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Introductory Remarks.

The theoretical development of the laws of motion of bodies is a problem of such interest
and importance, that it has engaged the attention of all the most eminent mathematicians,
since the invention of dynamics as a mathematical science by GALILEO, and especially since
the wonderful extension which was given to that science by NEWTON. Among the successors
of those illustrious men, LAGRANGE has perhaps done more than any other analyst, to give
extent and harmony to such deductive researches, by showing that the most varied conse-
quences respecting the motions of systems of bodies may be derived from one radical formula;
the beauty of the method so suiting the dignity of the results, as to make of his great work
a kind of scientific poem. But the science of force, or of power acting by law in space and
time, has undergone already another revolution, and has become already more dynamic, by
having almost dismissed the conceptions of solidity and cohesion, and those other material
ties, or geometrically imaginably conditions, which LAGRANGE so happily reasoned on, and
by tending more and more to resolve all connexions and actions of bodies into attractions
and repulsions of points: and while the science is advancing thus in one direction by the
improvement of physical views, it may advance in another direction also by the invention
of mathematical methods. And the method proposed in the present essay, for the deduc-
tive study of the motions of attracting or repelling systems, will perhaps be received with
indulgence, as an attempt to assist in carrying forward so high an inquiry.

In the methods commonly employed, the determination of the motion of a free point in
space, under the influence of accelerating forces, depends on the integration of three equations
in ordinary differentials of the second order; and the determination of the motions of a system
of free points, attracting or repelling one another, depends on the integration of a system of
such equations, in number threefold the number of the attracting or repelling points, unless we
previously diminish by unity this latter number, by considering only relative motions. Thus, in
the solar system, when we consider only the mutual attractions of the sun and the ten known
planets, the determination of the motions of the latter about the former is reduced, by the
usual methods, to the integration of a system of thirty ordinary differential equations of the
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second order, between the coordinates and the time; or, by a transformation of LAGRANGE, to
the integration of a system of sixty ordinary differential equations of the first order, between
the time and the elliptic elements: by which integrations, the thirty varying coordinates, or
the sixty varying elements, are to be found as functions of the time. In the method of the
present essay, this problem is reduced to the search and differentiation of a single function,
which satisfies two partial differential equations of the first order and of the second degree:
and every other dynamical problem, respecting the motions of any system, however numerous,
of attracting or repelling points, (even if we suppose those points restricted by any conditions
of connexion consistent with the law of living force,) is reduced, in like manner, to the study
of one central function, of which the form marks out and characterizes the properties of the
moving system, and is to be determined by a pair of partial differential equations of the
first order, combined with some simple considerations. The difficulty is therefore at least
transferred from the integration of many equations of one class to the integration of two of
another: and even if it should be thought that no practical facility is gained, yet an intellectual
pleasure may result from the reduction of the most complex and, probably, of all researches
respecting the forces and motions of body, to the study of one characteristic function,* the
unfolding of one central relation.

The present essay does not pretend to treat fully of this extensive subject,—a task which
may require the labours of many years and many minds; but only to suggest the thought
and propose the path to others. Although, therefore, the method may be used in the most
varied dynamical researches, it is at present only applied to the orbits and perturbations of a
system with any laws of attraction or repulsion, and with one predominant mass or centre of
predominant energy; and only so far, even in this one research, as appears sufficient to make
the principle itself understood. It may be mentioned here, that this dynamical principle is
only another form of that idea which has already been applied to optics in the Theory of
systems of rays, and that an intention of applying it to the motion of systems of bodies
was announcedf at the publication of that theory. And besides the idea itself, the manner
of calculation also, which has been thus exemplified in the sciences of optics and dynamics,
seems not confined to those two sciences, but capable of other applications; and the peculiar
combination which it involves, of the principles of variations with those of partial differentials,
for the determination and use of an important class of integrals, may constitute, when it shall
be matured by the future labours of mathematicians, a separate branch of analysis.

WILLIAM R. HAMILTON.

Observatory, Dublin, March 1834.

* LAGRANGE and, after him, LAPLACE and others, have employed a single function to
express the different forces of a system, and so to form in an elegant manner the differential
equations of its motion. By this conception, great simplicity has been given to the statement
of the problem of dynamics; but the solution of that problem, or the expression of the mo-
tions themselves, and of their integrals, depends on a very different and hitherto unimagined
function, as it is the purpose of this essay to show.

T Transactions of the Royal Irish Academy, Vol. Xv, page 80. A notice of this dynamical
principle was also lately given in an article “On a general Method of expressing the Paths of
Light and of the Planets,” published in the Dublin University Review for October 1833.
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Integration of the Equations of Motion of a System, characteristic Function of such Motion,
and Law of varying Action.

1. The known differential equations of motion of a system of free points, repelling or
attracting one another according to any functions of their distances, and not disturbed by
any foreign force, may be comprised in the following formula:

».m(z"” dz +y" oy + 2" 62) = 6U. (1.)

In this formula the sign of summation ¥} extends to all the points of the system; m is, for any
one such point, the constant called its mass; z”’, y”, 2", are its component accelerations, or
the second differential coefficients of its rectangular coordinates x, y, z, taken with respect
to the time; dx, dy, 0z, are any arbitrary infinitesimal displacements which the point can
be imagined to receive in the same three rectangular directions; and 0U is the infinitesimal
variation corresponding, of a function U of the masses and mutual distances of the several
points of the system, of which the form depends on the laws of their mutual actions, by the
equation

U=y .mm,f(r), (2.)

r being the distance between any two points m, m,, and the function f(r) being such that the
derivative or differential coefficient f’(r) expresses the law of their repulsion, being negative
in the case of attraction. The function which has been here called U may be named the
force-function of a system: it is of great utility in theoretical mechanics, into which it was
introduced by LAGRANGE, and it furnishes the following elegant forms for the differential
equations of motion, included in the formula (1.):

mx”—(sU' mm”—éU' mx”—éU'\
11_5:1:17 22_5:132’ e Sy,
oU oU oU
2 — ; 1! — ; . " 12 — ; 3
i = 35 ma = 05 ma = )
oU oU oU
"o__ . " _ . "_ .
myiz] = 5o mozh 5l Mz 5o )

the second members of these equations being the partial differential coefficients of the first
order of the function U. But notwithstanding the elegance and simplicity of this known
manner of stating the principal problem of dynamics, the difficulty of solving that problem,
or even of expressing its solution, has hitherto appeared insuperable; so that only seven
intermediate integrals, or integrals of the first order, with as many arbitrary constants, have
hitherto been found for these general equations of motion of a system of n points, instead
of 3n intermediate and 3n final integrals, involving ultimately 6n constants; nor has any
integral been found which does not need to be integrated again. No general solution has been
obtained assigning (as a complete solution ought to do) 3n relations between the n masses
mi, Msa, ... My, the 3n varying coordinates x1,y1, 21, - - - Tn, Yn, 2n, the varying time ¢, and the
6n initial data of the problem, namely, the initial coordinates a1, b1, cq, ... ay, by, c,, and their
initial rates of increase a’,b},c},... al,, b, c.; the quantities called here initial being those

n»“n’?-n?
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which correspond to the arbitrary origin of time. It is, however, possible (as we shall see)
to express these long-sought relations by the partial differential coefficients of a new central
or radical function, to the search and employment of which the difficulty of mathematical
dynamics becomes henceforth reduced.

2. If we put for abridgement
T =1x.m(z”?+y?+2"7), (4.)

so that 27T denotes, as in the Mécanique Analytique, the whole living force of the system:;
(z', 3/, 2/, being here, according to the analogy of our foregoing notation, the rectangular
components of velocity of the point m, or the first differential coefficients of its coordinates
taken with respect to the time;) an easy and well known combination of the differential equa-
tions of motion, obtained by changing in the formula (1.) the variations to the differentials
of the coordinates, may be expressed in the following manner,

dT = dU, (5.)
and gives, by integration, the celebrated law of living force, under the form
T'=U+H. (6.)

In this expression, which is one of the seven known integrals already mentioned, the
quantity H is independent of the time, and does not alter in the passage of the points of the
system from one set of positions to another. We have, for example, an initial equation of the
same form, corresponding to the origin of time, which may be written thus,

Ty =Uy + H. (7.)

The quantity H may, however, receive any arbitrary increment whatever, when we pass

in thought from a system moving in one way, to the same system moving in another, with
the same dynamical relations between the accelerations and positions of its points, but with

different initial data; but the increment of H, thus obtained, is evidently connected with the
analogous increments of the functions T" and U, by the relation

AT = AU + AH, (8.)
which, for the case of infinitesimal variations, may be conveniently be written thus,
0T = oU + 0H; (9.)

and this last relation, when multiplied by dt, and integrated, conducts to an important result.
For it thus becomes, by (4.) and (1.),

/Z.m(d:c.éx’—l—dy.éy'—l—dz.éz') :/E.m(dm'.6:c+dy'.5y+dz'.5z)—l—/5H.dt, (10.)
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that is, by the principles of the calculus of variations,
OV =% .m(z' oz +y dy+ 2" 62) — X .m(a’ da + V' b+ ¢ d¢c) + t6H, (A.)

if we denote by V' the integral

t
V= /E.m(x’ dr+y' dy+ 7' dz) = / 27T dt, (B.)
0

namely, the accumulated living force, called often the action of the system, from its initial to
its final position.

If, then, we consider (as it is easy to see that we may) the action V as a function of
the initial and final coordinates, and of the quantity H, we shall have, by (A.), the following
groups of equations; first, the group,

1% , oV , ov ;)
5—361 = miTy; E = MaZqy; E = MnpTy;
oV , oV , oV ,
5y1 = MmiYi; 5'3/2 = MaYs; 5yn = MnpYy,; > (C)
5_‘/ =m z/- 5_V =m z/- 6_‘/ — /
(521 a b 522 n 272 5Zn = MnZn: Y,
Secondly, the group,
ov P , oV ;)
E = —mlal; E = —m2a2; e m = _mnan;
oV 1% oV
_— = — b/' _— = — b/' e _— = — n/' D
(5b1 mi10q; (sz mo0y; 5bn MnpOys ( )
6—V:—mc" 5—V:—mc" 6—V=—mc"
der 0 5e, 2 se o
and finally, the equation,
oV
SH = t. (E.)

So that if this function V' were known, it would only remain to eliminate H between the 3n+1
equations (C.) and (E.), in order to obtain all the 3n intermediate integrals, or between (D.)
and (E.) to obtain all the 3n final integrals of the differential equations of motion; that is,
ultimately, to obtain the 3n sought relations between the 3n varying coordinates and the time,
involving also the masses and the 6n initial data above mentioned; the discovery of which
relations would be (as we have said) the general solution of the general problem of dynamics.
We have, therefore, at least reduced that general problem to the search and differentiation of
a single function V', which we shall call on this account the CHARACTERISTIC FUNCTION of
motion of a system; and the equation (A.), expressing the fundamental law of its variation,
we shall call the equation of the characteristic function, or the LAW OF VARYING ACTION.
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3. To show more clearly that the action or accumulated living force of a system, or in
other words, the integral of the product of the living force by the element of the time, may
be regarded as a function of the 6n + 1 quantities already mentioned, namely, of the initial
and final coordinates, and of the quantity H, we may observe, that whatever depends on
the manner and time of motion of the system may be considered as such a function; because
the initial form of the law of living force, when combined with the 3n known or unknown
relations between the time, the initial data, and the varying coordinates, will always furnish
3n + 1 relations, known or unknown, to connect the time and the initial components of
velocities with the initial and final coordinates, and with H. Yet from not having formed
the conception of the action as a function of this kind, the consequences that have been
here deduced from the formula (A.) for the variation of that definite integral appear to have
escaped the notice of LAGRANGE, and of the other illustrious analysts who have written on
theoretical mechanics; although they were in possession of a formula for the variation of this
integral not greatly differing from ours. For although LAGRANGE and others, in treating of
the motion of a system, have shown that the variation of this definite integral vanishes when
the extreme coordinates and the constant H are given, they appear to have deduced from
this result only the well known law of least action; namely, that if the points or bodies of
a system be imagined to move from a given set of initial to a given set of final positions,
not as they do nor even as they could move consistently with the general dynamical laws or
differential equations of motion, but so as not to violate any supposed geometrical connexions,
nor that one dynamical relation between velocities and configurations which constitutes the
law of living force; and if, besides, this geometrically imaginable, but dynamically impossible
motion, be made to differ infinitely little from the actual manner of motion of the system,
between the given extreme positions; then the varied value of the definite integral called
action, or the accumulated living force of the system in the motion thus imagined, will differ
infinitely less from the actual value of that integral. But when this well known law of least,
or as it might be better called, of stationary action, is applied to the determination of the
actual motion of the system, it serves only to form, by the rules of the calculus of variations,
the differential equations of motion of the second order, which can always be otherwise found.
It seems, therefore, to be with reason that LAGRANGE, LAPLACE, and POI1SSON have spoken
lightly of the utility of this principle in the present state of dynamics. A different estimate,
perhaps, will be formed of that other principle which has been introduced in the present
paper, under the name of the law of varying action, in which we pass from an actual motion
to another motion dynamically possible, by varying the extreme positions of the system, and
(in general) the quantity H, and which serves to express, by means of a single function, not
the mere differential equations of motion, but their intermediate and their final integrals.

Verification of the foregoing Integrals.

4. A verification, which ought not to be neglected, and at the same time an illustration
of this new principle, may be obtained by deducing the known differential equations of motion
from our system of intermediate integrals, and by showing the consistence of these again with
our final integral system. As preliminary to such verification, it is useful to observe that the
final equation (6.) of living force, when combined with the system (C.), takes this new form,



N~

s () + () + () -vem ®)

and that the initial equation (7.) of living force becomes by (D.)

e () () () ) - ©

These two partial differential equations, inital and final, of the first order and the second
degree, must both be identically satisfied by the characteristic function V: they furnish (as
we shall find) the principal means of discovering the form of that function, and are of essential
importance in its theory. If the form of this function were known, we might eliminate 3n—1 of
the 3n initial coordinates between the 3n equations (C.); and although we cannot yet perform
the actual process of this elimination, we are entitled to assert that it would remove along
with the others the remaining initial coordinate, and would conduct to the equation (6.) of
final living force, which might then be transformed into the equation (F.). In like manner
we may conclude that all the 3n final coordinates could be eliminated together from the 3n
equations (D.), and that the result would be the initial equation (7.) of living force, or the
transformed equation (G.). We may therefore consider the law of living force, which assisted
us in discovering the properties of our characteristic function V', as included reciprocally in
those properties, and as resulting by elimination, in every particular case, from the systems
(C.) and (D.); and in treating of either of these systems, or in conducting any other dynamical
investigation by the method of this characteristic function, we are at liberty to employ the
partial differential equations (F.) and (G.) which that function must necessarily satisfy.

It will now be easy to deduce, as we proposed, the known equations of motion (3.) of the
second order, by differentiation and elimination of constants, from our intermediate integral
system (C.), (E.), or even from a part of that system, namely, from the group (C.), when
combined with the equation (F.). For we thus obtain

mlx”:ié_v:x’y_v xléz—v_}_..._}_x’ 0*V )
L dt 6y Loa? 2621 0o " §xq 0%y,
, 0%V , 0%V , 0%V
+y15271 oY1 +y25$1 0Y2 +“.+yn5l‘1 OYn
L 52V L % I 52V
L5202 2621 029 "ox1 0z,
1 6V eV 1 6V 8%V 1 6V 5%V
T omy dwy 0 | ma 0w 6x1 0Ty My 0xy 071 02, (11.)
1 6V 8V 1 6V 8V 1 6V 8%V
m_15_yl5331 oY1 +m_2E6:c1 0y L m_n@&cl OYn
1 6V 8%V 1 6V 82V 1 6§V 8%V
mi 021 0x1 021 M 0z9 61020 My, 02, 0a1 02
) 1 [ 6V\?  [6VN?  [6V? b
(@) () e
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that is, we obtain
oUu

oz1
And in like manner we might deduce, by differentiation, from the integrals (C.) and from (F.)
all the other known differential equations of motion, of the second order, contained in the
set marked (3.); or, more concisely, we may deduce at once the formula (1.), which contains

all those known equations, by observing that the intermediate integrals (C.), when combined
with the relation (F.), give

(12.)

12

».m(x" dx + " oy + 2" 62) )
(A AV v
N dt oz " °F dt(sy.y dt 52 ¢
_zl 5_Vi 5_V£+5_V£ b 6_V§$+5_V§ _|_5_V(§Z
T 'm \dxdx Sy dy Oz oz ox Sy YT
13.
ESTCRL N R R YA CIA W T AN Y
N o T Sy o 2m dx Sy 5z
) ) )
= or — + 0y — + 0z — H
2(:2%4—y5y+ z&)(U+ )
= oU.

/

5. Again, we were to show that our intermediate integral system, composed of the

equations (C.) and (E.), with the 3n arbitrary constants a1, by, cq, . .

. Qpy by, ¢y, (and involving

also the auxiliary constant H,) is consistent with our final integral system of equations (D.)
and (E.), which contain 3n other arbitrary constants, namely a},b},c},... a),, b, c,. The

n-n)n*

immediate differentials of the equations (C.), (D.), (E.), taken with respect to the time, are,

for the first group,

ié_v—m :C//- ié_v—m :C//- ié_v— x//-\
dt 6z, 1o dt 6xy 22 dt 6z, "™
d oV p d oV . d oV /
- = . P : —_—— = n ; H.
dt 6y, TG 5y M2l dt 6y, MY ¢ (H.)
ié_v—m z//- i(s_v—m Z/I- ia_v—m ZI/-
dtézl_ b dt(522_ 272> dtézn_ nn,)
for the second group,
dov _ . 4oV _ . 4 _ o)
dt 6ay dtdas dt éa,,
d oV d 6V d oV
—_—— 0' _— = 0' _—— = 0' I
dt 6bq " dt by ’ dt 6b,, ’ (L)
AV _ eV A
dt 6¢; dtdey dt 6¢c,, )
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and finally, for the last equation,
asv
dt 6H
By combining the equations (C.) with their differentials (H.), and with the relation (F.),
we deduced, in the foregoing number, the known equations of motion (3.); and we are now to
show the consistence of the same intermediate integrals (C.) with the group of differentials
(I.) which have been obtained from the final integrals.
The first equation of the group (I.) may be developed thus:

(K.)

0= 2 52V o 2V N x’ 52V )
 YSay 61, 28aq 0xo "day dx,
% 2V %
/ / .. ! 14.
0 daq dyq o daq dy2 Tt daq Oy, (14
L A% y % Y 52V
L5ay 62 26aq 029 "day 0z, )

and the others may be similarly developed. In order, therefore, to show that they are satisfied
by the group (C.), it is sufficient to prove that the following equations are true,

oo 0o 1 5v2+5v2+5v2‘
~ da; T 2m ox oy 0z ’
§ 1 [[av\? v\ fev?
0=—%.— — — — L.
5bi22m{(5x> +(5y> +((5z) ’ (L)
AN 6V2+5V2+6V2
0 T 2m ox oy 0z ’ )
the integer ¢ receiving any value from 1 to n inclusive; which may be shown at once, and
the required verification thereby be obtained, if we merely take the variation of the relation
(F.) with respect to the initial coordinates, as in the former verification we took its variation

with respect to the final coordinates, and so obtained results which agreed with the known
equations of motion, and which may be thus collected,

5y L[V (v, (VY] o)
dx; ~ 2m ox oy z ;]
§ 1 [(ovN? [oVN? eV oU
5?/122”1{(51’) +<5?J) +(52) } 0y (M)
B (VN (VY (v _au
5z 7 2m ox Sy 0z 6z )
The same relation (F.), by being varied with respect to the quantity H, conducts to the

expression
5 1 [/6VN?  [(oVN®  [oV?
SH b o { (%) + (@) + (g) } =1; (N.)

9




and this, when developed, agrees with the equation (K.), which is a new verification of the
consistence of our foregoing results. Nor would it have been much more difficult, by the help
of the foregoing principles, to have integrated directly our integrals of the first order, and so
to have deduced in a different way our final integral system.

6. It may be considered as still another verification of our own general integral equations,
to show that they include not only the known law of living force, or the integral expressing
that law, but also the six other known integrals of the first order, which contain the law of
motion of the centre of gravity, and the law of description of areas. For this purpose, it is
only necessary to observe that it evidently follows from the conception of our characteristic
function V', that the function depends on the initial and final positions of the attracting or
repelling points of a system, not as referred to any foreign standard, but only as compared
with one another; and therefore that this function will not vary, if without making any real
change in either initial or final configuration, or in the relation of these to each other, we
alter at once all the initial and all the final positions of the points of the system, by any
common motion, whether of translation or of rotation. Now by considering these coordinate
translations, we obtain the three following partial differential equations of the first order,
which the function V must satisfy,

25— 2%:0,

% %

2@+EE 0; » (0.)
AN L LA

0z oc )

and by considering three coordinate rotations, we obtain these three other relations between
the partial differential coefficients of the same order of the same characteristic function,

5 oV oV s 5V_b5V _0.‘
5y Vo 5o " %a ) T
oV ov oV oV
o T A — —c—= | =0; P.
E(yéz Z(Sy)+2<béc C(Sb) 0; (P.)
5 oV oV s oV oV 0:
‘ ox o 0z ¢ oa “ dc ) )
and if we change the final coefficients of V' to the final components of momentum, and the
initial coefficients to the initial components taken negatively, according to the dynamical

properties of this function expressed by the integrals (C.) and (D.), we shall change these
partial differential equations (O.) (P.), to the following,

Yoma' =x.ma; omy =2.mb; 2.mZ =X .md; (15.)

and
».m(zy —yx') =2 .m(ab —ba’);
».m(yz — zy') = 2 .m(bc’ — cb'); (16.)

Y.m(za' —x2') =X .m(ca’ — acd).
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In this manner, therefore, we can deduce from the properties of our characteristic function
the six other known integrals above mentioned, in addition to that seventh which contains
the law of living force, and which assisted in the discovery of our method.

Introduction of relative or polar Coordinates, or other marks of position of a System.

7. The property of our characteristic function, by which it depends only on the internal
or mutual relations between the positions initial and final of the points of an attracting or
repelling system, suggests an advantage in employing internal or relative coordinates; and
from the analogy of other applications of algebraical methods to researches of a geometrical
kind, it may be expected that polar and other marks of position will also often be found
useful. Supposing, therefore, that the 3n final coordinates x1 41 21 ... ©, yn 2n have been
expressed as functions of 3n other variables 11 72 ... 73,, and that the 3n initial coordinates
have in like manner been expressed as functions of 3n similar quantities, which we shall call
ey ez ... ez, we shall proceed to assign a general method for introducing these new marks of
position into the expressions of our fundamental relations.

For this purpose we have only to transform the law of varying action, or the fundamental
formula (A.), by transforming the two sums,

y.m(x' dx +vy' oy +2'62), and ¥ .m(a’ da+ b 5b+ c de),

which it involves, and which are respectively equivalent to the following more developed
expressions,

».m(z' oz +y' oy + 2’ §2) = my (2] dz1 + v} dy1 + 21 621)
+ ma(xh 3o + yh Oya + 25 022) (17.)
+ &c. + my, (2, 0z + Yo, Oyn + 21, 021);

»..m(a’ da + b 6b+ ¢’ 6¢) = my(a} day + by 6by + ¢} dcq)
“+ meo (a’2 (5@2 + b/2 5[)2 + C/Q 502) (18)
+ &c. + my(a;, day, + b, by, + ¢}, 6¢y,).

Now x; being by supposition a function of the 3n new marks of position 7y ... n3,, its
variation dz;, and its differential coefficient x; may be thus expressed:

0x; 0x; ox;
01y = —20m + —0ng + -+ + N3 19.
0x; ox; 0x;
o= Il A s 20.
5?71 Uit 5/’72 Up) 57,]3” 3 ( )
and similarly for y; and z;. If, then, we consider z as a function, by (20.), of n] ... 15,
involving also in general n; ... ns3,, and if we take its partial differential coefficients of the
first order with respect to 1} ... 15, we find the relations,
ox; 0wy dx Oz dx; 0wy (21.)
oy om omy o dmet T oMy, Omsn’ '
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and therefore we obtain these new expressions for the variations dx;, dy;, 0z,

oz oz oz

i .T
5$i = 5 / 5?71 + 5 / 5?72 + + 5 én 57737’”
5y1 5y1 oy,
5% = 6 7 (; 5 7 5772 + + 5 én 5n3n, (22)
52 52! 52!
0z; = 5 / 5 / 5772 + - 57Ién 577371 )

Substituting these expressions (22.) for the variations in the sum (17.), we easily trans-
form it into the following,

ox' oy’ 0z )
o 4] 4] : — iy =+ .6
Y.m(z' dx +y' dy + 2" 6z) Zm( 5 y577’1+z5771> m
ox’ oy’ 6z
+X.m (x’—, +y L4 Z’—,> 612
5 2 6172 5/)72 (23')
, o0x’ , 0y , 02
+&e+Tm | —— +yY — +2 — .03
577371 677371 677371
oT oT
<0 + =02 + -+ ——0nsp;
~on; o Oy )
T being the same quantity as before, namely, the half of the final living force of system, but
being now considered as a function of 1] ... n},, involving also the masses, and in general
M1 .. N3n, and obtained by substituting for the quantities =’ 3’ 2’ their values of the form

(20.) in the equation of definition
T =1s.m(”+y?+2"7). (4.)
In like manner we find this transformation for the sum (18.),

5T05 oTi 05y + - i

/ / b / —
m(a’ da + b 6b+ ¢ dc) Sel 5 - Sel,

(24.)

The law of varying action, or the formula (A.), becomes therefore, when expressed by
the present more general coordinates or marks of position,

o T 5T
OV = .5 00— 0.0+ t6H; (Q.)

and instead of the groups (C.) and (D.), into which, along with the equation (E.), this law
resolved itself before, it gives now these other groups,

oV _GT V. _ 4T &V _ T
om  ony dmp Oy’ Snan Oty

(R.)
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and
% B 0Th % 0Th % 0Ty

bey  0eh’ dey  bel,)  des,  Oeh, (5)
The quantities ey es ... e3,, and €] ¢, ... e, , are now the initial data respecting the
manner of motion of the system; and the 3n final integrals, connecting these 6n initial data,
and the n masses, with the time ¢, and with the 3n final or varying quantities 11 13 ... 13,
which mark the varying positions of the m moving points of the system, are now to be
obtained by eliminating the auxiliary constant H between the 3n + 1 equations (S.) and (E.);
while the 3n intermediate integrals, or integrals of the first order, which connect the same
varying marks of position and their first differential coefficients with the time, the masses,
and the initial marks of position, are the result of elimination of the same auxiliary constant
H between the equations (R.) and (E.). Our fundamental formula, and intermediate and
final integrals, can therefore be very simply expressed with any new sets of coordinates; and
the partial differential equations (F.) (G.), which our characteristic function V' must satisfy,
and which are, as we have said, essential in the theory of that function, can also easily be
expressed with any such transformed coordinates, by merely combining the final and initial
expressions of the law of living force,

T=U+H, (6.)
To=Uy+ H, (7.)

with the new groups (R.) and (S.). For this purpose we must now consider the function U,
of the masses and mutual distances of the several points of the system, as depending on
the new marks of position 71 73 ... n3,; and the analogous function Uy, as depending simi-

larly on the initial quantities ey es ... e3,; we must also suppose that 7' is expressed (as it
oT 0T oT

s oy b,
spect to these, homogeneous of the second dimension, and may also involve explicitly the

may) as a function of its own coefficients, , which will always be, with re-

quantities 7112 ... m3,; and that Ty is expressed as a similar function of its coefficients
0Ty 0Th 0Ty

-+ = S0 that
o€l " deh oes,

T=F 5—T,5—T,... 0T :
ony " omy 6n5,

5Ty 6Ty 6T
To=F :
0 ((56’1’ dely’ (5egn) ’

(25.)

and that then these coefficients of T' and Tj are changed to their values (R.) and (S.), so as
to give, instead of (F.) and (G.), two other transformed equations, namely,

(v
577175772’”' 0N3n

):U+m (T.)

and, on account of the homogeneity and dimension of Tj,

v v v
(561’(5627'“ (563n

):%+H (v.)

13



8. Nor is there any difficulty in deducing analogous transformations for the known dif-
ferential equations of motion of the second order, of any system of free points, by taking the
variation of the new form (T.) of the law of living force, and by attending to the dynamical
meanings of the coefficients of our characteristic function. For if we observe that the final
living force 27", when considered as a function of 172 ... n3,, and of B 0, ... 15, is neces-
sarily homogeneous of the second dimension with respect to the latter set of variables, and
must therefore satisfy the condition

oT oT oT
O =) Sty -+ 1y, 26.
T 5771 + Up) 5775 + + N3n 67]:9,71’ ( )

we shall perceive that its total variation,

oT oT oT
0T = —omp + —ona + -+ + M3n
om 012 030 (27 )
+5—T5’+5—T6’+ +—5T . |
577:/[ 771 5775 772 577:/3n 773n7
may be put under the form
orT oT oT )
0T =7} 6— L o— by ——
Oy TRy T n O
oT oT oT
— S = Gy — e — O
om 12 0N3n (28 )
=X L ) i |
- 77 577/ . 57) 77
oV 6T
= §— — 9§
( én  on ) ’ )

and therefore that the total variation of the new partial differential equation (T.) may be
thus written,

oV oT oU
/ - — - .
Y. (77 5577 577577) 2'577 om+d0H : (V.)

d
in which, if we observe that n’ = _”7’ and that the quantities of the form 7 are the only ones

which vary with the time, we shall see that

d ov d oV
/ J— _ _ _
2.775577 Z(dt 51 .6n+dt 5o .56> + .0H, (29.)

because the identical equation ddV = ddV gives, when developed,

5V 5V 5V 5V 5V 5V
°r. °r. O dH =% (d%- . °r 9" 5H. .
2(5577 dn + 6 de>+55H d Z(d(sn on +ds 5e)+d5H 5 (30.)

14



Decomposing, therefore, the expression (V.), for the variation of half the living force, into
as many separate equations as it contains independent variations, we obtain, not only the

equation
dov 1

. K.
dt 0H ’ (K.)
which had already presented itself, and the group
d §V d oV d 6V
dt deq " dt desy ’ dt des, ’ (W)

which might have been at once obtained by differentiation from the final integrals (S.), but
also a group of 3n other equations of the form

dsV 6T 6U

ERASNL X.

dt on  on  on’ (X.)
which give, by the intermediate integrals (R.),

doT 6T oU

- = . Y.

dt én’  on on (Y)
that is, more fully,

4o 5T _ s

dtom,  6m om

aor 5T _ U

dtony  oma O (Z.)

46T 5T U
dt onh,  OMzn 0Nz S

These last transformations of the differential equations of motion of the second order,
of an attracting or repelling system, coincide in all respects (a slight difference of notation
excepted,) with the elegant canonical forms in the Mécanique Analytique of LAGRANGE; but
it seemed worth while to deduce them here anew, from the properties of our characteristic
function. And if we were to suppose (as it has often been thought convenient and even
necessary to do,) that the n points of a system are not entirely free, nor subject only to
their own mutual attractions or repulsions, but connected by any geometrical conditions, and
influenced by any foreign agencies, consistent with the law of conservation of living force;
so that the number of independent marks of position would be now less numerous, and the
force-function U less simple than before; it might still be proved, by a reasoning very similar
to the foregoing, that on these suppositions also (which however, the dynamical spirit is
tending more and more to exclude,) the accumulated living force or action V' of the system
is a characteristic motion-function of the kind already explained; having the same law and
formula of variation, which are susceptible of the same transformations; obliged to satisfy in
the same way a final and an initial relation between its partial differential coefficients of the

15



first order; conducting, by the variation of one of these two relations, to the same canonical
forms assigned by LAGRANGE for the differential equations of motion; and furnishing, on the
same principles as before, their intermediate and their final integrals. To those imaginable
cases, indeed, in which the law of living force no longer holds, our method also would not
apply; but it appears to be the growing conviction of the persons who have meditated the
most profoundly on the mathematical dynamics of the universe, that these are cases suggested
by insufficient views of the mutual actions of body.

9. It results from the foregoing remarks, that in order to apply our method of the
characteristic function to any problem of dynamics respecting any moving system, the known
law of living force is to be combined with our law of varying action; and that the general
expression of this latter law is to be obtained in the following manner. We are first to express
the quantity 7', namely, the half of the living force of the system, as a function (which will
always be homogeneous of the second dimension,) of the differential coefficients or rates of
increase 1}, n5 &c., of any rectangular coordinates, or other marks of position of the system:
we are next to take the variation of this homogeneous function with respect to those rates of
increase, and to change the variations of those rates 07}, dnh, &c., to the variations dn;, dns2,
&c., of the marks of position themselves; and then to subtract the initial from the final value
of the result, and to equate the remainder to 6V — tdH. A slight consideration will show
that this general rule or process for obtaining the variation of the characteristic function V,
is applicable even when the marks of position 71, 1y, &c. are not all independent of each
other; which will happen when they have been made, from any motive of convenience, more
numerous than the rectangular coordinates of the several points of the system. For if we
suppose that the 3n rectangular coordinates x1 y1 21 ... x5, yn 2, have been expressed by any
transformation as functions of 3n + k other marks of position, 11 12 ... N34k, which must
therefore be connected by k equations of condition,

0=01(n,Mm2, - N3n+k)s
0= (bQ(nl;nQ; s n3n+k)7

...... (31.)
0= dr(N1,M2,- - Mntk),
giving k of the new marks of position as functions of the remaining 3n,
M3n+1 = V1(N1, 025 - - - N3n)s
M3n+2 = V2(N1, M2, - - - N3n)s (32.)
M3n+k = Vi (11,25 - - - M3n),
the expression
T=1s.m(@?+y?+2"7), (4.)

will become, by the introduction of these new variables, a homogeneous function of the
second dimension of the 3n + k rates of increase 77,75, ... 15, ,, involving also in general
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n,n2,...

N3n+k, and having a variation which may be thus expressed:

oT oT oT
0T = o +(—>5’+-~+< )5’n
(5771) o e 0 I/Sn—i—k fanh

(33.)
oT oT 0T
+(— )dm+|— )0+ -+ ON3n+k;
o) 1) 5773n—|—k
or in this other way,
oT oT oT
3n
5T<5 + 5 —dny + + oT ) o
5 m m 5112 12 1am N3n,

on account of the relations (32.) which give, when differentiated with respect to the time,

dthy oY oY1 )
n3n+1 I (S - + é 5 : + 4+ nén 6 31
/ / ¢2 / 1/}2 / 77ZJ2
M3nt+2 = M5 — o + 1 S S/ P S (35.)
Oy O O
/n — /TR + /TR + /n
773 +k 771 67]1 772 5 773 5773” )
and therefore, attending only to the variations of quantities of the form 7',
Sty ! ! )
’ 5 — 7 S5
5773n+1 5 + < 5 5 ot 5/)73” N3n s
5¢2 0tho dthy
/ /
OM3ny2 = o —o0m + —— 51s ——0mp + -+ . M3 (36.)
5 /n — _5 / + _5 / + + /
773 +k 5771 ,'71 5772 772 5 N3n 77 )
Comparing the two expressions (33.) and (34.), we find by (36.) the relations
oT or oT ) oT 4] oT ) )
_/:<_/)+< 4 ) ¢1+( 5 ) w2+“‘+< ! )ﬂ’
o ony ONgpy1/ O ONpy2/ 0T MNgpir ) OM
oT oT oT 0 ( oT > dho ( oT ) 0y
— =]+ - +o —,
o1y (5%) <5n§,n+1) o2 \OMhya) O Myrir) 02 (37.)

oT (5T>+( 5T)(5w1+( oT
577én 577?371 577ilin+1 5773?1 577én—|—2
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which give, by (32.),

oT oT oT oT oT oT
—0 —0 ot —0M3, = — | 0 — )0 ON3ntk; .
A (Mi) e (Mé) T (5nén+k> onts (38.)
we may therefore put the expression (Q.) under the following more general form,
oT 0Ty
W=x.—|n—2.— |de+tiH Al
vz <677’> e <56’> o 7 (%)

T
the coefficients 5—77/ being formed by treating all the 3n +k quantities n},n5, ..., 15, ., as
independent; which was the extension above announced, of the rule for forming the variation

of the characteristic function V.

We cannot, however, immediately decompose this new expression (Al.) for §V, as we
did the expression (Q.), by treating all the variations 07, de, as independent; but we may
decompose it so, if we previously combine it with the final equations of condition (31.), and
with the analogous initial equations of condition, namely,

0=2>i(e1,€2,... €3n+k),

02@2(61,62,... 63n+k)? (39)

0= q)k<€17€27 cee 63n+k)7

which we may do by adding the variations of the connecting functions ¢, ..., ¢r, ®1,... Pi
multiplied respectively by the factors to be determined, A\1,... A\g, A1,... Ax. In this manner
the law of varying action takes this new form,

T T
5V:§3.(g—n/)(5n—2.(ie?)ée+t6H+E.)\5¢+2.A5<b; (BL.)

and decomposes itself into 6n + 2k + 1 separate expressions, for the partial differential coef-
ficients of the first order of the characteristic function V', namely, into the following,

5V 5T 51 5pa opr )
- P VR Vi P Vi 2L
om (577/1 ) Yom 2 5m om
v _ (2L PRI W AT Wt
n2 (577'2) " t o " 2 5my et "oy (ch)
oV oT 0
— ( ; ) + )\1 ¢1 + + )\k: ¢k ,
ON3n+k 5773n+k 0N3n+k ON3n+k )
and
V(BTN 8 s )
ser  \de, Yser P 5e ey
5V (6T 5, . 0Dy 5D
F (565)+A152 Tl A (D)
1% oT 0 0P
= - ( 7 ) A]. ! + + Ak k )
de3ntk 0€3, 1k desntk O€3n+k |



besides the old equation (E.). The analogous introduction of multipliers in the canonical
forms of LAGRANGE, for the differential equations of motion of the second order, by which a

) oU
sum such as 3 .)\6—¢ is added to 5o in the second member of the formula (Y.), is also easily
justified on the principles of the present essay.

Separation of the relative motion of a system from the motion of its centre of gravity; char-
acteristic function for such motion, and law of its variation.

10. As an example of the foregoing transformations, and at the same time as an important
application, we shall now introduce relative coordinates, x, ¥, 2/, referred to an internal origin
Ty Yn Zn; that is, we shall put

Ti =%+ Ty, Yi=Yui+Yu, Zi=Zn+ 2, (40«)

and in like manner
a; = a,; + ay, bi = b/i + b//, Ci = Cy + Cy; (41-)

together with the differentiated expressions
.CI?; = ‘T;z + .fl?;,, y; = y;z + ylln zz/‘ = Z/,i + Z,/,, (42)

and
' / / / / / / / /
a; = a,; +a,, b;=>b,;+0b, ¢ =c;+c,. (43')

Introducing the expressions (42.) for the rectangular components of velocity, we find that the
value given by (4.) for the living force 27" decomposes itself into the three following parts,

= .m(z? +y° + 27) + 2(a), S .ma; + y), ¥ .my) + 2, mz)) (44.)

+ ()7 +yp +27) om;

if then we establish, as we may, the three equations of condition,

».mx, =0, L.my, =0, X.mz =0, (45.)
which give by (40.),
Y. .mx Y. my Y.mz (46.)
€T = = — Z = .
" S s Yn S m y 7 S m y

so that x,, vy, z, are now the coordinates of the point which is called the centre of gravity of
the system, we may reduce the function 7' to the form

T=T,+T, (47.)

in which
T, = s m(e +y + =), (48)
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and
T, = %(mf% +y? + 22 m. (49.)

By this known decomposition, the whole living force 27T of the system is resolved into
the two parts 27, and 27),, of which the former, 27, may be called the relative living force,
being that which results solely from the relative velocities of the points of the system, in their
motions about their common centre of gravity x, v, z,; while the latter part, 27}, results
only from the absolute motion of that centre of gravity in space, and is the same as if all the
masses of the system were united in that common centre. At the same time, the law of living
force, T = U + H, (6.), resolves itself by the law of motion of the centre of gravity into the
two following separate equations,

T,=U+H,, (50.)
and
1, = H//§ (51-)
H, and H,, being two new constants independent of the time ¢, and such that their sum
H/"‘H//:H. (52)

And we may in like manner decompose the action, or accumulated living force V', which

t
is equal to the definite integral / 2T dt, into the two following analogous parts,
0

V - ‘// + ‘///7 (El)
determined by the two equations,
t
V, :/ 27T, dt, (FL1)
0
and .
‘/// — / 21—'// dt (Gl)
0
The last equation gives by (51.),
Viy = 2Ht; (53')

a result which, by the law of motion of the centre of gravity, may be thus expressed,
Viy = \/(I'// - CL//)2 + (y// - b//)2 + (Z// - C//)2 . \/2H// Ym: (Hl)

an by ¢y being the initial coordinates of the centre of gravity, so that

Y .ma > .mb Y .mc
= b, = —— = . 4.
ayy S m 5 1" S m y  Cn S m ( )

And for the variation 0V of the whole function V', the rule of the last number gives
OV = Y.m(x)dx, — a, da, + y, oy, — b, 6b, + z, 6z, — ¢, d¢y)
+ (:C;, 5.’13// — CL;/ 6@// + y//, (Sy// — b;, (Sb// + Z/// 62// — C;/ 56//) ym
+t0H + M X mox, + XY mdy, + A3X.mdz
+ A1 Y mda, + Ao X .mob, + A3 ¥ .mdcy;
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while the variation of the part V,,, determined by the equation (H!.), is easily shown to be
equivalent to the part

6V, = (x), 62, — a), day, +y,, 0y, — b, by + 2,62, — ¢, 6¢y) Sm + t 6Hy; (KL)
the variation of the other part V, may therefore be thus expressed,

oV, = 2.m(x, 8z, — a, da, + y, &y, — b, 6b, + 2, 6z, — ¢, dcy)
+t0H, + M1 X .mdx, + Ao X .mdy, + A3 ¥ .mdz (L)
+ A1 Y .mda, + A ¥ .mdb, + A3 ¥ .mdc, :

and it resolves itself into the following separate expressions, in which the part V; is considered
as a function of the 6n + 1 quantities x,; y,; 2/ a, by ¢ Hy, of which, however, only 6n — 5
are really independent:

first group,
oV, oV, )
5 d =miz, + \my; - 5 ! = M@, + A1y
T Lrn
6‘// / 6‘// /
=m + Aomy; = MnY,, + AaMy; M.
S 1Y + Aama S Ym + A2 (M™.)
% oV,
L = mi1zy, + Azm; L = M2y + A3y
62’/1 52:/” )
second group,
oV, oV, )
5 L= —mya), + Ayma; 5 L= —mpal, + Aymy;
a,q (77
oV, oV,
= —mqb), + Aomy; = —mpb), + Aomy; Nt
5by, m10, + Aama; 5b M0y, + N2Mip; (N)
oV, oV,
L= —mac) + Asmy; L= —mpnc,, + Asmy,;
60/]_ (SC/n J
and finally,
)%
=t Ol
S, (0%)

With respect to the six multipliers A1 Ao A3 A1 Ay A3 which were introduced by the 3
final equations of condition (45.), and by the 3 analogous initial equations of condition,

Y.oma, =0, Y.mb =0, ¥.mc =0; (55.)
we have, by differentiating these conditions,
Y.mzr, =0, N.my =0, X.mz =0, (56.)

and
Y.ma, =0, Y.mb,=0, ¥.mc,=0; (57.)
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and therefore

oV, oV, oV,
>z ox > oy >z 0z
A = ! o= —2L N\ = ! )
1 Y m ) 2 Ym 9 3 Y m ) (58)
and
oV, oV, oV,
> 5a =5 2 5e
A= —2 Ay = ! A = —L, 59.
1 Ym ) 2 Ym ) 3 Ym ( )

11. As an example of the determination of these multipliers, we may suppose that the
part V;, of the whole action V', has been expressed, before differentiation, as a function of H,,
and of these other 6n — 6 independent quantities

T —Tm =&, Tr—Tm=E8, ... Tm-1—Tm=>=E 1, )
Y = Ym =11, Y2 = Ym =N2 oo Y1 = Ym = a1, (60.)
211 — Bm = C17 212 — X = C2a s Zm—1 — Zm = Cn—la )

and \
Qg — Qi = Q1, a2 —am =02, ... Ap—1 — Qmp = 0np_1,
by —bm =P1, bo—bpn=0, ... bp_1—byn=70Fn1, (61.)
Cr1 — Cip = V1, Cr2 — Cip = 72, Cn—1 — Cm = VYn—-1; )

that is, of the differences only of the centrobaric coordinates; or, in other words, as a function
of the coordinates (initial and final) of n — 1 points of the system, referred to the n'® point,
as an internal or moveable origin: because the centrobaric coordinates x,;, y,i, 21, @i, bsi, Cri,
may themselves, by the equations of condition, be expressed as a function of these, namely,

> .mé > .mn ».m(
i =& T o P =T o i =G~ 2.
TG T g WSS m= e (62)
and in like manner,
> .ma >».mp >.my
i = Oy — y bzz P T T, i = Yi — —/—; 63.
an =« S i = sm 0 T T e (63.)

in which we are to observe, that the six quantities &, 0, (. @, B, 7» must be considered
as separately vanishing. When V, has been thus expressed as a function of the centrobaric
coordinates, involving their differences only, it will evidently satisfy the six partial differential
equations,

I S
ox, 5y/ 0z (Pl )
W o W L, '
5@/ o 5b/ 7 5(3/ S

after this preparation, therefore, of the function V;, the six multipliers determined by (58.)
and (59.) will vanish, so that we shall have

AL = 0, Ao = 0, Az = 0, A = 0, Ay = 0, A3 =0, (64)
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and the groups (M!.) and (N!.) will reduce themselves to the two following:

oV, , oV, , oV, ;)
= M1T,q, = MoXL, . e = Mmpx, ;
0xn S 0T 2512 0L m
oV : 3V, , 3V, , X
Sy 1Yn S 2Y2 5o Yr Q")
oV, : 3V, , sV, ,
= MmMi12,,; e = MoZ,o: = Mnp2,;
52/1 19> 52/2 24121 52/’)7, ! )
and
5V/——ma" 5V/——ma" 6V'——ma'"
(5CL/1 o 115 5&,2 - 20,9, 6(1/” - nm;
oV / 8V, , sV, , X
S, - b g, T Tmaben e = bl (RL)
oV, , 5V, , 5V, ,
= —miC,y; - = —M93Cp; - = —MnC;
60/1 1615 56/2 26,9, 5C/n m )

analogous in all respects to the groups (C.) and (D.). We find, therefore, for the relative
motion of a system about its own centre of gravity, equations of the same form as those
which we had obtained before for the absolute motion of the same system of points in space,
And we see that in investigating such relative motion only, it is useful to confine ourselves to
the part V, of our whole characteristic function, that is, to the relative action of the system,
or accumulated living force of the motion about the centre of gravity; and to consider this
part as the characteristic function of such relative motion, in a sense analogous to that which
has been already explained.

This relative action, or part V,, may, however, be otherwise expressed, and even in an
infinite variety of ways, on account of the six equations of condition which connect the 6n
centrobaric coordinates; and every different preparation of its form will give a different set
of values for the six multipliers \; Ay A3 A1 Ay Az. For example, we might eliminate, by a
previous preparation, the six centrobaric coordinates of the point m,, from the expression of
V,, so as to make this expression involve only the centrobaric coordinates of the other n — 1

points of the system, and then we should have

oV, oV, oV, oV, oV, oV,
=0 =0 =0 =0 =0 =0 St
5$/n ’ 5y/n ’ 5Z/n ’ 5a1n ’ 5b/n ’ 6C/n ’ ( )

and therefore, by the six last equations of the groups (M!.) and (N'.), the multipliers would
take the values

AN =-2,, d=-Y., Is3=-2,., MN=a,, A=, A=c,, (65.)

and would reduce, by (60.) and (61.), the preceding 6n — 6 equations of the same groups
(M) and (N'.), to the forms

oV, oV, oV, A
(5%;1 - mlgjlla 6%,; = mQé.é? 5:17/ /_1 = mn—lfé_p
oV, , oV, , oV, ,

= min, = M7y, = Myp—17,_1, T!.
Sy 1 5y 272 Y1 Mp—15 ¢ (T.)
5V/ . / 6‘/; . / 5‘// _ /
52/1 - m1<17 62/2 - m2<27 6Z/n,1 - mn—lgn—h }
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and

5‘/; / 6‘// / 6‘/; / )

(5CL/1 - Tma (5012 - M9 o 5a/n—1 =Mt

6‘// . / 5‘/; o / 5‘// o / 1
5b/1 B mlﬁl? 5b/2 B m2627 5b/n—1 B mn_lﬁn_l’ (U )
(W’:—mv’ 6‘//:—7717' o = —Mp_17,

den Hi dcr 2 dCm—1 notin=t /

12. We might also express the relative action V,, not as a function of the centrobaric,
but of some other internal coordinates, or marks of relative position. We might, for instance,
express it and its variation as functions of the 6n — 6 independent internal coordinates & 1 ¢
a 3~ already mentioned, and of their variations, defining these without any reference to the
centre of gravity, by the equations

i = Xi — Tn, i = Yi — Yn, i = i — Zn,
§ N =Yi— Yn, G } (66.)

o =Q; — Ay, Bi=bi—by, vi=ci —cp.

For all such transformations of §V/ it is easy to establish a rule or law, which may be called
the law of varying relative action (exactly analogous to the rule (B!.)), namely, the following:

oV, =3%. <(5—T:) on —3. (5T—//O) e, +t6H, + 3.\ dp, + 3 .A 0Py, (Vl')
on; de;

which implies that we are to express the half T, of the relative living force of the system as
a function of the rates of increase 7, of any marks of relative position; and after taking its
variation with respect to these rates, to change their variations to the variations of the marks
of position themselves; then to subtract the initial from the final value of the result, and
to add the variations of the final and initial functions ¢, ®,, which enter into the equations
of condition, if any, of the form ¢, = 0, ®, = 0, (connecting the final and initial marks of
relative position,) multiplied respectively by undetermined factors A, A,; and lastly, to equate
the whole result to 0V, —t 0 H,, H, being the quantity independent of the time in the equation
(50.) of relative living force, and V, being the relative action, of which we desired to express
the variation. It is not necessary to dwell here on the demonstration of this new rule (V1.),
which may easily be deduced from the principles already laid down; or by the calculus of
variations from the law of relative living force, combined with the differential equations of
second order of relative motion.

But to give an example of its application, let us resume the problem already mentioned,
namely to express 0V, by means of the 6n — 5 independent variations 0&; dn; 6¢; day; 03; d7;
0H,. For this purpose we shall employ a known transformation of the relative living force
2T,, multiplied by the sum of the masses of the system, namely the following:

2T, 2m = $.mamy{ () — 23) + (yi — yi)? + (2] — 23,)%} - (67.)

the sign of summation Y extending, in the second member, to all the combinations of points
two by two, which can be formed without repetition. This transformation gives, by (66.),

QTZm:mnE.m /2+ /2_|_ 12
/ r (€7 40+ () (68)

+ 3 mime{ (& — &) + (; — m)? + (G — )Y

24



the sign of summation ¥, extending only to the first n — 1 points of the system. Applying,
therefore, our general rule or law of varying relative action, and observing that the 6n — 6
internal coordinates £ 7 ( a 3 « are independent, we find the following new expression:

SV, = t 6 H, + 1n
SNm

L8 .m(€' 06 — o/ da+ ' on — OB+ (6 =+ ) )

+ Eim Y mymi{ (& — &,)(0& — 6&k) + (m) — my) (0ms — m)

+ (¢ — C(8¢ — k) } (W)
- s (o] — o) (0ai — dax) + (5 - BL)(66, — )
+ (v =) (0 — 0ve) } )

which gives, besides the equation (O!.), the following groups:

oV, o my / N / Z/mfl )
oV,  my ;o , Symy’ 1
50 nm s.mn;—n')=m (m ST (X*)
oV, my N , Simd’
= (= ¢) =i (¢ B
and o ) .
/ _ _mi /_ n _ . /_E/m@
S, Em.E.m(ozZ o) =—-m; (az SE ),
oV, —m,; / / / E/mﬁ/ 1
= . . i - — 3 ;T Y *
= ot (- ) = - (- 2T, ()
oV, AL / N o / Z/m’}/ .
= T (ol =) = - (- 2L

results which may be thus summed up:

5V, = t6H, + 5, .m(€ 66 — o' S+ 1/ 6 — B 68+ ¢ 6C —+' 5v)

1

_ E_m(z,mf’ YymoéE+mn ., mon+2,me .Y, méC) (Z1)
1

+Z—m(E/mo/.E/m5a+2,mﬁ’.E/m56+2/m7’.2/m67),

and might have been otherwise deduced by our rule, from this other known transformation
of T,
(2rmg)? + (5 miy')? + (82 md')?

2ym (69,

j‘vl — %Z/ ‘m(£/2 +77/2 4 CIZ) o

And to obtain, with any set of internal or relative marks of position, the two partial dif-
ferential equations which the characteristic function V, of relative motion must satisfy, and
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which offer (as we shall find) the chief means of discovering its form, namely, the equations
analogous to those marked (F.) and (G.), we have only to eliminate the rates of increase of
the marks of position of the system, which determine the final and initial components of the
relative velocities of its points, by the law of varying relative action, from the final and initial
expressions of the law of relative living force; namely, from the following equations:

T,=U + H, (50.)

and
T =Uy + H,. (70.)

The law of areas, or the property respecting rotation which was expressed by the partial
differential equations (P.), will also always admit of being expressed in relative coordinates,
and will assist in discovering the form of the characteristic function V;; by showing that this
function involves only such internal coordinates (in number 6n — 9) as do not alter by any
common rotation of all points final and initial, round the centre of gravity, or round any
other internal origin; that origin being treated as fixed, and the quantity H, as constant, in
determining the effects of this rotation. The general problem of dynamics, respecting the
motions of a free system of n points attracting or repelling one another, is therefore reduced,
in the last analysis, by the method of the present essay, to the research and differentiation
of a function V,, depending on 6n — 9 internal or relative coordinates, and on the quantity
H,, and satisfying a pair of partial differential equations of the first order and second degree;
in integrating which equations, we are to observe, that at the assumed origin of the motion,
namely at the moment when ¢ = 0, the final or variable coordinates are equal to their initial

5 H/ vanishes; and, that at a moment infinitely
/

little distant, the differential alterations of the coordinates have ratios connected with the
other partial differential coefficients of the characteristic function V,, by the law of varying
relative action. It may be here observed, that, although the consideration of the point, called
usually the centre of gravity, is very simply suggested by the process of the tenth number,
yet this internal centre is even more simply indicated by our early corollaries from the law
of varying action; which show that the components of relative final velocities, in any system

of attracting or repelling points, may be expressed by the differences of quantities of the

16V 10V 146V
form ——, ——, ———: and that therefore in calculating these relative velocities, it is
mox m oy m oz

advantageous to introduce the final sums ¥ mx, ¥ my, ¥ mz, and, for an analogous reason,
the initial sums Y ma, ¥ mb, ¥ mc, among the marks of the extreme positions of the system,
in the expression of the characteristic function V'; because, in differentiating that expression
for the calculation of relative velocities, those sums may be treated as constant.

values, and the partial differential coefficient

On Systems of two Points, in general; Characteristic Function of the motion of any Binary
System.

13. To illustrate the foregoing principles, which extend to any free system of points,
however numerous, attracting or repelling one another, let us now consider, in particular, a
system of two such points. For such a system, the known force-function U becomes, by (2.)

U=mimaf(r), (71.)
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r being the mutual distance

r=+/(z1 —22)2+ (y1 — 2)* + (21 — 22)? (72.)
between the two points mj, ms, and f(r) being a function of this distance such that its
derivative or differential coefficient f’(r) expresses the law of their repulsion or attraction,

according as it is positive or negative. The known differential equations of motion, of the
second order, are now, by (1.), comprised in the following formula:

my (2 6x1 + vy dy1 + 2" 621) + ma (2l o + vy Sy2 + 2" S22) = mima 5 f(r); (73.)

they are therefore, separately,

" o__ (5f(7“) " o__ 5f(7a> "no__ 5]0(74)

Lo oz 0 LT T ey T T T 6 (74)
y o SIS 8T |
2 ! (SIEQ ’ 2 ! 5y2 ’ 2 ! 522 '

The problem of integrating these equations consists in proposing to assign, by their
means, six relations between the time ¢, the masses m; ms, the six varying coordinates
T1 Y1 21 T Y2 22, and their initial values and initial rates of increase a; by ¢ ag by co @) b} ¢
ab b c. If we knew these six final integrals, and combined them with the initial form of the
law of living force, or of the known intermediate integral

s (@ +y? + 20) + gma(ay +ys +257) = mama f(r) + H; (75.)
that is, with the following formula,
sma(af + 7 +cf) + gma(ay + by +c5) = mimaf(ro) + H, (76.)

in which rq is the initial distance

o = \/(a1 - CLQ)Q + (bl — b2)2 + (01 - 02)2, (77)

and H is a constant quantity, introduced by integration; we could, by the combination of
these seven relations, determine the time ¢, and the six initial components of velocity a} b} ¢}
aly, by cb, as functions of the twelve final and initial coordinates x1 y1 21 @2 Y2 22 a1 by 1
as bs co, and of the quantity H, (involving also the masses:) we could therefore determine
whatever else depends on the manner and time of motion of this system of two points, as
a function of the same extreme coordinates and of the same quantity H. In particular, we
could determine the action, or accumulated living force of the system, namely,

t t
Vimm @Ry e ma [ @ o) (%)
0 0
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as a function of those thirteen quantities 1 y; 21 T2 Y2 22 a1 by ¢1 as by co H: and might
then calculate the variation of this function,

1% oV oV oV oV oV )
OV=—0r1+ —0d0y1 + — 021+ — dxo+ — dys + — 029

51171 5y1 52’1 5.1?2 5y2 52’2
oV 1% oV oV oV oV
haa i - 7 - - B2.

+ Sa, day + 551 6by + Ser dcy + Sa; Sas + 5 Sbo + Ses 5co (B*)
1%

+ SH 0H. )

But the essence of our method consists in forming previously the expression of this variation
by our law of varying action, namely,

OV =my (2 0z — @} day + v dy1 — b} 0by + 21 621 — ¢ dey)
+ ma(xh dz9 — ab dag + Yy dya — by 8bg + 25 825 — ¢ dca) (C2)
+t0H;

and in considering V as a characteristic function of the motion, from the form of which may
be deduced all the intermediate and all the final integrals of the known differential equations,
by resolving the expression (C2.) into the following separate groups, (included in (C.) and

(D.),)

5_V =m x/ 5_V =m ! 5_V =m Z/
521 =miZq, S = miY, 571 =Mmizy, (DQ)
5_‘/ =m x/ 5_V =m / 5_V =m Z/ . .
5372 — 249, 5y2 - 2Y9, 522 - 249,
and
6—V——ma/ 5—V——mb’ 5—V——mc’
say Y ab, Y e MY (52
6_V—_ma/ 5_V—_mb/ 5_V—_mcl. '
5@2 — 209, 51)2 — 209, 502 — 2C9,
besides this other equation, which had occurred before,
oV
=t E.
SH (E.)

By this new method, the difficulty of integrating the six known equations of motion of
the second order (74.) is reduced to the search and differentiation of a single function V; and
to find the form of this function, we are to employ the following pair of partial differential
equations of the first order:

1 SV\?  [6VN\? [V \? 1 SV\?  [6V\? [V \?
oy (5—) +(@) *(5—> " o (5—> *(@) +(5—) (¥2.)
=mimaof(r)+ H,
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1 AL VA2 A 1 SV\? 6V \? 6V \?
3y (a—> *(%) +<5—) " (5—) *(E) +(5—) @)
- mlme(TO) + H7

combined with some simple considerations. And it easily results from the principles already
laid down, that the integral of this pair of equations, adapted to the present question, is

V= \/(-T// - CL//)2 + (y// - b//)2 + (Z// — C//)2 . \/QH//<m1 + m2)
T H?2.
+M(M+/ pdr>; (H.)
mi + meo o

in which x,, y, z» a, by, ¢, denote the coordinates, final and initial, of the centre of gravity
of the system,

mix1 + Mmoo miy1 + Mmay2 miz1 + maza
Ty = ——"—"—""" Yn = A=
mi + Mo mi + Mmo mi + Mo (78)
miay1 + moao m1by + mabs mic1 + MacCy
ay = ———7, b// = ) Cn =
mi + mao mi + mo mi + mao

and 9 is the angle between the final and initial distances r, ro: we have also put for abridge-

ment
p:i\/2<m1+mz> (42 ) - 2 (79.)

m1mso T

the upper or the lower sign to be used, according as the distance r is increasing or decreasing,
and have introduced three auxiliary quantities h, H,, H,, to be determined by this condition,

_ " op 2
O—ﬁ—i—/m%dr, (12.)

combined with the two following,

m1mso op my -+ ms
d a2 “ )2 ST RN G )
L+ ma / 5H, r = (-T// CL,,) + (y// //) + (Z// C//) 2H, s (K2)

H/+H//:H;

which auxiliary quantities, although in one view they are functions of the twelve extreme
coordinates, are yet to be treated as constant in calulating the three definite integrals, or
limits of sums of numerous small elements,

" op op
[ v /6hd /5H,d

The form (H2.), for the characteristic function of a binary system, may be regarded as
a central or radical relation, which includes the whole theory of the motion of such a system:;
so that all the details of this motion may be deduced from it by the application of our general
method. But because the theory of binary systems has been brought to great perfection
already, by the labours of former writers, it may suffice to give briefly here a few instances
of such deduction.
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14. The form (H2.), for the characteristic function of a binary system, involves explicitly,
when p is changed to its value (79.), the twelve quantities z, y, 2, ay by ¢, v 70 ¥ h H, Hy,
(besides the masses m1 mo which are always considered as given;) its variation may therefore
be thus expressed:

oV ov oV 1% oV oV
0V = —dx, + —5y// + —dzy + —day + —0b, + —dcy
dxy 59// 02y day oby, dey (L2 )
oV oV % % oV '
+ W(;T + %57‘0 —+ W(Sﬁ + 5—1.{/(5}1/ + E(SH//.

In this expression, if we put for abridgement

A\ — 2PI//(Tnl + m2) (80 )
(xll - a//)2 + (y// - b//)2 + (Z// - C//)27 '

we shall have

oV ov oV

5z, (fL'// CL//); Sun (y// //), 5z (Z// Cl/)? (M2 )
5V % % '
S = XNay — ), b, = Xby — yn), S = Xew — zu);

and if we put

po = i\/Q(ml + mo) (f(ro) ALl ) - h_;j (81.)

mi1mso L)
the sign of the radical being determined by the same rule as that of p, we shall have

oV mimap 5_V _ —m1ma2po oV mimah

= = =" =" (N2.)
or mi + mo oro mi + ma o0 mi -+ ma
besides, by the equations of condition (I2.), (K2.), we have
ov
A O2.
5h ) ( )
and oV oV "d
r
_ = | =, 6H,+4H, =4H. P2,
=T /p 4 61, (P2)
The expression (L2.) may therefore be thus transformed:
oV = )\{(l‘// - a//)((;l"// - 50//) + (y// - b//)(éy// - 5b//) + (Z// - C//)(52// - 50//)}
r 2
M(p&"—po&‘o—i—h&?)—i—/ o sH; (@)
mi + ma ro P
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and may be resolved by our general method into twelve separate expressions for the final and
initial components of velocities, namely,

x,_iéV_ A (1 — an) + ma or +h519 )
1= m1 5.’L’1 - mi + ma " " mi1 + Ma p5$1 (5%1 ’
1 6V A Mo or o
= = = (y—b)+———(p— +h— ),
h my 0yp mi + Mo (i n)+ m1 + Mo (p5y1 T 5y1>
19 A ) 09
zi:——vz—(z,/_cu)_*_L (p_?” h—),
m1 52’1 my + mo mi1 + Mma (521 (521 (R2 )
LV A, m or 90 '
T2 mo 5:172 N my1 + mo i o mi1 + mo p5$2 5%2 ’
1 6V A mi or o
! = —_— b —_— I — h_
Y2 mo 5y2 mq + mo (y/, H) + mq + mao (p5y2 5y2> ’
1 0V A mi or 60
[ —_— — P — R R
2= mo 522 mi + mo (ZH CH) + my1 + mo (p(SZQ héZQ) ’ )
and
_ IV A a2 (plro 20
“= m1 5@1 N my + mo o i mi1 + Mma Po 5&1 (5&1
—-16V A mao oro 09
Wy = —— = — b . — _h—
! ma (Sbl my1 + mo (y// ”) + my1 + mo (,00 5b1 (5b1) ’
—10V A mo 57‘0 o
== —-—" —_— —_—— h_
“l m1 561 my + mao (ZN CH) + mi1 + Mma (Po 561 (501) ’ (82 )
a/—__lé_v—#(a; _a)+L %_hé_ﬁ '
2 mo 5&2 N my1 + mo " " my1 + mo po 5@2 6@2 ’
—10V A ma 57“0 o
o= (y, — o 0 07
2 ™o 0by my + mo (y// ”) + mi1 + Mma (100 0by (Sbg) ’
Cl . —16V . A (Z —c )+ ma 57"0 _ o .
2 mo 502 N my1 + mo " " mi + mo po 502 502 ’ )

besides the following expression for the time of motion of the system:

oV "dr
-2 _ - T2.

To

t

which gives by (K2.), and by (79.), (80.),

my tme (U2)

t =
A

The six equations (R?.) give the six intermediate integrals, and the six equations (S2.)
give the six final integrals of the six known differential equations of motion (74.) for any
binary system, if we eliminate or determine the three auxiliary quantities h, H,, H,,, by the
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three conditions (I2.) (T2.) (UZ2.). Thus, if we observe that the distances r, 7o, and the
included angle v/, depend only on relative coordinates, which may be thus denoted,

(82.)

T1—T2=E& Y1—Yy2=1, 21— 22=C(,
ay—ay=0o, bi—by=p, c1—ca=r,

we obtain by easy combinations the three following intermediate integrals for the centre of
gravity of the system:

ryt=xy—any, Yt=ys—by, 2z,t=2z,—cy, (83.)
and the three following final integrals,

ant=uwxz,—ay, bt=vy,—0by, c,t==z—cy, (84.)
expressing the well-known law of the rectilinear and uniform motion of that centre. We

obtain also the three following intermediate integrals for the relative motion of one point of
the system about the other:

or o
/ f— — —
or 0
"'=p—+h—, 85.
n=rssthy (85.)
or 09
/ f— — —
and the three following final integrals,
(57“() o
/ f— —_— —
¢ T P%, héoz’
or 0
B = Po(s—ﬁﬂ ~hsg (86.)
orog 09
/
7 = Po 5 5 )

in which the auxiliary quantities h, H, are to be determined by (I2.), (T2.), and in which the
dependence of r, rg, ¥, on &, n, (, a, 3, 7, is expressed by the following equations:

T:\/€2+n2+€27 To = 02+ﬁ2+'}/2, (87)
rrogcosv = Ea+nB + (. .
If then we put, for abridgement,
14 h h —po h
A=+~ B=——__ (= 88.
r+r2tan19’ rrosin?d’ ro +r§tan19’ (88.)

32



we shall have these three intermediate integrals,

¢ =A¢f —Ba, n'=An—- BB, (' = A(— By, (89.)
and these three final integrals,

o =B —Ca, B3 =Bn—-0CB, + =DB(-0Cy, (90.)
of the equations of relative motion. These integrals give,

&n' —ng’ = ap’ — fa’ = B(an — B§),
n¢' —¢n' = By — 6" = B(B¢ — ), (91.)
¢ =& =va' — oy = B(v¢ — (),

and
C(af' = pa) +&(BY —~F") + n(ya’ —ay') = 0; (92.)

they contain therefore the known law of equable description of areas, and the law of a plane
relative orbit. If we take for simplicity this plane for the plane £ 7, the quantities ¢ ¢’ v v/
will vanish; and we may put,

& =rcosb, n =rsinf, (=0, (93)
a=rgcosby, [ =rgsinby, =0, .
and
& =1r"cos —0'rsind, n' =1'sinf + 0'r cos 0, ¢ =0, (94)
o' =r{cosby — Oyrosinby, [ =r{sinby+ 0jrocosby, ~' =0, '

the angles 6 6y being counted from some fixed line in the plane, and being such that their
difference

0 —6y=17. (95.)
These values give
&' —ng' =10, ap —fa’ =130y, an— 6 =rrosind, (96.)
and therefore, by (88.) and (91.),
20" = r30) = h; (97.)

the quantity %h is therefore the constant areal velocity in the relative motion of the system:;
a result which is easily seen to be independent of the directions of the three rectangular
coordinates. The same values (93.), (94.), give

£cos +nsind =r, & cosh+n'sind =r", acosf+ B3sinf = rqycos, (98)
acosby+ Bsinfy =19, o' cosby+ 3 sinfy =1}, &cosby+nsinby=rcosv, '
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and therefore, by the intermediate and final integrals, (89.), (90.),
Y= = po (99,

results which evidently agree with the condition (T?2.), and which give by (79.) and (81.), for
all directions of coordinates,

. h2 9 h2 1 1
r g = 20mHme) f(r) = 167+ Ty = 2(ma + ma) f(ro) = 2H, (— + _> ;- (100.)

L) m1 mo

the other auxiliary quantity H, is therefore also a constant, independent of the time, and
2

h
enters as such into the constant part in the expression for (7“’2 + —2> the square of the
r

relative velocity. The equation of condition (I2.), connecting these two constants h, H,, with
the extreme lengths of the radius vector r, and with the angle v described by this radius
in revolving from its initial to its final direction, is the equation of the plane relative orbit;
and the other equation of condition (T?.), connecting the same two constants with the same
extreme distances and with the time, gives the law of the velocity of mutual approach or
recess.

We may remark that the part V, of the whole characteristic function V', which represents
the relative action and determines the relative motion in the system, namely,

V= e (hﬁ—i—/ pdr) : (V2)

mi + mo o

may be put, by (I2.), under the form

mime " op 2
V,=——"" —h—|d W=,
= [ (o) i (W2
or finally, by (79.)
" H
v — 2/ myma f(r) + H, dr: (X2.)
To p
the condition (I2.) may also itself be transformed, by (79.), as follows:
v=nh % : (Y2)
ro TP

results which all admit of easy verifications. The partial differential equations connected with
the law of relative living force, which the characteristic function V, of relative motion must
satisfy, may be put under the following forms:

oV, 2 1 /4V, 2_ 2mims

(W) +_2(W> =m0 D
2 2

(5V,> _}_i((ﬂ/,) _ 2mima (Uo+ H):

5ro 3 59 mq + mo

and if the first of the equations of this pair have its variation taken with respect to r and
9, attention being paid to the dynamical meanings of the coefficients of the characteristic
function, it will conduct (as in former instances) to the known differential equations of motion
of the second order.

(z2.)
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On the undisturbed Motion of a Planet or Comet about the Sun: Dependence of the Charac-
teristic Function of such Motion, on the chord and the sum of the Radui.

15. To particularize still further, let

fir) =", (101,

that is, let us consider a binary system, such as a planet or comet and the sun, with the
Newtonian law of attraction; and let us put, for abridgement,

h? —mi1mo
_ — R 102.
my + me =, . D, S, a ( )

The characteristic function V, of relative motion may now be expressed as follows

_ mme RNV N S 3
v, = 7 (79\/1‘9+/T0i - T2.dr>, (A°.)

in which p is to be considered as a function of the extreme radii vectores r, rg, and of their
included angle 1, involving also the quantity a, or the connected quantity H,, and determined
by the condition

(B%.)

T +d
19:/ i
mﬁ%l_lnnl
rp ap r?

that is, by the derivative of the formula (A3.), taken with respect to p; the upper sign being
taken in each expression when the distance r is increasing, and the lower sign when that
distance is diminishing, and the quantity p being treated as constant in calculating the two
definite integrals. It results from the foregoing remarks, that this quantity p is constant also
in the sense of being independent of the time, so as not to vary in the course of the motion;
and that the condition (B3.), connecting this constant with r r9 ¥ a, is the equation of the
plane relative orbit; which is therefore (as it has long been known to be) an ellipse, hyperbola,
or parabola, according as the constant a is positive, negative, or zero, the origin of r being
always a focus of the curve, and p being the semiparameter. It results also, that the time of
motion may be thus expressed:

oV, 2a% §V ()

N (SH/ a mimso g,

" +dr
=~ ; (D)
m¢%_ﬁ_@
r a r2
which latter is a known expression. Confining ourselves at present to the case a > 0, and
introducing the known auxiliary quantities called excentricity and excentric anomaly, namely,

and therefore thus:

e=4/1—

p
- 103.
2 (103)
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and

ae

v = cos~! (a_r>, (104.)

which give
++v/2ar —r?2 — pa = aesin v, (105.)

v being considered as continually increasing with the time; and therefore, as is well known,

r=a(l—ecosv), rog=a(l—ecosuvy),

1 1 106.
¥ =2tan"! e tan L 2tan ! re tan Yo , ( )
1—e 2 1—e 2

|43
t= a—.(v—vo—esinv—i-esinvo); (107.)
o

we find that this expression for the characteristic function of relative motion,

and

deduced from (A3.) and (B2.), may be transformed as follows:

V, = mima i(v — Vg + esinv — esinwvyg) : (F3.)
\

in which the excentricity e, and the final and initial excentric anomalies v, vy, are to be
considered as functions of the final and initial radii r, rop, and of the included angle ¥,
determined by the equations (106.). The expression (F2.) may be thus written:

V, = 2m1m2\/g(v, + e,sinv,), (G3))

if we put, for abridgement,

U;UO, e,zecosv—gvo; (108.)

v, =

for the complete determination of the characteristic function of the present relative motion,
it remains therefore to determine the two variables v, and e,, as functions of r ry ¥, or of
some other set of quantities which mark the shape and size of the plane triangle bounded by
the final and initial elliptic radii vectores and by the elliptic chord.
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For this purpose it is convenient to introduce this elliptic chord itself, which we shall call
47, so that

=72 4+ 13 — 2rrgcosd; (109.)

because this chord may be expressed as a function of the two variables v,, e,, (involving also
the mean distance a,,) as follows. The value (106.) for the angle 9, that is, by (95.), for
0 — 6y, gives

1 1
6 —2tan~? re fan - b = 0o — 2tan~! re fan 2§ = w, (110.)
1—e 2 1—e 2

w being a new constant independent of the time, namely, one of the values of the polar angle
0, which correspond to the minimum of radius vector; and therefore, by (106.),

rcos(d —w) = a(cosv — e), rsin(f —w) = ay/1 — e2sinw,
(111.)
rocos(fp — w) = a(cosvg —e), rosin(fy — w) = ay/1 — e? sin vp;
expressions which give the following value for the square of the elliptic chord:
7% = {rcos(d — @) — rocos(fy — @) }* + {rsin(fd — @) — rosin(fy — @)}? )

= a?{(cosv — cosvg)? + (1 — €?)(sinv — sinwvg)?}

2 2
112.
:4a25inv,2{(sinv—gvo) + (1 —€?) (cosv—gvo> } (112,

= 4a%(1 — e?)sinv? :

Ve

we may also consider 7 as having the same sign with sinwv,, if we consider it as alternately
positive and negative, in the successive elliptic periods or revolutions, beginning with the
initial position.
Besides, if we denote by o the sum of the two elliptic radii vectores, final and initial, so
that
o=1r+ro, (113.)

we shall have, with our present abridgements,
o =2a(l — e cosv,); (114.)

the variables v, e, are therefore functions of o, 7, a, and consequently the characteristic
function V; is itself a function of those three quantities. We may therefore put

mi1mow

V,= (H3.)

)
mi + mo

w being a function of o, 7, a, of which the form is to be determined by eliminating v, e,
between the three equations,

w = 2y/pa(v, + e, sinv,),
o =2a(l — e cosv,), (I3.)

T =2a(l — 6,2)% sin vy;
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and we may consider this new function w as itself a characteristic function of elliptic motion;
the law of its variation being expressed as follows, in the notation of the present essay:

5
Sw=€66—a'da+1' on— 368+ 5¢ — 757+é;a

In this expression & n ¢ are the relative coordinates of the point my, at the time ¢, referred
to the other attracting point ms as an origin, and to any three rectangular axes; £’ 0’ ' are
their rates of increase, or the three rectangular components of final relative velocity; a (8 ~
o (' ' are the initial values, or values at the time zero, of these relative coordinates and
components of relative velocity; a is a quantity independent of the time, namely, the mean
distance of the two points mi, ms; and p is the sum of their masses. And all the properties
of the undisturbed elliptic motion of a planet or comet about the sun may be deduced in a
new way, from the simplified characteristic function w, by comparing its variation (K3.) with
the following other form,

(K%)

ow 5w dw 3

in which we are to observe that
a=¢8+ﬁ+@+%ﬁ+ﬁ+%,}
T=1y/ (n—B)%+(C—7)%

By this comparison we are brought back to the general integral equations of the relative
motion of a binary system, (89.) and (90.); but we have now the following particular values
for the coefficients A, B, C:
1w 16w 10w 1w 16w
A=- B=-—, C=—— N°.
r50+T5T T o1’ r050+767 (N°)
ow dw dw

b0’ o1 da

(M)

and with respect to the three partial differential coefficients, , we have the

following relation between them:

w 3
da do or 2 (0%)

the function w being homogeneous of the dimension 2 5 with respect to the three quantities a,
o, 7; we have also, by (I3.),

5_w m sin v, \/7 V1 —e? (P3 )
" )

So a’ e —cosv,’ cosv, —e,’

2 2
ow dw _ —2uTt 7 5_11) n 5_w +H _ duoc | Q%)
S0 01 o2 —12 oo oT a o2 _ 72
from which may be deduced the following remarkable expressions:
sw  dw\” 4 1
J— _|_ J— — - —,
do 0T o+7 a
(5w 5w)2 A 1

oT oo oc—T a

These expressions will be found to be important in the application of the present method to
the theory of elliptic motion.

and therefore

(R?.)
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16. We shall not enter, on this occasion, into any details of such application; but we may
remark, that the circumstance of the characteristic function involving only the elliptic chord
and the sum of the extreme radii, (besides the mean distance and the sum of the masses,)
affords, by our general method, a new proof of the well-known theorem that the elliptic time
also depends on the same chord and sum of radii; and gives a new expression for the law of
this dependence, namely, ,

= Qié—w (S3.)

Wooa

We may remark also, that the same form of the characteristic function of elliptic motion
conducts, by our general method, to the following curious, but not novel property, of the
ellipse, that if any two tangents be drawn to such a curve, from any common point outside,
these tangents subtend equal angles at one focus; they subtend also equal angles at the other.
Reciprocally, if any plane curve possess this property, when referred to a fixed point in its
own plane, which may be taken as the origin of polar coordinates r, 6, the curve must satisfy
the following equation in mixed differences:

A0 1 d 1
which may be brought to the following form,
d d&*\1
— 4~ )= 116.
(d0+d93)fr 0 (116
and therefore gives, by integration,
r= P : (117.)

"~ 14ecos(d—w)’

the curve is, consequently, a conic section, and the fixed point is one of its foci.
The properties of parabolic are included as limiting cases in those of elliptic motion, and
may be deduced from them by making

H, =0, or a=o0; (118.)
and therefore the characteristic function w and the time ¢, in parabolic as well as in elliptic

motion, are functions of the chord and of the sum of the radii. By thus making a infinite in
the foregoing expressions, we find, for parabolic motion, the partial differential equations

((5w+5w)2: A (5_w_5_w>2: . (T2.)

S0 | OT o+T1’ do Ot o—T1

and in fact the parabolic form of the simplified characteristic function w may easily be shown
to be

w=2/p(\o+1FVo—1), (U3)
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7 being, as before, the chord, and o the sum of the radii; while the analogous limit of the
expression (S3.), for the time, is

3
2

Njw

t (c+71)2F(0c—1)2}: (V3)

1
6/1
which latter is a known expression.
The formulee (K3.) and (L3.), to the comparison of which we have reduced the study of
elliptic motion, extend to hyperbolic motion also; and in any binary system, with NEWTON’s
law of attraction, the simplified characteristic function w may be expressed by the definite

integral
w:i/ P2 (W3.)

0+7'_£

this function w being still connected with the relative action V, by the equation (H3.); while
the time ¢, which may always be deduced from this function, by the law of varying action, is
represented by this other connected integral,

L (T u b
S - = : X3,
t 4/_T(U+T 4a) dr (X*)

provided that, within the extent of these integrations, the radical does not vanish nor become
infinite. When this condition is not satisfied, we may still express the simplified characteristic
function w, and the time t, by the following analogous integrals:

D=

we [ P, (v2)
a

T

(o] 2 _%
t:/ i(ﬁ—ﬁ) do,, (Z3.)
. o, a

in which we have put for abridgement

and

o+T o—T
) T = )
2 2

g, =

(119.)

and in which it is easy to determine the signs of the radicals. But to treat fully of these various
transformations would carry us too far at present, for it is time to consider the properties of
systems with more points than two.

On Systems of three Points, in general; and on their Characteristic Functions.

17. For any system of three points, the known differential equations of motion of the
2nd order are included in the following formula:

(120.)

my(x] 01 + y] dyr + 27 821) + mo(xh dxe + yb dya + 25 022)
+mg(x5 63 + Y3 0ys + 25 023) = oU,
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the known force-function U having the form
U= mlmgf(l’Q) + m1WL3f(1’3) + mQWL3f(2’3), (121)

in which f(1:2) f(13) £(2:3) are functions respectively of the three following mutual distances
of the points of the system:

r2 = /(@1 — 22)2 + (11 — 92)® — (21 — 22)%,
r3 = /(o —23)2 + (y1 — y3)% — (21 — 23)2, (122.)
r®3) = /(s — 23)2 + (Y2 — y3)? — (22 — 23)% :

the known differential equations of motion are therefore, separately, for the point m1,

- 5]0(1,2) . 5]0(1,3) \
! 2 5(E1 3 5IE1 ’
§f(1:2) §f(1:3)
"= 123.
Yy ma 5y1 + ms 5y1 ) ( )
§f(1:2) §f(1:3)
"o
Z1 = M2 51 +m3 5o )

with six other analogous equations for the points mq and mg: x/, &c., denoting the component
accelerations of the three points m; mo mg, or the second differential coefficients of their
coordinates, taken with respect to the time. To integrate these equation is to assign, by
their means, nine relations between the time ¢, the three masses m; msy mg, the nine varying
coordinates x1 Y1 21 X2 Y2 22 T3 Y3 23, and their nine initial values and nine initial rates of
increase, which may be thus denoted, a1 by ¢1 a2 by ¢ as bs c3 ay by ¢} ab bl ¢, af b .
The known intermediate integral containing the law of living force, namely,

Iy (2 + P + 22) + dma(af + yF + 28) + tma (2 + yF + 2F) (124)
= mimafV + mims O + mams 0 4+ H, '
gives the following initial relation:
Imi(a? + 072 + P) + tma(af + V5 + &) + tmg(af + b5 + ) (125)
= m1m2f(§1’2) + m1m3f(§1’3) + m2m3f52’3) + H, .

in which fél’z), fél’?’), féQ’B) are composed of the initial coordinates, in the same manner

as f(1.2) f(13) £(23) are composed of the final coordinates. If then we knew the nine final
integrals of the equations of motion of this ternary system, and combined them with the
initial form (125.) of the law of living force, we should have ten relations to determine the
ten quantities t a} b} ¢} af bl ¢ af b cf, namely, the time and the nine initial components
of the velocities of the three points, as functions of the nine final and nine initial coordinates,
and of the quantity H, involving also the masses; we could therefore determine whatever else
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depends on the manner and time of motion of the system, from its initial to its final position,
as a function of the same extreme coordinates, and of H. In particular, we could determine
the action V', or the accumulated living force of the system, namely,

t t t
Vo [Py ) dt b [ @F o ) dt b [0 o ) d (A1)
0 0 0

as a function of these nineteen quantities, x1 y1 21 T2 Y2 22 T3 Y3 23 a1 by ¢1 ag bs ¢ az by c3 H;
and might then calculate the variation of this function,

oV oV oV oV oV oV

oV = 5—x15$1—|—5—y15y1+5—21(5214—%(5@1—1—%6614—5—01501
ov % ov % % oV
+ =02+ —— dy2 + —— 022 + —— daz + —— dba + —dca
(SZ‘Q 5y2 522 5&2 5b2 (502 (B4 )
+5—V§a§ +5—V5 —1—6—‘/52 +5—V(5a +5—V§b +5—V§c |
5:1)3 3 5y3 Y3 52’3 3 (5&3 3 (5[)3 3 503 3
oV
+ SH 0H. )

But the law of varying action gives, previously, the following expression for this variation:

8V = my(x) dz1 — a) day + yi dy1 — b dby + 21 621 — ¢ dcy)

+ ma (25 0xg — aly dag + yh 0ya — by Oby + 25 829 — ) dca) (@)
+ mg (x5 0w3 — al das + ys dys — by Obs + 25 523 — 5 des) '
+toH;

and shows, therefore, that the research of all the intermediate and all the final integral equa-
tions, of motion of the system, may be reduced, reciprocally, to the search and differentiation
of this one characteristic function V'; because if we knew this one function, we should have
the nine intermediate integrals of the known differential equations, under the forms

5_V =m :E/ 5_V =m / 5_V =m Z/ )
5371 — TR 5y1 - 1Y1, 521 — 1<1>
oV , oV , o0V ,
Y B - = D%
5o maZy, 512 maYa, 57 mazg, (D%.)
6_V =m wl 5_V =m / 5_V =m Z/
5333 — 343> (5:1]3 — 3Y3, 623 — 3%3» ]
and the nine final integrals under the forms
5—V——ma/ 5—V——mb’ 5—V——mc'\
(5&1 N 1 (Sbl N s 561 N 1
oV , oV oV
— =- — = —mpb,, — =— ! E“.
T T (E%)
6—V_—ma/ 5—V——mb’ 5—V——mc’
6@3 B 3% (Sbg N 3% 503 N 3% J
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the auxiliary constant H being to be eliminated, and the time ¢ introduced, by this other
equation, which has often occurred in this essay,

5V
t= (E.)

The same law of varying action suggests also a method of investigating the form of this
characteristic function V', not requiring the previous integration of the known equations of

motion; namely, the integration of a pair of partial differential equations connected with the
law of living force; which are,

Y () () ) L) () (o))
L) (Y ()] "

= mymaf + myms fO8) 4 moms f*3) 4+ H, )

and
B AN AN AN RIS IO AN O AN O AN
2m1 5(11 5()1 (561 2777,2 (5(12 5b2 562
IR I ANNCANNTIAY (G*)
2m3 (5@3 5()3 563

= m1m2fél’2) + m1msfél’3) + mzmsféz’S) + H. )

And to diminish the difficulty of thus determining the function V', which depends on 18
coordinates, we may separate it, by principles already explained, into a part V), depending
only on the motion of the centre of gravity of the system, and determined by the formula
(H'.), and another part V,, depending only on the relative motions of the points of the
system about this internal centre, and equal to the accumulated living force, connected with
this relative motion only. In this manner the difficulty is reduced to determining the relative
action V,; and if we introduce the relative coordinates

=T —$, == - 5 =z _Z,
1 1 3, M=y —Y3 (1 1 3 (126.)
§o=x2—x3, N2 =Y2—Y3, (C2=22— 23,
and
a1 = ay; — as, =by — b3, =c —c3,
1 1—az, b1 1—b3, y1=c1—c3 (127.)
ag =as —az, P2 =0by—0b3, v2=c2—cs,

we easily find, by the principles of the tenth and following numbers, that the function V,
may be considered as depending only on these relative coordinates and on a quantity H,
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analogous to H (besides the masses of the system); and that it must satisfy two partial

differential equations, analogous to (F*.) and (G*.), namely

(@ (@) @) @)
2my 61 oM 0C1 2mo 082 o192 0C2

- <&+&)2+(&+&)2+(@+@>2
2ms 0&1 06 om  one 0C1  0Co
= mimaf? + myms fOF) + mams f&P) + Hy;

and
1 SV \ 2 SV \ 2 SV \ 2 1 SV \ 2 SV \ 2 5V,
— + + (= +— + + (=
2my | \ 0o o0 oM 2my | \ daz 002 02

() G ()
2ms3 dap O 0B1  0f 0y 072

= mlmgfél’2) + mlmgfél’3) + mgmgféz’B) + H,:

the law of the variation of this function being, by (Z!.),

0V, =t 6H, +my (& 661 — af day +my dm — B1 061 + (1 6C1 — 1 671)
+ Mg (&5 082 — iy darg + 1y 62 — By 682 + (502 — 75 072)
[ (ma&y +magy)(my 661+ ma 82) )
—(myad + maah)(my day + mo dan
(ma 0m1 + ma dne

)

)

1 +(mamy + may )
(m1 31 + ma 0f32)
)

)

B )
)

my +mg +ms3 —(ma 3] + maf3,

+(may + mals)(ma 61 + my 6Co

L —(mayy + mays)(ma 0y1 +ma d7y2) )

)}

which resolves itself in the same manner as before into the six intermediate and six final

integrals of relative motion, namely, into the following equations:

LoV, ., mu§g+me&s 16V, muf+mehy )

m_15_§1_ Yomy 4+ ma +my] mo 66 2 my4mg +ms’
1 oV, R, mlni-l'ané, 1 0V, R m177I1+m2775_
m_15_771_n1_m1+m2+m3’ W_QE_UQ_WM-FWLQ%—WLS’
L6V, ., muQi+meG 16V, ., mad]+mals
m_15_C1_ Yomg +ma +mg] W_QE_ 2 my +mg +ms’ )
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and

-1V, ,  muaj+moay, =146V, . miaj +moah )

myda; Y my+mg+ms medas 2 my+me +ms’

—16V, o maBi+mefy 16V, o, B+ mafy (M%)

mq 001 ! mi1+me +ms’ Mo 05 2 my + meo +ms’ '

—16V,  , mayit+meyy -1V, muv +meys

m_lﬁ_ . my +mo +ms’ m_QE_ 2 my + mao +ms’

which must be combined with our old formula,

17 1
SH, t. (0Oh)

18. The quantity H, in V,, and the analogous quantity H,, in V,,, are indeed independent
of the time, and do not vary in the course of the motion; but it is required by the spirit of our
method, that in deducing the absolute action or original characteristic function V' from the
two parts V, and V},, we should consider these two parts H, and H,, of the original quantity
H, as functions involving each the nine initial and nine final coordinates of the points of the
ternary system; the forms of these two functions, of the eighteen coordinates and of H, being
determined by the two conditions,

oV, oV
0H, O0H,’

H/+H//:H. (N4)

However it results from these conditions, that in taking the variation of the whole original
function V', of the first order, with respect to the eighteen coordinates, we may treat the
two auxiliary quantities H, and H, as constant; and therefore that we have the following
expressions for the partial differential coefficients of the first order of V', taken with respect
to the coordinates parallel to z,

Vo8V, ms 5V, VoY, ms 5V, \
by 0& | mi4my+msox, a1 dar T my+ma+mg day’

5_V _ & mao oV, (5_V _ oV, i ma oV,

dry  0&  my +mg+msdxz,’ daz  das  my+me+msday,’

oV v, Y, ms Vi 6_V:_5V7_5V/+ ms oV
5.1133 551 552 mi + mo + ms 523//’ 5&3 5&1 50(2 mi + mo + ms (5(1,,(’0)4 )

together with analogous expressions for the partial differential coefficients of the same order
taken with respect to the other coordinates. Substituting these expressions in the equations
of the form (O.), namely, in the following,

OV OV OV GV 6V V)
5.I1 51‘2 5(173 5@1 6@2 5@3 -

V.8V 8V 8V 6V 6V A
T T L TR (B%)
VGV VOV VY

(521 (522 523 501 562 (563 - /
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we find that these equations become identical, because

oV oVy oV oVy oV oV
+ =0, +===0, —+ =0, .

OYn oby, 0z dcy (Q )
But substituting, in like manner, the expressions (O%.) in the equations of the form (P.), of

which the first is, for a ternary system,
oV oV ov. oV oV oV

T1— —Y

sus  Vor, T

0xy day,

@ 0x 5y3 5$3 (R4 )
u 5V bav 6V ba_vﬂ 5V bav '
Vb, Yoay  ob,  Zbay | Cobs  Pdas

and observing that we have

oV oV oV oV
Ty——Yn—+a - =0 S,
" 5y,, Yn (5x,, " (5()/, e 5@,/ y ( )
along with two other analogous conditions, we find that the part V,, or the characteristic
function of relative motion of the ternary system, must satisfy the three following conditions,

involving its partial dif‘ferential coefficients of the first order and in the first degree,

oV, oV, N7 oV, 5 oV,
0= ¢t - Mot +a ,
SF T 525 P T N - B C25p P
ov, 5‘/; (5V/ oV, 5V/ 5 oV, oV,
0= _ 2 T,
771(5Cl Cl 256 C2 ﬁl 551 52 ) ’72552 (T%.)
oV, oV, 5V/ oV, (5V/ %
0= - ar ot + —a
O O g G T M P

which show that this function can depend only on the shape and size of a pentagon, not
generally plane, formed by the point mg considered as fixed, and by the initial and final
positions of the other two points m, and msy; for example, the pentagon, of which the corners
are, in order, m3 (my) (mz) mg my; (mq) and (ms) denoting the initial positions of the points
m1 and msy, referred to mg as a fixed origin. The shape and size of this pentagon may be
determined by the ten mutual distances of its five points, that is, by the five sides and five
diagonals, which may be thus denoted:

mg(m1) =+/s1, (ma)(m2) =/s2, (m2)ma =+/s3, momi =./ss,  mimz=/s5, }
m3(m2) = \/d_h (m1)m2 = @, (mz)ml = \/£, mams = \/d_4, m1(m1) = \/d_5;

(128.)
the values of s1 ... d5 as functions of the twelve relative coordinates being
§1 = Oé% +5% +7%, 5o = (2 —041)2 (B2 —51)2 + (72 —71)27 )
s3= (& — @)’ + (n2 — B2)° + (&2 — 12),
(129.)

di=a3+0;+7, do=(&L—a1)’+(—5)>+ (L —n)

= (& —a2)®+ (m — B2)* + (1 — )7,
dy=8&+n3+¢, ds=(&— )+ (m—5)°+ (G —n)
These ten distances /s1, &c., are not, however, all independent, but are connected by one
equation of condition, namely,

(

ss =& AN+ ¢, sa=(G =&+ m—m)+ (G —G),
(
(

G2
G
G

V
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(2.2
0= s7s3

+s3d3
+d3d3
—28%8384
—28%83d3
—25254d3
—251d2d§
—251d§d4
—2d,d%ds
—4815384d3
—481d2d3d4
—231 8283d4
—28183d1d2
—281d1d3d5
+251525354
+251 8284d3

+2d1dodsdy +2dodsdads +2d3dadsdy +2dadsdido +2dsdydods; )

+s§si
+s3d3
+d3d3
—28%8435
—2S%S4d4
—25255d,
—252d3d421
—232(136[5
—2dad2d,
—482 S4S5d4
—452d3d4d5
—282 8384d5
—282 S4d2d3
—282d2d4d1
+252535455
—|—282 8385d4

—|—s§s§
+s2d2
+d3d3
—28%8581
—28%85d5
—28%81d5
—283d4d§
—283d§d1
—2dsd2ds
—4838551d5
—483d4d5d1
—2838455dy
—28385d3d4
—283d3d5d2

—i—sﬁs%
+s3d3
+d3d3
—23?18182
—28?181d1
—28%82d1
—284d5d%
—2S4d%d2
—2d,d2d,
—48481 82d1
—484d5d1d2
—28485 S1 d2
—28481d4d5
—284d4d1 d3

+s§s%
+s2d3
+d2d?
—28%8283
—28%82d2
—28%83d2
—235d1d%
—285d%d3
—2d5d2d,
—485 8283d2
—4S5d1d2d3
—28581 82d3
—28582d5d1
—285d5d2d4

—|—28384S581 —|—2S4S58182 —|—2858182$3
—|—283S481d5 —|—284S582d1 —|—2858183d2
+2518384d1 +2828485dy +2535551d3 +2548182d4 +2855253d5
+25152d3dy +25253d4ds +25354d5d1 +25455d1da +25551dad3
+25183d2ad3 +25954d3dy +25355dsds +25451d5d1 +25552d1d2
+28184d1d2 —|—25285d2d3 —|—28381d3d4 —|—28482d4d5 —|—28583d5d1
+28184d1d3 +28985dads +28381d3ds +25489dad1 +28553d5do
+25184dads +28285d3ds +25351dads +25482d5d1 +285583d1ds
+25154d3dy +25285d4ds +25351d5d1 +25452d1da +25553d2d3
+251d1dad3 +2s2dadzdy +2s3d3dsds +254d4dsdy +2s5d5dydo
+2$1d3d4d5 —|—282d4d5d1 —|—283d5d1d2 —|—284d1d2d3 —|—285d2d3d4

(130.)

they may therefore be expressed as functions of nine independent quantities; for example,
of four lines and five angles, r(1) 7“(()1) r2 7“(()2), o) «9(()1) 62 9(()2) t, on which they depend as

follows:

S1 = T(()l)z,
Sy = 7"(()1)2 + 7“(()2)2

§3 = r@®? 4 r(()2)2
S5 = 7’(1)2,

d1 = 7‘62)2,

dy = r?? 4 rél)Q — 2r(2)rél)(cos 0 cos 9(()1) + sin 0 sin 9(()1) cost),

ds = r(()2)2 + M2 27”(()2)7’(1)((308 9(()2) cos 8 4 sin 9(()2) sin 8™ cos 1),

d4 = T’(2)2,

- 27“(()1)7“(()2) (cos 0(()1) Ccos 082) + sin 9(()1) sin 9(()2) cost),
- 27“(2)7“(()2) cos(8® — 9(()2)),

sq = 1?2 4 M2 _9p2 W (o500 cos 0P + sin 0D sin 63 cos ),

ds = rM2 4 r(()l)Q — 27“(1)7“(()1) 008(9(1) — 9(()1)),
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the two line-symbols (1) () denoting, for abridgement, the same two final radii vectores

which were before denoted by r(1:3) r(2:3) and rél) 7“(()2) representing the initial values of these

radii; while (V) 9(2) 9(()1) 9(()2) are angles made by these four radii, with the line of intersection
of the two planes r((,l)r(l), r(()z)r@); and ¢ is the inclination of these two planes to each other.
We may therefore consider the characteristic function V, of relative motion, for any ternary
system, as depending only on these latter lines and angles, along with the quantity H,.

The reasoning which it has been thought useful to develope here, for any system of three
points, attracting or repelling one another according to any functions of their distances, was
alluded to, under a more general form, in the twelth number of this essay; and shows, for
example, that the characteristic function of relative motion in a system of four such points,

depends on the shape and size of a heptagon, and therefore only on the mutual distances of

7x6
its seven corners, which are in number <T = | 21, but are connected by six equations of

condition, leaving only fifteen independent. It is easy to extend these remarks to any multiple
system.

General method of improving an approrimate expression for the Characteristic Function of
motion of a System in any problem of Dynamics.

19. The partial differential equation (F.), which the characteristic function V' must
satisfy, in every dynamical question, may receive some useful general transformations, by the
separation of this function V into any two parts

V1 + ‘/2 =V. (U4)

For if we establish, for abridgement, the two following equations of definition,
1 (o> [(ovi\? . [ovi\?
Th=%.— — — —
! 22m<(5x>+<5y - 0z ’
1 ((0Va\®  [(6Va\?  [Va)®
To=%.— — — —
2 EQm((ém)+(5y)+ 0z ’
analogous to the relation

(@) -

which served to transform the law of living force into the partial differential equation (F.);
we shall have, by (U%.),

; (X*)

1 [0V oVy  6Vi Ve  0Vy OV
( 10V2  0V10Va 0N 2)

T=T +1T —
Lt 2-‘_Em oxr Oz oy oy 0z 0z
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and this expression may be further transformed by the help of the formula (C.), or by the
law of varying action. For that law gives the following symbolic equation,

‘m

1(51/1 oV 6 (Wi)_d

0V 0 oV 0 0¥ “ v,
bz or | dwoy  owds)  dt (%)

the symbols in both members being prefixed to any one function of the varying coordinates
of a system, not expressly involving the time; it gives therefore by (U%.), (V%.),

1 [oVioVy oV oVe  6Vi6Vs dVs 4
— = — 2T5. 7°.
Em(5$5w+5y6y+5252 dt 2 (Z%)
In this manner we find the following general and rigorous transformation of the equation (F.),

% :T—Tl —|—T2; (A5)
dt
T being here retained for the sake of symmetry and conciseness, instead of the equal expression
U + H. And if we suppose, as we may, that the part V7, like the whole function V', is chosen
so as to vanish with the time, then the other part V5 will also have that property, and may
be expressed by the definite integral,

Vo = /Ot(T — Ty +Ty) dt. (B5.)

More generally, if we employ the principles of the seventh number, and introduce any 3n
marks 71,12, . .. N3y, of the varying positions of the n points of any system, (whether they be
the rectangular coordinates themselves, or any functions of them,) we shall have

oV 6V %
T=F|—,—,... , Cb.
(57]1 o2 57)3n) ( )

and may establish by analogy the two following equations of definition,

ovy ovy ov; )
T = F , e s
' (5771 o2 dN3n

oVa 0V, oVs )
T = F , ye e ,
2 (5771 ona 0N3n

(D)

the function F' being always rational and integer, and homogeneous of the second dimension;
and being therefore such that (besides other properties)

0Ty 6V5 n 0Ty oVs T 0Ty 6V,
% oM 5% on2 5& 0M3n ’
5771 5772 57)371

T=T +Ty+ (E5.)
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oT o1y 0T% oT 0Ty 015

_ _ 5
55_‘/ = 5% + 5% yoe 55V = 56‘/1 + 55V2 , (F°.)
om om on On3n 0n3n 0n3n
and Ty, Ve 0Ty 4V 5Ty oV
2 2 2 2 2 2
e 22 772 o GS.
oM on2 N3
By the principles of the eighth number, we have also,
oT oT oT
0— 0— )
om on2 N3

. 15, give evidently the symbolical equation,

’i_|_ ’i_|_ + ! L—i
T 5771 Up) 5/)72 T]3n 5773” dt’

and since the meanings of 7}, . .

(15.)

we see that the equation (A®.) still holds with the present more general marks of position of
a moving system, and gives still the expression (B®.), supposing only, as before, that the two
parts of the whole characteristic function are chosen so as to vanish with the time.

It may not at first sight appear, that this rigorous transformation (B®.), of the partial
differential equation (F.), or of the analogous equation (T.) with coordinates not rectangular,
is likely to assist much in discovering the form of the part V5 of the characteristic function V,
(the other part V; being supposed to have been previously assumed;) because it involves
under the sign of integration, in the term T5, the partial differential coefficients of the sought
part V5. But if we observe that these unknown coefficients enter only by their squares and
products, we shall perceive that it offers a general method of improving an approximation in
any problem of dynamics. For if the first part V; be an approximate value of the whole sought
function V', the second part V5 will be small, and the term 75 will not only be also small,
but will be in general of a higher order of smallness; we shall therefore in general improve an
approximate value V;j of the characteristic function V', by adding to it the definite integral,

w:f@—ﬂMu (k%)

though this is not, like (B%.), a perfectly rigorous expression for the remaining part of the

function. And in calculating this integral (K®.), for the improvement of an approximation
Vi1, we may employ the following analogous approximations to the rigorous formulae (D.) and

(E.),

%——ma" —5V1——ma" —5V1——ma"\

day 7 dap P da,

o1 o1 %

0N b 2 = b L L.
by TG 5, 12023 5b,, Min O (L°.)
W o il W

T oS den W
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and S5V,
1
SH (M?.)
or with any other marks of final and initial position, (instead of rectangular coordinates,) the
following approximate forms of the rigorous equations (S.),

)% 0l  o0Wh 0Ty oy 0Ty

L =_ =— N°,
deq def " deg dely’ desn del,’ (N*)

together with the formula (M®.); by which new formulse the manner of motion of the system
is approximately though not rigorously expressed.

It is easy to extend these remarks to problems of relative motion, and to show that in
such problems we have the rigorous transformation

t
Vo z/ (T, — T + To) dt, (0%)
0

and the approximate expression

t
Vo :/ (T, - T) dt, (P5.)
0

V)1 being any approximate value of the function V, of relative motion, and V,; being the
correction of this value; and 7)1, T)2, being homogeneous functions of the second dimension,
composed of the partial differential coefficients of these two parts V1, V), in the same way
as T, is composed of the coefficients of the whole function V,. These general remarks may
usefully be illustrated by a particular but extensive application.

Application of the foregoing method to the case of a Ternary or Multiple System, with any
laws of attraction or repulsion, and with one predominant mass.

20. The value (68.), for the relative living force 27, of a system, reduces itself successively
to the following parts, 2T,(1), 2T,(2), e 2T,(n_1), when we suppose that all the n—1 first masses

vanish, with the exception of each successively; namely, to the part

mi1my

21" = (& + i + ¢, (132

mq +mn

when only my, m,, do not vanish; the part

maoMmay,

21 = (& + 05’ + ), (133.)

ma +mn

when all but ms, m,,, vanish; and so on, as far as the part

Mp—1Mp

211/(n—1) —
Mp—1 + My,

(&7 +miy + ¢, (134.)
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which remains, when only the two last masses are retained. The sum of these n — 1 parts
is not, in general, equal to the whole relative living force 27, of the system, with all the n
masses retained; but it differs little from that whole when the first n — 1 masses are small in
comparison with the last mass m,,; for the rigorous value of this difference is, by (68.), and
by (132.) (133.) (134.),

o, — o7 —or® _ ... _op(n—1) .
2my (1 2meo (2 My 1 (1
= n(T’()_T’)_*—_n(T’()_T’)—i_”.—i_-mn (T,( )—T,) (135)
1
+—— 2 mam{ (& = 67 + (= mi)” + (G = )% -

an expression which is small of the second order when the n — 1 first masses are small of the
first order. If, then, we denote by V,(l), V,(2), . V,(n_l), the relative actions, or accumulated
relative living forces, such as they would be in the n—1 binary systems, (my my,), (mamy), ...
(my—1 my,), without the perturbations of the other small masses of the entire multiple system
of n points; so that

t t t
v = / oV dt, VP = / oV at, - VY = / 21"V dt, Q%)
0 0 0

the perturbations being neglected in calculating these n — 1 definite integrals; we shall have,
as an approximate value for the whole relative action V, of the system, the sum V,; of its
values for these separate binary systems,

V= V‘/(l) _}_{//(2) _|_..._|_‘/'/(n_1)‘ (R5)
This sum, by our theory of binary systems, may be otherwise expressed as follows:

M) (2) (n=1)
mimayw oMy, Ww My —1MpW
Vy=— + e , (S5.)

mi + My ma + My Mp—1 + My

if we put for abridgement

IneY )
w® = Wy +/ P ),
sV
(2
w® = H®9@ 4 / @), (1)
"o
p(n—1)
w(n—l) — h(n—l)ﬁ(n—l) ‘I‘/ 7a/(n—l) d?“(n_l).
7'(()n—l) )
In this expression,
h(1)2
Tl(l) = Zl:\/Q(ml -+ mn)f(l) + 29(1) — m,
(U°.)
(n—1) _ (n—1) (n—1) _ hin—12
r =1/ 2(mp_1 +mp)f +2g —_—,
r(n—1)2
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r (=1 being abridged expressions for the distances r(1), . p(=1n) and f
f(=1 being abridgements for the functions f(1:®), ... f(»=17) of these distances, of which
the derivatives, according as they are negative or positive, express the laws of attraction or
repulsion: we have also introduced 2n — 2 auxiliary quantities A1) g1 .. p(n=1 ¢(n=1) ¢
be eliminated or determined by the following equations of condition:

(1)
T e
— 91 (1)
0 ¥ + /T(()l) 5h(1) dr ’
(2)
5 (2)
— 9@ 2
0=+ /r<2) Sh(2) dr, (VB-)
0
(n—1)
r §r!(n—1)
— 9(n—1) (n—1)
0=19 +/r("‘” Ay dr ,
0 Vg
and (1) (2) (n—1)
r dT(l) _ T dT‘(2) o T d’l“(n_l) (WS )
e /(1) (2 r(2) (n=1) p/(n=1)" )
0 0 0
or 1 2 1
5w():5w():‘”:5w("_), (X5.)
5g(1) 5g(2) 59(”_1)
along with this last condition,
(1) (2) (3) 19D H
mig I mag . msg bt Mnp-19"" 7 _ 2 (Y3.)
my + mpy mo + My ms + my Mp—1 + My mpy

and we have denoted by 91, ... 9"~ the angles which the final distances r(!), ... r(»=1)
of the first n — 1 points from the last or nth point of the system, make respectively with the

initial distances corresponding, namely, 7’(()1) Y e r(()n_l). The variation of the sum Vj; is, by
(%),
Sw® Sw® B Sw®™=1
5V, = mim, 0w L MMy OW T Myy— 1My OW ; (75)
m1 +my ma + my, Mp—1+ My

in which, by the equations of condition, we may treat all the auxiliary quantities A1) g(*) ...
R("=1) ¢(n=1) a5 constant, if H, be considered as given: so that the part of this variation 6V,
which depends on the variations of the final relative coordinates, may be put under the form,

omamy, [(w® Sw® sw® ‘
fonclin = it (g6 + o +
mam,, [ ow® sw? Jw) )
06y + ——dm2 + )
mo + My, < 0&2 &2 ong 2 (o G2 (AG.)
4.
Mp—1Mp 6w(n71) 511)(”71) 5w(”*1)
Mp—1 + M ( 55”_1 6571—1 + 57771—1 67711—1 + —5Cn_1 6<n—1 . )
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By the equations (T°.) (U5.), or by the theory of binary systems, we have, rigorously,

swMN%  /swMN? /w2 )
+{—=— ) + = 2(m1 +my,) fO + 290
( 01 ) ( om ) ( 6¢1 ) (s 2 g
Sw@\ 2 Sw@\ 2 Sw@\ 2
R — (2) (2). 6
(552) +(5n2) +(5C2) 2(mg +my) f1 4+ 2¢'; (BS.)
Sw™=1 2 Sw™=1 2 Sw™=1 2
= 2(my,— n (n=1) 4 9,(n=1).
( 6§n—1 ) +< 57711—1 ) +( 5Cn—1 ) (m 1+m )f T g ’)
and the rigorous law of relative living force for the whole multiple system, is
T,=U+H, (50.)
in which .
U = mn(mlf(l) 4 m2f(2) R mn—lf(n_l)) +y, -mimkf(z’k), (Cﬁ)
and ) ) )
1/ 1 1 % 5V, 5V, )
T ==-(_—4+ - o o ovr
L C IR CARICON
(e () () (2
2 \mg  my 082 on2 02
L (DS.)
Sl (Gen) () +(25)
2 Mp—1 mpy 5€n—1 57771—1 6<’n—1
Ly (200 V0t 00
n o\ 0& 68, " omiom | 6G 0Ck ) )

We have therefore, by changing in this last expression the coefficients of the characteristic
function V, to those of its first part V1, and by attending to the foregoing equations,

Th =mypYy -mz'f(i) + H,

m; my Sw® §w®) 5w ® 5w §e0(D) §ep(k) (ES.)
T 2 My + My My, + My, < 6&  O&k on; O 0C  OCk ) ’
and consequently
T,—~Th =%, mimk{f“””

. . . (FS.)

My, (5w(1) Sw®  Sw@® k) G (5w(k))}

— + .

(M +mi) (mp +my) \ 05 0&k oni o oG 0Ck
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The general transformation of the foregoing number gives therefore, rigorously, for the re-
maining part Vo of the characteristic function V, of relative motion of the multiple system,
the equation

t
Via :/ Tyo dt
0
ow® sw® 5@ sw®)  §w@) Gk (GG )

t + +
+ 3 .mimk/ fk) _ 0% 5§f 0ni__ 0Nk 0Gi  OCk dt:
0

—(Mp +m; ) (Mg, + M
-+ )+ ) )

and, approximately, the expression

t ; 1
Ve = sy [ {149 = L (elgaofoo+ i b (1e)
0 n

with which last expression we may combine the following approximate formulse belonging in
rigour to binary systems only,

. ow® . ow® . ow®
gi = o Th = o i o
0&; on; oG

Sw® Sw® Sw®
Oéz (SOL,L Y /81, 5/81 Y ’71 6’71 Y ( )

and
Sw®

_ 6
=5 (LS.)

We have also, rigorously, for binary systems, the following differential equations of motion
of the second order,

§f@
o&;

5@

§f@
S oG

oG

&' = (mn +m,) i = (mn +mi) G = (mn +m;) (M°.)

which enable us to transform in various ways the approximate expression (H°.). Thus, in the
case of a ternary system, with any laws of attraction or repulsion, but with one predominant
mass mg, the disturbing part Vo of the characteristic function V, of relative motion, may be
put under the form

V;Q == mlmQW, (NG)

in which the coefficient W may be approximately be expressed as follows:

‘ 1
w= [ {02 - el ot + cich far (0°)
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or thus:

¢ s s s
W = (12) 4 - - ) dt
/0 (f &2 s T G2 5

6
L s s s s s ey ()
_m_3(£2 061 T on 62 0C1 T day e 051 T o1 )’
or finally,
¢ 5 F(2) 5F(2) §5F2)
W=/ (f“’2>+£1 AR A )dt
0 082 on2 02 (Q°)
1 sw? sw? sw? sw? Sw? sw? '
—m—3<§1 082 T o2 ta 0Co o darz e 32 o 072 )
In general, for a multiple system, we may put
Vio = S mymy WER) (R®.)
and approximately,
. ¢ _ A S S
W (i) =/ <f(z’k)+§k / + Mk / + Ck / )dt
0 0&; on; 6¢; (s5)
1 Sw® n Sw® . Sw® Sw® L5 Sw® n sw® .
ma 06 e T eG T  ear T s T ey )
or
. t , (k) (k) (k)
Wi — [ (04 6o 6 a
0 O& 0Nk OCk (1)

1 ( swk) swk) swk) swk) sw(k) 5w(k))
- i _|_ .

i~ T +Gi Q; i + i
R R T T T T

Rigorous transition from the theory of Binary to that of Multiple Systems, by means of the
disturbing part of the whole Characteristic Function; and approximate expressions for the
perturbations.

21. The three equations (K°.) when the auxiliary constant ¢ is eliminated by the
formula (LS.) are rigorously (by our theory) the three final integrals of the three known
equations of the second order (MS.), for the relative motion of the binary system (m;m.,,);
and give, for such a system, the three varying relative coordinates &; n; (;, as functions of their
initial values and initial rates of increase «; 3; v; o, B, 7, and of the time ¢. In like manner the
three equations (I6.), when ¢ is eliminated by (LS.), are rigorously the three intermediate
integrals of the same known differential equations of motion of the same binary system. These
integrals, however, cease to be rigorous when we introduce the perturbations of the relative
motion of this partial or binary system (m; m,,), arising from the attractions or repulsions of
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the other points my, of the whole proposed multiple system; but they may be corrected and
rendered rigorous by employing the remaining part V), of the whole characteristic function
of relative motion V,, along with the principal part or approximate value V,;.

The equations (X1.), (Y!.) of the twelfth number, give rigorously

16V, 1 % 16V, 1 oV, 146V, 1 oV,
y_ 1 B A — ¥y, —, (US.
51 my; (55@ + My, Z/ (5627 i m; 5771' + My, Z/ (577@" CZ m; (5@ + zs E/ 5(1’ ( )
and
19V, 1 oV, 1 6V, 1 oV, 1 46V, 1 oV,
—afj=——+—¥%, —, —fi= Lt — =, = L — ’

mi bo;  my oy YT me o my 0B mi by my 6y

(V)
and therefore, by (AS.),
dw®) _¢ oy mp dw ) B L(SV,Q B L % )
6& 0 T m+m, 66 my & my T 6&]
Sw® m dw (k) 1 6V, 1 oV,
:7’];_2//. k - 12 _ /27 (WG)
on; Mg +my, On  my 0n; my 0
sw® ¢ m  dw® 16V, 1 6V
oG " "y 4+ my 0 m; 0¢  m, o 8G )
and similarly
Sw(® , mp  ow® 1 6V 1 oVis )
- =a; + 2. e T 2w )
oy my +m, ooy m; 0c; My, oy
Sw(® swk 18V, 1 6V
2 =B+ a - — 24—, (X°.)
03; mi +my 5% m; 03 My 03
sw(® sw® 1 6V, 1 _ 6V
_’U) :’YZ/'+E//- 1 v - /2+— / /27
67i mg +mp 0y Mg 0y My 0% )

the sign of summation ¥, referring only to the disturbing masses my, to the exclusion of m;
and m,,; and these equations (W°.), (X%.) are the rigorous formulee, corresponding to the
approximate relations (I1°.), (KS.). In like manner, the formula (LS.) for the time of motion in
a binary system, which is only an approximation when the system is considered as multiple,
may be rigorously corrected for perturbation by adding to it an analogous term deduced
from the disturbing part Vs of the whole characteristic function; that is, by changing it to
the following:

t= —+ — YS.
6g(l) + 5H/ ) ( )
which gives, for this other coefficient of w(?), the corrected and rigorous expression
5g(® 0H,
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V)2 being here supposed so chosen as to be rigorously the correction to V,;. If therefore, by
the theory of binary systems, or by eliminating ¢(*) between the four equations (K¢.) (LS.),
we have deduced expressions for the three varying relative coordinates &; 7; (; as functions
of the time ¢, and of the six initial quantities a; 3; v; o} B. ., which may be thus denoted,

é.i = ¢1(Oéiaﬁia%704;=ﬁz{:%at)7
i = ¢2(ai;ﬁi57i7a;;ﬁ£;7£vt)7 (A7)
Gi = d3(au, Bisvis i, B, 75 1)

we shall know that the following relations are rigorously and identically true,

Sw®  Sw®  Sw®  Sw® )
Soy T 0B T O ’5g<i>>’
Sw®  Sw®  Sw®  Fw®

oy 00 T 0yi 759(”)’

§i = P1 (Oéi,ﬂi,%‘, -

i = ¢2 <Oéi7ﬁi7%'a -

Sw®  Sw®  Sw®  Fw®
éi—(b?) (041'7572772'7_ (50[1‘ y T 56@ y 571 75g(l)>,

and consequently that these relations will still be rigorously true when we substitute for the
four coefficients of w(® their rigorous values (X°.) and (Z%.) for the case of a multiple system.
We may thus retain in rigour for any multiple system the final integrals (A7.) of the motion
of a binary system, if only we add to the initial components o/ 3. ! of relative velocity, and
to the time ¢, the following perturbational terms:

swk 18V, 1 _ 6V )
Aol — _ mg 1 0Vp2 2
@i = 2 mp +m, ook m; ooy + m, . Sy’

my  owk) 1 6V 1 6Vis

DG = s e v R eV (C7)
m;:z,,.mkﬁkmné(g:) m%%j min ’(?;,j’)
and
v

In the same way, if the theory of binary systems, or the elimination of ¢(*) between the
four equations (I6.) (LS.), has given three intermediate integrals, of the form

f; = w1(€i77]i7<'i7aiaﬁi77i7t)7
77; :w2(£17nzagl7azvﬁ27’yl7t)7 (E7)
Cz/ = ¢3($i7”i7<i7ai7ﬁi7’7i7t)7
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we can conclude that the following equations are rigorous and identical,

Sw® Sw®\ )

5§Z w <£Z77717<.74705’L761777,7 5 (Z)>

517‘ ¢ <§277717C270517617727 5 (z)) (F7)
Sw® Sw®

5Cz :1/) (&77%’@7041751"717 5 (z))

and must therefore be still true, when, in passing to a multiple system, we change the coeffi-
cients of w(® to their rigorous values (W%.) (Z6.). The three intermediate integrals (E7.) of
the motion of a binary system may therefore be adapted rigorously to the case of a multiple
system, by first adding to the time ¢ the perturbational term (D”.), and afterwards adding
to the resulting values of the final components of relative velocity the terms

mp  ow®) n 1 6V L 1 V2 )
mg +m, 0& | m; 6&  my o 0&)
sw® 1 4V, 1 5V,
Anl — . mi 1L 0V L 2
m; Yin e + mo, 6771: + m; _57%‘ + o > 5771‘ >
mp  ow®) 146V 1 5V/2

Af; =Y.

AC{ =>un.

22. To derive now, from these rigorous results, some useful approximate expressions, we
shall neglect, in the perturbations, the terms which are of the second order, with respect to
the small masses of the system, and with respect to the constant 2H, of relative living force,
which is easily seen to be small of the same order as the masses: and then the perturbations
of these coordinates, deduced by the method that has been explained, become

. 651 55@ 651 5&
Agi = 5 ol + 5 A+ +5tAt
o 5771 / 5771 5772 07; 7
Dy = Sy ol + S A+ T A+ A (HT))
5@ 0G; 5Cz 0G;
AG = 2 Aa DB+ E5 AL+ AL
G = Gor A+ g AT G A%+ AL |

in which we may employ, instead of the rigorous values (C7.) for Ao/, A3}, A~!, the following
approximate values:

sw 1 8V )
Aa;:Z//% v + — /2,
n OO m; 0oy

Sw) 1 4V,

Af — mp 2 17,
Bl =y, w56 T misa I1%)
my dwk) L 1 6V)s

my 0y my; 0 )

A’VZ =Yy —
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To calculate the four coefficients

Vig  0Vie Ve 0Vp
(SCYZ‘ ’ 551 ’ 5’)@' ’ (SH/’

which enter into the values (I7.) (D7.), we may consider Vo, by (RS.) (TS.), and by the
theory of binary systems, as a function of the initial and final relative coordinates, and initial
components of relative velocities, involving also expressly the time ¢ and the n — 2 auxiliary
quantities of the form ¢(*); and then we are to consider those initial components and auxiliary
quantities and the time, as depending themselves on the initial and final coordinates, and on
H,. But it is not difficult to prove, by the foregoing principles, that when ¢ and ¢*) are thus
considered, their variations are, in the present order of approximation,

2w\ 8
E/ .m (6_1;)> 6/5—w+5H/
5t = g J (K7.)
52w
Yrom W
and .
52w\ Sw®)
(k) — _5 = 7
59 = ( e ) (& 5 > , )
the sign of variation ¢, referring only to the initial and final coordinates; and also that

5907 5t~ 50,090 8] 88,090 35, 57,090 o4

along with two other analogous relations between the coefficients of the two other coordinates
n;, Ci; from which it follows that ¢t and ¢(®), and therefore oy, B 7V, may be treated as
constant, in taking the variation of the disturbing part Vs, for the purpose of calculating the
perturbations (H”.): and that the terms involving At are destroyed by other terms. We may
therefore put simply

0&i 0&; 0&; )
AL = 25 NG/ AB! A~
. 5771 / 5772 / 5771 / 7
An; = 5o Aa; + 5ﬁ£Aﬁi + 6%(A%’ (N”.)
0G; 0 0
A(; = Aal + AL+ — A~
50‘; 5&1/ 5%/' J

employing for A« the following new expression,

t SRk Saol [t SRU:F)
Aagzz,,.mk{/ B g+ O"/ O 4
0 0

ooy ooy da
58 [t SRR 1ot SRGK)
+51/5R dt+5%/5R dt
dag Jo 0 dag Jo 07
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together with analogous expressions for Ag, A~/ in which the sign of summation ¥, refers
to the disturbing masses, and in which the quantity
k) ik .5f(k) .5f(k) .5f(k)
ROM = JUR 4 G g = 4+ G
is considered as depending on o B; vi & B; Vi o Br Yk & By V. t by the theory of binary
systems, while o ] v/, are considered as depending, by the same rules, on «; 3; v & mi G
and t.
It may also be easily shown, that
@E 5_51/5_@ 5—%{5—%——5%, Q")
with other analogous equations: the perturbation of the coordinates & may therefore be thus
expressed,

(P7)

8¢ [t ORWF) 8¢ [ ORWF) )
AL = B ‘mk{ da /0 ooy di = dag Jo  ba di
ot spGk) .t sRk)
- 5&, / OF dt — 0% / OR —dt (R7.)
56@' 0 5@@' 56@' 0 561‘
ot spGLE) ot sp3LE)
n 6&// OR g — 0&; 0R : dt},
5%’ R i Jo 5%’ )

and the perturbations of the two other coordinates may be expressed in an analogous manner.

It results from the same principles, that in taking the first differentials of these pertur-
bations (R”.), the integrals may be treated as constant; and therefore that we may either
represent the change of place of the disturbed point m;, in its relative orbit about m,,, by
altering a little the initial components of velocity without altering the initial position, and
then employing the rules of binary systems; or calculate at once the perturbations of place
and of velocity, by employing the same rules, and altering at once the initial position and
initial velocity. If we adopt the former of these two methods, we are to employ the expressions

(O7.), which may be thus summed up,
t )
0 / RE) gt
5@1' 0 ’

5 [t
Aﬁz/ = X -Mmg 55, / R(Z’k)dt7 (87)
1 JO

/
AOéi =Xy -mg

t
A%{ =X mki/ R(i’k)dtQ
0 0

7

and if we adopt the latter method, we are to make,

t 5R(ik) tSRGE) )
Aa; =%, .mk/ i dt, Aa; =-3, -mk/ i Tt
0 o 0o 0q;
t sRG:k) t §R(:k)
AjBl=Y,. dt, ABi=—3,. —dt .
/81 > mk/o 5/871 5 ﬁ X mk/o 5ﬁ7{ y ( )
t 5R(z,k) t 5R(7J:k)
A'Yz{ =3 mk/ dt, A% ==X mk/ —/dt'
o 0% 0o 0% J
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The latter was the method of LAGRANGE: the former is suggested more immediately by the
principles of the present essay.

General introduction of the Time into the expression of the Characteristic Function in any
dynamacal problem.

23. Before we conclude this sketch of our general method in dynamics, it will be proper
to notice briefly a transformation of the characteristic function, which may be used in all
applications. This transformation consists in putting, generally,

V =tH + S, (U7

and considering the part S, namely, the definite integral
t
S — / (T +U)dt, (V7)
0

as a function of the initial and final coordinates and of the time, of which the variation is, by
our law of varying action,

0S8 =—Hot+ Y .m(z' dx —a' da+y' dy — b db+ 2" 62 — ¢ dc). (WT)
The partial differential coefficients of the first order of this auxiliary function S, are hence,

5S

= = _H, X
L ¢ (X7
6S , 5s , 65 , 7
5z, = m;x;, 5—% = M;Y;, 5_Zz = m;z;; (Y )
and 59 59 59
— —m.qa = — —m.b = — _m.c 7
0 m;a;, 5, m;b;, 5. m;c;. (Z".)

These last expressions (Z7.) are forms for the final integrals of motion of any system, cor-
responding to the result of elimination of H between the equations (D.) and (E.); and the
expressions (Y7.) are forms for the intermediate integrals, more convenient in many respects
than the forms already employed.

24. The limits of the present essay do not permit us here to develope the consequences
of these new expressions. We can only observe, that the auxiliary function S must satisfy the

two following equations, in partial differentials of the first order, analogous to, and deduced
from, the equations (F.) and (G.):

35S 1 [/8S\?  [8S\* [85\? o
E—{—E%{(%) +(@) +(g) }—U, (A®.)
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and ) ) )
oS 1 oS oS 05 e 3
E—FZ%{(E) + (%) + (%) } = Up; (B )

and that to correct an approximate value S; of S, in the integration of these equations, or to
find the remaining part Sy, if

S =8+, (C*.)
we may employ the symbolic equation
d ) 1 (0S8 6 o656 056
“e _ 9 [ e N i D3.
it 5t+2m(5x533+5y5y+525z>’ (D%)

which gives, rigorously,

sy 1 [ (68:\?  [(69\? (855> s
E—U—Ul‘i‘z.%{(E) —i-(@) +(E> (E )

if we establish by analogy the definition

58 L[ (05:\* | (051\* | (351)°]. 8
Ul—ﬁ+z'%{(ﬁ> () (%) ¢ ()
and therefore approximately
t
52:/ (U —Uy) dt, (c3)
0

the parts S; So being chosen so as to vanish with the time. These remarks may all be
extended easily, so as to embrace relative and polar coordinates, and other marks of position,
and offer a new and better way of investigating the orbits and perturbations of a system, by
a new and better form of the function and method of this Essay.

March 29, 1834.
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