena whicl Huy-
ghens himself® had not observed. From this time,
then, the truth of the Huyghenian law was universally
allowed, and soon afterwards, the theory by which
it had been suggestell was generally received.

The property of double refraction had been first
studied only in Iceland spar, in which it is very
obvious, The same property belongs, though less

4 Quurt. Rev. 1809, Nov. p. 338,
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jconspicuously, to many other kinds of crystals Huy-
‘ghens had noticed the same fact in rock-crystal;® and
iMalus found it to belong to a large list of bodies
;bemdes for instance, arragonite, sulphate of lime, of
baryta, “of strontia, of iron; carbonate of lead; zircon,
corundum, cymophane, ememld euclase, fe]spar meso-
type, pendotc, sulphur, and melhte Attempts were
made, with imperfect success, to reduce all these to
the law which had been established for Iceland spar.
In the first instgnce, Malus took for granted that the
extraordinary refraction depended always upon an
oblate spheroid; but M. Biot6 pointed out a distine-
tion between two classes of crystals in which this
:spheroid was oblong and oblate respectively, and
these he called attractive and repulsive crystals. With
“this correction, the law could be extended to a con-
siderable number of cases; but it was afterwards
proved by Sir D. Brewster’s discoveries, that even in
this form, it belonged only to substances of which the
crystallization has relation to a single axis of sym-
metry, as the rhombohedron, or the square pyramid.
In other cases, as the rhombic prism, in which the
form, considered with refercnce to its crystalline sym-
metry, is biazxal, the law is much more complicated.
In that case, the sphere and the spheroid, which are
used in the construction for uniaxal crystals, transform
themselves into the two successive convolutions of a
single continuous curve surfuce; neither of the two
rays follows the Jaw of ordinary refraction; and the
formula which determines their position is very com-
plex. It is, however, capable of being tested by
measures of the refraction of erystals cut in a peculiar
manner for the purpose, and this was' done by MM.
Fresnel and Arago.  But this complex law of double
refraction was on]y discovered through the aid of the
theogy of a luminiferous ether, ahd thex efore we must
‘now return to the othe‘r facts which led to such a
theory.

5 Traité de la Lumiere, ch. v. Art. z0.
o Biot, Traité de Phys. iii. 330.



297

CHAPTER VI

DiscovERY OF THE LAWS OF POLARIZATION.

]F the Extraordinary Refraction of Iceland spar had
. appeared strange, another phenomenon was soon
noticed in the same substance, which Appeared stranger
still, and which in the sequel was found to be no less
important. I speak of the facts which were after-
wards described under the term Polarization. Huy-
ghens was the discoverer of this class of facts. At the
end of the treatise which we have already quoted, he
says,1 < Before I quit the suhject of this crystal, I will
add one other marvellous phenomenon, which I have
discovered since writing the above; for though hitherto
I have not been able to find out its cause, I will not,
on that account, omit pointing it out, that I may give
occasion to others to examine it.” He then states the
phenomena ; which are, that when two rhombohedrons
of Iceland spar arc in parallel positions, a ray doubly
refracted by the first, is not further divided when it
falls on the second: the ordinarily refragted ray is
ordinarily refracted only, and the extraordinary ray is
only extraordinarily refracted by the second crystal,
neither ray being doubly refracted. The same is still
the case,’if the two crystals have their principal planes
parallel, though they themselves are not parallel. But
if the principal plane of the second crystal be perpen-
dicular to that of the first, the reverse of what has
been describéd takes place; the ordinarily refracted
ray of the first erystal suffers, at the second, extra-
ordinary refraction only, and the extraordinary ray of
the first suffers ordinary refraction only at the gecond.
Thus, in each of these positiops, the double refraction
of each ray at the second crystal is reduced to single
refraction, though in a different nlanner in the two

1 Tr. Opt. p. 25a.
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cases. But in any other position of the erystals, cach
ray, produced by the first, is doubly refracted by the
second, so as to produce four rays.

A step in the right conception of these phenomena
was made by Newton, in the sccond edition of his
Opticks (1717). He represented them as resulting
from this;—that the rays of light have ‘sides,’ and
that they undergo the ordinary or extraordinary
refraction, according as'these sides are parallel to the
principal plane of the crystal, or at right angles to it
(Query 26). In this way, it is clear, that those rays
which, in the first crystal, had been selected for extra-
ordinary refraction, lbecause their sides were per-
pendicular to the prinecipal plane, would all suffer
extraordinary refraction at the second crystal for the
same reason, if its principal plane were parallel to that
of the first; and would all suftfer ordinary refraction,
if the principal plane of the sccond crystal were per-
pendicular to that of the first, and consequently parallel
to the sides of the refracted ray. This view of the
subject includes some of the leading features of the
case, but still leaves several consld(‘mb]e difficulties.

No material advance was made in the subject till it
was taken up by Malus,? along with the other circum- -
stances of, double refraction, about a hundred ycars
afterwards. He verified what had been observed by
Hnyghens and Newton, on the subject of the varia-
tions which light thus exhibits; but he discovered that
this modification, in virtue of which light undergoes
the ordinary, or the extraordinary, refraction, accord-
ing to the. position of the plane of the crystal, may be
impressed upon it in many other ways. One part of
this discovery was made accidentally® - In 1808,
Malus happened to be observing the light of the
setting sun, reflected from the w1nduw~1 of the Luxem-
bmlrg,‘throutvh a rhomhohedron of Iceland spar; and
he observed that in turning round the crystal, the two
images varied in their intensity. Neither of the images

2 Malus, Th. de la Doub. Réf. p. 296.
3 Arago, art. Polarization, Supp. Enc. Brit.
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completely vanished, because the light from the
windows was not properly modified, or, to use the
term which Malus soon. adopted, was not completely
polarized. The complete polarization of light by
reflection from glass, or any other transparent sub-
stance, was found to take place at a certain definite
angle, diffcrent for each substance. 1t was found
also that in all crystals in which double refraction
occurred, the scparation of the refracted rays was
accompanied by polarization ; the two rays, the ordi-
nary and the extraordinary, being always polarized
oppositely, that is, in planes at right angles to each
other. The term poles, used by Malus, conveyed
nearly the same notion as the term sides which had
been employed by Newton, with the additional con-
ception of a property which appeared or disappeared
according as the poles of the particles were or were
not in a certain direction; a property thus rcscmkling
_ the polarity of magnetic bodies.  When a spot of
polarized light is looked at through a transparent
crystal of Tccland spar, each of the two images pro-
duced by the double refraction varies in brightness
as the crystal is turned round. 1f, for the sake of
example, we suppose the crystal to be turned round
in the direction of the points of the compass, &N, E, S, W,
and if one image be Lrightest when the erystal marks
N and 8, it will disappear when the crystal marks E
and W: and on the contrary, the second image will
vanish when the crystal marks N and 8, and will be
brightest when the crystal marks E and W, The first
of these images is polavized @ the plane NS passing
through the ray, and the second in the plane EW,
perpendicular to the other.  And these rays are
oppositely polarized. It was further found that whether
the ray were polarized by reflection from glass, or from
water, or by double refraction, the modificatjion of
light so produced, or the nature of the polarization,
was identical in all these cases;—that the alternatives
of ordinary and extraordinary refraction and non-
refraction, were the same, by whatever crystal they
were tested, or in whatever manner the polarization
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had been impressed upon the light; in short, that the
property, when once acquired, was independent of
everything except the sides or poles of the ray; and
thus, in 1811, the term ¢ polarization’ was introduced.*

This being the state of the subject, it became an
obvious question, by what other means, and according
to what Jaws, this property was communicated. 1t
was found that some crystals, instead of giving, by
double refraction, two images oppositely polarized,
give a single polarized image. This property was dis-
covered in the agate by Sir D. Brewster, and in
tourmaline by M. Biot and Dr. Sccbeck. The latter
mineral became, in consequence, a very convenient
part of the apparatus used in such observations,
Various peculiaritics bearing upen this subject, were
detected by different experimenters. It was in a
short time discovered, that light might be polarized by
refraction. as well as by reflection, at the surface of
uncPystallized bodies, as glass ; the plane of polarization
being perpendicular to the planc of refraction; further, '
that when a portion of a ray of light was polarized by
reflection, a corresponding portion was polarized by
transmission, the planes of the two polarizations being
at right angles to each other. It was found also that
the polarigation which was incomplete with a single
plate, either by reflection or refraction, might be made
more and more complete by increasing the number
of plates.

Among an accumulation of phenomena like this, it
is our business to inquire what general laws were
discovered. To make such discoveries without pos-
sessing the general theory of the facts, required no
ordinary sagacity and good fortunc. Yet several laws
were detected at this stage of the subject. Malus, in
1811, obtained the important gencralization that,
wheneyer we obtain, by any means, a polarized ray of
light, we produce also another ray, polarized in a
contrary direction; thus when reflection gives a
polarized ray, the companion-ray is refracted polarized

4 Mém. Inst. 1810.
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oppositely, along with a quantity of unpolarized light.
And we must particularly notice Sir D. Brewster's
rule for the polarizing angle of different bodies.

Malus5 had said that the angle of reflection from
transparent bodies, which most completely polarizes
the reflected ray, does not follow any discoverable rule
with regard to the order of refractive or dispersive
powers of the substances. Yet the rule was in reality
very simple. In 1815, Sir D. Brewster stated® as the
law, which in all cases determines this angle, that ¢ the
index of refraction is the tangent of the angle of
polarization.” It follows from this, that the polariza-
tion takes place when the reflected and refracted rays
are at right angles to each other. This simple and
elegant rule has been fully confirmed by all subsequent
obscrvations, as by those of MM. Biot and Seebeck ;
and must be considered one of the happiest and most
important discoveries of the laws of phenomena in
Optics.

The rule for polarization by one reflection being
thus discovered, tentative formule were proposed by
Sir D. Brewster and M. Biot, for the cases in which
several reflections or refractions take place. Fresnel
also, in 1817 and 1818, traced the effect of reflection
in modifying the direction of polarizatjon, which
Malus had done inaccurately in 1810. But the com-
plexity of the subject made all such attempts extremely
precarious, till the theory of the phenomena was
understood, a period which now comes under notice.
The laws which we have spoken of were important
materials for the establishment of the theory; but in
the mean time, its progress at first had been more
forwarded by’ some other classes of facts, of a different
kind, and of a longer standing notoriety, to which we
must now turn our attention.

0
5 Mém. Inst, 1810. 6 Phil, Trans. 1815.
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CHAPTER VII.

Discovery oF tHE Laws oF THE COLOURS OF
TmnN Prares.

HE facts which we have now to consider are
remarkable, inasmuch as the colours are produced
merely by the smallness of dimensions of the bodies
employed. The light is not analysed by any peculiar
property of the substances, but dissected by the minute-
ness of their parts. On this account, these phenomena
give very important indications of the real structure
of light; and at an early period, suggested views which
are, in a great measure, just.

Hooke appears to be the first person who made any
progress in discovering the laws of the colours of thin
plates. In his Micrographia, printed by the Royal
Society in 1664, he describes, in a detailed and syste-
matic manner, scveral phenomena of this kind, which
he calls ‘fantastical colours’ He examined them in
Muscovy glass or mica, a transparent mineral which
is capable pf being split into the exceedingly thin films
which are requisite for such colours; he noticed them
also in the fissures of the same substance, in bubbles
blown of water, rosin, gum, glass; in the films on the
surface of tempered steel ; botween two plane pieces of
glass; and in other cases. He perceived also,! that the
production of each colour required a plate of deter-
minate thickness, and he employed this circumstance
as one of the grounds of his theory of light.

Newton took up the subject where Hooke had left
it; and followed it out with his accustomed skill and
clearness, in his Discourse on Light und Colours, com-
municated to the Royal Society in 1645. He deter-
mined, what Hooke had not ascertained, the thickness
of the film which ‘was requisite for the production of

1 Microyraphiu, p. 53,
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each colour; and in this way explained, in a complete
and admirable anner, the coloured rings which occur
when two lenses are pressed together, and the scale of
colour which the rings follow ; a step of the more con-
sequence, as the same scale occurs in many other optical
phenomena.

It is not our business here to state the hypothesis
with regard to the properties of light which Newton
founded on these facts ;—the fits of easy transmission
and reflection’ We shall see hereafter that his
attempted induction was imperfect ; and his endeavour
to account, by means of the laws of thin plates, for the
colours of natural bodies, is altogether unsatisfactory.
But notwithstanding these failures in the speculations
on this subject, he did make in it some very important
steps; for he clearly ascertained that when the thick-
ness of the plate was about 1-178000th of an inch, or -
three times, five times, seven times that magnitude, '
there was a bright colour produced; but blackness,
when the thickness was exactly intermediate between
those magnitudes. He found, also, that the thick-
nesses which gave red and violet? were as fourteen to
nine; and the intermmediate colours of course corre-
sponded to intermediate thicknesses, and therefore, in
his apparatus, consisting of two lenses pressed together,
appeared as rings of intermediate sizes. His mode of
confirming the rule, by throwing upon this apparatus
differently coloured homogeneous light, is striking and
elegant. ‘It was very pleasant,” he says, ¢ to see the
rings gradually swell and contract as the colour of the
light was changed.’

It is not necessary to enter further into the detail
of these phendomena, or to notice the rings seen by
transmission, and other circumstances. -The important
step made by Newton in thi¥ matter was, the showing
that the rays of light, in these experiments, as they pass
onwards go periodically through certain cycles of modi-
fication, each period occupying nearly the small fraction
of an inch mentioned above; and this interval being

2 Opticks, p 184.
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different for different colours. Although Newton did
not correctly disentangle the conditions under which
this periodical character is manifestly disclosed, the
discovery that, under some circumstances, such a peri-
odical character does exist, was likely to influence, and
did influence, materially and beneficially, the subse-
" quent progress of Optics towards a connected theory.
We must now trace this progress; but before we
proceed to this task, we will briefly notice a number
of optical phenomena which had been collected, and
which waited for the touch of sound theory to introduce
among them that rule and order which mere observa-
tion had sought for in vain,
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CHAPTER VIIIL

ATTEMPTS TO DISCOVER THE LAWS OF OTHER
PHENOMENA,

HE phenomena which result from optical combina-
tions, even of a comparatively simple nature, are
extremely complex. The theory which is now known
accounts for these results with the most curious exact-
ness, and points out the laws which pervade the appa-~
rent confusion; but without this key to the appearances,
it was scarcely possible that any rule or order should be
detected. The undertaking was of the same kind as it
would have been, to discover all the inequalities of
the moon’s motion without the aid of the doctrine of
gravity. We will enumerate some of the phenomena
which thus employed and perplexed the cultivators of
optics.

I)The fringes of shadows were one of the most curious
and noted of such classes of facts. These were first
remarked by Grimaldi® (1665), and referred by him
to a property of light which he called Diffraction.
When shadows are made in a dark rooms by light
admitted through a very small hole, these appearances
are very conspicuous and beautiful. Hooke, in 1672,
communicated similar observations to the Royal
Society, as ‘a new property of light not mentioned by
any optical writer before; by which we see that he
had not heard of Grimaldi’s experiments. Newton,
in his Opticks, treats of the same phenomena, which he
ascribes to the tnflewion of the rays of light. He asks
(Qu. 3), “Are not the rays of light, in passing by the
edges and sides of bodies, bent several times backward
and forward with a motion like that of an eel? «And
do not the three fringes of colopred light in shadows
arise from three such bendings? I} is remarkable
that Newton should not have noticed, that it isim-

1 Physico-Mathesis, de Lumine, Coloribus et Iride. Bologna, 1665.
VOL. II. X



306 HISTORY OF OPTICS.

possible, in this way, to account for the facts, or even
to express their laws; since the light which produces
the fringes must, on this theory, be propagated, even
after it leaves the neighbourhood of the opake body,
in curves, and not in straight lines. Accordingly, all
who have taken up Newton’s notion of inflexion, have
imevitably failed in giving anything like an intelligible
and coherent character to thesc phenomena. This is,
for example, the case with Mr. (now Lord) Brougham’s
attempts in the Philosophical Transactions for 1796.
The same may be said of other experimenters, as
Mairan? and Du Four,® who attempted to explain the
facts by supposing an atmosphere about the opake
body. Several authors, as Maraldi,* and Comparetti,5
repeated or varied these experiments in different ways.

Newton had noticed certain rings of colour produced
by a glass speculum, which he called ¢ colours of thick
plates,” and which he attempted to conneet with the
colours of thin plates. His reasoning is by no means
satisfactory ; but it was of use, by pointing out this as
a case in which his ‘fits’ (the small periods, or cycles
in the rays of light, of which we have spoken) con-
tinued to occur for a considerable length of the ray.
But other persons, attempting to repeat his experi-
ments, confounded with them extraneous phenomena
of other kinds; as the Duc de Chaulnes, who spread
muslin before his mirror,$ and Dr. Herschel, who
scattercd hair-powder before his.” The colours pro-
duced by the muslin were those belonging to shadows
of gratings, afterwards examined more successfully by
Fraunhofer, when in possession of the theory. We
may mention here also the colours which appear on
finely-striated surfaces,and on mother-of-pearl, feathers,
and similar substances. These had been examged by
various persons (as Boyle, Mazeas, Lord Brougham),
but ¢ould still, at this period, be only looked upon as
insulated and lawless facts.

2 dec. Par. 1738. 3 Mémoires Présentés, vol.v. % Adc. Par. 1723.
5 Observationes Opticce de Luce Inflexd et Coloribus. TPadua, 1787,
§ Ac. Par. 1755. . 7 Phil. Trans. 1807.
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CHAPTER IX.

DiscoveEry oF THE LAws oF PHENOMENA OF
DiporARIZED LicHr.

ESIDES the above-mentioned perplexing cases of
colours produced by common light, cases of perio-
dical colours produced by polarized light began to be
discovered, and soon became numerous. In August,
1811, M. Arago communicated to the Institute of
France an account of colours scen by passing polarized
light through mica, and analysing! it with a prism of
Iceland spar. 1t is remarkable that the light which
produced the colours in this case was the light polarized
by the sky, a cause of polarization not previously
known. The effect which the mica thus produced was
termed depolarization ;—not a very happy term, since
the effect is not the destruction of the polarization, but
the combination of a new polarizing influence with the
former. The word dipolarization, which has since
been proposed, is a much more appropriate expression.
Several other curious phenomena of the shme kind -
were observed in quartz, and in flint-glass. M. Arago
was not able to reduce these phenomena to laws, but
he had a full conviction of their value, and ventures
to class them with the great steps in this part of
optics. ‘To Bartholin we owe the knowledge of double
refraction; to Huyghens, that of the accompanying
polarization ; tg Malus, polarization by reflection; to
Arago, depolarization.” Sir D. Brewster was at the
same {gime engaged in a similar train of research; and
made discoveries of the same nature, which, though not
published till some time after those of Arago, Were
obtained without a knowledge of what had been done

1 The prism of Tceland spar produces the colours by separating the
transmitted rays according to the laws of double refraction. Hence it
is snid to analyse the light,

X2
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by Lim. Sir D. Brewster's Treatise on New Dhilo-
soplacal Instruments, published in 1813, contains many
curious cxperiments on the depolarizing’ properties
of minerals. Both these observers noticed the changes
of colour which are produced by changes in the position
of the ray, and the alternations of colour in the two
oppositely polarized images; and Sir D. Brewster dis-
covered that, in topaz, the phenomena had a certain
reference to lines which he called the neutral and
depolarizing axes. M. Biot had endeavoured to reduce
the phenomena to a law; and had succeeded so far,
that he found that in the plates of sulphate of lime, the
place of the tint, estimated in Newton’s scale (sce ante,
chap. viL.), wus as the square of the sine of the inclina-
tion. DBut the laws of these phenomena became much
more obvious when they were observed by Sir D.
Brewster with a larger field of view.?2 He found that
the colours of topaz, under the circumstances now
described, exhibited themselves in the form of ellip-
tical rings, crossed by a black bar, ¢the most brilliant
class of phenomena,’ as he justly says, ‘in the whole
range of optics” In 1814, also, Wollaston observed
the circular rings with a black cross, produced by
similar means in cale-spar; and M. Biot, in 1815, made
the same observation. The rings, in several of these
cases, were carefully measured by M. Biot and Sir
D. Brewster, and a great mass of similar phenomena
was discovered. These were added to by various
persons, as M. Seebeck, and Sir John Herschel.

Sir D. Drewster, in 1818, discovered a general
relation between the crystalline form and the optical
properties, which gave an incaleulablg impulse and a
new clearness to these researches. He found that
therc was a correspondence between the dggree of
symmetry of the optical phenomgna and the crystalline
fornt; those crystals which are uniaxal in the crystal-
lographical scnse, are also uniaxal in their optical
properties, and give circular rings; those which are of
other forms are, generally speaking, biaxal; they give

2 Phil. Trans. 1814,
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oval and knotted ésochromatic lines, with two poles.
He also discovered a rule for the tint at each point in
such cases; and thus explained, so far as an empirical
law of phenomena went, the curious and various forms
of the coloured curves. This law, when simplified by
M. Biot,® made the tint proportional to the product
of the distances of the point from the two poles. In
the following year, Sir J. Herschel confirmed this law
by showing, from actual measurement, that the curve
of the isochromatic lines in these cases was the curve
termed the lemniscata, which has, for cach point, the
product of the distances from two fixed poles equal to
a constant quantity.t He also reduced to rule some
other apparent anomalies in phenomena of the same
class.

M. Biot, too, gave a rule for the dircctions of the
planes of polarization of the two rays produced by
double refraction in biaxal ecrystals, a circumstance
which has a close bearing upon the phenomena of
dipolarization. His rule was, that the one plane of
polarization bisects the dihedral angle formed by the
two planes which pass through the optic axes, and that
the other is perpendicular to such a plane. When,
however, Fresnel had discovered from the theory the
true laws of double refraction, it appeared®that the
above rule is inaccurate, although in a degree which
observation could hardly detect without the aid of
theory.5

There were still other classes of optical phenomena
which attracted notice; especially those which are
exhibited by plates of quartz cut perpendicular to the
axis. M. Arggo bad observed, in 1811, that this
substance produced a fwist of the plane of polarization
to the,right or left hand, the amount of this twist
being different for {ifferent colours; a result which
was afterwards traced to a modification of light Yiffe-
rent both from common and from polarized light, and
subsequently known as circular palarization. Sir

S Mém. Inst. 1818, p. 192,
4 Phil. Trans. 1819. 5 Fresnel, Mém. Inst. 1827, D. 162,
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J. Herschel had the good fortune and sagacity to
discover that this peculiar kind of polarization in
quartz was connected with an equally peculiar modifi-
cation of crystallization, the plugihedral faces which
are seen, on some crystals, obliquely disposed, and, as
it were, following each other round the crystal from
left to right, or from right to left. Sir J. Herschel
found that the right-handed or left-handed character
of the circular polarization corresponded, in all cases,
to that of the crystal.

In 1815, M. Biot, in his researches on the subject
of circular polarization, was led to the unexpected and
curious discovery, that this property, which seemed
to require for its very conception a crystalline struc-
ture in the body, belonged nevertheless to several
fluids, and in different directions for different fluids.
Oil of turpentine, and an essential oil of laurel, gave
the plane of polarization a rotation to the left hand;
oil of citron, syrup of sugar, and a solution of camphor,
gave a rotation to the right hand. Soon after, the
like discovery was made independently by Dr. Seebeck,
of Berlin.

It will ecasily be supposed that all these brilliant
phenomena could not be observed, and the laws of
many of the phenomena discovered, without attempts
on the part of philosophers to combine them all under
the dominion of some wide and profound theory.
Endeavours to ascend from such knowledge as we have
spoken of, to the general theory of light, were, in
fact, made at every stage of the subject, and with a
success which at laust won almost all suffrages. We
are now arrived at the point at which we are called
upon to trace the history of this theory; to pass from
the laws of phenomena to their causes;—from Formal
to Physical Optics. The undulptory theory of light,

' the 6nly discovery which can stand by the side of the
"theory of universal gravitation, asa doctrine belonging
to the same order, for its generality, its fertility, and
its certainty, may properly be treated of with that
ceremony which we have hitherto bestowed only on the
great advances of astronomy; and I shall therefore
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now proceed to speak of the Prelude to this epoch, the
Epoch itself, and its Sequel, according to the form of
the preceding Book which treats of astronomy.

[2nd Ed.] [I ought to have stated, in the begin-
ning of this chapter, that Malus discovered the depo-
lavization of white light in 1811. He found that a
pencil of light which, being polarized, refused to be
reflected by a surface properly placed, recovered its
power of being reflected after being transmitted through
certain crystals and other transparent bodies. Malus
intended to pursue this subject, when his researches
were terminated by his death, Feb. 7, 1812. M. Arago,
about the same time, announced his important disco-
very of the depolarization of colvurs by crystals.

I may add, to what is above said of M. Biot’s dis-
coveries respecting the circular polarizing power of
fluids, that he pursued his researches so as to bring
into view somc most curious relations among the
elements of bodies. It appeared that certain substances,
as sugar of canes, had a right-handed effect, and certain
other substances, as gun, a left-handed effect; and that
the moleeular value of ‘this effect was not altered by
dilution. It appeared also that a -certain element of
the substance of fruits, which had been supposed to be
gum, and which is changed into sugar by #he opera-
tion of acids, is not gum, and has a very encrgetic
right-handed effect. This substance M. Biot called
dextrine, and he has since traced its effects into many
highly curious and important results.]
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PHYSICAL OPTICS.

CHAPTER X.
PreLupE 1o THE ErocH OF YOUNG AND FRESNEL.

Y Physical Optics we mean, as has already been

stated, the theories which explain optical phe-
nomena on mechanical principles. No such explana-
tion could be given till true mechanical principles had
been obtained ; and, accordingly, we must date the
commencement of the essays towards physical optics
from Descartes, the founder of the modern mechanical
philosophy. His hypothesis concerning light is, that
it consists of small particles emitted by the luminous
body. He compares these particles to balls, and
endeavours to explain, by means of this comparison,
the laws of reflection and refraction.! In order to
account for the production of colours by refraction, he
ascribes to these balls an alternating rotatory motion.?
This form‘of the emission theory, was, like most of the
physical speculations of its author, hasty and gra-
tuitous; but was extensively accepted, like the rest of
the Cartesian doctrines, in consequence of the love
which men have for sweeping and simple dogmas, and
deductive reasonings from them. In a short time,
however, the rival optical theory of undulations made
its appearance. Hooke in his Micrographia (1664)
propounds it, upon occasion of his observations, already
noticed, (chap viii.,,) on the colours of thin plates. He
there asserts? light to consist in a § quick, short, vibrat-
ing motlon, and that it is propagated in a homogeneous
lmedmm, in such a way"that *‘every pulse or vibration
of the luminous ¢body will generate a sphere, which

1 Diopt. c. ii. 4. 2 Meteor, c. viii. 6.
8 Micrographia, p. 56.
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will continually increase and grow bigger, just after
the same manner (though indefinitely swifter) as the
waves or rings on the surface of water do swell into
bigger and bigger circles about a point in it’¢ He
applies this to the explanation of refraction, by sup-
posing that the rays in a denser medium move more
easily, and hence that the pulses become oblique; a far
less satisfactory and consistent hypothesis than that of
Huyghens, of which we shall next have to speak. But
Hooke has the merit of having also combined with his
theory, though somewhat obscurely, the Principle of
Interferences, in the application which he makes of it
to the colours of thin plates. Thus5 he supposes the
light to be reflected at the first surface of such plates;
and he adds, ‘after two refractions and one reflection
(from the second surface) there is propagated a kind of
fainter ray,’ which comes behind the other reflected
pulse; ‘so that hereby (the surfaces AB and EF being
so near together that the eye cannot discriminate
them from one), this compound or duplicated pulse
does produce on the retina the sensation of a yellow.’
The reason for the production of this particular colour,
in the case of which he here speaks, depends on his
views concerning the kind of pulses appropriate to
each colour ; and, for the same reason, when the thick-
ness is different, he finds that the result will be a red
or a green. This is a very remarkable anticipation of
the cxplanation ultimately given of these colours; and
we may observe, that if Hooke could have measured
the thickuness of his thin plates, he could hardly have
avoided making considerable progress in the doctrine
of interferences.

But the person who is gencrally, and with justice,
looked upon as the great author of the undulatory
theory, at the period now under notice, is Huyghens,
whose T'raité de la Zumiére, containing a developement
of his theory, was written in 1648, though not pub-
lished till 169o. In this wWork he maintained, as
Hooke had done, that light consists in undulations,

4 Micrographia, p. 57. _ 5 Ib. p.66.
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and expands itself spherically, nearly in the same
manner as sound does ; and he referred to the observa-
tions of Romer on Jupiter’s satellites, both to prove that
this difference takes place successively, and to show its
exceeding swiftness. In order to trace the effect of an
undulation, Huyghens considers that every point of a
wave dlﬁ'uses its motion in all directions; and hence
he draws the conclusion, so long looked upon as the
turning-point of the combat between the rival theories,
that the light will not be diffused beyond the recti-
linear space, when it passes through an aperture ;
¢ for,” says heS ‘although the partial waves, produced
by the particles comprized in the aperture, do difluse
themselves beyond the rectilinear space, these waves
do not concur anywhere except in front of the aperture.’
He rightly considers this observation as of the most
essential value. ‘This, he says, ¢ was not known by
those who hegan to consider the waves of light, among
whom are Mr. Hooke in his Micrography, and Father
Pardics; who, in a treatise of which he showed me a
part, and which he did not live to finish, had under-
taken to prove, by these waves, the effects of reflection
and refraction. But the principal foundation, which
consists in the remark I have just made, was wanting
in his demonstrations.’

By the he]p of this view, Huyghcns gave a perfectly
satisfactory and correct explanation of the laws of re-
flection and refraction; and he also applied the sumne
theory, as we have seen, to the double refraction of
Iceland spar with great sagacity and success. He
conceived that In this crystal, besides the spherical
waves, there might be others of a spheroidal form, the
axis of the spheroid being symmetrically*disposed with
regard to the faces of the rhombohedron, for to these
fuces the optical phenomena are symmetrically related.
He found? that the position of the‘refracted ray, deter-
mined by such spheroidal undulations, would give an
oblique refraction, whi¢h ‘would coincide in its laws
with the refractiod observed in Iceland spar: and, as

6 Tracts on Optics, p. 209. 7 Ib. 237,
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we have stated, this coincidence was long after fully
confirmed by other observers.

Since Huyghens, at this early period, expounded the
undulatory theory with so much distinctness, and
applied it with so much skill, it may be asked why we
do not hold him up as the great Author of the induc-
tion of undulations of light;—the person who marks
the epoch of the theory? To this we reply, that
though Huyghens. discovered strong presumptions in
favour of the undulatory theory, it was not established
till a later era, when the fringes of shadows, rightly
understood, made the waves visible, and when the
hypothesis which had been assumed to account for
double refraction, was found to contain also an expla-
nation of polarization. It is then that this theory of
light assumes its commanding form; and the persons
who guve it this form, we must make the great names
of our narrative ; without, however, denying the genius
and merit of Huyghens, who is, undoubtedly, the
leading character in the prelude to the discovery.

The undulatory theory, from this time to our own,
was unfortunate in its carecr. It was by no means
destitute of defenders, but these were not experi-
menters; aud none of them thought of applying it to
Grimaldi’s experiments on fringes, of whigh we have
spoken a little while ago. And the great authority of
the period, Newton, adopted the opposite hypothesis,
that of emission, and gave it a currency among his
followers which kept down the sounder theory for
above a century. )

Newton’s first disposition appears to have been by
no means averse to the assumption of an ether as
the vehicle of luminiferous undulations. When Hooke
brought against his prisatic analysis of light some
objections, founded on his own hypothetical notions,
Newton, in his reply, said,® ¢The hypotlesiy has a
much greater affinity with Lis own hypothesis than
he seems to be aware of; the vibrations of the ether
being as useful and necessary in this as in his’ This

8 PLil. Trans. vii. 5087.
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was in 1672; and we might produce, from Newton’s
writings, passages of the same kind, of a much later
date. Indeed it would scem that, to the last, Newton
considered the assumption of an ether as highly
probable, and its vibrations as important parts of the
phenomena of light; but he also introduced into his
system the hypothesis of emission, and having followed
this hypothesis into mathematical detail, while he has
left all that concerns the ether in the form of querics
and conjectures, the emission theory has naturally been
treated as the leading part of his optical doctrines.
The principal propositions of the Principia which
bear upon the question of optical theory are those of
the fourteenth Section of the first Book,? in which the
law of the sines in refraction is proved on the hypo-
thesis that the particles of bodies act on light only at
very small distances ; and the proposition of the eighth
Section of the second Book ;1 in which it is pretended
to be demonstrated that the motion propagated in a
fluid must diverge when it has passed through an
aperture. The former proposition shows that the law
of refraction, an optical truth which maiunly affected
the choice of a theory, (for about reflection there is no
difficulty on any mechanical hypothesis,) follows from
the theory of cmission: the latter proposition was
intended to prove the inadmissibility of the rival
hypothesis, that of undulations. As to the former
point,—the hypothetical explanation of refraction, on
the assumptions there made,—the conclusion is quite
satisfactory: but the reasoning in the latter casc,
(vespecting the propagation of undulations)) is cer-
tainly inconclusive and vague; and something better
might the more reasonably have been expected, since
Huyghens had at least endeavoured to prove the
opposite proposition. But supposing we leave these
properties, the rectilinear course, the reflection, and
the refraction of light, as problems in which neither
theory has a decigled advantage, what is the next
material point? The colours of thin plates. Now,

9 Principia, Prop. 94, et scq. 10 Tb. Prop. 42.
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how does Newton’s theory explain these? By a
new and special supposition ;—that of fits of easy trans-
massion and reflection : a supposition which, though it
truly expresses these facts, is not borne out by any other
phenomena. But, passing over this, when we come to
the peculiar laws of polarization in Iceland spar, how
does Newton’s meet these? Again by a special and
new supposition ;—that the rays of light have sides.
Thus we find no fresh evidence in favour of the
emission hypothesis springing out of the fresh demands
made upon it. It may be urged, in reply, that the
same is true of the undulatory theory; and it must be
allowed that, at the time of which we now speak, its
superiority in this respect was not manifested; though
Hooke, as we have seen, had caught a glimpse of the
explanation, which this theory supplies, of the colours
of thin plates.

At a later period, Newton certainly scems to have
been strongly disinclined to believe light to consist in
undulations merely. ¢ Are not,” he says, in Question
twenty-eight of the Opticks, ‘all hypotheses erroneous,
in which light is supposcd to consist in pression or
motion propagated through a fluid medium? The
arguments which most weighed with him to produce
this conviction, appear to have been the gne already
mentioned,—that, on the undulatory hypothesis, undu-
lations passing through an aperturve would be diffused ;
and again,—his conviction, that the properties of light,
developed in various optical phenomena, ‘depend not
upon new modifications, but upon the original and
unchangeable properties of the rays’” (Question twenty-
seven).

Bui?, yet, efen in this state of his views, he was very
far from abandoning the machinery of vibrations alto-
gether. He is disposed to use such machinery to
produce his ‘fits of* easy transmission.” In his, seven-
teenth Query, he says,1! ‘when a ray of light falls upon
the surface of any pellucid body, and is there refracted
or reflected ; may not waves of vibrations or tremors

1 Opticks, p. 322.
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be thereby excited in the refracting or reflecting
medium at the point of incidence? . . . . . and do not
these vibrations overtake the rays of light, and by
overtaking them successively, do they not put them
into the fits of easy reflection and easy transmission
described above?’ Several of the other queries imply
the same persuasion, of the necessity for the assump-
tion of an ether and its vibrations, And it might
have been asked, whether any good reason could be
given for the hypothesis of an ether as a part of the
mechanism of light, which would not be equally valid
in favour of this being the whole of the mechanism,
especially if it could be shown that nothing more was
wanted to produce the results.

The emission theory wag, however, embraced in the
most strenuous manner by the disciples of Newton.
That propositions existed in the Principia which pro-
cecded on this hypothesis, was, with many of these
persous, ground enough for adopting the doctrine; and
it had also the advantage of being more ready of con-
ception, for though the propagation of a wave is not
very diflicult to conceive, at least by a mathematician,
the motion of a particle is still easicr.

On the other hand, the undulation theory was main-
.tained by po less a person than Euler; and the war
between the two opinions was carried on with great
carnestness. The arguments on one side and on the
other soon becamne trite and familiar, for no person
explained any new class of facts by either theory.
Thus it was urged by Euler against the system of
emission,’>—that the perpetual emanation of light from
the sun must have diminished his mass;—that the
stream of matter thus constantly flowilg must affect
the motions of the planets and comets; that the rays
must disturb each other;—that the passage of light
through transparent bodies is, on'this system, incon-
ceivable: all such arguments were answered by repre-
sentations of the exceeding minuteness and velocity of
the matter of light. On the other hand, there was

12 Fischer, iv. 449.
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urged against the theory of waves, the favourite
Newtonian argument, that on this theory the light
passing through an aperture ought to be diffused, as
sound is. It is curious that Euler does not make to
this argument the reply which Huyghens had made
before. The fact really was, that he was not aware of
the true ground of the difference of the result in the
cases of sound and light; namely, that any ordinary
aperture bears an immeuse ratio to the length of an
undulation of light, but does not bear a very great
ratio to the length of an undulation of sound. The
demonstrable consequence of this difference is, that
light darts through such an orifice in straight rays,
while sound is diffused in all directions. KEuler, not
perceiving this difference, rested his answer mainly
upon a circumstance by no means uunimportant, that
the partitions usually employed are not impermeable
to sound, as opake bodics are to light. He observes
that the sound does not all come through the aperture;
for we hear, thongh the aperture be stopped. These
were the main original points of attack and defence,
and they continued nearly the same for the whole of
the last century; the same difficulties were over and
over again proposed, and the same solutions given,
much in the manner of the disputations of éhe school-
men of the middle ages. .

The struggle being thus apparently balanced, the
scale was naturally turued by the general ascendancy
of the Newtonian doctrines; and the emission theory
was the one most generally adopted. It was still more
firmly established, in consequence of the turn gene-
rally taken by the scientific activity of the latter half
of the eighteenth century; for while nothing was
added to our'knowledge of optical laws, the chemical
effects of light were studied to a considerable extent by
various inquirers;!®” and the opinions at which these
persons arrived, they found that they could express

13 As Scheele, Selle, Lavoisier, De Luc, Richter, Leonhardi, Gren,
Girtanuer, Link, Hagen, Voigt, De la Metherie, Scherer, Dizé, Brug-
natelli. See Fischer, vii. p. z0.
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most readily, in consistency with the reigning chemi-
cal views, by assuming the materiality of light. It is,
however, clear, that no reasonings of the inevitably
vague and doubtful character which belong to these
portions of chemistry, ought to be allowed to interfere
with the steady and regular progress of induction
and generalization, founded on relations of space and
number, by which procedure the mechanical sciences
are formed. We reject, therefore, all these chemical
- speculations, as belonging to other subjects; and con-
sider the history of optical thecory as a blank, till we
arrive at some very different events, of which we have
now to speak.
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CHAPTER XL

ErocH oF YounNe AND FRESNEL.

Sect, 1.—Introduction.

HE man whose name must occupy the most distin-
guished place in the history of Physical Optics, in
consequence of what he did in reviving and establish-
ing the undulatory theory of light, is Dr. Thomas
Young. He was born in 1773, at Milverton in Somer-
setshire, of Quaker parents; and after distinguishing
himself during youth by the variety and accuracy of
his attainments, he settled in London as a physician in
1801 ; but continued to give much of his attention to
general science. His optical theory, for a long time,
made few proselytes; and several years afterwards,
Auguste Fresncl, an eminent French mathematician
and enginecr officer, took up similar views, proved
their truth, and traced their consequences, by a series
of labours almost independent of those of De. Young.
It was not till the theory was thus re-echoed from
another land, that it was able to take any strong hold
on the attention of the countrymen of its earlier pro-
mulgator.

The theory of undulations, like that of universal
gravitation, may be divided into several successive
steps of generalization. In both cases, all these steps
were made by the same persons; but there is this dif-
ference ;—all the parts of the law of universal gravita-
tion were worked out in one burst of inspiration by
its author, and published at one time ;—in the dootrine
of light, on the other hand, the different steps of the
advance were made and published at separate times,
with intervals between. We see the theory in a
narrower form, and in detached portions, before the
widest generalizations and principles of unity are

VOL. IL ¢
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reached ; we see the authors struggling with the diffi-

culties before we see them successful. They appear to

us as men like ourselves, liable to perplexity and

failure, instead of coming before us, a8 Newton does in

the history of Physical Astronomy, as the irresistible

and almost supernatural hero of a philosophical -
romance.

The main subdivisions of the great advance in
physical optics, of which we have now to give an
account, are the following :—

1. The explanation of the pmoclzcal colours of thin
plates, thick plates, fringed shadows, striated surfaces,
and other phenomena of the same kind, by means of
the doctrine of the interference of undulations.

2. The explanation of the phenomena of double
refraction by the propagation of undulations in a
medium of which the optical elasticity is different in
different directions.

3. The conception of polarization as the result of
the vibrations being transverse; and the consequent
explanation of the production of polarization, and the
necessary connexion between polarization and double
refraction, on mechanical principles.

4. The explanation of the phenomena of dipolariza-
tion, by Means of the interference of the resolved parts
of the vibrations after double refraction.

The history of each of these discoveries will be
given separately to a certain extent; by which means
the force of proof arising from their combination will
be more apparent.

Seet. 2.—Explanation of the Feriodical Colours of Thin
Plates and Shadows by the Undulatory Theory.

THE explanation of periodical colours by the principle
of interference of vibrations, was the first step which
Young made in his.confirmation of the undulatory
theory. In a paper on Sound and Light, dated
Emmanuel College, Ca.mbndge, 8th July, 1799, and
read before the Royal Society in January following, he
appears to incline strongly to the Huyghenian theory ;
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not however oﬁ'ermg any new facts or calculations in
its favour, but pointing out the great difficulties of the
Newtonian hypothesis. But in a paper read before
the Royal Society, November 12, 1801, he says, ‘A
further consideration of the colours of thin plutes has
converted that prepossession which I before enter-
tained for the undulatory theory of light, into a very
strong conviction of its truth and efficiency; a con-
viction which has since been most strikingly confirmed
by an analysis of the colours of striated surfaces.’ He
here states the general principle of interferences in
the formn of a proposition. (Prop. viii.) ‘When two
undulations from different origins coincide either per-
fectly or very nearly in direction, their joint effect
is a combination of the motions belonging to them.’
He explains, by the help of this proposition, the
colours which were observed in Coventry’s micro-
meters, in which instrument lines were drawn on
glass at a distance of 1-jooth of an inch. The inter-
ference of the undulations of the rays reflected from
the two sides of these fine lines, produced periodical
colours. In the same manner, he accounts for the
colours of thin plates, by the interference of the light
partially reflected from the two surfaces of the plates.
We have already seen that Hooke had leng before
suggested the sameé explanation ; and Young says at
the end of his paper, ‘It was not till I had satisfied
myself respecting all these phenomena, that I found in
Hooke’s Micrographia a passage which might have led
me earlier to a similar opinion.” He also quotes from
Newton many passages which assume the existence
of an ether; of which, as we have already seen,
Newton suggeSts the necessity in these*very pheno-
mensa, though he would apply it in combination with
the emission of material light. In July, 1802, Young
explained, on the satne principle, some facts in dndis-
tinct vision, and other similar appearances. . And in
1803, he speaks more positively stijl. ¢In ma,kmg,
he says, ‘some experiments on the fringes of colours

1 Phil. Trans. Memoir, read Nov. 24.
Y 2
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accompanying shadows, I have found so simple and s
demonstrative a proof of the general law of interference
of two portions of light, which I have already endea-
voured to establish, that I think it right to lay before
the Royal Society a short statement of the facts which
appear to me to be thus decisive” The two papers
just mentioned certainly ought to have convinced all
scientific men of the truth of the doctrine thus urged;
for the number and exactness of the explanations is
very remarkable. They include the coloured fringes
which are seen with the shadows of fibres; the
colours produced by a dew between two pieces of
glass, which, according to the theory, should appear
when the thickness of the plate is siz times that
of thin plates, and which do so; the changes result-
ing from the employment of other fluids than water;
the effect of inclining the plates; also the fringes
and bands which accompany shadows, the phenomena
observed by Grimaldi, Newton, Maraldi, and others,
and hitherto mever at all reduced to rule. Young
observes, very justly, ‘whatever may be thought of
the theory, we have got a simple and general law’ of
the phenomena. He moreover calculated the length
of an undulation from the measurements of fringes of
shadows, ‘as he had done before i;rom the colours of
thin plates; and found a very close accordance of the
results of the various cases with one another.

There is one difficulty, and one inaccuracy, in Young'’s
views at this period, which it may be proper to note.
The difficulty was, that he found it necessary to
suppose that light, when reflected at a rarer medium,
is retarded by half an undulation. This assumption,
though ofteff urged at a later period as an argument
against the theory, was fully justified as the mechanical
principles of the subject werecunfolded ; and the
necessity of it was clear to Young from the first. On
the strength of this, says he, ‘I ventured to predict,
that if the reflecfions were of the same kind, made at
the surfaces of a thin plate, of a density intermediate
between the densities of the mediums surrounding
it, the central spot would be white; and I have now
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the pleasure of stating, that I have fully verified this
prediction by interposing a drop of oil of sassafras
between a prism of flint-glass and a lens of crown-
lass,’

¢ The inaccuracy of his calculations consisted in his
considering the external fringe of shadows to be pro-
duced by the interference of a ray reflected from the
edge of the object, with a ray which passes clear of it;
instead of supposing all the parts of the wave of light
to corroborate or interfere with one another. The
mathematical treatment of the question on the latter
hypothesis was by no means easy. Young was a
mathematician of considerable power in the solution
of the problems which came before him: though his
methods possessed none of the analytical elegance
which, 'in his time, had become general in France.
But it does not appear that he ever solved the problem
of undulations as applied to fringes, with its true con-
ditions, He did, however, rectify his conceptions of
the nature of the interference; and we may add, that
the numerical errour of the consequences of the defective
hypothesis is not such as to prevent their confirming
the undulatory theory.?

But though this theory was thus so powerfully
recommended by experiment and calculatioy, it met
with little favour in the scientific world. Perhaps this
will be in some measure accounted for, when we come,
in the next chapter, to speak of the mode of its recep-
tion by the supposed judges of science and letters. Its
author went on laboaring at the completion and appli-
cation of the theory in other parts of the subject; but
his extraordinary success in unravelling the complex
phenomena of ¥hich we have been speaking, appears
to have excited none of the notice and admiration

* I may mention, in additton to tion of the supernumerary bapds of
the applications which Young the rainbow. These explanations
made of the principle of inter- involvt calculations founded on
ferences, his Eriometer, an instru- the length of an undulation of
ment invented for the purpose of light, and were confirmed by ex-
measuring the thickness of the periment, as far as experiment
fibres of wood; and the explana- went.
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which properly belonged to it, till Fresnel's Memoir.
On Diffraction was delivered to the Institute, in
October, 1815.

MM. Arago and Poinsot were commissioned to make
a report upon this Memoir; and the former of these
philosophers threw himself upon the subject with a
zeal and intelligence which peculiarly belonged to him.
He verified the laws announced by Fresnel: ‘laws,’ he
says, ‘ which appear to me destined to make an epoch
in science.” He then cast a rapid glance at the history
of the subject, and recognized, at once, the place which
Young occupied in it. Grimaldi, Newtou, Maraldi, he
states, had observed the facts, and tried in vain to
reduce them to rule or cause. ‘Such® was the state of
our knowledge on this difficult question, when Dr.
Thomas Young made the very remarkable experiment
which is described in the Philosophical Transactions
for 1803; namely, that to obliterate all the bands
within the shadow, we need only stop the ray which
is going to graze, or has grazed, one border of the
object. To this, Arago added the important observa-
tion, that the same obliteration takes place, if we stop
the rays with a transparent plate; except the plate be
very thin, in which case the bands are displaced, and
not extinguished. ¢ Fresnel, says he, ‘guessed the
effect which a thin plate would produce, when I had
told him of the effect of a thick glass’ Fresnel
himself declares* that he was not, at the time, aware
of Young’s previous labours.  After stating nearly the
same Measonings concerning fringes which Young had
put forward in 1801, he adds, ‘it is therefore the
meeting, the actual crossing of the rays, which produces
the fringes. This consequence, which is only, so to
speak, the translation of the phenomenon, seems to me
entirely opposed to the hypothesis of emission, and
confirms the system which makes light consist in the
vibrations of a peculigr fluid.” And thus the Principle
of Interferences, and the theory of undulations, so far
as that principle depends upon the theory, was a second

3 Ann, Chim. 1815, Febr. 4 Ib. tom. xvii. p. 403.
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time established by Fresnel in France, fourteen years
after it had been discovered, fully proved, and repeatedly
published by Young in England.

In this Memoir of Fresnel's, he takes very nearly
the same course as Young had done; considering the
interference of the direct light with that reflected at
the edge, as the cause of the external fringes; and he
observes, that in this reflection it is mnecessary to
suppose half an undulation lost: but a few years later,
he considered the propagation of undulations in a more
true and general manner, and obtained the solution of
this difficulty of the half-undulation. His mmore
complete Memoir on Diffraction was delivered to the
Institute of France, July 29, 1818; and had the prize
awarded it in 1819 :5 but by the delays which at that
period occarred in the publication of the Parisian
Academical Transactions, it was not published® till
1826, when the theory was no longer generally doubtful
or unknown in the scientific world. In this Memoir,
Fresnel observes, that we must consider the effect of
every portion of a wave of light upon a distant point,
and must, on this principle, find the illumination
produced by any number of such waves together.
Heunce, in general, the process of integration is requisite;
and though the integrals which here offer themselves
are of & new and difficult kind, he succeeded fn making
the calculation for the cases in which he experimented.
His T'able of the Correspondences of Theory and Observa-
tion,” is very remarkable for the closeness of the
agreement; the errours being generally less than one
hundredth of the whole, in the distances of the black
bands. He justly adds, ¢ A more striking agreement
could not be empected between experiment and theory.
If we compare the smallness of the differences with the
extent of the breadths measured; and if we remark
the great variations which @ and 3 (the distance of the
object from the luminous point and from the screen)
have received in the different *observations, we shall

5 Ann, Chim. May, 1819. 8 Mém. Inst. for 1821-a.
7 Mém. Inst. p. 420-424.
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find it difficult not to regard the integral which has led
us to these results as the faithful expression of the law
of the phenomena.’

A mathematical theory, applied, with this success,
to a variety of cases of very different kinds, could
not now fail to take strong hold of the attention of
mathematicians; and accordingly, from this time, the
undulatory doctrine of diffraction has been generally
assented to, and the mathematical difficulties which it
involves, have been duly studied and struggled with.

Among the remarkable applications of the undu-
latory doctrine to diffraction, we may notice those
of Joseph Fraunhofer, a mathematical optician of
Munich. He made a great number of experiments on
the shadows produced by small holes, and groups of
small holes, very near each other. These were pub-
lished?® in his New Modifications of Light, in 1823.
The greater part of this Memoir is employed in tracing
the laws of phenomena of the extremely complex and
splendid appearances which he obtained; but at the
conclusion he observes, ¢ It is remarkable that the laws
of the reciprocal influence and of the diffraction of the
rays, can be deduced from the principles of the undu-
latory theory: knowing the conditions, we may, by
means of an extremely simple equation, determine the
extent of°a luminous wave for each of the different
colours; and in every case, the calculation corresponds
with observation.” This mention of ‘an extremely
simple equation,” appears to imply that he employed
only Young’s and Fresnel's earlier mode of calculating
interferences, by considering two portions of light, and
not the method of integration. Both from the late
period at which they were published,sand from the
absence of mathematical details, Fraunhofer’s labours
had not any strong influence on the establishment of
the undulatory theory; althougk they are excellent
verifidations of it, both from the goodness of the

8 In Schumacher’s Astronomische Abhandlungen, in French; earlier
in German.



EPOCH OF YOUNG AND FRESNEL. 329

observations, and the complexity and beauty of the
phenomena.

‘We have now to consider the progress of the undu-
latory theory in another of its departments, according
to the division already stated.

Sect. 3.—Explanation of Double Refraction by the
Undulatory Theory.

‘WE have traced the history of the undulatory theory
applied to diffraction, into the period when Young
came to have Fresnel for his fellow-labourer. But in
the mean time, Young had considered the theory in its
reference to other phenomena, and especially to those
of double refraction.

In this case, indeed, Huyghens’s explanation of the
facts of Iceland spar, by means of spheroidal undula-
tions, was so complete, and had been so fully confirmed
by the measurements of Haiiy and Wollaston, that
little remained to be done, except to connect the
Huyghenian hypothesis with the mechanical views
belonging to the theory, and to extend his law to
other cases. The former part of this task Young
executed, by remarking that we may conceive the
elasticity of the crystal, on which the velocity of pro-
pagation of the luminiferous undulation depends, to be
different, in the direction of the crystallographic-axis,
and in the direction of the planes at right angles to
this axis; and from such a difterence, he deduces the
existence of spheroidal undulations. This suggestion
appeared in the Quarterly Review for November, 1809,
in a critique upon an attempt of Laplace to account
for the same, phenomenon. Laplace had proposed to
reduce the double refraction of such crystals as Iceland
spar, to his favourite machinery of forces which are
sensible at small distanees only. The peculiar forces
which produce the effect in this case, he conctives to
emanate from the crystallographic axis; so that the
velocity of light within the crystal will depend only on
the situation of the ray with respect to this axis. But
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the establishment of this condition is, as Young
obgerves, the main difficulty of the problem. How
are we to conceive refracting forces, independent of
the surface of the refracting medium, and regulated
only by a certain internal line? Moreover, the law of
force which Laplace was obliged to assume, namely,
that it varied as the square of the sine of the angle
which the ray made with the axis, could hardly be
reconciled with mechanical principles. In the critique
just mentioned, Young appears to feel that the undu-
latory theory, and perhaps he himself, had not reccived
justice at the hands of men of science; he complains
that a person so eminent in the world of science as
Laplace then was, should employ his influence in pro-
pagating errour, and should disregard the extraordinary
coufirmations which the Huyghenian theory had re-
cently received.

The extension of this view, of the different elasticity
of crystals in different directions, to other than uniaxal
crystals, was a more complex and difficult problem.
The general notion was perhaps obvious, after what
Young had done; but its application and verification
involved mathematical calculations of great generality,
and required also very exact experiments. In fact,
this application was not made till Fresnel, a pupil of
the Polyteshnic School, brought the resources of the
modern analysis to bear upon the problem ;—till the
phenomena of dipolarized light presented the proper-
ties of biaxal crystals in a vast variety of forms;—
and till the theory received its grand impulse by the
combination of the explanation of polarization with
the explanation of double refraction. To the history
of this last-mentioned great step we now proceed.

Sect. 4.—Explanation of Polarization by the
Undulatory Theony.

EveN while the only phenomena of polarization which
were known were dhose which affect the two images
in Iceland spar, the difficulty which these facts scemed
at first to throw in the way of the undulatory theory
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was felt and acknowledged by Young. Malus's dis-
covery of polarization by reflection increased the dif-
ficulty, and this Young did not attempt to conceal.
In his review of the papers containing this discovery?
he says, ¢ The discovery related in these papers appears
to us to be by far the most important and interesting
which has been made in France concerning the pro-
perties of light, at least since the time of Huyghens;
and it is so much the mnore deserving of notice, as it
greatly influences the general balance of evidence in
the comparison of the undulatory and projectile theo-
ries of the nature of light’ He then proceeds to
point out the main features in this comparison, claim-
ing justly a great advantage for the theory of undula-
tions on the two points we have been considering, the
phenomena of diffraction and of double refraction.
And he adds, with reference to the embarrassment
iptroduced by pola.rl'zution, that we are not to expect
the course of scientific discovery to run smooth and
uninterrupted; but that we are to lay our account
with partial obscurity and seeming countradiction,
which we may hope that time and enlarged research
will dissipate. And thus he steadfastly held, with no
blind prejudice, but with unshaken confidence, his
great philosophical trust, the fortunes of the undulatory
theory. It is here, after the difficulties of polarization
had come into view, and before their solution had been
discovered, that we may place the darkest time of
the history of the theory; and at this period Young
was alone in the field,

It does not appear that the light dawned upon him
for some years. In the mean time, Young found that
his theory would explain dipolarized colours; and he
had the satisfaction to see Fresnel re-discover, and
M. Arago adopt, his vicws on diffraction. He became
engaged in friend?y intercourse with the latter philo-
sopher, who visited him in England in 1816. On
January the 12th, 1814, in writing to this gentleman,
among other remarks on the subje¢t of optics, he says,

9 Quart. Rev. May, 1810.
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‘I have also been reflecting on the possibility of giving
an imperfect explanation of the affection of light which
constitutes polarization, without departing from the
genuine doctrine of undulation.’ He then proceeds to
suggest the possibility of ‘a ¢transverse vibration, pro-
pagated im the direction of the radius, the motions of
the particles being in a certain constant direction with
respect to that radius; and this,” he adds, *is polariza-
tion.” From his further explanation of his views, it
appears that he conceived the motions of the particles
to be oblique to the direction of the ray, and not
perpendicular, as the theory was afterwards framed;
but still, here was the essential condition for the ex-
planation of the facts of polarization,—the transverse
nature of the vibrations. This idea at once made it
possible to conceive how the rays of light could have
sides,; for the direction in whlch the vibration was
transverse to the ray, might be ‘marked by peculiag
properties. -And after the idea was once started, it
‘was comparatively easy for men like Young and Fresnel
to pursue and modify it till it assumed “its true and
distinet form.

We may judge of the dlfﬁcu]ty of taking firmly hold
of the conception of transverse vibrations of the ether,
as those which constitute light, by observing how long
the great philosophers of whom we are speaking
lingered within reach of it, before they ventured to
grasp it. Fresnel says, in 1821 , “When M. Arago
and I had remarked (in 1816) that two rays polarized
at right angles always give the same quantity of light
by their union, I thought this might be explained by
supposing the vibrations to be transverse, and to be at
right angles when the rays are polarited at right
angles. But this supposition was so contrary to the
received ideas on the nature of the vibrations of
elastic fluids,’ that Fresnel hesitated to adopt it till he
could reconcile it better to his mechanical notions,
¢Mr. Young, more bold"in his conjectures, and less
confiding in the views of geometers, published it before
me, though perhaps he thought it after me.’ And



EPOCH OF YOUNG AND FRESNEL. 333

M. Arago was afterwards wont to relatel® that when
he and Fresnel had obtained their joint experimental
results, of the non-interference of oppositely-polarized
pencils, and when Fresnel pointed out that transverse
vibrations were the only possible tra.nsla,tlon of this
fact into the undulatory theory, he himself ‘protested
that he had not courage to publish such a conception ;
and accordingly, the second part of the Memoir was
published in Fresnel's name alone. What renders this
more remarkable is, that it occurred when M. Arago
had in his possession the very letter of Young, in
which he proposed the same suggestion.

Young’s first published statement of the doctrine of
transverse vibrations was given in the explanation of
the phenomena of dipolarization, of which we shall
have to speak in the next Section. But the primary
and immense value of this conception, as a step in the
progress of the undulatory theory, was the connexion
which it established between polarization and double
refraction ; for it held forth a promise of accounting
for polarization, if any conditions could be found
which might determine what was the direction of the
transverse vibrations. The analysis of these conditions
is, in a great meagure, the work of Fresnel; a task
performcd with profound philosophical sagaclty and
great mathematical skill.

Since the double refraction of uniaxal crystals could
be explained by undulations of the form of a spheroid,
it was perhaps not difficult to conjecture that the
undulations of biaxal crystals would be accounted for
by undulations of the form of an ellipsoid, which
differs from the spheroid in having its three axes
unequal, instead of two only; and consequently has
that very relation to the other, in respect of symmetry,
which the crystalline and optical phenomena have,
Or, again, instead of supposing two different degrees
of elasticity in different direcfions, we may suppose
three such different degrees in directions at right

10 T take the liberty of stating this from personal knowledge.
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angles to each other. This kind of generalization was
tolerably obvious to a practised mathematician.,

But what shall call into play all these elasticities at
once, and produce waves governed by each of them?
And what shall explain the different polarization of
the rays which these separate waves carry with them ?
These were difficult questions, to the solution of which
mathematical calculation had hitherto been unable to
offer any aid.

It was here that the conception of transverse vibra-
tions came in, like a beam of sunlight, to disclose the
possibility of a mechanical connexion of all these facts.
If transverse vibrations, travelling through a uniform
medium, come to a medium not uniform, but con-
stituted so that the elasticity shall be different in
different directions, in the manner we have described,
what will be the course and condition of the waves in
the second medium? Will the effects of such waves
agree with the phenomena of doubly-refracted light in
biaxal crystals? Here was a problem, striking to the
mathematician for its generality and difficulty, and of
deep interest to the physical philosopher, because the
fate of a great theory depended upon its solution.

The solution, obtained by great mathematical skill,
was laid before the French Institute by Fresnel in
November, 1821, and was carried further in two
Memoirs presented in 1822. Its import is very
curious. The undulations which, coming from a
distant center, fall upon such a medium as wc have
described, are, it appears from the principles of
mechanics, propagated in a manner quite different
from anything which had been anticipated. The
¢surface of the waves' (that is, the Surface which
would bound undulations diverging from a point), is a
very complex, yet symmetrical curve surface ; which,
in the case of uniaxal crystals, resolves itself into a
sphere and a spheroid ; but which, in general, forms a
continuous double envelope of the central point to
which it belongs, Intersecting itself, and returning into
itself. The directions of the*rays are determined by
this curve surface in biaxal crystals, as in uniaxal
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crystals they are determined by the sphere and the
spheroid; and the result is, that in biaxal crystals,
both rays suffer extraordinary refraction according to
determinate laws. And the positions of the planes of
polarization of the two rays follow from the same
investigation ; the plane of polarization in every case
being supposed to be that which is perpendicular to
the transverse vibrations. Now it appeared that the
polarization of the two rays, as determined by Fresnel’s
theory, would be in directions, not indeed exactly
accordant with the law deduced by M. Biot from
experiment, but deviating so little from those direc-
tions, that there could be small doubt that the empi-
rical formula was wrong, and the theoretical one
right.

g’l‘he theory was further confirmed by an experiment
showing that, in a biaxal crystal (topaz), neither of
the rays was refracted according to the ordinary law,
though it had hitherto hecn supposed that one of
them was so;—a natural inaccuracy, since the errour
was smalll! Thus this beautiful theory corrected,
while it explained, the best of the observations which
had previously been made; and offered itself to mathe-
maticians with an almost irresistible power of convic-
tion. The explanation of laws so strange and diverse
as those of double refraction and polarization, by the
same general and symmetrical theory, could not result
from anything but the truth of the theory.

¢ Long,’ says Fresnel,1? ¢ before I had conceived this
theory, I had convinced myself, by a pure contempla-
tion of the facts, that it was not possible to discover
the true explanation of double refraction, without
explaining, at the same time, the phenomena 6f polari-
zation, which always goes along with it; and accord-
ingly, it was after having found what mode of vibration
constituted polarization, that I caught sight of the
mechanical causes of double refraction.’

Having thus got possession of the principle of the

11 4n. Ch. xxviii. p. 264.
12 Sur la Double Réf., Mém. Inst. 1826, p. 174.
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mechanism of polarization, Fresnel proceeded to apply
it to the other cases of polarized light, with a rapidity
and sagacity which reminds us of the spirit in which
Newton traced out the consequences of the principle
of universal gravitation. In the execution of his
task, indeed, Fresnel was forced upon several preca-
rious assumptions, which make, even yet, a wide
difference between the theory of gravitation and that
of light. But the mode in which these were con-
firmed by experiment, compels us to admire the
happy apparent boldness of the calculator.

The subject of polarization by reflection was one of
those which seemed most untractable; but, by means
of various artifices and conjectures, it was broken up
and subdued. Fresnel began with the simplest case,
the reflection of light polarized in the plane of reflec-
tion; which he solved by means of the laws of collision
of elastic bodies. He then took the reflection of light
polarized perpendicularly to this plane; and here,
adding to the general mecchanical principles a hypo-
thetical assumption, that the communication of the
resolved motion parallel to the refracting surface,
takes place according to the laws of elastic bodies, he
obtains his formula. These results were capable of
comparisoff with experiment; and the comparison,
when made by M. Arago, confirmed the formulew.
They accounted, too, for Sir D. Brewster’s law con-
cerning the polarizing angle (see Chap. vi.); and this
could not but be looked upon as a striking evidence of
their having some real foundation. Another artifice
which MM. Fresnel and Arago employed, in order to
trace the effect of reflection upon common light, was
to use a ray polarized in a plane making half a right
angle with the planc of reflection; for the quantities
of the oppositely 13 polarized light in such an incident
ray aré equal, as they are in common light; but the
relative quantities of the oppositely polarized light in

13 Tt will be recollected all along, that oppositely polarized rays are
those which are polarized in two planes perpendicular to each other.
See above, chap. vi.



EPOCH OF YOUNG AND FRESNEL. 337

the reflected ray are indicated by the new plane of
polarization; and thus these relative quantities become
known for the case of common light. The results
thus obtained were also confirmed by facts; and in
this manner, all that was doubtful in the process of
Fresnel's reasoning, seemed to be authorized by its
application to real cases.

These investigations were published'* in 1821. In
succeeding years, Fresnel uudertook to extend the
application of his formule to a case in which they
ceased to have a meaning, or, in the language of
mathematicians, became imaginary; namely, to the
case of internal reflection at the surface of a transparent
body. It may seem strange to those who are not
mathematicians, but it is undoubtedly true, that in
many cases in which the solution of a problem directs
impossible arithmetical or algebraical operations to be
performned, these directions may be so interpreted as
to point out a true solution of the question. Such an
interpretation Fresnel attempted?® in the case of which
we now speak ; and the result at which he arrived
was, that the reflection of light through a rhomb of
glass of a certain form (since called Fresnels rhomb),
would produce a polarization of a kind altogether diffe-
rent from those which his theory had prevm\u-.ly ¢on-
sidered, namely, that kind which we have spoken of as
circular polarization. The complete confirmation of
this curious and unexpected result by trial, is another
of the” extraordinary triumphs which have distin-
guished the history of the theory at ever, Y step since
the commencement of Fresnel’s labours.

But anything further which has been done in this
way, may be treated of more properly in relating the
verification of the theory. And we have still to qpeak
of the most numeroys and varied class of facts to
which rival theories of light were applied, and of the
establishment of the undula.tmy doctrine in refe-
rence to that department; I mean thg phenomena of

1 An, Chim. t. xvii. 16 Bullet. des Sc. Feb, 1823.
VOL. II. z
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depolarized, or rather, as T have already said, dipo-
larized light.

Sect. 5.— Explanation of Dipolarization by the
Undulatory Theory.

Wurn Arago, in 1811, had discovered the colours
produced by polarized light passing through certain
crystals,’® it was natural that attempts should be
made to reduce them to theory. M. Biot, animated
by the success of Malus in detecting the laws of double
refraction, and Young, knowing the resources of his
own theory, were the first persons to enter upon this
undertaking. M. Biot’s theory, though in the end
displaced by its rival, is well worth notice in the
history of the subject. It was what he called the
doctrine of moveable polarization. He conceived that
when the molecules of light pass throngh thin erystal-
line plates, the plane of polarization undergoes an
oscillation which carries it backwards and forwards
through a certain angle, namely, twice the angle con-
tained between the original plane of polarization and
the principal section of the crystal. The intervals
which this oscillation occupies are lengths of the path
of the ray, very minute, and different for diffcrent
colours, like Newton’s fits of easy transmission; on
which model, indeed, the new theory was evidently
framed.’7  The colours produced in the phenomena of
dipolarization really do depend,in a periodical manner,
on the length of the path of the light through the
crystal, and a theory such as M. Diot’s was capable of
‘being modified, and was modified, so as to include the
leading features of the facts as then krown; but many
of its conditions being founded on special circumstances
in the experiments, and not on the real conditions of
natyre, there were in it several- incongruities, as well

® Scc chap. ix.
17 See MM. Arage and Biot’s Memoirs, Mém. Inst. for 1811 ; the
.whole volume for 1812 is a Memoir of M. Biot’s (published 1814); also
Mem. Inst. for 1817; M. Biot’s Mem. read in 1818, published in 1819
and for 1818.
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as the general defect of its being an arbitrary and
unconnected hypothesis.

Young’s mode of accounting for the brilliant pheno-
mena of dipolarization appeared in the Quarterly
Review for 1814. After noticing the discoveries of
MM. Arago, Brewster, and Biot, he adds,  We have
no doubt that the surprize of these gentlemen will be
as great as our own satisfaction in finding that they
are perfeetly reducible, like other causes of recurrent
colours, to the gencral laws of the interference of light
which have been established in this country ; giving a
reference to his former statements. The results are then
explained by the interference of the ordinary and extra-
ordinary ray. But, as M. Arago properly observes,
in his account of this matter,’® ¢ It must, however, be
added that Dr. Young had not explained either in what
circumstances the interference of the rays can take
place, nor why we see no colours unless the erystallized
plates are exposed to light previously polarized.” The
cxplanation of these circumstances depends on the laws
of interference of polarized light which MM. Arago
and Fresnel established in 1816. They then proved,
by divect experiment, that when polarized light was
treated so as to bring into view the most marked
phenomena of interference, namely, the Wands " of
shadows ; pencils of light which have a common origin,
and which are polarized in the parallel planes, inter-
fere completely, while those which are polarized in
opposite (that is, perpendicular,) planes do not interfere
at all.'®  Taking these principles into the account,
Fresunel explained very completely, by means of the
interference of undulations, all the circumstances of
colours produced by crystallized plates; showing the
necessity of the polarization in the first instance; the
dipolarizing effect of, the crystal; and the office of
the analysing plate, by which certain portions of ®each
of the two rays in the crystal are made to intcrfere
and produce colour. This he did, as hg says, without

8 Enc. Brit. Supp. art. Polarization.
19 Ann. Chim. tom. x. 2 Ib. tom. xvii. p. 40a.
zZ2
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being aware, till Arago told him, that Young had, to
some extent, anticipated him.

When we look at thie history of the emission-theory
of light, we see exactly what we may consider as the

"natural course of things in the career of a false theory.
Such a theory may, to a certain extent, explain the
phenomena which it was at first contrived to meet ; but
every new class of facts requires a new supposition,—an,
addition to the machinery ; and as observation goes on,
these incoherent appendages accumulate, till they over-
whelm and upset the original frame-work. Such was
the history of the hypothesis of soljd epicycles; such
has been the history of the hypothesis of the material
emission of light. In its simple form, it explained
reflection and refraction; but the colours of thin
plates added to it the hypothesis of fits of easy trans-
mission and reflection; the phenomena of ditfraction

further invested the particles with complex hypo-
thetical laws of attraction and repulsion; polarization
gave them sides; double refraction subjected them to
peculiar forces” emanating from the axes of crystals;
finally, dipolarization loaded them with the complex
and unconneeted contrivance of moveable polarization ;
and even when all this had been assumed, additional
mechanism was wanting. There is here no unexpected
success, 1o happy coincidence, no convergence of prin-
ciples from remote quarters: the philosopher bLuilds
the machine, but itz parts do not fit; they hold
together only while he presses them : this is not the
character of truth.

In the undulatory theory, on the other hand, all
tends to uuity and simplicity. We explain reflegtion
and refraction by undulations ; when we come to thin
plates, the requisite ‘fits’ are already involved in our
fundamental Lypothesis, for they are the length of an
undtlation: the phenomena of diffraction also require
such intervals; and the intervals thus required agree
exactly with the others in magnitude, so that no new
property is needed. Polarization for a moment checks
us; but not long; for the direction of our vibrations
is hitherto arbitrary ;—we allow polarization to decide
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it. Having done this for the sake of polarization, we find
that it also answers an entirely different purpose, that
of giving the law of double refraction. Truth may
give rise to such a coincidence; fulsehood cannot. But
the phenomena become more numerous, more various,
more strange :—no matter: the Theory is equal to them
all. It makes not a single new physical hypothesis
‘but out of its original stock of principles it educes the
‘counterpart of all that observation shows. It accounts:
for, explains, simplifies, the most entangled cases; cor-
rects known laws and facts; predicts and discloses
unknown ones; becomes the guide of its former
teacher, Observation ; and, enlightened by mechanical
conceptions, acquires an nmcrht “which pierces through
shape and colour to force and cause.

We thus reach the philosophical moral of this
histury, so- important in reference to our purpose;
and here we shall close the account of the discovery
and promulgation of the undulatory theory. Any
further steps in its development and extension, may
with propriety be noticed in the ensuing chapters,
respecting its reception and verification.

[2ud Ed] [In the Philosophy of the Inductive
Sciences, B. xi. ch. iii. Sect. 11, I have spoken of the
Consilience of Inductions as one of the chancters’ of
scientific truth. We have several striking instances of
such consilience in theé history of the undulatory
theory. The phenomena of fringes of shadows and
coloured bands in crystals jump together in the Theory
of Vibrations. The phenomena of polarization and
double refraction junip together in the Theory of Crys-
talline Vibrations. The phenomena of polarization
and’of the interference of polarized rays jump together
in the Theory of Transverse Vibrations.

The proof of what is above said of the undulatory
theory is contained in the previous history. “This
theory has ¢accounted for, explained, and simplified
the most entangled cases; as the cages of fringes of
shadows; shadows of gratings; coloured bands in
biaxal crystals, and in quartz. There are no optical
phenomena more entangled than these. It has#cor-



342 HISTORY OF OPTICS.

rected experimental laws,’ as in the case of M. Biot’s
law of the direction of polarization in biaxal crystals.
It has done this ¢ without making any new physical
hypothesis;’ for the transverse direction of vibrations,
the different optical elasticities of crystals in different
directions, and (if it be adopted) the hypothesis of
finite intervals of the particles (see chap. x. and here-
after, chap. xiii.), are only limitations of what was,
indefinite in the earlier form of the hypothesis. And
so far as the properties of visible radiant light are con-
cerned, I do not think it at all too much to say, as M.
Schwerd has said, that ¢ the undulation theory accounts
for the phenomena as completely as the theory of gravi-
tation does for the facts of the solar system.’

This we might say, even if some facts were not yet
fully explained ; for there were till very lately, if there
arc not still, such unexplained facts with regard to the
theory of gravitation, presented to us by the solar
system.  With regard to the undulatory theory, these
exceptions are, I thiuk, disappearing quite as rapidly
and as completely as in the case of gravitation. It is
to be observed that no presmumption against the theory
can with any show of reasou be collected from the
cases in which classes of phenomena remain unex-
plained, the theory having never been applied to them
by any mathematician capable of tracing its results
correctly. The history of the theory of gravitation
may show us abundantly how necessary it is to bear in
mind this caution; and the results of the undulatory
theory cannot be traced without great mathematical
gkill and great labour, any morce than those of gravi-
tation.

This remark applies to such cases as that of the
transverse fringes of grooved surfuces. The general
phenomena of these cases are perfectly explained by
the theory. But there is an interruption in the light
in an oblique direction, which has mnot yet been
explained ; but Ipoking at what has been done in other
cases, it is impossible to doubt that this phenomena
depends upon the results of certain integrations, and
would be explained if these were rightly performed.
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The phenomena of crystallized surfaces, and espe-
cially their effects upon the plane of polarization, were
examined by Sir D. Brewster, and laws of the pheno-
mena made out by him with his usual skill and
sagacity. For a time these were unexplained by the
theory. But recently Mr. Mac Cullagh has traced
the consequences of the theory in this case,? and
obtained a law which represents with much exactness,
Sir D. Brewster’s obscrvation.

The phenomenon which Sir D. Brewster, in 1837,
called a new property of light, (certain appearances of
the spectrum when the pupil of the eye is half covered
with a thin glass or crystal,) have been explained by
Mr. Airy in the Lkil. 7'rans. for 1840.

Mr. Airy’s explanation of the phenomena termed
by Sir D. Brewster a mnew property of light, is
completed in the Lhilosophical Magazine for Novem-
ber, 1846. 1t is there shown that a dependence of
the breadth of the bands upon the aperture of the
pupil, which had been supposed to result from the
theory, and which does not appear in the experiment,
did rcally result from certain limited conditions of the
hypothesis, which conditions do not belong to the
experiment; and that when the problem is solved
without those limitations, the discrepance,of theory
and observation vanishes: so that, as Mr. Airy says,
¢ this very remarkable experiment, which long appeared
inexplicable, seems destined to give one of the strongest
confirmations to the Undulatory Theory.’

I may remark also that there is no force in the
objection which has been urged against the admirers
of the undulatory theory, that by the fulness of their
assent to it, they discourage further researches which
may contradict or confirm it. We must, in this point
of view also, look at the course of the theory of gravi-
tation and its resulty. The acceptance of that theory
did not prevent mathematicians and observers fromn
attending to the apparent exceptions, but on the con-
trary, stimulated them to calculate aiid to observe with

21 Prof. Lloyd's Report, Brit. Assoc. 1834, P- 374
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additional zeal, and still does so. The acceleration of
the Moon, the mutual disturbances of Jupiter and
Saturn, the motions of Jupiter’s Satellites, the effect
of the Earth’s oblateness on the Moon’s motion, the
motions of the Moon about her own center, and many
other phenomena, were studied with the greater atten-
tion, because the general theory was deemed so con-
vincing: and the same cause makes the remaining
exceptions objects of intense interest to astronomers
and mathematicians. The mathematicians and optical
experimenters who accept the undulatory theory, will
of course follow out their conviction in the same
manner. Accordingly, this has been done and is still
doing, as in Mr. Airy’s mathematical investigation of
the effect of an annular aperture; Mr. Earnshaw's, of
the effect of a triangular aperture; Mr. Talbot’s
explanation of the effect of interposing a film of mica
between a part of the pupil and the pure spectrum, so
nearly approaching to the phenomena which have
been spoken of as a new Polarity of Light; besides
other labours of eminent mathematicians, elsewhere
mentioned in these pages.

The phenomena of the absorption of light have no
especial bearing upon the undulatory theory. There
is not mugh difficulty in explaining the possibility or
absorption upon the thecory. When the light is
absorbed, it ceases to belong to the theory.

For, as T have said, the theory professes only to
explain the phenomena of radiant visible light. We
know very well that light has other bearings and
properties. It produces chemical effects. Tle optical
polarity of crystals is connected with the chemical
polarity of their constitution. The natural colours of
bodies, too, are connected with their chemical con-
stitution. Light is also connected with heat. The
undulgtory theory does not undertake to explain these
properties and their connexion. If it did, it would be
a Theory of Heat and of Chemical Composition, as
well as a Theory of Light.

Dr. Faraday’s recent experiments have shown that
’the magnetic polarity is directly connected with that
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“optical polarity by which the plane of polarization is
‘affected. 'When the lines of magnetic foree pass
through certain transparent bodies, they communicate
to them a certain kind of circular polarizing power;
yet different from the circular polarizing power of
quartz, and certain fluids mentioned chap. ix.

Perhaps I may be allowed to refer to this discovery
as a further illustration of the views I have offered in
the Philosophy of the Inductive Sciences respecting the
Connexion of Co-existent Polarities. (B..v. Chap. ii.)]
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CHAPTER XII.

SEQuer. To TnE ErocH oF YounNeg AND FRESNEL.
Receprion oF THE UnpuraTorY THEORY.

HEN Young, in 1800, published his assertion of
the Principle of Interferences, as the true theory
of optical phenomena, the condition of England was
not very favourable to a fair appreciation of the value
of the new opinion. The men of science were strongly
pre-occupied in favour of the doctrine of emission, not
only from a national interest in Newton's glory, and
a natural reverence for his authority, but also from
deference towards the geometers of France, who were
looked up to as our masters in the application of
mathematics to physics, and who were understood to
be Newtonians in this as in other subjects. A general
tendency to an atomic philosophy, which had begun to
appear from the time of Newton, operated powerfully;
and the hypothesis of emission was so easily conceived,
that, when recommended by high authority, it easily
became popular ; while the hypothesis of luminiferous
undulations, unavoidably difficult to comprehend, even
by the aid of steady thought, was neglected, and all
but forgotten.

Yet the reception which Young’s opinions met with
was more harsh than we might have expected, even
taking into account all these considcrations. But there
was in England no visible body of men, frtted by their
knowledge and character to pronounce judgment on
such a question, or to give the proper impulse and
bias to public opinion. The Royal Society, for in-
stance, had not, for a long time, by custom or insti-
tution, possessed or aimed at such functions. The
writers of ‘ Reviews’ alone, self-constituted and secret
tribunals, claimed this kind of authority. Among
these publications, by far the most distinguished about
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+ this period was the Edinburgh Review,; and, including
among its contributors men of eminent science and
great ta.lentb, employing also a robust and poignant
style of writing (often certainly in a very unfair
manner), it naturally exercised great influence. On
abstruse doctrines, intelligible to few persons, more
than on other subjects, the opinions and feelings
expressed in a Review must be those of the individual
reviewer. The criticism on some of Young's early
papers on optics was written by Mr. (after wards Lor d)
Brougham, who, as we have seen, had experimented
on diffraction, following the Newtonian view, that of
inflexion. Mr. Brougham was perhaps at this time
young cnough! to be somewhat intoxicated with the
appearance of judicial authority in matters of science,
which his office of anonymous reviewer gave him: and
even in middle-life, he was sometimes considered to be
prone to indulge himself in severe and sarcastic expres-
sions, In January, 1803, was published?® his critique
on Dr. Young’s Bakerian Lecture, On the Theory of
Light and Colours, in which lecture the doctrine of
undulations and the law of interferences was main-
tained. This cvitique was an uninterrupted strain of
blame and rebuke. ¢This paper, the reviewer said,
¢ contains nothing which deserves the nyme either of
experiment or discovery.” He charged the writer with
¢ dangerous relaxations of the principles of physical
logic.” ‘We wish,” he cried, ¢ to recall philosophers to
the strict and severe methods of investigation, de-
scribing thewn as those pointed out by Bacon, Newton,
and the like.  Finally, Dr. Young's speculations were
spoken of as a hypothesis, which is a mere work of
fancy ; and *the critic added, ¢ we cannot conclude our
review without entreating the atteption of the Royal
Society, which has admitted of late so many hasty and
unsubstantial papets into its T'ransactions,” which habit
he urged them to reform. The same aversion to the
undulatory theory appears soon after in another article
by the same reviewer, on the subject of Wollaston’s

! Iis age was twenty-four. 2 Edin. Review, vol. i. p. 450.
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measures of the refraction of Iceland spar; he says,
¢We are much disappointed to find that so acute and
ingenious an experimentalist should have adopted the
wild optical theory of vibrations’ The reviewer
showed ignorance as well as prejudice in the course of
his remarks and Young drew up an answer, which
was ably wr m;en, but being published separately had
little circulation. We can hardly doubt that these
Edinburgh reviews had their effect in confirming the
general dwposmon to reject the undulatory theory

We may add, however, that Young’s mode of pre-
senting his opinions was not the most likely to win
them favour; for his mathematical reasonings placed
them out of the reach of popular readers, while the
want of symmetry and system in his symbolical calcu-
lations, deprived them of attractiveness for the mathe-
matician. He himself gave a very just criticism of
his own style of writing, in speaking on another of his
works:% ¢The mathematical reasoning, for want of
mathematical symbols, was not understood, even by
tolerable mathematicians. From a dislike of the affec-
tation of algebraical formality which he had observed
in some foreign authors, he was led into something
like an affectation of simplicity, which was equally
inconvenient to a scientific reader.’

Young appears to have been aware of his own
deficiency in the power of drawing public favour, or
even notice, to his discoveries. In 1802, Davy writes
to a friend, ‘ Have you seen the theory of my colleague,
Dr. Young, on the undulations of an ethereal medium
as the cause of light? It is not likely to be a popular
hypothesis, after what has been said by Newton con-
cerning it. He would be very much flattered if you
could offer any observations upon it, whether for or
against it Young naturally felt conﬁdent in his
power of refuting objections, and” wanted only the
opportunity of a public combat.

Dr. Brewster, who was, at this period, enriching
optical knowledge With so vast a train of new phe-

3 See Life of Young, p. 54.
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nomena and laws, shared the general aversion to the
undulatory theory, which, indeed, he hardly overcame
thirty years later. Dr. Wollaston was a person whose
character led him to look long at the laws of phe-
nomena, before he attempted to determine their causes ;
and it does not appear that he had decided the claims
of the rival theories in his own mind. Herschel (I
now speak of the son) had at first the general mathe-
matical prejudice in favour of the emission doctrine.
Even when he had himself studied and extended the
laws of dipolarized plhenomena, he translated them into
the language of the theory of moveable polarization.
In 1819, he refers to, and corrects, this theory; and
says, it is now ‘relieved from every difficulty, and
entitled to rank with the fits of easy transmission and
reflection as a gencral and simple physical law " a just
judgment, but one which now conveys less of praise
than he then intended. At a later period, he remarked
that we cannot be certain that if the theory of emission
had been as much cultivated as that of undulation, it
might not have been as successful; an opinion which
was certainly untenable after the fair trial of the two
theories in the case of diffraction, and extravagant
after Fresnel's beautiful explanation of double refrac-
tion and polarization. Even in 1827, in a,7reatise on
Light, published in the Encyclopedia Metropolitana, Ite
gives a section to the calculations of the Newtonian
theory; and appears to consider the rivalry of the
theories as still subsisting. But yet he there speaks
with a proper appreciation of the advantages of the
new doctrine. After tracing the prelude to it, he
says, ¢ But the unpursued speculations of Newton, and
the opinionsrof Hooke, however distinet, must not be
put in comypetition, and, indeed, ought scarcely to be
mentioned, with the elegant, simple, and comprehensive
theory of Young,—a theory which, if not fougpded in
nature, is certainly one of the happiest fictions that
the genius of man ever invented to grasp together
natural phenomena, which, at their first discovery,
seemed in irreconcileable opposition to it. It is, in
fact, in all its applications and details, one succession



350 HISTORY OF OPTICS.

of felicities; insomuch, that we may almost be induced
to say, if it be not true, it deserves to be so.’

In France, Young's theory was little noticed or
known, except perhaps by M. Arago, till it was revived
by Fresnel. And though Fresnel’s assertion of the
undulatory theory was not so rudely received as Y oung’s
had been, it met with no small opposition from the
older mathematicians, and made its way slowly to the
notice and comprehension of men of science. M. Arago
would perhaps have at once adopted the conception of
transverse vibrations, when it was suggested by his
fellow-labourer, Fresnel, if it had not been that he was
a member of the Institute, and had to bear the brunt
of the war, in the frequent discussions on the undu-
latory theory; to which theory Laplace, and other
leading members, were so vehemently opposed, that
they would not cven listen with toleration to the
arguments in its favour. I do not know how far
influences of this kind might operate in producing the
delays which took place in the publication of Fresnel’s
papers. We have scen that he arrived at the coneep-
tion of transverse vibrations in 1816, as the true key
to the understanding of polarization. In 1814 and
1818, in a memoir read to the Institute, he analysed
and explained the perplexing phenomena of quartz,
which he ascribed to a circular polarization. 'This
memoir had not been printed, nor any extract from it
inserted in the Scientific Journals, in 1822, when he
confirmed his views by farther experiments.® His
remarkable memoir, which solved the extraordinary
and capital problem of the connexion of double refrac-
tion and crystallization, though written in 1821, wag
not published till 1827. He appears by’ this time to
have sought other channels of publication. In 1822,
he gaveS in the Annales de Chimie et de Physique, an
explangtion of refraction on the priuciples of the undu-
latory theory; alleging, as the reason for doing so, that
the theory was stlll little known. And in succeeding

4 Hersch. Light, p 539.
5 Ann. de Chim. 1822, tom. Xxi. p. 235,
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years there appeared in the same work, his theory of
reflection. His memoir on this subject (Mémoire sur
la Loi des Modifications que la. Réflexion imprime & la
Lumiere Polarisée) was read to ihe Academy of
Sciences in 1823. But the original paper was mislaid,
and, for a time, supposed to be lost; it has since
been recovered among the papers of M. Fourier, and
printed in the cleventh volume of the Memoits of the
Academy.b Some of the speculations to which he
refers, as communicated to the Academy, have never
yet appeared.”

Still Fresnel’s labours were, from the first, duly
appreciated by some of the most eminent of his country-
men. His Memoir on Diffraction was, as we have
scen, crowned in 1819: and, in 1822, a Report upon
his Memoir on Double Refraction was drawn up by a
commission, consisting of MM. Ampere, Fourier, and
Arago. In this report® Fresnel’s theory is spoken of
ag confirmed by the most delicate tests.  The reporters
add, respecting his ¢ theoretical ideas on the particular
kind of undulations which, according to hin, consti-
tute light,’ that ¢it would be impossible for them to
pronounce at present a decided judgment,’ but that
“they have not thought it right to delay any longer
making known a work of which the difficulty is
attested by the fruitless efforts of the most skilful
philosophers, and in which are exhibited, in the same
brilliant degree, the talent for experiment and the
spirit of invention.’

In the mean time, however, a controversy between
the theory of undulations and the theory of moveable
polarization which M. Biot had proposed with a view
of accounting for the colours produced by dipolarizing
crystals, had occurred among the, French men of
science. It is clear that in some main features the
two theories coincide; the intervals of interfergnce in
the one theory bemg represented by the intervals of
the oscillations in the other. But these intervals in

6 Lloyd. Report on Optics,p. 363. (Fourth Rep. of Brit. Ass.)
7 1b. p. 316, nole. 8 Ann. Chim. tom, XX. p. 343.
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M. Biot’s explanations were arbitrary hypotheses,

suggested by these very facts themselves; in Fresnel's
theory, they were essential parts of the general scheme.

M. Biot, indced, does not appear to have been averse
from a coalition; for he allowed? to Fresnel that ¢the
theory of undulations took the phenomena at a higher
point and carried them further’ And M. Biot could
hardly have dissented from M. Arago’s account of the
matter, that Fresnel's views ‘linked together’l® the

oscillations of moveable polarization. But Fresnel,

whose hypothesis was all of one piece, could give up
no part of it, although he allowed the usefulness of
M. Biot’s formulee. Yet M. Biot’s speculations fell in
better with the views of the leading mathematicians of
Paris. We may consider as evidence of the favour
with which they were looked upon, the large space
they occupy in the volumes of the Academy for 18171,
1812, 1817, and 1818. In 1812, the entire volume is
filled with a memoir of M. Biot’s on the subject of move-
able polarization. This doctrine also had some advan-
tage in coming early before the world in a didactic

form, in his T'raité de Physique, which was published
in 1816, and was the most complete treatise on general
physics which had appeared up to that time. In this
and others of this author’s writings, he expresses facts
so entirely in the terms of his own hypothesis, that it

is difficult to separate the two. In thesequel M. Arago
was the most prominert of M. Biot’s opponents; and

in his report upon Fresuel’s memoir on the colours of
crystalline plates, he exposed the weaknesses of the
theory of moveable polarization with some severity.

The details of this controversy mneed not occupy us;

but we may observe that this may be tonsidered as

the last struggle in favour of the theory of emission

among mathematicians of eminence. After this crisis
of the awar, the theory of moveable’polarization lost its
ground; and the explanations of the undulatory theory,
and the calculations belonging to it, being published
in the Annales de Chimie et de Physique, of which

9 Ann. Chim. tom. Xvii. p. 251. 10 ¢ Nouait.’
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M. Arago was one of the conductors, soon diffused it
over Emope

It was probably in consequence of the delays to
which we have referred, in the publication of Fresnel’s
memoirs, that as late as December, 1826, the Imperial
Aca.demy at St. Petersburg proposed, as one of their
prize-questions for the two following years, this,—¢To
deliver the optical system of waves from all the objec-
tions which have (as it appears) with justice- been
urged against it, and to apply it to the polarization and
double refraction of light” In the programme to this
announcement, Fresnel's researches on the subject are
not alluded to, though his memoir on diffraction is
noticed ; they were, therefore, probably not known to
the Russian Academy.

Young was always looked upon as a person of
matvellous variety of attainments and extent of know-
ledge; but during his life he hardly held that elevated
place among great discoverers which posterity will
probably assign him. In 1802, he was constituted
Foreign Secretary of the Royal Society, an office which
he held during life; in 1824 he was elected one of the
eight Foreign Members of the Institute of France;
perhaps the greatest honour which men of science
usually receive. The fortune of his life in same other
respects was of a mingled complexion. His profession
of a physician occupied, sufficiently to fetter, without
rewarding him; while he was Lecturer at the Royal
Institution, he was, in his lectures, too profound to be
popular; and his office of Superintendent of the
Nautical Almanac subjected him to much minute
labour, and many petulant attacks of pamphleteers.
On the other fand, he had a leading part in the dis-
covery of the long-sought key to the Egyptian hicro-
glyphies; and thus the age which was marked by two
great discoveries, one®in science and one in literature,
owed them both in a great measyre to him. Dr. Young
died in 1829, when he had scarcely completed his hft\ -
sixth year.” Fresnel was snatched from science still
more prematurely, dying, in 1827, at the early age of
thirty-nine,

VOL. IL AA
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We need not say that both these great philosophers
possessed, in an eminent degree, the leading charac-
teristics of the discoverer’s mind, perfect clearness of
view, rich fertility of invention, and intense love of
knowledge. We cannot read without great interest a
letter of Fresnel to Young,!! in November, 1824: ¢ For
a long time that sensibility, or that vanity, which
people call love of glory, is much blunted in me. I
labour much less to catch the suffrages of the publie,
than to obtain an inward approval which has always
been the sweetest reward of my efforts. Without
doubt I have often wanted the spur of vanity to excite
me to pursue my researches in moments of disgust and
discouragement. But all the compliments which I
have received from MM. Arago, De ILaplace, or Biot,
never gave me so much pleasure as the discovery of a
theoretical truth, or the confirmation of a calculation
by experiment.’

Though Young and Fresnel were in years the con-
temporaries of many who are now alive, we must
consider ourselves as standing towards them in the
relation of posterity. The Epoch of Induction in
Optics is past; we have now to trace the Verification
and Application of the true theory.

«

11 T wag able to give this, and (the Dean of Ely) Professor Pea-
some other extracts, from the then cock, of Trinity College, Cam-
unedited correspondence of Young bridge, whose Life of Dr. Young
and Fresnel, by the kindness of has since been published.
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CHAPTER XIIL

CONFIRMATION AND EXTENSION OF THE UNDULATORY
Tneory.

AFTF iR the undulatory theory had been developed
in all its wmain features, by its great authors,
Young and Fresuel, although it bore marks of truth
which could hardly be fallacious, there was still here,
as in the case of other great theories, a period in
which difticulties were to be removed, objections an-
swered, men’s minds familiarized to the new concep-
tions thus presented to them ; and in which, also, it
might reasonably be expected that the theory would be
extended to facts not at first included in its domain.
This period is, indeed, that in which we are living ;

and we might, pellmps with propriety, avoid the task
of speakm«r of our living conteraporaries. But it would
be unjust to the theory not to notice some of the
remarkable events, characteristic of such a period,
which have already occurred ; and this may be done
very simply.

In the case of this great theory, as in that’ of gravi-
tation, by far the most remarkable of these couhr—
matory researches were conducted by the authors of
the discovery, especially Fresnel.  And in looking at
what he conceived and executed for this purpose, we
are, it appears to me, strongly reminded of Newton, by
the wonderful inventiveness and sagacity with which
he devised experiments, and applied to them mathe-
matical reasonings.

1. Double Refraction of Compressed Glass—One of
these confirmatory experiments was the production of
double refraction by the compression of glass. Fresnel
observes,! that though Sir D. Bréwster had shown that
glass under compression produced colours resembling
those wluch are gwen by doubly-refmctnm crystalx

! Ann. de Chzm 1823, tom. xXX. p. 377.
AA2
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¢very skilful physicists bhad not considered those
experiments as a sufficient proof of the bifurcation
of the light” In the hypothesis of moveable polariza-
tion, it is added, there is mo apparent connexion
between these phenomena of coloration and double
refraction ; but on Young's theory, that the colours
arise from two rays which have traversed the crystal
with different velocities, it appears almost unavoidable
to admit also a difference of path in the two rays.

¢ Though,’ he says, ‘T had long since adopted this
opinion, it did not appear to me so completely demon-
strated, that it was right to neglect an experimental
verification of it:’ and therefore, in 1819, he proceeded
to satisfy himself of the fact, by the phenomena of
diffraction. The trial left no doubt on the subject;
but e still thought it would be interesting actually to
produce two images in glass by compression ; and by a
highly-ingenious combln.ltlon, calculated to exaggerate
the effect of the double refraction, which is very feeble,
even when the compression is most intense, he obtained
two distinet images. This evidence of the dependence
of dipolarizing structure upon a doubly-refracting state
of particles, thus excogitated out of the general theor Vs
and verified by trial, may well be considercd, as he
says, ¢ as.a new occasion of provmg the mfalhblhty of
the principlc of interferences.’

. Circular Polarization.—Fresnel then turned his
aftentum to another set of experiments, related to this
indeed, but by a tie so recondite that nothing less than
his clearness and acuteness of view could have detected
any connexion. The optical properties of quartz had
been perceived to be peculiar, from the period of the
discovery of dipolarized colours by MM. Arago and
Biot. At the end of the Notice just quoted, Fresnel
says,? ‘As soou as my occupations permit me, I pro-
pose 40 employ a pile of prisms stmilar to that w]nch I
have described, in order to study the double refraction
of the rays which traverse crystals of quartz in the
direction of the axis.” He then ventures, without hesi-

# Aun. de Clim. 1822, tom. XX. p. 38
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tation, to deseribe beforchand what the phenomena will
be. 1In the Bu'letin des Sciences® for December, 1822,
it is stated that experiment had confirmed what he had
thus announced.

The phenomena are those which have since been
spoken of as circular polarization; and the term first
oceurs in this notice.* They are very remarkable, Loth
by their resemblances to, and their differences from,
the phenomena of plane-polarized light. And the
manner in which Fresnel was led to this anticipation
of the facts is still more remarkable than the facts
themselves. Ilaving ascertained by observation that
two differently-polarized rays, totally reflected at the
internal surface of glass, suffer different retardations
of their undulations, he applied the formule which he
had obtained for the polarizing effect of reflection to
this case. DBut in this case the formule expressed an
impossibility; yet as algebraical formule, even in such
cases, have often some meaning, ‘I interpreted, he
says,® ‘in the manner which appeared to me most
natural and most probable, what the analysis indicated
by this imaginary form; and by such an interpreta-
tion he collected the law of the difference of undula-
tion of the two rays. Ile was thus able to predict
that by two internal reflections in a rhomd, er paralle-
lopiped of glass, of a certain form and position, a
polarized ray would acquire a circular undulation of its
particles; and this constitution of the ray, it appeared,
by reasoning further, would show itself by its possess-
ing peculiar properties, partly the same as those®of
polarized light, and partly different. This extra-
ordinary anticipation wag exactly confirmed; and thus
the apparently’ bold and strange guess of the author,
was fully justified, or at least assented to, even by the
most cautious p]n]osophus ¢ As I cannot appreciate
the mathematical evidence for the nature of civcular
polarization,’ says Prof. AiryS ¢I shall mention the

3 Ib. Ann. de Chim. 1822, tom. XX. p. 191. 4 Ib. p. 194.
5 Bullet des Sc. 1823, p. 33.
8 Camb. Trans. vol. iv. p. 81, 1831.
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experimental evidence on which I receive it The
conception has since been universally adopted.

But Fresnel, having thus obtained circularly-polar-
ized rays, saw that he could gccount for the pheno-
mena of quartz, already observed by M. Arago, as we
have noticed in Chap. ix., by supposing two circularly-
polarized rays to pass, with different velocities, along
the axis. The curious succession of colours, following
each other in right-handed or left-handed circular
order, of which we have already spoken, might thus be
hypothetically explained.

But was this hypothesis of two circularly-polarized
rays, travelling along the axis of such crystals, to be
received, merely because it accounted for the pheno-
mena?! Fresnel’s ingenuity again enabled him to avoid
such a defect in theorizing. If there were two such
rays, they might Le visibly separated” by the same
artifice, of a pile of prisms properly achromatized, which
he had used for compressed glass. The result was. that
he did obtain a visible separation of the rays; and this
result has since heen confirmed by others, for instance,
Professor Airy.8 The rays were found to be in all
respects identical with the cireularly-polarized rays
produced by the internal reflections in Fresnel’s thomb.
This kind of double refraction gave a hypothetical
explanation of the laws which M. Biot had obtained
for the phenomena of this class; for example,? the
rule, that the deviation of the plane of polarization of
the emergent ray is inversely as the square of the
lemgth of an undulation ior each kind of rays. And
thus the phenomena produced by light passing along
the axis of quartz were reduced into complete con-
formity with the theory.

[2nd Ed.] [I believe, however, Fresnel did not deduce
the phenomenon from the mathematical formula, with-
out the previous suggestion of experiment. He observed
appearances which implied a difference of retardation
in the two differently-polarized rays at total reflection ;

Bull. des Sc. 1822, p. 193. 8 Cambridge Trans. iv. p. 8o.
9 Bull. des Sc. 1822, p. 197.
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as Sir D. Brewster observed in reflection of metals
phenomena having a like character. The general fact
being observed, Fresnel used the theory to discover the
law of this retardation,gand to determine a construction
in which, one ray being a quarter of an undulation
retarded move than the other, circular polarization
would be produced. And this anticipation was verified
by the construction of his rhomb.

As a still more curious verification of this law,
another of Fresnel’s experiments may be mentioned.
He found the proper angles for a circularly-polarizing
glass rhomb on the supposition that there were four
internal reflections instead of two; two of the four
taking place when the surface of the glass was dry, and
two when it was wet. The rhomb was made; and
when all the points of reflection were dry, the light
was not circularly polarized; when two points were
wet, the light was circularly polarized; and when all
four were wet, it was not circularly polarized. ]

3. lh})twal Polarization 1in Quwrtz — We now
come to one of the few additions’ to Fresnel’s theory
which have been shown to be necessary. He had
accounted fully for the colours produced by the rays
which travel along the awis of quartz crystals; and
thus, for the colours and changes of the central spot
which is produced when polarized light passes through
a transverse plate of such crystals. DBut this central
spot is smrounded by rings of colours. IHow is the
theory to be extended to these?

This extension has been successfully made by Pro-
fussor Airy.l0 His hypothesis is, that as rays passing
along the axis of a quartz crystal are circulatly
polarized, rays which are oblique to the axis are ellip-
tically polarized, the amount of ellipticity depending,
in some unknown manner, upon the obliguity; and
that each ray is separated by double refraction into
two rays polarized elliptically; the one mght-handed
the other left-handed. By means of these suppositions,
he not only was enabled to account for the simple

10 Camb. Trans. iv. p. 83, &ec.
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phenomena of single plates of quartz; but for many
most complex and intricate appearances which arise
from the superposition of two plates, and which at
first sight might appear to defy, all attempts to reduce
them to law and symmetry; such as spirals, curves
approaching to a square form, curves broken in four
places. ‘I can hardly imagine,” he says,!! very natu-
rally, ¢ that any other supposition would represent the
phenomena to such extreme accuracy. I am not so
much struck with the accounting for the continued
dilatation of circles, and the general representation of
the form of spirals, as with the explanations of the
minute deviations from sygpmetry; as when circles
become almost square, and crosses are inclined to the
plane of polarization. And 1 believe that any one who
shall follow iy investigation, and imitate my experi-
nents, will be surprized at their perfect agreement.’

4. Differential Equations of Elliptical Polarization.
—Although circular and elliptical polarization can be
clearly conceived, and their existence, it would seem,
irresistibly established by the phenomena, it is ex-
tremely difficult to conceive any arrangement of the
particles of bodies by which such motions can mechani-
cally be produced; and this difficulty is the greater,
because some fluids and some gases impress a circular
polarization upon light; in which cases we cannot
imagine any definite arrangement of the particles, such
as might form the mechanism requisite for the purpose.
Accordingly, it does not appear that any one has been
able to suggest even a plausible hypothesis on the
subject. Yet, even here, something has been done.
Professor Mac Cullagh, of Dublin, has discovered that
by slightly modifying the analytical expressions result-
ing from the common case of the propagation of light,
we may obtain other expressions which would give
rise to such motions as produce circular and elliptical
polarization. And though we caunot as yet assign
the mechanical interpretation of the language of
analysis thus gederalized, this generalization brings
together and explains by one common numcrical sup-

1 Camb. Trams. iv. p. 122,
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position, two distinct classes of facts ;—a circumstance
which, in all cases, entitles an hypothesis to a very
favourable consideration.

Mr. Mac Cullagh’s assumption consists in adding to
the two equations of motion which are expressed by
means of second differentials, two other terms involv-
ing third differentials in a simple and symmetrical
manner. In doing this, he introduces a coefficient, of
which the magnitude determines both the amount of
rotation of the polarization of a ray passing along
the axis, as observed and measured by M. Biot, and
the ellipticity of the polarization of a ray which is
oblique to the axis, according to Mr. Airy’s theory, of
which ellipticity that philosopher also had obtained
certain measures. The agreement between the two
sets of measures!? thus brought into connexion is such
as very strikingly to confirm Mr. Mac Cullagh's hypo-
thesis. Tt appears probable, too, that the confirmation
of this hypothesis involves, although in an obscure and
oracular form, a confirmation of the undulatory theory,
which is the starting-point of this curious speculation.

5. Elliptical Polarization of Metals —The effect of
metals upon the light which they reflect, was known
from the first to be different from that which transpa-
rent bodies produce. Sir David Brewster, who has
recently examined this subject very fully,'® has de-
scribed the modification thus produced, as elliptic
polarization. In employing this term, ‘he seems to
have been led,’ it has been observed,!* ¢ by a desire to
avoid as much as possible all reference to theory.
The laws which he has obtained, however, belong to
elliptically-polarized light in the sense in which the
term was introduced by Fresncl” And the identity
of the light produced by metallic reflecction with the
elliptically-polarized light of the wave-theory, is placed
beyond all doubt, By an obscrvation of Professr Airy,
that the rings of uniaxal crystyls, produced by Fresnel’s
elliptically-polarized light, are exactly the same as
those produced by Brewster’s metaflic light.

12 Royal I. A. Trans. 1836. 13 rhil. Trans. 1830.
Y Lloyd, Report on Optics, p. 372. (DBrit. Assoc.)
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6. Newtow's Rings by Polarized Light.—Other modi-
fications of the phenomena of thin plates by the use
of polarized light, supplied other striking confirmations
of the theory. These were in one case the more
remarkable, since the result was foreseen by means of
a rigorous applicationof the conception of the vibra-
tory motion of light, and confirmed by experiment.
Professor Airy, of Cambridge, was led by his reason-
ings to see, that if Newton’s rings are produced
between a lens and a plate of metal, by polarized light,
then, up to the polarizing augle, the central spot will
be black, and instantly beyond this, it will Le white.
In a note,!8 in which he annognced this, he says, ¢ This
I anticipated from Fresnel's expressions: it is con-
firmatory of them, and defies emission.” He also pre-
dicted that when the rings were produced between
two substances of very diffevent refractive powers, the
center would twice pass from black’ to white and from
white to black, by increasing the angle; which anti-
cipation was fuliilled by using a diamond for the
higher refraction.16

4. Conical Refraction.—In the same manner, Pro-
fessor Hamilton of Dublin pointed out that according
to the Fresnelian doctrine of double refraction, there
is a certain direction of a crystal in which a single ray
of light will be refracted so as to form a conical pencil.
For the direction of the refracted ray is determined by
a plane which touches the wave surtace, the rule
being that the ray must pass from the center of the
surface to the point of contact; and though in general
this contact gives a single point only, it so happens,
from the peculiar inflected form of the wave surface,
which has what is called @ cusp, that in one particular
position, the plane can touch the surface in an entire
circle. Thus the general rule which assigns the path
of the pefracted ray, would, in this' case, guide it trom

15 Addressed to mygelf, dated years earlier, and published:
May 23, 1831. I ought, however, though not then recollected by
to notice,that this experiment had  Mr, Airy.
been made by M. Arago, fiftecn 18 Cumb. Trans. vol. ii. p. 409.
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the center of the snrface to every point in the circum-
ference of the circle, and thus make it a cone. This
very curious and unexpected result, which Professor
Hamilton thus obtained from the theory, his friend
Professor Lloyd verified as an experimental fuct. We
may notice, also, that Professogluloyd found the light
of the conical pencil to be polarized according to a law
of an unusual kind ; but one which was easily seen to
be in complete accordance with the theory.

8. Iringes of Shadows—The phenomena of the
Sringes of shudows of small holes and groups of holes,
which had been the subject of experiment by Frann-
hofer, were at a later period carefully observed in a
vast varicty of cases by M. Schwerd of Spires, and
published in a separate work,!? Beugungs-erscheinwngen
(Phenomena of Inflection), 1836. In this Treatisc,
the author has with great industry and skill calculated
the integrals which, as we have seen, are requisite in
order to trace the consequences of the theory; and the
accordance which Le finds between these and the varied
and brilliant results of observation is throughout exact.
¢I shall says he, in the preface® ‘prove by the
present Treatise, that all inflection-phenomena, through
openings of any formn, size, and arrangement, are not
only explained by the undulation-theory, but that
they can be represented by analytical expressions,
determining the intensity of the light in any point
whatever” And he justly adds, that the undulation-
theory accounts for the phenomena of light, as com-
pletely as the theory of gravitation does for the facts
of the solar system.

9. Objections to the Theory.—We have hitherto
mentioned only cases in which the undulatory theory
was either entirely successful in explaining the facts,
or at leagt hypothetically consistent with them and
with itself. But ®ther objections were started, and
some difficulties were long considered as very embar-

7 Die Beugungs-erscheinungen, von F. M. Schwerd. Mannheim,
ans dem Fundamental-yeselz der 1835.
Undulations-Theorie aualytisch ent- 18 Dated Speyer, Aug. 1835.
wickelt und in Bildern dargestelit,
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rassing.  Oljections were made to the theory by some
English experimenters, as Mr. Potter, Mr. Barton,
and others. These appeared in scientific journals, and
were afterwards answered in similar publications. The
objections deponded partly on the measure of the
wntensity of light in tlY different points of the pheno-
mena, (a datum which it is very difficult to obtain
with accuracy by experiment;) and partly on miscon-
ceptions of the theory; and I believe there are none
of them which would now be insisted on.

We may mention, also, another difficulty, which it
was the habit of the opponents of the theory to urge
as a reproach against it, long after it had been sutis-
factorily explained: T mean the half-undulution which
Young and Fresnel had found it necessary, in some
cases, to assume as gained or lost by one of the rays.
Though they and their followers could not analyse the
mechanism of reflection with sufficient exactness to
trace out all the circumstances, it was not difficult to
see, upon Fresncl's principles, that reflection from the
interior and exterior surface of glass must be of oppo-
site kinds, which might be expressed by supposing one
of these rays to lose half an undulation. And thus
there came into view a justification of the step which
had originally been taken upon empirical grounds
alone.

10. Dispersion, on the Undulatory Theory. — A
difficulty of another kind occasioned a more serious
and protracted embarrassment to the cultivators of
this theory. This was the apparent nnpoqslblhny of
accounting, on the theory, for tire prismatic dispersion
of colour. For it had been shown by Newton that
the amount of refraction is different for every colour;
aud the amount of refraction depends on the velocity
with which light is propagated. Yet the theory sug-
gested no reason why the vclocity should be different
for différent colours: for, by mathematical calculation,
vibrations of all degrees of rapidity (in which alone
colours differ) are' propamted with the same specd.
Nor does analogy lead us to expect this variety.
There is no such difference between quick and slow
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waves of air. The sounds of the deepest and the
highest bells of a peal are heard at any distance in the
same order. Here, therefore, the theory was at fault.

But this defect was far from being a fatal one. For
though the theory did not explain, it did not contra-
dict, dispersion. 'The suppositions on which the cal-
culations had been couducted, and the analogy of
sound, were obviously in no small degree precaricus.
The velocity of propagation might differ for different
rates of undulation, in virtue of many causes which
would not affect the general theoretical results.

Many such hypothetical causes were suggested by
various eminent mathématicians, as solutions of this
conspicuous difliculty. But without dwelling upon
these conjectures, it may suffice to notice that hypo-
thesis upon which the attention of mathematicians
was soon concentrated. This was the Aypothesis of
finite intervals between the particles of the ether. The
length of one of those undulations which produce
light, is a very small quantity, its mean value being
1-50,000th of an inch; but in the previous investiga-
tions of the consequences of the theory, it had been
assumed that the distance from each other, of the
particles of the ether, which, by their attractions or
repulsions, caused the undulations to be propagated, is
indefinitely less than this small quantity ;—so that its
amount might be neglected in the cases in which the
length of the undulation was one of the quantities
which determined the result. But this assumption was
made arbitrarily, as a step of simplification, and because
it was imagined that, in this way, a nearer approach
was made to the case of a continuous fluid ether, which
the supposition of distinct particles imperfectly repre-
sented. It was still free for mathematicians to proceed
upon the opposite assumption, of particles of which
the distances werd finite, either as a mathematical
basis of calculation, or as a physical hypothesis; and
it remained to be seen if, when this was done, the
velocity of light would still be the” same for different
lengths of undulation, that is, for different colours.
M. Cauchy, calculating, upon .the most general prin-
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ciples, the motion of such a collection of particles as
would form an elastic medium, obtained results which
included the new extension of the previous hypothesis.
Professor Powell, of Oxford, applied himself to reduce
to calculation, and to compare with experiment, the
result of these researches. And it appeared that, on
M. Cauchy’s principles, a variation in the velocxty of
light is produced by a variation in the length of the
wave, provided that the interval between the molecules
of the ether bears a sensible ratio to the length of an
undulation.?®  Professor Powell obtained also, from
the general expressions, a formula expressing the rela-
tion between the refractive index of a ray, and the
length of a wave, or the colour of light.®® 1t then
became his task to ascertain whether this relation
obtained experimentally; and he found a very close
agreement between the numbers which resulted from
the formula and those observed by Fraunhofer, for ten
different kinds of media, namely, certain glasses and
fluids.?!  To these he afterwards added ten other cases
of crystals observed by M. Rudberg?® Mr. Kelland,
of Cambridge, also calculated, in a manner somewhat
different, the results of the same hypothesis of finite
iutervals;?* and, obtaining formule not exactly the
same a8 Professol Powcll found also an agreement
between these and Fraunhofer's observations.

It may be observed, that the recfractive indices
observed and employed in these comparisons, were not
those determined by the colour of the ray, which is
not capable of exact identification, but those more
accurate measures which Fraunhofer was enabled
to make, in consequence of having detected in the
spectrum the black lines which he “called B, C, D, E,
¥, G, H. The agreement between the theoretlcal
formulse and the observed numbers is remarkable,
throughout all the series of compatisons of which we
have spoken Yet we must at present hesitate to

19" Phil. Mag. vol. vi. p. 266. 20 Tb. vol. vii. 1835, p. 266.
21 Phil. Trans. 1835, p. 249. 2 Ib. 1836, p. 17.
23 Camb. Trans. vol. vi. p, 153,
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pronounce upon the hypothesis of finite intervals, as
proved by these calculations; for though this hypo-
thesis has given results agreeing so closely with experi-
ment, it is not yet clear that other hypotheses may
not produce an equal agreement. By the nature of
the case, there must be a certain gradation and con-
tinnity in the succession of colours in the spectrum,
and hence, any supposition which will account for the
general fact of the whole dispersion, may possibly
account for the amount of the intermediate dispersions,
because these must be interpolations between the
extremes.  The result of this hypothetical calculation,
however, shows very satisfactorily that there is not, in
the fact of dispersion, anything which is at all for-
midable to the undulatory theory.

11. Conclusion.—There are several other of the
more recondite points of the theory which may be
considered as, at present, too undecided to allow us to
speak historically of the discussions which they have
occasioned **  For example, it was conceived, for some
time, that the vibrations of polarized light are perpen-
dicular to the plane of polarization. But this assump-
tion was not an essential part of the theory; and all
the phenomena would equally allow us to suppose the
vibrations to be in the polarization plane; the main
requisite being, that light polarized in planes at right
angles to each other, should also have the vibrations
at right angles. Accordingly, for some time, this
point was left undecided by Young and Fresnel, and,
more recently, some mathematicians have come to the
opinion that ether vibrates in the plane of polarization.
The theory of transverse vibrations is equally stable,
whichever supposition may be finally confirmed.

We may speak, in the same manner, of the suppo-
sitions which, from the time of Young.and Fresnel,
the cultivators of this theory have been led to, make
respecting the mechanical constitution of the ether,
and the forces by which transverse vibrations are pro-

2 For an account of these, see Professor Lloyd’s Report on Physical
Optics. (Brit. Assoc. Report, 1834.)
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duced. It was natural that various difficulties should
arise upon such points, for transverse vibrations had
not previously been made the subject of mechanical
calculation, and the forces which occasion them must
act in a different manner from those which were
previously contemplated. Still, we may venture to
say, without entering into these discussions, that it
has appeared, from all the mathematical reasonings
which have been pursued, that there is not, in the
conception of transverse vibrations, anything incon-
sistent either with the principles of mechanics, or
with the best general views whieh we can form, of the
forces by which the universe is held together.

I willingly spcak as bricfly as the nature of my
undertaking allows, of those points of the undula-
tory theory which are still under deliberation among
mathematicians. With respect to these, an intimate
acquaintance with mathematics and physics is neces-
sary to enable any one to understand the steps which
are made from day to day; and still higher philo-
sophical qualifications would be requisite in order to
pronounce a judgment upon them. I shall, therefore,
conclude this survey by remarking the highly promis-
ing condition of this great department of science, in,
respect to the character of its cultivators. Nothing
less than profound thought and great mathematical
skill can enable any one to deal with this theory, in
any way likely to promote the interests of science.
But there appears, in the horizon of the scientific
world, a considerable class of young mathematicians,
who are alrcady bringing to these investigations the
requisite talents and zeal; and who, having acquired
their knowledge of the theory since the time when its
acceptation was doubtful, possess, without effort, that
singleness and decision of view as to its fundamental
doctrines, which it is difficult for those to attain whose
minds have had to go through the hesitation, struggle,
and balance of the epoch of the establishment of the
theory. In the hands of this new gencration, it is
reasonable to suppose the Analytical Mechanies of light
will be improved as much as the Analytical Mechanies
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of the solar system was by the successors of Newton.
We have already had to notice many of this younger
race of undulationists. For besides MM. Cauchy,
Poisson, and Ampere, M. Lamé has been more recently
following these researches in France.s In Belgium,
M. Quetelet has given great attention to them; and,
in our own country, Sir William Hamilton, and
Professor Lloyd, of Dublin, have been followed by Mr.
Mac Cullagh. Professor Powell, of Oxford, has con-
tinued his researches with unremitting industry ; and,
at Cambridge, Professor Airy, who did much for the
establishment and diffusion of the theory before he
was rcoved to the post of Astronomer Royal, at
Greenwich, has had tfie satisfaction to see his labours
continued by others, even to the most recent time; for
Mr. Kelland,?”® whom we have already mentioned, and
Mr. Archibald Smith,*” the two persons who, in 1834
and 1836, received the highest mathematical honours
which that university can bestow, have both of themn
published investigations respecting the undulatory
theory.

We may be permitted to add, as a reflection obvi-
ously suggested by these facts, that the cause of the
. progress of science is incalculably benefited by the
existence of a body of men, trained and stigiulated to
the study of the higher mathematics, such as exists in
the British universitics, who are thus prepared, when
an abstruse and sublime theory comes before the world
with all the characters of truth, to appreciate its evi-
dence, to take steady liold of its principles, to pursue
its calculations, and thus to convert into a portion of
the permanent treasure and inheritance of the civilized
world, discoveries which might otherwise expire with
the great geniuses who produced them, and be lost for

2 Prof. Lloyd’s Report,d. 392.  See also, in the same yolume,
26 On the Dispersion of Light, as  Mathematical Considerations on the
explained by the Iypothesisof Finite Problem of the Rainbow, showing
Intervals. Camb, Trans. vol. vi. it to belong to Physical Optics, by
p. 153. ) R. Potter, Esq., of Queen’s Col-
27 Investigation of the Equation lege.
to Fresnel's Wave Surface, ib. p.85.
VOL. II. BB
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ages, as, in former times, great scientific discoveries
have sometimes been.

The reader who is acquainted with the history of
recent optical discovery, will see that we have omitted
much which has justly excited admiration; as, for
example, the phenomena produced by glass under
heat or pressure, noticed by MM. Lobeck, Biot, and
Brewster, and many most curious properties of parti-
cular minerals. We have omitted, toe, all notice of
the phenomena and laws of the absorption of light,
which hitherto stand unconnected with the theory.
But in this we have not materially deviated from our
main design; for our end, in what wé have done, has
bheen to trace the advances of Optics towards perfection
as a theory; and this task we have now ncarly cxe-
cuted as far as our abilities allow.

We have been desirous of showing that the #ype of
this progress, in the histories of the two great sciences,
Physical Astronomy and Physical Opties, is the same.
In both we have wany Laws of Phenomena detccted
and accumulated by acute and inventive men ; we have
Preludial guesses which touch the true theory, but
which remain for a time imperfect, undeveloped, un-
confirmed: finally, we have the Epock when this true,
theory, clearly apprehended by great philesophical
geniuses, is recommended by its fully explaining what
it was first meant to explain, and confirmed by its
explaining what it was mof meant to explain. We
have then its Progress stimggling for a little while with
adverse prepossessions and difficulties; finally over-
coming all these, and moving onwards, while its
tviumphal procession is joined by all the younger and
more vigorous men of science.

It would, perhaps, be too fanciful to attempt to
establish a parallelism between the prominent persong
who figure’ in these two historie8. If we were to do
this, we must consider Huyghens and Hooke as stand-
ing in the place of Copernicus, since, like him, they
aunounced the tfue theory, but left it to a future age
to give it development.and mechanical confirmation ;
Malus and Brewster, grouping them together, corre-
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spond. to Tycho Brahe and Kepler, laborious in
accumulating observations, inventive and happy in
discovering laws of phenomena ; and Young and
Fresnel combmed make up the Newton of optlcal
science.

[2nd Ed.] [In the Report on Physical Optics, (Brit.
Ass. Reports, 1834,) by Prof. Lloyd, the progress of
the mathematical theory after Fresnel's lubours is
stuted more distinctly than I have stated it, to the
following effect. Ampére, in 1828, proved Fresnel's
mathematical results directly, which Fresnel had only
proved indirectly, and derived from-his proof Fresnel's
beautiful geometrical gonstruction.  Prof. Mac Cullagh
not long after gave a concise demonstration of the
same theorem, and of the other principal points of
Fresnel’s theory. He represents the elastic force by
means of an ellipsoid whose axes are inversely propor-
tional to those of Fresnel's generating ellipsoid, and
deduces Fresncl's construction geometrically. In the
third Supplunent to his FZssay on the Theory of
Systems of Rays, (L'rons. R. I. Acad. vol. xvii) Sir
W. Hamilton has presented that portion of Fresnel's
theory which relates to the fundamental problem of
the determination of the velocity and polarization of a
plane wave, in a very elegant and unalysical form.
This he does by means of what he calls the charac-
teristic function of the optical system to which the
problem belongs. From this function is deduced the
surface o wave-slowne?s of the medium ; and by means
of this surface, the direction of the rays refracted into
the medium. From this construction also Sir W,
Hamilton was led to the anticipation of conical r¢frac-
tion, mentioned above.

The investigations of MM. Cauchy and Lamé refer
to the laws by which the particles of the ether act
upon each other and upon the particles of* other
hodies;—a field of speculation which appears to me
not yet ripe for the final operations gf the analyst.

Among the mathematicians who have supplied
defects in T'resncl's reasoning on this subject, ] may
mention Mr. Tovey, wlho tre ated it in several papers

BL2 .
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in the Philosophical Magazine (1837-40). Mr. Tovey’s
early death must be deemed a loss to mathematical
science. ‘

Besides investigating the motion of symmetrical
systems of particles which may be supposed to corre-
spond to biaxal crystals, Mr. Tovey considered the
case of unsymmetrical systems, and found that the
undulations propagated would, in the general case, be
elliptical ; and that in a particalar case, circular undu-
lations would take place, such as arc propagated along
the axis of quartz. It appears to me, however, that he
has not given a definite meaning to those limitations
of his general hypothesis which conduct him to this
result. Perhaps if the hypothetical conditions of this
result were traced into detail, they would be found to
reside in a screw-like arrangement of the elementary
particles, in some degrec such as crystals of quartz
themselves exhibit in their forms, when they have
plagihedral faces at both ends.

Such crystals of quartz are, some like a right-handed
and some like a left-handed screw; and, as Sir John
Herschel discovered, the circular polarization is right-
handed or left-handed according as the plagihedral
form is so. In Mr. Tovey’s hypothetical investigation
it does not appear upon what part of the hypothesis
this difference of right and left-handed depends.  The
definition of this part of the hypothesis is a very desir-
able step.

When crystals of Quartz are right-handed at one
end, they are right-handed at the other end: but there
is a different kind of plagihedral form, which occurs in
some other crystals, for instance, in Apatite: in these
the plagihedral faces are right-handed at the one
extremity and left-handed at the other. For the sake
of distinction, we may call the former homologous
plagilredral faces, since, at both ends, they have the

.same name; and the Jatter Leterologous plagihedral
faces. ‘

The homologous plagihedral faces of Quartz erystals
are accompanied by homologous circular polarization
of the same name. 1 do not know that heterologous
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circular polarization has been observed in any crystal,
but it has been discovered by Dr. Faraday to occur in
gass, &c. when subjected to powerful magnetic action.

Perhaps it was presumptuous in me to attempt to draw
such comparisons, especially with regard to living per-
sons, as I have done in the preceding pages of this Book.
Having published this passage, however, I shall not
now suppress it. But I may observe that the immense
number and variety of the beautiful optical discoveries
which we owe to Sir David Brewster makes the com-
parison in his case a very imperfect representation of
his triumphs over nature ; and that, besides his place in
the history of the Theory of Optics, he must hold a most
eminent position in the history of Optical Crystallo-
graphy, whenever the discovery of a Trye Optical Theory
of Crystals supplies us with the %pock to which his
labours in this field form so rvich a Prelude. I cor-
dially assent to the expression employed by Mr. Airy
in the Phil. T'rans. for 1840, in which he speaks of Sir
David Brewster as “the Father of Modern Experi-
mental Optics.”]
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Et primum faciunt ignem se vortere in auras

Agris ; hinc imbrem gigni terramque creari

Ex imbri ; retroque a terrd cuncta revorti,

Humorem primum, post aéra deinde calorem ;

Nec cessare hze inter se mutare, meare,

De ccelo ad terram de terrd ad sidera mundi.
Lucrerius, i. 783.

Water, and Air, and Fire, alternate run

Their endless circle, multiform, yet one.

For, moulded by the fervour’s latent beams,
Solids flow loose, and fluids flash to steams,

And clemental flame, with secret force,

Pursues through earth, air, sky, its stated course.



INTRODUCTION.

Of Thermotics and Atmology.

EMPLOY the term 7%hermotics, to include all the

doctrines respecting Heat, which have hitherto
been established on proper scientific grounds. Our
survey of the history of this branch of science must
be more rapid and less detailed than it has been in
those subjects of which we have hitherto treated:
for our knowledge is, in this case, more vague and
uncertain than in the others, and has made less pro-
gress towards a general and certain theory. Still, the
narrabive is too important and too instructive to be
Passed over.

The distinetion of Formal Thermotics and Physical
Thermotics,—of the discovery of the mere Laws of
Phenomena, and the discovery of their Causes,—is
applicable here, as in other departments of our know-
ledge. DBut we cannot exhibit, in any prominent
manner, the latter division of the science pow before
us; since no general theory of heat has yet been pro-
pounded, which affords the means of calculating the
circumstances of the phenomena of conduction, radia-
tion, expansion, and change of solid, liquid, and gaseous
form.  Still, on each of these subjects there have been
proposed, and extensively assented to, certain general
views, each of which explains its appropriate class of
phenomena; and, in some cases, these principles have
been clothed in precise and mathematical conditions,
and thus made bases of calculation.

These principles,’thus posscssing a generality of a
limited kind, connecting several observed laws of phe-
nomena, but yet not connceting all the observed classes
of facts which relate to heat, will réquire our separate
attention. They may be described as the Doctrine of
Conduction, the Doctrine of Radiation, the Doctrine
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of Specific Heat, and the Doctrine of Latent Heat;
and these, and similar doctrines respecting heat, make
up the science which we may call Thermotics proper.

But besides these collections of principles which
regard heat by itself, the relations of heat and moisture
give rise to another extensive and important collection
of laws and principles, which I shall treat of in con-
nexion with Thermotics, and shall term Atmology,
borrowing ‘the term from the Greek word (drpec,)
which signifies vapour. The Atmosphere was so named
by the Greeks, as being a sphere of vapour; and, un-
doubtedly, the most general and important of the
phenomena whicli tuke place in the air, by which the
earth ig surrounded, are those in which water, of one
consistence or other (ice, water, or steam), is concerned.
The knowledge which relates to what takes place in
the atmosphere has been called Meteorology, in its
collective form: but such knowledge is, in fact, com-
posed of parts of many different sciences. And it is
useful for our purpose to consider separately those
portions of Meteorology which have reference to the
laws of aqucous vapour, and these we may include
under the term Atmology.

The instruments which have been invented for the
purpose of measuring the moisture of the air, that is,
the quantity of vapour which exists in it, have been
termed I/ ygrometers; and the doctrines on which these
instruments depend, and to which they lead, have been
called Uygrometry,; but this term has not been used
in quite so extensive a sense as that which we intend
to affix to Aémology.

In treating of Thermotics, we shall first describe
the earlier progress of men’s views concerning Con-
duction, Radiation, and the like, and shall then speak
of the more recent corrections and extensions, by
which they have been brought ncarer to theoretical
generality.
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THERMOTICS PROPLR.

CHAPTER I

Tue DocTrINES oF CoNDUCTION AND RADIATION.

Section 1.—Introduction of the Doctrine of Conduction.

Y conduction is meant the propagation of heat
from one part to another of a continuous body ;

or from one Lody to another in contact with it; as
when one end of a poket stuck in the fire heats the‘
other end, or when this end heats the hand which
takes hold of it. By radintion is meant the diffusion.
of heat from the surface of a body to points not in
contact. It is clear*in both these cases, that, in pro-l
portion as the hot portion is hotter, it produces a
greater effect in warming the cooler portion; that is,
it commamicates more Heut to it, if Lleat be the abstract
conception of which this effect is the measure. 'The
simplest rule which can be proposed is, that the heat
thus communicated in a given instant is proportional
to the excess of the heat of the hot body over that of
the contiguous bodies; there are no obvious phenomena
which contradict the supposition that this is the true
law; and it was thence assumed by Newton as the true
law for radiation, and by other writers for conduction.
This assumption was confirmed approximately, and
“afterwards corrected, for the case of Radiation; in its
application to Cunlluction, it has been made the basis
of calculation up to the preseyt time. We may observe
that this statement takes for granted that we have
attained to a measure of heat (or’of temperature, as
heat thus measured is termed,) corresponding to the
law thus assumed ; and, in fact, as we shall have occasion
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to explain in speaking of the measures of sensible
qualities, the thermometrical scale of heat according ‘to
the expansion of liquids, (which is-the measure of tem-
perature here adopted,) was constructed with a reference
to Newton's law of radiation of heat; and thus the law
is necessarily consistent with the scale.

In anycase in which the parts of a bodyare unequa]ly
hot, the temperature will vary continuously in passing
from one part of the body to another; thus, a long
bar of iron, of which one end is kept red hot, will
exhibit a gradual diminution of temperature at suc-
cessive points, proceeding to the other end. The law
of temperature of the parts of such a bar might be
expressed by the erdinates of a curve which should
run alongside the bar. And, in order to trace mathe-
matically the consequences of the assumed law, some
of those processes would be necessary, by which mathe-
maticians are enabled to deal with the properties of
curves; as the method of infinitesimals, or the dif-
ferential calculus; and the truth or falsehood of the
law would be determined, according to the usual rules of
inductive science, by a comparison f results so deduced
from the principle, with the observed phenomena.

1t was easily perceived that this comparison was the
task which physical inquirers had to perform; but the
execution of it was delayed for some time; partly,
perhaps, because the mathematical process presented
some difficulties. Even in a case so simple as that above
mentioned, of a linear bar with a stationary tempera-
ture at one end, partial differentials entered ; for there
were three variable quantities, the time, as well as the
place of each point and its temperature. And at first,
another scruple occurred to M. Biot when, about 1804,
he undertook this problem.! ¢A difficulty,’ says La-
place,? in 1809,  presents itself, which has not yet been
solved. , The quantities of heat received and commu-
nicated in an instant (by any point of the bar) must
be infinitely small guantities of the same order as the

1 Biot, Trailéde Phys. iv. p. 669.
2 Laplace, Mém. Inst. for 1809, p. 33z.
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excess of the heat of a slice of the body over that of
the contignous slice; therefore the excess of the heat
received by any slice over the heat communicated, is’
an infinitely small quantity of the second order; and,
the accumulation in a finite time (which depends on!
this excess) cannot be finite’ I conceive that this
difficulty arises eutirely from an arbitrary and unne-
cessary assumption concerning the relation of the
infinitesimal parts of the body. Laplace resolved the
difficulty by further reasoning, founded upon the same
assumption which occasioned it; but Fourier, who was
the most distinguished of the cultivators of this mathe-
matical doctrine of conduction, follows a course ot
reasoning in which the difliculty does not present itself
Indeed it is stated by Laplace, in the Memoir above
quoted,® that Fourier had already obtained the true
fundamental equations by views of his own.

The remnaining part of the history of the doctrine
of conduction is principally the history of Fourier’s

labours. Attention having been drawn to the subject,
as we have mentioned, the French Institute,in January,
1810, proposcd, as their prize question, ¢ To give the
mathematical theory of the laws of the propagation of
heat, and to compare this theory with exact observa-
tions” Fourier’s Memoir (the sequel of ong delivered
in 1807,) was sent in September, 1811; and the prize
(3000 francs) adjudged to it in 1812. In consequence
of the political confusion which prevailed in France,
or of other causes, these important Memoirs were not
published by the Academy till 1824 ; but extracts had
been' printed in the Bulletin des Sciences in 1808, and
in the Annales de Chimie in 1816; and Poisson and
M. Cauchy had consulted the manuscript itself.

It is not my purpose to give, in this place, an
account of the analytical processes by which Fourier
obtained his results. The skill displayed in, these
Memoirs is such as to make them an object of just
admiration to mathematicians ; but they consist entirely

3 Lap]ace:Mém. Inst. for 1809, p. §38.
4 1 have given an account of Fourier's nuthematical results in the
Reports of the British Association for 1835.
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,of deductions from the fundamental principle which I

have noticed,—that the quantity of heat conducted

from a hotter to a colder point is proportional to the

excess of heat, modified by the conductivity, or con-
ducting power of each substance. The equations which
flow from this principle assume nearly the same forms
as those which occur in the most general problems of

" hydredynamics. Besides Fourier’s solution, Laplace,
Poisson, and M. Cauchy have also excreised their great
analytical skill in the management of these formulz.
‘We shall brietly speak of the comparison of the results
of these reasonings with experiment, and notice some
other consequences to which they lead. But before
we can do this, we must pay some attention to the
subject of radiation.

Sect. 2.—Introduction of the Doctrine of Radiation.

A BOT body, as a mass of incandescent iron, emits
heat, as we perceive by our senses when we approach
it; and by this emission of heat the hot body cools
“down. The first step in our systematic knowledge of
this subject was made in the Priwcipia. *It was in
the destiny of that great work,” says Fourier, ¢to
exhibit, or at least, to indicate, the causes of the prin-
cipal phenomena of the universe.” Newton assumed,
as we have already said, that the ratc at which a body
cools, that is, parts with its heat to surrounding
bodies, is proportional to its heat; and on this assump-
tion he rested the verification of his scale of tempera-
tures. 1t is an easy deduction from this law, that if
times of cooling be taken in arithmetical progression,
the heat will decrease in geometrical progression.
Kraft, and after him Richman, tried to verify this law
by direct experiments on the cooling of vessels of warm
water; and from these experiments, which have since
been repeated by others, it appears that for differences
of temperature which do not exceed 50 degrees (boiling
water being 100J, this geometrical progression repre-
sents, with tolerable (but not with com plete) accuracy,
the process of cooling.
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This principle of- radiation, like that of conduction,
required to be followed out by mathematical reasoning.
Jut it required also to be corrected in the first place,
for it was easily seen that the rate of cooling depended,
not on the absolute temperature of the body, but on
the excess of its temperature above the surrounding
objcets to which it communicated its heat in cooling.
Aund philosophers were naturally led to endcavour to
explain or illustrate this process by some physical
notions. Lambert in 1755 published® an Kssay on
the Force of Ileat, in which he assimilates the com-
munication of heat to the flow of a fluid out of one
vessel into another by an excess of pressure; and
mashematically deduces the laws of the process on this
ground. But some additional facts suggested a dif-
ferent view of this subject. It was found that heat
is propagated by radiation according to straight lines,
like light; and that it is, as light ix, capable of being
reflected by mirrors, and thus brought to a focus of
intenser action. In this manner the radiative effeet
of a body could be more precisely traced. A fact
however, came under notice, which, at first sight
appeared to offer some difficulty. It appeared tha
cold was reflected no less than heat. A mass of ice
when its efleet was concentrated on a thermometer
by a system of mirrors, made the thermometer fall,
just as a vessel of hot water placed in a similar situa-
tion made it rise. Was cold, then, to be supposed a
real substance, no less than heat?

The solution of this and similar difficulties was given,
by Dicrre Prevost, professor at Geneva, whose theory
of radiant heat was proposed about 1790. According;
to this theory, heat, or caloric, is constantly radiating
from every point of the surfuce of all bodies in straight
lines; and it radiates the more copiously, the greater|
is the quantity of heat which the body contains.
Hence a constant exchange of, heat is going on among
neighbouring bodies; and a body grows hotter or
colder, accordingly as it receives more caloric than it

' Act. Helvet. tom. ii. p. 172.
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emits, or the contrary. And thus a body is cooled by
rectilinear rays from a cold body, because along these
paths it sends rays of heat in greater abundance than
those which return the same way. This theory of
exchanges is simple and satisfactory, and was soon
generally adopted; but we must consider it rather as
the simplest mode of expressing the dependence of the
communication of heat on the excess of temperatuve,
than as a proposition of which the physical truth is
clearly established.

A number of curious researches on the effect of the
different kinds of surface of the heating and of the
heated body, were made by Leslie and others. On
these I shall not dwell; only observing. that the rela-
tive amount of this radiative and receptive energy wny
be expressed by numbers, for each kind of surface;
and that we shall have occasion to speak of it under
the term exterior conductivity ; if is thus distinguished
from énterior conductivity, which is the relative rate at
which heat is conducted in the interior of bodies.®

Sect. 3.— Verification of the Doctrines of Conduction
and Radiation.

THE interjor and exterior conductivity of bodies are
numbmhter as elements, or coefficients, into
the mathematical calculations founded on the doctrines
-of conduction and radiation. These coefficients are to
be determined for each case by appropriate experi-
ments: when the experimeunters had obtained these
data, as well as the mathematical solutions of the
problems, they could test the truth of their fundamental
principles by a cowparison of the theoretical and
actual results in properly-selected cases. This was

done for the law of conduction in the simple cases of

6 Thet:erm employed by Fourier,
conductibility or conducibility, shg-
gests expressions altogether ab-
surd, as if the bodies could be
called conductible, or conducible,
with respect to heat: I have

———

therefore ventured upon a slight

alteration of the word, and have

used the abstract term which

analogy would suggest, if we sup-

pose bodies to be denominated
ductive in this respect
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metallic bars heated at_one end, by M. Biot,” and the'
accordance with experiment was sufficiently close. In:
the more complex cases of conduction which Fourier;
considered, .it was less easy to devise a satisfacto
mode of comparison. But some rather curious rela”
tions which he demonstrated to exist among the tem-
peratures at different points of an armille, or ring,
afforded a good criterion of the value of the calcula-
tions, and confirmed their correctness.8

‘We may thercfore presume these doctrines of radia-
tion and conduction to be sufficiently established ; and
we may consider their application to any remarkable
case to be a portion of the history of science. We
proceed to some such applications,

Sect. 4.—The Geologwal and Cosmological Applwatum
of Thermotics.

By far the most important case to which conclusions
from these doctrines have been applied, is that of the
globe of the earth, and of those laws of climate to
which the modifications of temperature give rise; and
in this way we are led to inferences concerning other
parts of the universe. If we had any means of observ-
ing these terrestrial and cosmical phenomena to a suf-
ficient extent, they would be valuable facts on which
we might erect our theories; and they would thus
form part, not of the corollaries, but of the founda-
tions of our doctrine of heat. In such a case, the
laws of the propagation of heat, as discovered from
experiments on smaller bodies, would serve to explain
these phenomena of the universe, just as the laws or
motion explain the celestial movements. But sin

we are almost entirely without any definite indica-!
tions of the condition of the other bodies in the;
solar system as to helit; and since, even with regard to'
the earth, we know only the tgmperature of the parts'
at or very near the surface, our knowledge of the part’

7 Tr. de Phys. iv. 671.
8 Mém. Inst. 1819, p. 192, published 1824.
VOL. IIL. ccC
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which heat plays in the earth and the heavens must
be in a great measure, not a generalization of observed
facts, but a deduction from  theoretical.. principles.
Still, such knowledge, whether obtained from observa-
tion or from theory, must possess great interest and
importance. The doctrines of this kind which we
have to notice refer principally to the effect of the
sun’s heat on the earth,—the laws of climate,—the
thermotical condition of the interior of the earth,—
and that of the planetary spaces.

1. Effect of Solar Heat on the Earth.—That the
sun’s heat passes into the interior of the earth in a
variable manner, depending upon the succession of
days and nights, summers and winters, is an obvious
consequence of our first notions on this subject. The
mode in which it proceeds into the interior, after
descending below the surface, remained to be gathered,
either from the phenomena, or from reasoning. Both
methods were employed.® Saussure endeavoured to
trace its course by digging, m 1785, and thus found
that at the depth of about thirty-one feet, the annual
variation of temperature is about 1-12th what it is at
.the surface. Leslie adopted a better method, sinking
_the bulbs of thermometers deep in the earth, while
‘their stems appeared above the surface. In 18135, 16,
and 17, he observed thus the temperatures at the
depths of one, two, four, and eight feet, at Abbots-
‘hall, in Fifeshire. The results showed that the
extreme annual oscillations of the temperature dimi-
nish as we descend. At the depth of one foot, the
yearly range of oscillation was twenty-five degrees
(Fahrenheit); at two feet it was twenty degrees; at
four feet it was fifteen degrees; at eight feet, it was
only nine degrees and a half. And the time at which
the heat was greatest was later and later in proceeding
to the lower points. At one foot, the maximum and
minimum were three weeks after the solstice of
summer and of winter; at two feet, they were four-
or five weeks; at four feet, they were two months ;

9 Leslie, art. Climate, Supp. Enc. Brit. 179.
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and at eight feet, three months. The mean tempera-
ture of all the thermometers was nearly the same.
Similar results were obtained by Ott at Zurich in
1762, and by Herrenschneider at Strasburg in 1821,
2, 3,10

’ These results had already been explained by Fourier’s
theory of conduction. He had shown!! that when thel
surface of a sphere is affected by a periodical heat,
certain alternations of heat travel uniformly into the
interior, but that the extent of the alternation
diminishes in geometrical progression in this descent.
This conclusion applies to the effect of days and years
on the temperature of the earth, and shows that such
facts as those observed by Leslie are both exemplifica-
tions of the general circumstances of the earth, and are
perfectly in accordance with the principles on which
Fourier’s theory rests.

2. Climate.—The term climate, which means inclina-
tion, was applied by the ancients to denote that
inclination of the axis of the terrestrial sphere from
which result the inequalities of days in different lati-
tudes. This inequality is obviously connected also
with a difference.of thermotical condition. Places
necar the poles are colder, on the whole, than places
near the equator. It was a natural object of curiosity
to determine the law of this variation.

Such a determination, however, involves many diffi-
culties, and the settlement of several preliminary
points. How is the temperature of any place to be
estimated? and if we reply, by its mean temperature,
how are we to learn this mean? The answers to such
questions require very multiplied observations, exact
instruments, and judicious generalizations; and cannot
be given here. But certain first approximations may
@e obtained without much' difficulty; for-instance, the
mean temperature of®any place may be taken to be the
temperature of deep springs, whjch is probably identical

-with the temperature of the soil below the reach of the

10 Pouillet, Métdorol. t. ii. p. 643.
11 Mém. Inst. for 1831 (published 1826), p. 162.
ccCc2
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annual oscillations. Proceeding on such facts, Mayer
found that the mean temperature of any place was
nearly proportional to the square of the cosine of the
'latitude. This, as a law of phenomena, hgs since been
found to require considerable correction ; and it appears
that the mean temperature does not depend on the
latitude alone, but on the distribution of land and
water, and on other causes. M. de Humboldt has
expressed these deviations!? by his map of isothermal
lines, and Sir D. Brewster has endeavoured to reduce
them to a law by assuming two poles of maximum
cold.

The expression which Fourier finds13 for the distri-
bution of heat in a homogeneous sphere, is not imme-
diately comparable with Mayer’s empirical formula,
being obtained on a certain hypothesis, namely, that
the equator is kept constantly at a fixed temperature.
But there is still a general agreement; for, according
to the theory, there is a diminution of heat in procecd-
ing from the equator to the poles in such a case; the
heat is propagated from the equator and the neighbour-
ing parts, and radiates out from the poles into the
surrounding space. And thus, in the case of the earth,
the solar heat enters in the tropical parts, and con-
stantly flows towards the polar regions, by which it is
emitted into the planetary spaces.

Climate is affected by many thermotic influences,
besides the conduction and radiation of the solid mass
of the earth. The atmosphere, for example, produces
upon terrestrial temperatures effects which it is easy
to see arc very great; but these it is not yet in the
power of caleulation to appreciate;* and it is clear
that they depend upon other properties of air besides
its power to transmit heat. 'We must therefore
dismiss them, at least for the present. )

3. Jemperature of the Interiot of the Earth.—The
question of the tempergture of the interior of the earth
has excited grea,t‘interest, in consequence of its bearing

12 British Assoc. 1833. Prof. Forbes's Report on Meteorology, p. 215.
13 Fourier, Mém. Inst. tom. v. p. 173. 4 Id. tom. vil. p. 584.
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on other branches of knowledge. The various facts
which have been supposed to indicate the fluidity of
the central parts of the terrestrial globe, belong, in
general, to geological science; but so far as they require
the light of thermotical calculations in order to be
rightly reasoned upon, they properly come under our
notice here.

The principal problem of this kind which has been
treated of is this:—If in the globe of the earth there
be a certain original heat, resulting from its earlier
condition, and independent of the action of the sun, to
what results will this give rise? and how far do the
observed temperatures of points below the surface lead
us to such a supposition? ' It has, for instance, been
asserted, that in many parts of the world the tempera-
ture, as observed in mines and other excavations,
increases in descending, at the rate of one degree
(centesimal) in about forty yards. What inference
does this justify?

The answer to this question was given by Fourier
and by Laplace. The former mathematician had already '
considered the problem of the cooling of a large sphere,
in his Memoirs of 180%, 1809,and 1811, These, how-
ever, lay unpublished in the archives of the Institute
for many years. But in 1820, when the accymulation,
of observations which indicated an increase of the
temperature of the earth as we descend, had drawn
observation to the subject, Fourier gave, in the Bulletin
of the Philomathic Society,!® a summary of his results,
as far as they bore on this point. His conclusion was,
that such an increase of temperature in proceeding
towards the center of the earth, can arise from nothing
but the remains of a primitive heat ;—that the heat
which the sun’s action would communicate, would, in|
its final and permanent state, be uniform in the same
vertical line, as soon as we get beyond the influence o
the superficial oscillations of which we have spoken;
—and that, before the distribution, of temperatu
reaches this limit, it will decrease, not increase, i

35 Bullet. des Sc. 1820, p. 58.
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descending. It appeared also, by the calculation, that
this remaining existence of the primitive heat in the
interior parts of the earth’s mass, was quite consistent
with the absence of all perceptible traces of it at the
surface; and that the same state of things which
produces an increase of one degree of heat in descend-
ing forty yards, does not make the surface a quarter of
a degree hotter than it would otherwise be. Fourier
rwas led also to some conclusions, though necessarily
very vague ones, respecting the time which the earth
must have taken to cool from a supposed original state
of incandescence to its present condition, which time it
appeared must have been very great; and respecting
the extent of the future cooling of the surface, which
it was shown must be insensible. Everything tended
to prove that, within the period which the history of
the human race embraces, no discoverable change ot
temperature had taken place from the progress of this
central cooling. Laplace further calculated the effect16
which any contraction of the globe of the earth by
cooling would produce on the length of the day. He
had already shown, by astronomical reasoning, that the
day had not become shorter by 1-206th of a second,
‘since the time of Hipparchus; and thus his inferences
agreed with those of Fourier. As far as regards the
smallness of the perceptible effect due to the past
changes of the earth’s temperature, there can be no
doubt that all the curious conclusions just stated are
deduced in a manner quite satisfactory, from the fact
of a general increase of heat in descending below the
surface of the earth; and thus our principles of specu-
lative science have a bearing upon the history of the
past changes of the universe, and give us information
concerning the state of things in portions of time other-
wise quite out of our reach. .

4. Heat of the PlanetarySpaces—In the same manner,
this portion of science is appealed to for information
concerning parts of space which areatterly inaccessible
to observation. The doctrine of heat leads to conclu-

Conn. des,Tems, 1823.
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sions concerning the temperatures of the spaces which
surround the earth, and in which the planets of the
solar system revolve. In his Memoir, published in
1827%,17 Fourier states that he conceives it to follow
from his principles, that these planetary spaces are not
absolutely cold, but -have a ¢ proper heat’ independent
of the sun and of the planets. If there were not such
a heat, the cold of the polar regions would be much
more intense than it is, and the alternations of cold
and warmth, arising from.the influence of the sun,
would be far more extreme and sudden than we find
them. As the cause of this heat in the planetary
spaces, he assigns the radiation of the innumerable
stars which are scattered through the universe.

Fourier says,'8 ‘We conclude from these various
remarks, and principally from the mathematical exa-
mination of the question,’ that this is so. I am not
aware that the mathematical calculation which bears
peculiarly upon this point has anywhere been pub-
lished.  But it is worth notice, that Svanberg has been
led1? to the opinion of the same temperature in these
spaces which Fourier had adopted (50 centigrade below
zero), by an entirely different course of reasoning,
founded on the relation of the atmosphere to heat.

In speaking of this subject, I .have been led to
notice incomplete and perhaps doubtful app’lications of
the mathematical doctrine of conduction and radia-
tion. But these may at least serve to show that Ther-
motics is a science, which, like Mechanics, is to be
established by experiments on masses capable of mani-
pulation, but which, like that, has for its most im-
portant office the solution of geological and cosmological
problems. I now return to the further progress of
our thermotical knowledge.

“. Sect. 5.—Correction of Newton's Law of Coqli@g.

I~ speaking of the establishment of Newton’s assump-
tion, that the temperature commuynicated is propor-

17 Mém, Inst. tom. vil.p. 580. 18 Ib, p. 581,
* 19 Berzel. Jakres Bericht, xi. p. 50.
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tional to the excess of temperature, we stated that
it was approximately verified, and afterwards corrected,
Ychap. i, sect. 1.) This correction was the result of the
‘researches of MM. Dulong and Petit in 1817, and the
researches by which they were led to the true law, are
an admirable example both of laborious experiment
and sagacious induction. They experimented through
a very great range of temperature, (as high as two
hundred and forty degrees, centigrade,) which was
necessary because the inaccuracy of Newton’s law
becomes considerable only at high temperatures. They
removed the effect of the surrounding medium, by
making their experiments in a vacuum. They selected
with great judgment the conditions of their experi-
ments and comparisons, making one quantity vary
while the others remained constant. In this manner
'they found, that the quickness of cooling for a constant
excess of temperature, increases in geometrical progres-
sion, when the temperature of the surrounding space
increases in arithmetical progression; whereas, accord-
ing to the Newtonian law, this quickness would not
have varied at all. Again, this variation being left
out of the account, it appeared that the quickness of
cooling, so far as it depends on the cxcess of tempera-
ture of the hot body, increases as the terms of a geome-
trical progréssion diminished by a constant number, when
the temperature of the hot body increases in arithmetical
progression. These two laws, with the coefficients
requisite for their application to particular substances,
fully determine the conditions of cooling in a vacuum.
Starting from this determination, MM. Dulong and
Petit proceeded to ascertain the effect of the medium,
in which the hot body is placed, upon its rate of cool-
ing; for this effect became a residual phenomenon,?
when the cooling in the vacuum was taken away. We
shall not here follow this train of research; but we
may briefly state, that they were led to such laws
as this;—that the rapidity of cooling due to any
gaseous medium it which the body is placed, is the

20 See Phil. Ind, Sciences, B. xiii. 0. 7. Sect, iv.
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same, so long as the excess of the body’s temperature
is the same, although the temperature itself vary;—
that the cooling power of a gas varies with the
elasticity, a/ccordmg to a determmed law; and other
similar rules.

In reference to the process of their induction, it is
worthy of notice, that they founded their reasonings
upon Prevost’s law of exchanges; and that, in this
way, the second of their laws above stated, respecting
the quickness of cooling, was a mathematical conse-
quence of the first. It may be observed also, that
their temperatures are measured by means of the air-
thermometer, and that if they were estimated on
another scale, the remarkable simplioity and symmetry
of their results would disappear. This is a strong
argument for belicving such a measure of temperature
to have a natural prerogative of simplicity., This
belief is confirmed by other considerations; but these,
depending on the laws of expansion by heat cannot
be here referred to; and we must proceed to finish our
survey of the mathematical theory of heat, as founded
on the phenomena of radiation and conductlon, which
alone have as yet been traced up to general principles.

We may observe, before we quit this subject, that
this correction of Newton’s law will wmaterially affect:
the mathematical calculations on the suBject, which
were made to depend on that law both by Fourier,,
Laplace, and Poisson. Probably, however, the general
features of the results will be the same as on the old
supposition. M. Libri, an Italian mathematician, has
undertaken one of the problems of this kind, that, of
the armil, with Dulong and Petit’s law for his basis,
in a Memoir read to the Institute of France in 1825,
and since published at Florence.?!

Sect. 6.—Other Laws of Phenomena with respect to
Radiation.

TaE laws of radiation as depending upon the surface
of radiating bodies, and as affecting screens of various

S\ Mém, de Math. et do Phys. 1829,
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kinds interposed between the hot body and the ther-
mometer, were examined by several inquirers. I shall
not attempt to give an account of the latter course of
research, and of the different laws which luminous and
non-luminous heat have been found to follow in refe-
rence to bodies, whether transparent or opaque, which
intercept them. But there are two or three laws
of the phenomena, depending upon the effects of the
surfaces of bodies, which are important.

1. In the first place, the powers of bodies to emit
and to absorb heat, as far as depends upon their surface,
.appear to be in the same proportion. If we blacken
the surface of a canister of hot water, it radiates heat
more copiously; and in the same measure, it is more
readily heated by radiation.

2. In the next place, as the radiative power in-
creases, the power of reflection diminishes, and the
contrary. A bright metal vessel reflects much heat ;
on this very account it does not emit much ; and hence
a hot fluid which such a vessel contains, remains hot
longer than it does in an unpolished case.

3. The heat is emitted from every point of the sur-

face of a hot body in all directions; but by no means
in all directions with equal mtensxt.y Th

of the heating ray is as the sine of the angle which it
makes with the surface.

The last law is entirely, the two former in a great
measure, due to the researches of Leslie, whose Experi-
mental Inquiry into the N atweﬁl’rbpagatwn of
Heat, published in 1804, contains a great number of
curious and striking results and speculations. The
laws now just stated bear, in a very important manner,
upon the formation of the theory; and we must now
proceed to consider what appears to have been done
in this respect; taking into account, it must still be
borne in mind, only the phenomena of conduction and
radiation.
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Sect. 7. —Fourier's Theory of Radiant Heat.

THE above laws of phenomena being established, it
was natural that philosophers should seek to acquire
some conception of the physical action by which they
might account, both for these laws, and for the general
fundamental facts of Thermotics; as, for instance, the
fact that all bodies placed in an inclosed space assume,
in time, the temperature of the inclosure. Fourier's
explanation of this class of phenomena must be con-
sidered as happy and successful ; for he has shown that
the supposition to which we are led by the most simple
and general of the facts, will explain, moreover, the
less obvious laws. It is an obvious and general fact, -
that bodies which are included in‘the space tend to
acquire the same temperature. And this identity of
temperature of neighbouring bodies requires an hypo-
thesis, which, it is found, also accounts for Leslie’s law
of the sine, in radiation.

This hypothesis is, that the radiation takes place,
not from the surface alone of the hot body, but from
all particles situated within a certain small depth of
the surface. It is easy to see? that, on this supposition,
a ray emitted obliquely from an internal particle, will
be less intense than one sent forth perpengdicular to the
surface, because the former will be intercepted in a
greater degree, having a greater length of path within
the body; and Fourier shows, that whatever be the law
of this intercepting power, the result will be, that the
radiative intensity is as the sine of the angle made by
the ray with the surface.

But this law is, as I have said, likewise necessary,
in order that neighbouring bodies may tend to assume
the same temperature: for instance, in order that a
small particle placed within a spherical shell, should
finally assume the temperature of the shell. If the law
of the sines did not obtain, the final temperature of
such a particle would depend upon its_place in th
inclosure :28 and within a shell of ice we should have,

22 Mém. Inst. t. V. 1841, P. 204+ B An. Chim. iv. 1817, p.129.
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at certain points, the temperature of boiling water and
of melting iron.
This proposition may at first appear strange and
unlikely; but it may be shown to be a necessary
" eonsequence of the assumed principle, by very simple
reasoning, which I shall give in a general form in a
Note.2
This reasoning is capable of being presented in a
manner quite satisfactory, by the use of mathematical
symbols, and proves that Leslie’s law of the sines is
rigorously and mathematically true on Fourier's hypo-
thesis. And thus Fourier's theory of molecular extra-
radiation acquires great consistency.

Sect. 8.—Discovery of the Polarization of Heat.

TaE laws of which the discovery is stated in the pre-
ceding Sections of this Chapter, and the explanations
given of them by the theories of conduction and radia-

2 The following reasoning may
show the connexion of the law of
the sines in radiant heat with the
general principle of ultimate iden-
tity of neighbouring temperatures.
The cquilibrium and identity of
temperature between an including
shell and an included body, can-
not obtain upon the whole, except
it obtain between cach pair of
parts of the two surfaces of the
body and of the shell; that is, any
part of the one surface, in its
exchanges with any part of the
other surface, must give and re-
ceive the same quantity of heat.
Now the quantity exchanged, so
far as it depends on the receiving
surface, will, by geometry, be pro-*
portional to the sine f the
obliquity of that surface: and as,
in the exchanges, each may be

. considered as receiving, the quan-

tity transferred must be propor-
tional to the sines of the two
oblignities; that is, to that of the
giving as well as of the receiving
surface.

Nor is this conclusion disturbed
by the considcration, that all the
rays of heat which fall' upon a
surface arc not absorbed, some
being reflected according to the
nature of the surface. For, by
the other above-mentioned laws of
phenomena, we know that, in the
same measure in which the surface
loses the power of admitting, it
loses the power of emitting, heat;
and the suptrficial parts gain, by
absorbing their own radiation, as
much as they lose by not absorbing
the incident heat; so that the
result of the preceding reasoning
remains unaltered.
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tion, all tended to make the conception of a material
heat, or caloric, communicated by an actual flow and
emission, familiar to men’s minds; and, till lately, had
led the greater part of thermotical philosophers to
entertain such a view, as the most probable opinion
concerning the nature of heat. But some steps have
recently been made in thermotics, which appear to be
likely to overturn this belief, and to make the doctrine
of emission as untenable with regard to heat, as it had
before been found to be with regard to light. I speak
of the discovery of the polarization of heat. It being
ascertained that rays of heat are polarized in the same
manner as rays of light, we cannot retain the doctrine
that heat radiates by the emanation of material particles,!
without supposing those particles of caloric to have
poles; an hypothesis which probably no one would
embrace ; for, besides that the ill fortune which attended
that hypothesis in the case of light must deter specu-
lators from it, the intimate connexion of heat and
light would hardly allow us to suppose polarization in
the two cases to be produced by two different kinds of
machinery.

But, without here tracing further the influence which
the polarization of heat must exercise upon the forma-
tion of our theories of heat, we must briefly notice
this important discovery, as a law of phenomena.

The analogies and connexions between light and heat
are so strong, that when the polarization of light had
been discovered, men were naturally led to endeavour
to ascertain whether heat possessed any corresponding
property. But partly from the difficulty of obtaining
any considerable effect of heat separated from light,
and partly from the want of a thermometrical appa-
ratus sufficiently delicate, these attempts led, for some
time, to no decisive result. M. Berard took up the
subject in 1813. e used Malus’s apparatus, and con-
ceived that he found heat to be polarized by reflec-
tion at the surface of glass, in the same manner as
light, and with the same circumsthnces.?> But when

2 Ann, Chim. March, 1813.



398 HISTORY OF THERMOTICS.

Professor Powell, of Oxford, a few years later (1830),
repeated these experiments with a similar apparatus,
he found® that though the heat which is conveyed
along with light is, of course, polarizable, ‘simple
radiant heat,’ as he terms it, did not offer the smallest
difference in the two rectangular azimuths of the second
glass, and thus showed no trace of polarization.

Thus, with the old thermometers, the point remained
doubtful. But soon after this time, MM. Melloni and
Nobili invented an apparatus, depending on certain
galvanic laws, of which we shall have to speak here-
after, which they called a thermomultiplier; and which
was much more sensitive to changes of temperature
than any previously-known instrument. Yet even
with this instrument, M. Melloni failed; and did not,
at first, detect any perceptible polarization of heat by
the tourmaline;?” nor did M. Nobili,®® in repeating
M. Berard’s experiment. But in this experiment the
attempt was made to polarize heat by reflection from
glass, as light is polarized: and the quantity reflected
13 so small that the inevitable errours might completely
disguise the whole difference in the two opposite posi-
itions,. When Prof. Forbes, of Edinburgh, (in 18 )
employed mica in the like experiments, he found a very
decided polarizing effect; first, when the heat was
ttransmitted through several films of mica at a certain
‘angle, and afterwards, when it was reflected from them.
‘In this case, he found that with non-luminous heat,
and even with the heat of water below the boiling
point, the difference of the heating power in the two
positions of opposite polarity (parallel and crossed) was
manifest. He also detected by careful experiments,?
the polarizing effect of tourmaline. This important
discovery was soon confirmed by M. Mellonj. Doubts
were suggested whether the different effect in the
opposite_ positions might not be due to other circum-

2% Edin. Jour(n. of Science, 1830, vol. ii. p. 303.
%7 Ann. de Chimie, vol. lv, 28 Bibliothéque Universelle.
2 Ed. R. 8. Transactions, vol. Xiv.; and Phil. Mag. 1835, vol. v.
p- 209. Ib. vol. vii. p. 349.
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stances; but Professor Forbes easily showed that these
suppositions were inadmissible; and the property of a
difference of sides, which at first seemed so strange
when ascribed to the rays of light, also belongs, it
seems to be proved, to the rays of heat. Professor
Forbes_also_found, by interposing a plate of mica to
intercept the ray of heat in an intermediate point,
an effect was produced in certain positions of the mica
analogous to what was called depolarization in the
case of light; namely, a partial destruction of the
differences which polarization establishes.

Before this discovery, M. Melloni had already
proved by experiment that heat is r¢fracted by trans-
parent substances as light is. In the case of light,|
the depolarizing effect was afterwards found to be
really, as we have seen, a dipolarizing effect, the ray
being divided into two rays by double refraction. We
are naturally much tempted to put the same inter-
pretation upon the depolarizing effect in the case of
heat; but perhaps the assertion of the analogy between
light and heat to this extent is as yet insecure.

It is the more necessary to be cautious in our
attempt to identify the laws of light and heat, inas-
much as along with all the resemblances of the two
agents, there are very important differgnces. The
power of transmitting light, the diaphaneity of bodies,
is very distinct from their power of transmitting heat,
which has been called diathermancy by M. Melloni.
Thus both a plate of alum and a plate of rock-salt
transmit nearly the whole light; .but while the first
stops nearly the whole heat, the second stops very
little of it; and a plate of opake quartz, nearly
impenetrable by light, allows a large portion of the
heat to pass. By passing the rays through various
media, the heat may be, as it were, sifted from the
light which accompanies it. .

[2nd Ed;} [The diathermancy of bodies is distinct
from their diaphaneity, in so far that the same bodies
do not exercise the same powers of selection and sup-
pression of certain rays op heat and on light; but it
appears to be proved by the investigations of modern
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thermotical philosophers (MM. De la Roche, Powell,
Melloni, and Forbes), that there is a close analogy
between the .absorption of certain colours by trans-
parent bodies, and the absorption of certain kinds of
heat by diathermanous bodies. Dark sources of heat
emit rays which are analogous to blue and violet rays
of light; and highly luminous sources emit rays which -
are analogous tored rays. And by measuring the angle
of total reflection for heat of different kinds, it has
been shown that the former kind of calorific rays are
really less refrangible than the latter.%

My Melloni has assumed this analogy as so com-
pletely established, that he has proposed for thiz part
of thermotics the name Zhermochroology (Qu. Chromo-
thermotics ?); and along with this term, many others
derived from the Greek, and founded on the same
analogy. If it should appear, in the work which he
proposes to publish on this subject, that the doctrines
which he has to state cannot easily be made intelli-
gible without the use of the terms which he suggests,
his nomenclature will obtain currency; but so large a
mass of etymological innovations is in general to be
avoided in scientific works.

M. Melloni’s discovery of the extraordinary power
of rock-salt to transmit heat, and Professor Forbes’s
discovery of the extraordinary power of mica to
polarize and depolarize heat, have supplied thermotical
inquirers with two new and most valuable instru-
ments.31]

Moreover, besides the laws of conduction and radia-
tion, many other laws of the phenomena of heat have
been discovered by philosophers; and these must be
taken into account in judging any theory of heat. To
these other laws we must now turn our attention.

% See Prof. Forbews Third ticed hére, see two Reports by
Series of Researches on Heat, Edinb. Prof. Powell on the present state
R.8. Trans. vol. xiv. of our knowledge respecting Radi-

31 For an account ‘of many ant Heat, in the Reports of the
thermotical researches, which I British Adssociation for 1832 and
have been obliged to pass unno- *1840.
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CHAPTER IL

Tue Laws oF CHANGES OCCASIONED BY HEAT.

Sect. 1.—Expansion by Heat.—The Law of Dalton
and Gay-Lussac for Gases.

LMOST all bodies expand by heat; solids, as
metals, in a small degree; fluids, as water, oil,
alcohol, mercury, in a greater degree. This was one
of the facts first examined by those who studied the
nature of heat, because this property was used for the
measure of heat. In the Philosophy of the Inductive
Sciences, Book iv., Chap. iv., I have stated that
secondary qualities, such as Heat, must be measured
by their effects: and in Sect. 4 of that Chapter I have
given an account of the successive attempts which
have been made to obtain measures of heat. I have
there also spoken of the results which were obtained
by comparing the rate at which the expansion of diffe-
rent substances went on, under the same degrees of
heat; or as it was called, the different thermometrical
march of each substance. Mercury appears to be the
liquid which is most uniform in its thermometrical
march; and it has been taken as the most common
material of our thermometers; but the expansion of
mercury is not proportional to the heat. De Luc was
led, by his experiments, to conclude ¢ that the dilata-
tions of mercury follow an accelerated march for equal
augmentations of heat.’ Dalton conjectured that water
"and mercury both expand as the square of the real
temperature from the point of greatest, contraction:
the real temperature*being measured so as to lead to
such a result. But none of the rules thus laid down
for the expansion of solids and fluids appear to have
led, as yet, to any certain general laws.
With regard to gases, thermotical inquirers have
been more successful, Gases expand by heat; and
VOL. IL DD
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their expansion is governed by a law which applies
alike to all degrees of heat, and to all gaseous fluids.
The law is this: that for equal increments of tempera-
ture they expand by the same fraction of their own
bulk; which fraction is three-eighths in proceeding
from freezing to boiling water. This law was dis-
covered by Dalton and M. Gay-Lussac independently
of each othér;! and is usually called by both their
names, the law of Dalton and Gay-Lussac. The latter
says,® ‘ The experiments which I have described, and
which have been made with great care, prove incon-
testably that oxygen, hydrogen, azotic acid, nitrous acid,
ammoniacal acid, muriatic acid, sulphurous acid, car-
bonic acid, gases, expand equally by equal increments of
heat.” ¢Therefore, he adds with a proper inductive
generalization, ‘ the result does not depend upon phy-
sical properties, and I collect that all gases expand
equally by heat’ He then extends this to vapours,
as ether. This must be oue of the most important
foundation-stones of any sound theory of heat.

[2nd Ed.] [Yet MM. Magnus and Regnault conceive
that they have overthrown this law of Dalton and
Gay-Lussac, and shown that the different gases do not
expand alike for the same increment of heat. Magnus
found the_ratio to be for atmospheric air, 1-366; for
hydrogen, 1°365; for carbonic acid, 1'369; for sul-
phurous-acid gas, 1-385. But these differences are
not greater than the differences obtained for the same
substance by different observers; and as this law is
referred to in Laplace’s hypothesis, hereafter to be
discussed, I do not treat the law as disproved.

Yet that the rate of expansion of gas in certain cir-
lcumstances is different for different substances, must be
deemed very probable, after Dr. Faraday’s recent inves<
tigations On the Liquefaction Watwn of Bodies
generally existing as Gases, by which it appears that
the elasticity of vapours in contact with their Suids in-
creases at different rates in different substances. ‘That

! Manch. Mem. vol. v. 180z; and Ann. Chim xliii, p. 137.
3 Ib. p. 272, 3 Phil. Trans, 1845, Pt. 1,
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the force,” he says, ¢ of vapour increases in a geometrical
ratio for equal increments of heat is true for all bodies,
but the ratio is not the same for all. . . . For an in-
crease of pressure from two to six atmospheres, the
following number of degrees require to be added to
the bodics named :—water 69°, sulphureous acid 63°,
cyanogen 64°'5, ammonia 60° arseniuretted hydrogen
54°, sulphuretted hydrogen 56°'5, muriatic acid 43°
carbonic acid 32°°5, nitrous oxide 30°.

We have already scen that the opinion that the
air-thermometer is a true measure of heat, is strongly
countenanced by the symmetry which, by using it, we
introduce into the laws of radiation. If we accept
the law of Dalton and Gay-Lussac, it follows that
this result is independent of any peculiar properties
in the air employed; and thus this measure has
an additional cLaracter of gencrality and simplicity
whichh make it still more probable that it is the
true standard. This opinion is further supported by
the attempts to include such facts in a theory; but
before we can treat of such theories, we must speak of
some other doctrines which have been introduced.

Sect. 2.—Specific Heat.—Change of Consisterice.

IN the attempts to obtain mcasures of hedt, it was
found that bodies had different capacities for heat;;
for the same quantity of hcat, however measured,
would raise, in different degrces, the temperature of
different substances. The notion of different capa-
cities for heat was thus introduced, and each body was
thus assumed to have a specific capacity for heat,
according to the quantity of heat which it required
to raise it through a given scale of heat.* The term
¢ capacity for heat’ was introduced by Dr. Irvine, a
pupil of Dr. Black. For this term, Wilcke, the Swedish
physicist; substituted ¢ specific heat; in analogy with
“specific gravity.’ . *

It was found, also, that the capatity of the same

4 See Crawfurd, On Heat, for the History of Specific Heat,
DD2
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substance was different in the same substance at diffe-
rent temperatures. It appears from experiments of
MM. Dulong and Petit, that, in general, the capacity
of liquids and solids increases as we ascend in the scale
of temperature.

But one of the most important thermotic facts is,
that by the sudden contraction of any mass, its tempe-
rature is increased. This is peculiarly observable in
gases, as, for example, common air. The amount of
the increase of temperature by sudden condensation, or
of the cold produced by sudden rarefaction, is an im-
portant datum, determining the velocity of sound, as
we have already seen, and affecting many points of
meteorology. The coefficient which enters the calcu-
‘lation in the former case depends on the ratio of two
specific heats of air under different conditions; one
belonging to it when, varying in density, the pressure is
constant by which the air is contained ; the other, when,
varying in density, it is contained in a constant space.

A leading fact, also, with regard to the operation of
heat on bodies is, that it changes their form, as it is
often called, that is, their condition as solid, liquid, or
air. Since the term ‘form’ is employed in too many
and various senses to be immediately understood when
it is intended to convey this peculiar meaning, I shall
use, instead of it, the term consistence, and shall hope
to be excused, even when I apply this word to gases,
though I must ackrowledge such phraseology to be
unusual. Thus there is & change of consistence when
solids become liquid, or liquids gaseous; and the laws
of such changes must be fundamental facts of our ther-
motical theories. We are still in the dark as to many
of the laws which belong to this change; but one of
them, of great importance, has been discovered, and to
that we must now proceed.

Sect. 3.—The Doctrine of Latent Heat.

THE Doctrine of Latent Heat refers to such changes of
consistence as we have just spoken of. It is to this
effect; that during the conversion of solids into
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liquids, or of liquids into vapours, there is communi-
cated to the body heat which is not indicated by the
thermometer. The heat is absorbed, or becomes latent ;
and, on the other hand, on the condensation of the
" vapour to a liquid, or the liquid to a solid consistency,
this heat is again given out and becomes sensible.
Thus a pound of ice requires twenty times as long a
time, in a warm room, to raise its temperature seven
degrees, as a pound of ice-cold water does. A kettle
placed on a fire, in four minutes had its temperature
raised to the boiling point, 212°: and this temperature
continued stationary for twenty minutes, when the
whole was bdiled away. Dr. Black inferred from
these facts that a large quantity of heat is absorbed by
the ice in becoming water, and by the water in be-
coming steam. He reckoned from the above experi-'
ments, that ice, in melting, absorbs as much heat as
would raise ice-cold water through 140° of tempe-
rature: and that water, in evaporating, absorbs as
much heat as would raise it through 940°,

That snow requires a great quantity of heat to
melt it ; that water requires a great quantity of heat
to convert it into steam; and that this heat is not
indicated by a rise in the thermometer, are facts which
it is not difficult to observe; but to sepapate these
from all extraneous conditions, to group the cases
together, and to seize upon the general law by which
they are connected, was an effort of inductive insight,
which has been considered, and deservedly, as one of
the most striking events in the modern history of
physics. Of this step the principal merit appears
to belong to B

[2nd Ed.] the first edition I had mentioned the
names of De Luc and of Wilcke, in connexion with the
discovery of Latent Heat, along with the name of
Black. De Luc¢ had observed, in 1755, that ice, in
melting, did not rise above the freezing-point of tem-
perature till the whole was melted. , De Luc has been
charged with plagiarizing Black’s discovery, but, T
think, without any just ground. In his Jdées sur la
Météorologique, (1787,) he spoke of Dr. Black as ¢the
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first who had attempted the determinations of the
quantities of latent heat” And when Mr. Watt
pointed out to him that from this expression it might
be supposed that Black had not discovered the fact
itself, he acquiesced, and redressed the equivocal ex-
pression in an Appendix to the volume.’

Black never published his own account of the doc-
trine of Latent Heat; but he delivered it every year
after 1760 in his Lectures. In 1470, a surreptitious
publication of his Lectures was made by a London
bookseller, and this gave a view of the leading points
of Dr. Black’s doctrine. In 1772, Wilcke, of Stock-
holm, read a paper to the Royal Society of that city, in
which the absorption of heat by melting ice is de-
seribed: and in the same year, De Luc, of Geneva,
published his Recherches sur les Modifications de I’At-
mosphére, which has been alleged to contain the
-doctrine of latent heat, and which the author asserts to
have been written in ignorance of what Black had
done. At a later period, De Luc, adopting, in part,
Black’s expression, gave the name of latent fire to the
heat absorbed.

It appears that Cavendish determined the amount
of heat produced by condensing steam, and by thawing
snow, as early as 1765. He had perhaps already heard
something of Black’s investigations, but did not accept
his term ¢latent heat.’ 7]

The consequences ¢f Black’s principle are very im-
portant, for upon it is founded the whole doctrine of
evaporation ; besides which, the principle of latent heat
has other applications. But the relations of aqueous
vapour to air are so important, and have been so long
a subject of speculation, that we may with advantage
dwell a little upon them. The part of science in which
this is done may be called, as we have said, Atmology;
and to that division of Thermotics the following
chapters belong.

5 See his Letter to the Editors 7 See Mr. V. arcourt’s Address
of the Edinburgh Review, No, xii. to the Brit. Assoc. in 1839, and
p- 50z, of the Review. the Appendiz.

6 See Ed. Rev. No. vi, p.z0. - CE
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ATMOLOGY.

CHAPTER II1,

Tar RELATION OoF VAPOUR AND AIR.

Sect. 1.—The Boylean Law of the Air's Elasticity.

IN the Sixth Book (Chap. iv. Scct. 1) we have already

seen how the conception on the laws of fluid equi-
libriuin were, by Pascal and others, extended to air, as
well as water. But though air presses and is pressed
as water presses and is pressed, pressure produces upon
air an effect which it does not, in any obvious degree,
produce upon water. Air which is pressed, is also com-
pressed, or made to occupy a smaller space; and is con-
sequently also made more dense, or condensed; and on
the other hand, when the pressure upon a portion of air
is diminished, the air expands or is rarefied. These
broad facts are evident. They are expressed,in a general
way by saying that air is an elastic fluid, yielding in a
certain degree to pressure, and recovering its previous
dimensions when the pressure is removed.

But when men had reached this point, the ques-
tions obviously offered themselves, in what degree and
according to what law air yields to pressure; when it
is compressed, what relation does the density bear to
the pressure? The use which had been made of tubes
containing columns of mercury, by which the pressure
or portions of air was varied and measured, suggested
obvious modes of devising experiments by which thi
question might be answered. , Such experiments accord
ingly were made by Boyle about 1650; and the resul
at which he arrived was, that when air is thus com
pressed, the density is as the pressure. Thus if th
pressure’ of the atmosphere in its common state be
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squivalent to 30 inches of mercury, as shown by the
barometer; if air included in a tube be pressed by
30 additional inches of mercury, its density will be
doubled, the air being compressed into one half the
space. If the pressure be increased threefold, the
density is also trebled; and so on. The same law was
soon afterwards (in 1676) proved experimentally by
Mariotte. And this law of the air’s elasticity, that
the density is as the pressure, is sometimes called the
Boylean Law, and sometimes the Law of Boyle and
Mariotte.

Air retains its aerial character permanently; but
there are other aerial substances which appear as such,
and then disappear or change into some other con-
dition. Such are termed vapours. And the discovery
of their true relation to air was the result of a long
course of researches and speculations.

[end Ed.] [It was found by M. Cagniard de la
To&;g (in 1823), that at a certain temperature, a liquid,
under sufficient pressure, becomes clear transparent
vapour or gas, having the same bulk as the liquid.
This condition Dr. Faraday calls the Cagniard de la
Tour state, (the Tourian state?) It was also discovered
by Dr. Faraday that carbonic-acid gas, and many
other gases, which were long conceived to be perma-
nently ela.stio, are really reducible to a liquid state
. by pressure! And in 1835, M. Thilorier found the
meuns of reducing liquid carbonic acid to a solid form,
by means of the cold produced in evaporation. More
recently ‘Dr. Faraday has added several substances
usually gaseous to the list of those which could pre-
viously be shown in the liquid state, and has reduced
others, including ammonia, nitrous oxide, and sul-
phuretted hydrogen, to a solid consistency.? After
these discoveries, we may, I think, reasonably doubt
whether, all bodies are not capable of existing in the
three constistencies of solid, liquid, and air.

We may note that the law of Boyle and Mariotte

1 Phil. Trans. 1823. 2 Ib. Pt. 1, 1845.
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is pot exactly true near the limit at which the air
passes to the liquid state in such cases as that just
spoken of. The diminution of bulk is then more rapid
than the increase of pressure. *

The transition of fluids from a liquid to an airy con-
sistence appears to be accompanied by other curious
phenomena. See Prof. Forbes's papers on the Colour of
Steam under certain circumstances, and on the Colours
of the Atmosphere, in the Edin I'rans. vol. xiv.]

Sect 2.—Prelude to Dalton’s Doctrine of Evaporation.

VisiBLE clouds, smoke, distillation, gave the notion o}
Vapour; vapour was at first conceived to be identical
with air, as by Bacon.? It was easily collected, that by
heat, water might be converted into vapour. It was
thought that air was thus produced, in the instrument
called the wolipile, in which a powerful blast is caused

by a boiling fluid; but Wolf showed that the fluid was

not converted into air, by using camphorated spirit of
wine, and condensing the vapour after it” had been

formed. We need not enumerate the doctrines (if very

vague hypotheses may be so termed,) of Descartes,

Dechales, Borelli.4 The latter accounted for the rising

of vapuur by supposing it a mixture of fire,and water;

and thus, fire being much lighter than air, the mixture
also was light. Bgyle endeavoured to show that
vapours do not permanently float ¢n vacuo. He com-

pared the mixture of vapour with air to that of salt
with water. He found that the pressure of the atmo-
sphere affected the heat of boiling water; a very im-
portant fact. Boyle proved this by means of the air-
pump; and he and his friends were much surprized to
find that when air was removed, water only just warm
boiled violently. Huyghens mentions'an experiment

of the same kind made by Papin about 1673. -

The ascent of vapour was explained in various ways
in succession, according to the chapges which physical

8 Bacon’s Hist. Nat. Cent. i. p. 27.
4 They may be seen in Fischer, Geschichte der Physik, vol. ii. p.175.
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science underwent. It was a problem distinctly treated
of, at a period when hydrostatics had accounted for
many phenomena; and attempts were naturally made
to reduce this fact to hylrostatical principles, An ob-
vious hypothesis, which brought it under the domi-
nion of these principles, was, to suppose that the water,
when converted into vapour, was divided into small
hollow globules ;—thin pellicles including air or heat.
Halley gave such an explanation of evaporation ; Leib-
nitz calculated the dimensions of these little bubbles;
Derham managed (as he supposed) to examine them
with a magnifying glass; Wolf also examined and
alculated on the same subject. It is curious to see
s0 much confidence in so lame a theory; for if water
became hollow globules in order to rise as vapour,
we require, in order to explain the formation of
these globules, new laws of nature, which are not
even hinted at by the supporters of the doctrine,
though they must be far more complex than the
hydrostatical law by which a hollow sphere floats.

Newton’s opinion was hardly more satisfactory ; he®
explained evaporation by the repulsive power.of-beat;;
the parts of vapours, according to him, being small, are
easily affected by this force, and thus become lighter
than the atmosphere.

Muschenbroek still adhered to the theory of glo-
bules, as the explanation of evaporation; but he was
jmanifestly discontented with it; and reasonably ap-
prehended that the pressure of the air would destroy
the frail texture of these bubbles. He called to his
aid a rotation of the globules; (which Descartes also
had assumed ;) and, not satisfied with this, threw him-
self on electrical action as a reserve. Electricity,
indeed, was now in favour, as hydrostatics had been
before; and was naturally called in, in all cases of
difficulty. Desaguliers, also, uses this agent to account
for the ascent of vapour, introducing it into a kind of
sexual system of ¢louds; according to him, the male
fire (heat) does a part, and the female fire (electricity)

Opticks, Qu. 31,
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performs the rest. These are speculations of small
merit and no value.

In the mean time, Chemistry made great progress
in the estimation of philosophers, and had its turn in
the explanation of the important facts of evaporation.
Bouillet, who, in 1742, placed the particles of water in
the 1nterstices of those of air, may be considered as
approaching to the chemical theory. In I?ia, the'
Academy of Sciences of Bourdeaux proposed the ascent
of vapours as the subject of a prize; which was|
adjudged in a manner very impartial as to the choice
of a theory; for it was divided between Kratzenstein,
who advocated the bubbles, (the coat of which he
determined to be 1-50,000th of an inch thick,) and
Hamberger, who maintained the truth to be the adhe-}
ston of particles of water to those of air and fire. The!
latter®doctrine had become much more distinet in the
author’s mind when seven years afterwards (1750) h
published his Elementa Physices. He then gave th
explanation of evaporation in a phrase which has
since been adopted,—the solution of water in air;
which he conceived to be of the same kind as othe
chemical solutions.

This theory of solution was further advocated and
developed by Le Roi;® and in his hands assumed a
form which has heen extensively adopted up to our
times, and has, in many instances, tinged the language
commonly used. He conceived that air, like other
solvents, might be saturated; and that when the water
was beyond the amount required for saturation, it
appeared in a visible form. The saturating quantity
was held to depend mainly on warmth and wind.

This theory was by no means devoid of merit;
for it brought together many of the phenomena, and
explained a numbgr of the experiments which Le Roi
made. It explained the facts of the trarsparency
of vapour, (for perfect solutions are transparent,) the
precipitation of water by cooling, the disappearance
of the visible moisture by warming it again, the

Ac. BR. Sc. Paris, 1750,
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increased evaporation by rain and wind; and other
observed phenomena. So far, therefore, the introdue-
tion of the notion of -the chemical solution of water
in air was apparently very successful. But its defects
are of a very fatal kind; for it does not at all apply to
the facts which take place when air is excluded.

In Sweden, in the mean time,” the subject had been
pursued in a different, and in a more correct manner.
Wallerius Ericsen had, by various experiments, esta-
blished the important fact, that water evaporates in a
vacwuwm. His experiments are clear and satisfactory;
and he inferred from them the falsity of the common
explanation of evaporation by the solution of water in
air. His conclusions are drawn in a very intelligent
manner. He considers the question whether water
can be changed into air, and whether the atmosphere
is, in consequence, a mere collection of vapourd; and
on good reasons, decides in the negative, and con-
cludes the existence of permanently-elastic air different
from vapour. He judges, also, that there are two
causes concerned, one acting to produce the first
ascent of vapours, the other to support them after-
wards. The first, which acts in a vacuum, he con-
ceives to be the mutual repulsion of the particles;
and since this force is independent of the presence of
other substances, this seems to be a sound induction.
When the vapours have once ascended into the air, it
may readily be granted that they are carried higher,
and driven from side to side by the currents of the
atmosphere. Wallerius conceives that the vapour will
rige till it gets into air of the same density as itself,
and being then in equilibrium, will drift to and fro.

The two rival theories of evaporation, that of
chemical solution and that of independent wapour,
were, in various forms, advocated by the next genera-
tion of philosophers, De Saussure may be considered
as the leader on one side, and De Luc on the other.
The former maintaixed the solution theory, with some
modifications of his own. De Luc denied all solution,

7 Fischer, Gesch, Phys. vol. V. p.63.
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and held vapour to be a combination of the particles
of water with fire, by which they became lighter than
air. According to him, there is always fire enough
present to produce this combination, so that evapora-
tion goes on at all temperatures.

This mode of considering independent vapour as
a combination of fire with water, led the attention of
those who adopted that opinion to the thermometrical
changes which tauke place when vapour is formed and
condensed. These changes are important, and their
laws curious. The laws belong to the induction of
latent heat, of which we have just spoken; but a
knowledge of them is not absolutely necessary in order
to enable us to understand the manner in which steam
exists in air.

De Luc’s views led him8 also to the consideration of
the effect of pressure on vapour. He explains the fact
that pressure will condense vapour, by supposing that
it brings the particles within the distance at which
the repulsion arising from fire ceases. In this way, he
also explains the fact, that though external pressure
does thus condense steam, the mixture of a body of
air, by which the pressure is equally increased, will
not produce the same effect; and therefore, vapours
can exist in the atmosphere. They make no fixed
proportion of it; but at the same temperature we have
the same pressure arising from them, whether they are
in air'or not. As the heat increases, vapour becomes
capable of supporting a greater and greater pressure,
and at the boiling heat, it can support the pressure of
the atmosphere.

De Lug also marked very precisely (as Wallerius
had donefthe difference between vapour and air: the
former being capable of change of consistence by cold
or pressure, the latter not so. Pictet, in 1786, made
& hygrometrical experiment, which appeared to him to
confirm De Luc’s views; and De Luc, in 1792, pub-
lished a concluding essay on the subject in the Phaloso-
phical Transactions. Pictet’s Essay on Fire, in 1791,

8 Fischer, vol. vii. p. 453. Nouvelles Idées sur la Méléorologie, 1787,
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also demonstrated that ¢ all the train of hygrometrical
phenomena takes place just as well, indeed rather
quicker, in a vacuum than in air, provided the same
quantity of moisture is present’ This essay, and De
Luc’s paper, gave the death-blow to the theory of the
solution of water in air.

Yet this theory did not fall without an obstinate
struggle.” It was taken up by the new school of
French clemists, and connected with their views of
heat. Indeed, it long appears as the prevalent opinion.
Girtanner,’ in his Grounds of the Antiphlogistic
Theory, may be considered as one of the principal
expounders of this view of the matter. Hube, of
‘Warsaw, was, however, the strongest of the defenders of
the theory of solution, and published upon it repeatedly
about 1790. *Yet he appears to have been somewhat
embarrassed with the increase of the air’s elasticity by
vapour. Parrot, in 1801, proposed another theory,
maintaining that De Luc had by no means successfully
attacked that of solution, but only De Saussure’s
superfluous additions to it.

1t is difficult to see what prevented the general
reception of the doctrine of independent vapour; since
it explained all the facts very simply, and the agency
of air was shown over and over again to be unneces-
sary. Yet, even now, the solution of water in air is
hardly exploded. M. Gay Lussac,% in 1800, talks of
the gquantity of water ‘held in solution’ by the air;
which, he says, varies according to its temperature
and density by a law which has not yet been dis-
covered. And Professor Robison, in the article

‘Steam,” in the Lneyclopedia Britamnica (published
about 1800), says,!! ‘Many philosophers imbgine that
spontaneous evaporation, at low temperatures, is pro-
duced in this way, (by elasticity alone). But we can-
not be of this opinion; and must stjll think that this
kind of* evaporation is produced by the dissolving
power of the air.” He then gives some reasons for his

9 Fischer, vol. vii. 473. © Ann. Chim. tom. xliii.
11 Robison’s Works, ii. 37.
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opinion. ‘When moist air is suddenly rarefied, there
is always a precipitation of water. But by this new
doctrine the very contrary should happen, because the
tendency of water to appear in the elastic form is pro-
moted by removing the external pressure.’ Another
main difficulty in the way of the doctrine of the mere
mixture of vapour and air was supposed to be this;
that if they were so mixed, the heavier fluid would
take the lower part, and the lighter the higher part, of
the space which they occupied.

The former of these arguments was repelled by the
consideration that in the rarefaction of air, its specific
heat is changed, and thus its temperature reduced
below the constituent temperature of the vapour which
it contains. The latter argument is answered by a
refercnce to Dalton’s law of the mixture of gases. We
must consider the establishment of this doctrine in
a new scction, as the most material step to the true
notion of evaporation.

Sect. 3.—Dalion’s Doctrine of Evaporation.

A rortION of that which appears to be the true notion
of evaporation was known, with greater or less dis-
tinctness, to several of the physical philosophers of
whom we have spoken. They were awate that the
vapour which exists in air, in an invisible state, may
be condensed into water by cold: and they had noticed
that, in any state of the atmosphere, there is a certain
temperature lower than that of the atmosphere, to
which, if we depress bodies, water forms upon them in
fine drops like dew; this temperature is thence called
the dew-point. The vapour of water which exists any-
where may be reduced below the degree of heat which
is necessary to constitute it vapour, and thus it ceases
to be vapour. Hence this temperature is also called the
constituent temperature. This was generally known to
the meteorological speculators of the last century,
although, in England, attention was principally called
to it by Dr. Wells’s Essay on Dew,in 1814. This doc-
trine readily explains how the cold produced by rare-
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faction of air, desending below the constituent tempe-
rature of the contained vapour, may precipitate a dew;
and thus, as we have said, refutes one obvious objec-
tion to the theory of independent vapour.

The other difficulty was first fully removed by Mr.
Dalton. When his attention was drawn to the subject
of vapour, he saw insurmountable objections to the
doctrine of a chemical union of water and air. In
fact, this doctrine was a mere nominal explanation;
for, on closer examination, no chemical analogies sup-
ported it. After some reflection, and in the sequel of
other generalizations concerning gases, he was led to
the persuasion, that when air and steam are mixed
together, each follows its separate laws of equilibrium,
the particles of each being elastic with regard to those
of their own kind only: so that steam may be con-
ceived as flowing among the particles of airl? ‘like
a stream of water among pebbles;’ and the resistance
which air offers to evaporation arises, not from its
weight, but from the inertia of its particles.

It will be found that the theory of independent
vapour, understood with these conditions, will include
all the facts of the case ;—gradual evaporation in air;
sudden evaporation in a vacuum; the increase of the
air’s elasticity by vapour; condensation by its various
causes ; and other phenomena.

But Mr. Dalton also made experiments to prove his
fundamental principle, that if two different gases com-
municate, they will diffuse themselves through each
other ;13—slowly, if the opening of communication be
small. He observes also, that all the gases had equal
solvent powers for vapour, which could hardly have
happened, had chemical affinity been concerned. Nor
does the density of the air make any difference.

Taking all these circumstances into the account,
Mr, Dalton abandoned the idea of «solution. ¢In the
autumn of 1801, he says, ‘I hit upon an idea which
seemed to be exactly calculated to explain the pheno-

12 Manchester Memoirs, vol. v. p. 581.
New System of Chemical Philosophy, vol. i. p. 151.
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mena of vapour: it gave rise to a great variety of
experiments, which ended in fixing it in his mind as
a true idea. ‘But, he adds, ‘the theory was almost
universally misunderstood, and consequently repro-
bated.”

Mr. Dalton answers various objections. DBerthollet
had urged that we can hardly conceive the particles of
an elastic substance added to those of another, without
increasing its clasticity. To this Mr. Dalton replies
by adducing the instauce of magnets, which repel each
other, but do not repel other bodies. One of the most
curious and ingenious objections is that of Mr. Gough,
who argues, that if each gas is elastic with regard to
itself alone, we should hear, produced by one stroke,
four sounds ; namely, first, the sound through aqueous
vapour ; second, the sound #hrough azotic gas; third,
the sound through oxygen gas; jfourth, the sound
through carbonic acid. Mr. Dalton’s answer is, that
the difference of time at which these sounds would
come is very small; and that, in fact, we do hecar
sounds double and treble.

In his New System of Chemical Philosophy, Mr.
Dalton considers the objections of his opponents with
singular candour and impartiality. He there appears
disposed to abandon that part of the theory which
negatives the mutual repulsion of the particles of the
two gases, and to attribute their diffusion through one
another to the different size of the panmticles, which'
would, he thinks'# produce the same effect.

In selecting, as of permanent importance, the really
valuable part of this theory, we must endeavour to’
leave out all that is doubtful or unproved. I believe
it will be found that in all theories hitherto promul-
gated, all assertions respecting the propertics of the
particles of bodies, their sizes, distances, attractions,
and the like, are insecure and superfluous. Phssing’
over, then, such hypotheses, *the inductions which
remain are these;—that two gases which are in com-'
munication will, by the elasticity of each, diffuse them--

¥ New System, vol. i. p. 188, -
VOL. IL . EE
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selves in one another, quickly or slowly: and—that the
quantity of steam contained in a certain space of air is
the same, whatever be the air, whatever be its density,
and even if there be a vacuum. These propositions
may be included together by saying, that one gas is
mechanically mized with another; and we cannot but
assent to what Mr. Dalton says of the latter fact,—
¢ this is certainly the touchstone of the mechanical and
chemical theories” This doctrine of the mechanical
mixture of gases appears to supply answers to all the
difficulties opposed to it by Berthollet and others, as
Mr. Dalton has shown;® and we may, therefore,
accept it as well established.

This doctrine, along with the principle of the con-
stituent temperature of steam, is applicable to a large
series of meteorological afd other consequences. But
before considering the applications of theory to natural
phenomena, which have been made, it will be proper
to speak of researches which were carried on, in a
great measure, in consequence of the use of steam in
the arts: I mean the laws which connect its elastic
force with its constituent temperature.

Sect. 4.—Determination of the Laws of the Elastic
Force of Steam.

TaE expansion of aqueous vapour at different tem-
peratures is governed, like that of all other vapours,
by the law of Dalton and Gay-Lussac, already men-
tioned; and from this, its elasticity, when its expansion
is resisted, will be known by the law of Boyle and
Mariotte; namely, by the rule that the pressure of
airy fluids is as the condensation. But it is to be
observed, that this process of calgulation goes on the
supposition that the steam is cut off from contact with
water, so that no more steam can be generated; a case
quite different from the common one, in which the
steam is more abundant as the heat is greater. The

15 New System, vol. i. p. 160, &e.
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examination of the force of vapour, when it is in
contact with water, must be briefly noticed.

During the period of which we have bheen speaking,
the progress of the investigation of the laws of aqueous
vapour was much accelerated by the growing import-
ance of the steam-engine, in which those laws operated
in a practical form. James Watt, the main improver
of that machine, was thus a great contributor to specu-
lative knowledge, as well as to practical power. Many
of his improvements depended on the laws which regu-
late the quantity of heat which goes to the formation
or condensation of steam; and the observations which
led to these improvements enter into the induction
of latent heat. Measurements of the force of steam,
at all temperatures, were made with the same view.
Watt’s attention had been drawn to the stcam-engine
in 1759, by Robison, the former being then an instru-
ment-maker, and the latter a student at the University
of Glasgow.’® 1In 1761 or 1762, he tried some experi-
ments on the force of steam in a Papin’s Digester ;17
and formed a sort of working model of a steam-engine,
feeling already his vocation to develope the powers of
that invention. His knowledge was at that time
principally derived from Desaguliers and Belidor, but
his own experiments added to it rapidly. Irr 1764 and
1765, he made a more systematical course of experi-
ments, directed to ascertain the force of steam. He
tried this force, however, only at temperatures above
the boiling-point ; and inferred it at lower degrees from
the supposed continuity of the law thus obtained. His
friend Robison, also, was soon after led, by reading the
account of some experiments of Lord Charles Caven-
dish, and some others of Mr. Nairne, to examine the
same subject. He made out a table of the correspond-

usual boiling-point ; and héd hence
invented the instrument called

16 Robison’s Works, vol. il. p.
113,

17 Denis Papin, who made many
of Boyle’s experiments for him,
had discovered that if the vapour
be prevented from rising, the
water becomes hotter than the

Papin’s Digester. It is described
in his book, La maniére d’amolir
les 08 et de faire cuire toutes sortes
de viandes en fort peu de temps e
d peu de frais. Taris, 1682.

EE 2
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ence of the elasticity and the temperature of vapour,
from thirty-two to two hundred and eighty degrees
of Fahrenheit’s thermometer.® The thing here to be
remarked, is the establishment of a law of the pressure
of steam, down to the freezing-point of water. Ziegler
of Basle, in 1469, and Achard of Berlin, in 1782, made
similar experiments. The latter cxamined also the
elasticity of the vapour of alcohol.  Betancourt, in
1792, published his Memoir on the expansive force of
vapours; and his tables were for some time considered
the most exact. Prony, in his drchitecture Hydrau-
lique (1790), established a mathematical formula,'® on
the experiments of Betancourt, who began his re-
searches in the belief that he was first in the field,
although he afterwards found that he had been antici-
pated by Ziegler. Gren compared the experiments of
Betancourt and De Luc with his own. He ascertained
an important fact, that when water boils, the elas-
ticity of the steam is equal to that of the atmospherc.
Schimidt at Giessen endeavoured to improve the appa-
ratus used by Betancourt; and Biker, of Rotterdam,
in 1800, made new trials for the same purpose.

In 1801, Mr. Dalton communicated to the Philo-
sophical Society of Manchester his investigations on
this subject; observing truly, that though the forces
at high temperatures are most important when steam
is considered as a mechanical agent, the progress of
philosophy is more irmmediately interested in accurate
observations on the force at low temperatures. He
also found that his serics of elasticities for equidistant
temperatures resembled a geometrical progression, but
with a ratio constantly diminishing. Dr. Ure, in 1818,
published in the Philosophical Transactions of London,
experiments of the same kind, valuable from the high
temperatures at which they werg made, and for the
simplitity of his apparatus. The law which he thus
obtained approached, like Dalton’s, to a geometrical

18 These were afterwards published in the Encyclopedia Britannica,—v
in the article ¢ Steam,’ written by Robison.
W drehitecture Hydraulique, Seconde Partie, p. 163.
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progression.  Dr. Ure says, that a formula proposed
by M. Biot gives an errour of ncar nine inches out of
scventy-five, at a temperature of 266 degrees. This is
very conceivable, for if the formula be wroug at all,
the geometrical progress rapidly inflames the errour in
the higher portions of the scale. The clasticity of
steam, at high temperaturcs, has also been experi-
mentally examined by Mr. Southern, of Soho, and Mr.
Sharpe, of Manchester. Mr. Dalton has atteinpted to
deduce certain general laws from Mr. Sharpe’s experi-
ments; and other persons have offered other rules, as
those which govern the force of steam with reference
to the temperature: but no rule appears yet to have
assumed the character of an cstablished scientific truth.
Yet the law of the expansive force of steam is not only
required in order that the steam-engine may be em-
ployed with safety and to the best advantage; but
must also be an important point in every consistent
thermotical theory.

[2nd Ed] [To the experiments on steam made by
private physicists, are to be added the experiments
made on a grand scale by order of the governments of
France and of America, with a view to legislation on
the subject of steam-cngines. The French experiments
were made in 1823, under the direction of a commis-
sion consisting of some of the most distinguished mem-
bers of the Academy of Sciences; namely, MM. de
Prony, Arago, Girard, and Dulong. The American
experiments were placed in the hands of a committee
of the Franklin Institute of the State of Pennsylvania,
consisting of Prof. Bache and others, in 1830. The
French experiments went as high as 435° of Fahren-
heit’s thermometer,- corresponding to a pressure of 60
feet of ercury, or 24 atmospheres. The American
experiments were made up to a temperature of 346°,
which correspondeds to 274 inches of mercury, more
than 9 atmospheres. The extensive range of these
experiments affords great advantages for determining
the law of the expansive force. Thé French Academy
found that their experiments indicated an increase of
the elastic force according to the fifth power of a
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binominal 1+ mf, where ¢ is the temperature. The
American Institute were led to a sixzth power of a like
binominal. Other experimenters have expressed their
results, not by powers of the temperature, but by
geometrical ratios. Dr. Dalton had supposed that the
expansion of mercury being as the square of the true
temperature above its freezing-point, the expansive
force of stcam increases in geometrical ratio for equal
increments of temperature. And the author of the
article Steam in the Seventh Edition of the Encyclo-
peedia Britanmnica (Mr. J. 8. Russell), has found that the
‘experiments are best satisfied by supposing mercury,
as well as steam, to expand in a geometrical ratio for
equal increments of the true temperature. .

It appears by such calculation, that while dry gas
increases in the ratio of 8 to 11, by an increase of
temperature from freezing, to boiling water; steam in
‘gontact with water, by the same increase of temperature
above boiling water, has its expansive force increased
in the proportion of 1 to 12. By an equal increase of
temperature, mercury expands in about the ratio of
8 to g.

Recently, MM. Magnus of Berlin, Holzmann and Reg-
nault, have made series of observations on the relation
between temperature and elasticity of steam.20

. Prof. Magnus measured his temperatures by an
air-thermometer; a process which, I stated in the first
edition, seemed to afford the best promise of simplify-
ing the law of expansion. His result is, that the
elasticity proceeds in a geometric series when the tetn-
perature proceeds in an arithmetical series nearly;
the differcnces of temperature for equal augmentations
of the ratio of elasticity being somewhat greater for
the higher temperatures.

The forces of the vapours of other liquids in contact
with their liquids, determined by Dr. Faraday, as men-
tioned in Chap. ii. Sect. ¥, are analogous to the elasticity
of steam here spoken of. j

20 See Taylor's Scientific Memoirs, Aug. 1845, vol. iv. part xiv., and
Ann. de Chimie,
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Sect. 5.—Consequences of the Doctrine of Evaporation.
— Explanation of Rain, Dew, and Clouds.

Tae discoveries concerning the relations of heat and
moisture which were made during the last century,
were principally suggested by meteorolomca.l inquiries,
and were applied to meteorology as fast as they rose.
Still there remains, on many points of this subject, so
much doubt and obscurity, that we cannot suppose the
doctrines to have assumed their final form; and there-
fore we are not here called upon to trace their progress
and connexion. The principles of atmology are pretty
well understood ; but the difficulty of observing the con-
ditions under which they produce their effects in the
atmosphere is so great, that the precise theory of most
meteorological phenomena is still to be determined.
We have already considered the answers given to
the question: According to what rules does trans-
parent aqueous vapour resume its form of visible
water ? This question includes, not only the pro-
blems of Rain and Dew, but also of Clouds; for clouds
are not vapour, but water, vapour being always invi-
sible. An opinion which attracted much notice in its
time, was that of Hutton, who, in 1784, endeavoured
to prove that if two masses of air saturated with
transparent vapour at different tomperatures are
mixed together, the precipitation of water in the form
either of cloud or of drops will take place. The reason
he assigned for the opinion was this; that the tempe-
rdture of the mixture is a mean between the two
temperatures, but that the force of the vapour in the
mixture, which is the mean of the forces of the two
component vapours, will be greater than that which
corresponds to the mean temperature, since the force
increases faster than the temperature;?! and hence
some part of the vapour will be precipitated This
doctnne, it will be seen, speaks of vapour as ‘saturat-
ing’ air, and is therefore, in this form, inconsistent
with Dalton’s principle; but it is ndt difficult to'modify

2 Edin. Trans. vol. i. p. 42.
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the expression so as to retain the essential part of the
explanation.

Dew.—The principle of a ‘constituent tcmpera,turc
of steam, and the explanation of the ¢ dew-point,” were
known, as we have said, (Chap. iii. Sect. 3, ) to the
meteorologists of the last century; but we perceive how
mcomp]cte their knowledge was, by the very gradual
manner in which the consequences of this principle were
traced out. We have already noticed, as one of the books
which most drew attention to the true doctrine, in this
country at least, Dr. Wells’s Zssay on Dew, published
in 1814. In this work the author gives an account of
the progress of his opinions:® < I was led,” e says, ¢in
the automn of 1784, by the event of a rude experi-
ment, to think it probable that the formation of dew
is attended with the production of cold” This was
confirmed by the expﬂnn(,nts of others. DBut some
years after, ¢ upon considerilg the subject more closcly,
I began to suspect that Mr. Wllson Mr. Six, and myself,
had all committed an error in regarding the cold which
wccompamvs the dew, as an e[}e(t of the formation of
the dew.” He now considered it rather as the cause:
and soon found that he was able to account for the
circumstances of this formation, many of them curious
and paradoxical, by supposing the bodies on which dew
is deposited, to be cooled down, by radiation into the
clear night-sky, to the proper temperature. The same
principle will obviously explain the formation of mists
over streams and lakes when the air is cooler than the
water; which was put forward by Davy, evenin 1819,
as a new doctrine, or at least as not familiar.

Hygrometers.—According as air has more or less
of vapour in comparison with that which its tempe-
rature and pressure cnable it to contain, it is more or
less humid; and an instrument which measures the
degrees of such a gradation is a Aygrometer. The
hygrométers which were at first invented, were those
which measured the mdisture by its effect in pro-
ducing expansion eor contraction in certain organic

2 Essay on Dew, p. 1.
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substances; thus De Saussure devised a hair-hygro-
mecter, De Luc a whalebone-hygrometer, and Dalton
used a picce of whipcord.  All these contrivances were
variable in the amount of their indications under the
same circumstances ; and, morcover, it was not easy to
know the physical meaning of the degree indicated.
The dew-point, or constituent temperature of the
vapour which cxists in the air, is, on the other hand,
both constant and definite. The determination of
this point, as a datum for the moisture of the atmo-
sphere, was employed by Le Roi, and by Dalton (1802),
the condensation being obtained by cold water:* and
finally, Mr. Daniell (1812) constructed an instrument,
where the condensing temperature was produced by
evaporation of ether, in a very convenient manner.
This invention (Daniell’'s 1lygrometer) cnables us to
determine the quantity of vapour which cxists in a
given mass of the atmosphere at any time of obser-
vation.

[2nd Ed.] [Asa bappy application of tho Atmolo-
gical Laws which have been discovered, I may mention
the completion of the theory and use of the Wet-bulb
I ygrometer; an instrument in which, from the depres-
sion of temperature produced by wetting the bulb
of a thermometer, we infer the further depression
which would produce dew. Of this insfrument the
history is thus summed up by Prof. Forbes :—¢ Hutfon
invented the method ; Leslie revived and extended it,
giving probably the earliest, though an imperfect,
theory ; Gay-Lussac, by his oxcel]ent experiments and
reasoning from them, completed the theory, so far as
pclfectly dry air is concerned; Ivory extended the
theory; which was reduced to practice by Auguste and
Bohnenberger, who determined the constant with
accuracy. English observers have denc little more
than confirm the tonclusions of our industripus Ger-
manic neighbours ; nevertheless the experiments of
Apjohn and Prlmep must ever be considered as con-
clusively settling the value of the’coefficient near the

2 Daniell, Met, Ess. p, 142. Manch. Mem. vol. v. p. 581.
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one extremity of the scale, as those of Kemtz have
done for the other.’?

Prof. Forbes's two Reports On the Recent Progress
and Present State of Meteorology given among the
Reports of the British Association for 1832 and 1840,
contain a complete and luminous account of recent
researches on this subject. It may perhaps be asked
why I have not given Meteorology a place among the
Inductive Sciences; but if the reader refers to these
accounts, or any other adequate view of the subject,
he will see that Meteorology is not a single Inductive
Science, but the application of several sciences to the
explanation of terrestrial and atmospheric phenomena.
Of the scieuces so applied, Thermotics and A tmology
are the principal ones. But others also come into
play; as Optics, in the explanation of Rainbows, Halos,
Parhelia, Corone, Glories, and the like ; Electricity, in
the explanation of Thunder and Lightning, Hail,
Aurora Borealis; to which others might be added.]

Clouds.—When vapour becomes visible by being
cooled below its constituent temperature, it forms
itself into a fine watery powder, the diameter of the
particles of which this powder consists being very
small: they are estimated by various writers, from
1-100,000th to 1-20,000th of an inch.?* Such par-
ticles, even ‘if solid, would descend very slowly; and
vexy slight causes would suffice for their suspension,
without recurring to the hypothesis of vesicles, of
which we have already spoken. Indeed that hypothesis
will not explain the fact, except we suppose these
vesicles filled with, a rarer air than that of the atmo-
sphere; and, accordingly, though this hypothesis is still
maintained by some,* it is asserted as a fact of obser-
vation, proved by optical or other phenomena, and not
deduced from the suspension of clouds. Yet the latter
result ig still variously explained by different philo-
sophers: thus, M. Gay-Lussac® accounts for it by

% Second Report on Meteorology, p. 101.
% Kemtz, Met. i. 393. 2 Ib.i. 393. Robison, ii. 13.
27 Ann. Chim. XXV. 1822,
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upward currents of air, and Fresnel explains it by the
heat and rarefaction of air in the interior of the
cloud.

Classification of Clouds.—A classification of clouds
can then only be consistent and intelligible when it
rests upon their atmological conditions, Such a
system was proposed by Mr. Luke Howard, in 1802-3.
His primary mqdifications are, Cirrus, Cumulus, and
Stratus, which the Germans have translated by terms
equivalent in English to feather-cloud, heap-cloud,
and layer-cloud. The cumulus increases by accumula-
tions on its top, and floats in the air with a horizontal
base; the stratus grows from below, and spreads along
the earth; the cirrus consists of fibres in the higher
regions of the atmosphere, which grow every way.
Between these simple modifications are intermediate
ones, cirro-cumulus and cirro-stratus; and, again, com-
pound ones, the cumulo-stratus and the nimbus, or rain-
cloud. These distinctions have been generally accepted
all over Europe: and have rendered a deseription of
the processes which go on in the atmosphere far more
definite and clear than it could be made before their
use.

I omit a vast mass of facts and oplmons, supposed
laws of phenomena and assigned causes, which abound
in meteorology more than in any other Ycience. The
slightest consideration will show us what a great
amount of labour, of persevering and combined ob-
servation, the progress of this branch of knowledge
requires. I do not even speak of the condition of the
more clevated parts of the atmosphere. The diminu-
tion of temperature as we ascend, one of the most
marked of atmospheric facts, has been variously ex-
plained by different writers. Thus Dalton? (1808)
refers it to a principle ‘that each atom of air, in the
same perpeudlculnr column, is possessed of the same
degree of heat, which principle he conceives to be
entirely empmcal in this cafe. Fourier says® (1817),
¢This phenomenon results from stveral causes: one-of

28 New Syst. of Chem. vol, i. p. 125, 8 Ann. Chim. vi. 285.
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the principal is the progressive extinetion of the rays
of heat in the successive strata of the atmosphere.’

Leaving, therefore, the application of thermotical
and atmological principles in particular cases, let us
consider for a moment the general views to which they
have led philosophers.
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CHAPTER 1IV.
Puysicar THEORIES oF “HEAT.

THEN we look at the condition of that branch
of knowledge which, according to thé phraseology
already employed, we must call Physical Thermotics,
in opposition to Formal Thermotics, which gives us
detached laws of phenomena, we find the prospect
very different from that which was presented to us by
physical astronomy, opties, and acoustics. In these
sciences, the maintainers of a distinct and comprehen-
sive theory have professed at least to show that it ex-
plains and includes the principal laws of phenomena
of very various kinds: in Thermotics, we have only
attempts to explain a part of the facts. We have
here no example of an hypothesis which, assumed in
order to explain one class of phenomena, has been
found also to account cxactly for another; as when
central forces led to the precession of the equinoxes;
or when the explanation of polarization explained also
double refraction ; or when the pressure of the atmo-
sphere, as measured by the barometer, gave the true
velocity of sound. Such coincidences, or consiliences,
as I have clsewhere called them, are the test of truth;
and thermotical theories cannot yet exhibit credentials
of this kind.

On looking back at our view of this science, it will
be seen that it may be distinguished into two parts;
the Doctrines of Conduction and Radiation, which we
call Thermotics proper; and the Doctrines respecting
the relation of Heat, Airs, and Moisture, which we
have termed Atmology These two subjects differ in
their bearing on our hypothetical views.

Thermotical Theories—The phenomena of radiant
heat, like those of radiant light,, obviously admit of
general explanation in two different ways;—by the
emission of material particles, or by the propagation
of undulations. Both these opinions have found sup-,
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porters. Probably most persons, in adopting Prevost’s
theory of exchanges, conceive the radiation of heat to
be the radiation of matter. The undulation hypothesis,
on the other hand, appears to be suggested by the
production of heat by friction, and was accordingly
maintained by Rumford and others. Leslie! appears,
in a great part of his Jnquiry, to be a supporter of
some undulatory doctrine, but it is extremely difficult
to make out what his undulating medium is; orrather,
his opinions wavered during his progress. In page
31, he asks, ¢ What is this calorific and frigorific fluid ¥
and after keeping the reader in suspense for a moment,
he replies,
¢ Quod petis hic est.

It is merely the ambient ATR.” But at page 150, he
again asks the question, and, at page 188, he answers,
¢It is the same subtile matter that, according to its
different modes of existence, constitutes either heat or
light.” A person thus vacillating between two opinions,
one of which is palpably false, and the other laden
with exceeding difficulties which he does not even
attempt to remove, had little right to protest against?
¢ the sportive freaks of some intangible aura,;’ to rank
all other hypotheses than his own with the ‘occult
qualities of the schools; and to class the ¢ prejudices’
of his opponents with the tenets of those who main-
tained the fuga wacui in opposition to Torricelli. It
is worth while noticing this kind of rhetoric, in order
to observe, that it may be used just as easily on the
wrong side as on the right.

Till recently, the theory of material heat, and of its
propagation by emission, was probably the one most
in favour with those who had studied mathematical
thermotics. As we have said, the laws of conduction,
in their ultimate analytical form, weve almost identical
with the laws of motion of fluids. Fourier’s principle
also, that the radiation of heat takes place from points
below the surface, and is intercepted by the super-

1 An Ezperimental Inguiry into the Nature and Propagation of Heat.
1894, 3 Ib.p. 47.
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