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Introduction.

This book is a reproduction of a course given during the summer term 1920-1921 at the Paris
Faculty of Sciences.

The theory of integral invariants was founded by H. Poincaré and explained by him in Volume III
of his Méthodes nouvelles de la Mécanique céleste.

In two notes to the Comptes Rendus de I’ Académie des Sciences (16 and 30 June 1902), the author
was led, in the study of differential equations that admit given transformations, to consider certain
differential forms which he called integral forms: they were characterised by the property of being
able to be expressed solely by means of first integrals of the given differential equations and their
differentials. By deepening his research in the same sequence of ideas, the author, on the one
hand, came to base his method for integrating systems of partial differential equations that have
characteristics that depend only on arbitrary constants (Cauchy characteristics) and, on the other
hand, his theory of the structure of finite and infinite continuous groups of transformations.

Now it is found that the concept of an integral form is not essentially different from that of an
integral invariant. The comparison of these two concepts forms the basis of this book.

Consider, for example, a system of three first-order differential equations with three unknown
functions x, y, z, of the independent variable #; we can regard them as defining an infinite number of
trajectories of a moving point. A differential form, such as Pdx+ Qdy+ Rdz+ H dt for example,
can be thought of as a quantity attached to a state (x,y,z,t) of the moving point and to an infinitely
close state (x+dx,y+dy,z+dz,t +dt). To say that this form is integral (or invariant, according
to the terminology adopted in these lectures), obviously means that this quantity depends only
on the trajectory that contains the first state and on the infinitely close trajectory that contains
the second state. In other words, an invariant form does not change its value if we move the two
states (x,y,z,t), (x+dx,y+dy,z+dz,t +dt) along their trajectories. If we then consider a linear

continuous sequence of trajectories and extend the integral / Pdx+ Qdy+ Rdz to the arc of the

locus curve of the positions taken by the moving body on these trajectories at the same time ¢, this
integral is independent of ¢: it is an integral invariant in the sense of H. Poincaré. Conversely, there

is a very simple way to go from an integral invariant / Pdx+ Qdy+ Rdz of H. Poincar to the
corresponding invariant form Pdx+ Qdy+ Rdz+ H dt.

These considerations are not limited to linear differential forms. Any invariant differential form
that can be put under an integration sign, single or multiple, gives rise to an integral invariant in the
sense of H. Poincar, if we remove the terms which contain the differential(s) of the independent
variable.!

! Mr R. Hargrea.tes, in a paper in the Transactions of the Cambridge Philosophical Society (Vol. XXI, 1912), had
already considered integrals containing the differential of the independent variable; but his point of view is quite
different from that of the text, and he always gives the independent variable a separate role.
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Ultimately, the quantity under the integral sign in an invariant integral of H. Poincar is nothing
other than a truncated invariant differential form. The invariant character of the completed integral
is preserved if it is over any set of states, simultaneous or not.

The consequences of this reconciliation between the two concepts of an invariant integral and an
invariant differential form are many. First, all the properties relating to the formation of integral
invariants, their invariants, and their derivation from one another, become self-evident. The same
is true of the applications to the integration of differential equations.

Another consequence, relating to the principles of Mechanics, must be pointed out. H. Poincar
proved that the general equations of Dynamics possess the property that they admit an linear
(relative) integral invariant, namely

/pldql +p2dgat- -+ pudan, (1)

where the ¢; and the p; denote Hamilton’s canonical variables. If we complete the differential form

under the sign / , the integral invariant takes the form

/p1dq1+pquz+---+pndqn—Hdt, 2

where H is Hamilton’s function. We thus see the appearance, alongside the momenta (pi, ..., pn)
of the material system considered, its energy H. The form under the sign / thus acquires an ex-

tremely important mechanical significance; we can call it the energy-momentum tensor.> Hamil-
ton’s elementary action is none other than this tensor considered along a trajectory: the concept of
action is thus connected with those of momentum and energy.

But there is more. Not only do the differential equations of motion admit the integral invariant
(2), but they are also the only differential equations that have this property. We can then put the
following principle at the foundation of Mechanics which we could call the PRINCIPLE OF CON-
SERVATION OF MOMENTUM AND ENERGY:

The motions of a material system (with perfect holonomic constraints, subject to forces that derive

from a force function) are governed by first-order differential equations between time, the position
parameters and the velocity parameters, and these differential equations are characterised by the
property that the integral of the ENERGY-MOMENTUM tensor, over any closed linear continuous
sequence of states of the system, does not change its value when we move these states in any way
whatever along their respective trajectories.

In this statement, the expression state means the set of quantities that define the position of the
system in space, the time at which it is considered, and the velocities at that instant.

2 The form pointed out appears quite naturally when we calculate the variation of Hamilton’s action integral. of
Hamilton’s action integral; it has already been pointed out from this point of view. It is moreover introduced in this
way in these lectures.
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The previous statement is more abstract and less intuitive than Hamilton’s least action, for exam-
ple. It does nevertheless have one advantage over Hamilton’s equation that is important to point
out. Lagrange’s equations allow us to give the laws of mechanics a form that is independent of the
system of reference adopted for space, and it is this that gives them their importance.

But time still has a privileged position. On the contrary, the principle of conservation of energy
and momentum gives the laws of mechanics a form that is independent of the system of reference
adopted for the Universe (space-time): if we perform a change of variables that acts on both the
position parameters of the system and on the time, it is sufficient to know the form taken by the
ENERGY-MOMENTUM tensor in space-time in the new system of coordinates to be able to deduce
the deduce the equations of motion. We thus obtain a scheme to which all mechanical theories
must be subordinated, and to which relativistic mechanics itself is in fact subordinated.

It is important to note that this scheme only applies to material systems that depend on a finite
number of parameters.

The present work leaves aside a large number of applications of the theory of Integral Invariants;
in particular those topics, extremely important in Celestial Mechanics, which are related to the
theory of periodic solutions of the three-body problem, to the theory of Poisson stability, are sys-
tematically left aside. We have confined ourselves mainly to applications relating to the integration
of differential equations; but, even in this sequence of ideas, the problem is only just initiated.

However, we have endeavoured to show that this problem cannot be considered in isolation; we
only narrow it down if we do not look at it as a particular aspect of a more general problem in
which must consider not only integral invariants, but even invariant Pfaffian equations for the given
differential equations, as well as the infinitesimal transformations which preserve these differential
equations. A complete exposition of the problem would have gone far beyond the scope of these
lectures and would, moreover, have required some knowledge of the theory of continuous groups.
We have confined ourselves to showing on some occasions the fundamental role played in the final
analysis by the group G of transformations which, applied to the integrals of the given differential
equations, leave invariant all the information known a priori about these integrals.> Any system
of differential equations can be reduced to typical systems, each of which corresponds to a simple
group G. If this simple group is finite, we obtain systems of differential equations which have been
studied especially by S. Lie and M. E. Vessiot, who called them Lie systems. They are related to
the theory of integral invariants in the sense that, by the addition of auxiliary unknown functions
if necessary, they admit as many linear integral invariants as there are unknown functions. We will
find some general guidelines in Chapter XV of these lectures by looking at them from this latter
point of view.

If the simple group G is infinite, and if we exclude the case where it is the most general group
with n variables, in which case we know nothing about the corresponding system of differential
equations, it admits either an integral invariant of maximum degree (theory of the Jacobi multi-
plier), or a linear relative integral invariant (theory of equations reducible to the canonical form),

3 Cf. E. Cartan. Les sous-groupes des groupes continus de transformations; Ann. Ec. Norm. (3), Vol. XXV (1908),
p. 57-194 (Chap. I).
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or an invariant Pfaffian equation (equations reducing to a partial differential equation of first or-
der). Chapters XI-XIV are devoted to these classic theories.

The concept of an integral invariant can be considered from a point of view that is slightly different
from the usual point of view, which is that of H. Poincaré, and which is, in short, the point of view
we have adopted in these lectures. Instead of considering a multiple integral as attached to a system
of differential equations with respect to which it has a property of invariance, we can consider it as
attached to a group of transformations with respect to which it is invariant. In fact, the two points
of view are related. The latter is the point of view adopted by S. Lie and which seemed to him for
some time to be the only true one. Here again the concept of integral invariant plays an important
role since, as the author has shown,* any group of transformations can be defined, if necessary by
the addition of auxiliary variables, as the set of transformations which admit a certain number of
linear integral invariants. This aspect of the concept of integral invariant is completely omitted in
these lectures.

Several chapters are devoted to the rules for calculating the differential forms which occur un-
der multiple integration signs. M. Goursat gives these forms the name of symbolic expressions; [
propose to call them differential forms with exterior multiplication or, more briefly, exterior dif-
ferential forms, because they obey the rules of H. Grassmann’s exterior multiplication. Similarly,
I propose the name of exterior derivative for the operation that allows us to go from a multiple
integral of degree p — 1 over a (p — 1)-dimensional closed manifold to an equal multiple inte-
gral of degree p over the p-dimensional manifold bounded by the former.> This operation, which
reduces to classic derivation operations when the coefficients of the differential form under the

sign / admit partial derivatives of the first order, may still make sense when this is no longer the

case. Interesting problems arise in this respect which have not yet been studied systematically and
which deserve to be. The book ends with two chapters, very brief indeed, on the relationship of
the theory of integral invariants to the calculus of variations and to the principles of optics.

At the end of the volume you will find a list, which does not claim to be complete, of the main
works on the theory of integral invariants. Papers on the classic theories of the Jacobi multiplier,
the canonical equations, and first-order partial differential equations are cited only when they relate
directly to the theory of integral invariants.

Le Chesnay, 4 November 1921.

4 E. Cartan. Sur la structure des groupes infinis de transformations; Ann. Ec. Norm. (3), Vol. XXI (1904), p.
153-206; Vol. XXII (1905), p. 219-308.

5 This is M. Goursat’s operation D.






Chapter I

Hamilton’s Principle of Least Action and the
Energy-Momentum Tensor

I. — The Case of an Unconstrained Particle.

1. We can build all of analytical mechanics on a principle which reduces the determination of
the motion of a material system to the solution of a problem in the calculus of variations: it is
Hamilton’s principle of least action. We will first present it for the case of an unconstrained point
particle!-? subject to a force derived from a force function U, given as a function of rectangular
coordinates x, y, z of the point and of the time 3

In this simple case, Hamilton’s principle can be stated in this way:

Among all possible motions that take the point particle from a given position (xo,y0,20) at time ty
to another given position (x1,y1,z1) at time t1, the actual motion is the one which minimises the
definite integral

‘1 [
w :/ {2 m(x>+y?+7H+U| dt
fo

In this expression m denotes the mass of the point particle; x’,y’,7’ the components of its velocity;
the quantity under the integral sign is called the elementary action, and the integral W is the action
in the time interval (fo,1;).

To prove this principle, regard x,y, z as functions of ¢ and of an arbitrary parameter o and calculate
the variation of W when we increment o by da, assuming that (x,y,z) reduce to (xo,yo,20) for
t =1 and to (x1,y1,21) for t = 11, and that whatever the value of a. We have

VFr. un point matériel libre.

2 TRANSLATOR’S NOTE. The word libre means free. In English, a free material point is a point particle on which
no forces act. However, Cartan immediately adds that the particle is subject to a force. I have therefore translated
un point matériel libre here as an unconstrained point particle.

3 TRANSLATOR’S NOTE. Cartan’s force function is the negative of what English readers call a force potential or,
more simply, the potential.

13
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_ n IS ISy LSS oy oy
oW = A {m(xSx +y'6y +767)+ I ox+ Iy Oy+ 9z 0z

U . AU . U ] ”

now, we have

, 0 [0dx 0 [odx ~ d(6x)

an integration by parts then gives, noting that dx, 8y, 6z are zero at the limits,
oW = ; a—U—md—zx ox+ 87U_mdiy oy + a7U—md—2z oz|dt
“Jiy L\ 9x dr? dy a2 ) T\ oz ar? ) O

If we want W to be zero for o = 0 whatever functions 8x, 0y, 6z may be of # which are zero at
the limits, it is necessary and sufficient, by applying a classic argument, that we have, for o = 0,

ex U
mar T ox’
d’y U
ay _odv 1
m—3 3 (1
d*z U
m—— = —.
dr? 0z

It follows from this that the motions that the point particle takes under the action of the given force
realise the extremum of the integral W with respect to all the possible infinitely close motions that
correspond to the same initial and final positions of the point, and furthermore that these motions
are the only ones that have this property.

Strictly, we can only speak of the extremum of the action and not of the minimum, because the
condition that the first variation OW be zero is a necessary but not a sufficient condition for a
minimum.

2. The elementary action
1
( 2 2 Z/2) Ul dt

seems to have been introduced here as a mere calculational device for stating the laws of motion in
a condensed form. We shall see that we can substitute another equivalent principle for Hamilton’s
principle which reveals also a linear expression in dx,dy,dz,dt, but of which all the coefficients
have a simple mechanical meaning.

In fact, return to the action W, but now assuming that 7 and #; are themselves functions of the pa-
rameter o, where the corresponding values xo, yo,z0,X1,1,21 are also functions of ¢. By applying
the methods for deriving a definite integral, the calculation of 8W gives,
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1 2 2 2 1 2 2 2
SW = Em(x +y“+%)+U| o — Em(x +y 4+ +U 3ty
1=n =1

+ [mx'8x+my 8y +m7 8z] R [mx'6x+my 8y +mz' 8z, _

1 U dzx U dZy oU d2Z
i /to K&x - dt2> ox+ <8y - dt2> Sy + <8zm dﬂ) 51} dt.

Note now that we have

To

9 )
5= 5] 00 ou=|5] out|5] e
=h 1=ty =t

and consequently

[6x],—,, = 6x1 — x| 81y.
The formula for W is thus
W = mx} (8x1 — x| 811) +my] (8y1 —, 811)+mz) (821 —2) 8n)
+ B m(x/12+y/12+Z/12)+U1:| 5t
{mx6(5x0 —x{y 8tg) +my(8yo — ¥ Sto) +mzy(8z0 — 24, Sto) (2)
+ B m(xh -+ +2p7) —&-Uo} 6to}
+ /z: K%Z —m f;;) ox+ <%§{ —m f;g) oy+ <%(ij cj;z) 51} dr.
Put
ws = mx'(6x—x' 6t) +my' (8y —y' 6t) + mz' (6z— 7 8t)
+ B m(x*+y* +7?) +U} 5t 3)
= mx' Sx+my 8y+mz7 87— [; m(xX> +y*+7%) —U| ét.

The differential expression thus introduced has as coefficients, first

/ / /
mx, my, mgz.,

that is, the components of the momentum of the moving point, and then
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1 12 12 12
3 m(x"+y"+77)-U

that is, the energy E.

Thanks to this notation, we can write
n [ (U d*x oU d%y oU d*z
oW = ! / ——m— |6 ——m— |6 — —m — | 6z| dt.
[@slo+ | [(ax mdﬂ) x+<ay mdﬂ) y+(81 mdﬂ) Z}

Suppose now that we consider a sequence of actual trajectories that depend on a parameter o, and
that we limit each trajectory to a time interval (#p,#;) which varies with o. The formula which
gives the variation of the action along these variable trajectories reduces to

oW = (w5)1 — (@s)o-

Finally, suppose that we consider a fube of trajectories, that is, a closed linear continuous sequence
of trajectories each of which is limited to a time interval (9,7, ); the total variation of the action
when we have returned to the initial trajectory is obviously zero, so that, integrating with respect

to o, we have
J(@shi = [ @3

3. To interpret the result just obtained, let us agree to call the set of seven quantities
-x7y7Z7x/7y/aZ/7t

the state of the material point, where the first three define the position of the point, the next three
its velocity, and the last the time at which the point is considered. We can regard a state as a point
in a seven dimensional space, the state space. A trajectory can be defined as the sequence of states
that correspond to the same actual motion of the point, that is, in summary, as a solution of the
system of the differential equations

G,
e’ dt  ox’
dy dy JU
_— = _— = — 4
a0 " ady’ @
a_, 4
a o dr 9z

According to this, the curvilinear integral

/w5 :/mx’ Sx+my Sy+m7 6z—E &t
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over an any closed curve in the state space does not change if we move each of the states of which
it is composed in any way whatsoever along the trajectory that corresponds to that state.

We can also say that given any tube of trajectories, the integral / g over a closed curve that goes
around this tube, is independent of this curve and depends onl); on the tube.

Note that the expression @ws can be viewed as the elementary work of a vector in the four-
dimensional universe (x,y,z,¢): this vector would have the three ordinary components of mo-
mentum as its spatial components and energy as its time component. We can call it the energy-
momentum tensor; each of its components thus has a simple mechanical meaning.

4. If we consider a sequence of simultaneous states, that is, if we suppose that 8¢ = 0, the integral
/ wg reduces to

/m(x’ Sx+y 8y+7 82);
adopting this last point of view, we obtain the following theorem:

If we consider a closed sequence of trajectories, and if we take on these trajectories the state
corresponding to any given time t, the integral / m(x’' 8x+y' 8y +7 8z) over the closed sequence

of states thus obtained is independent of t.

This theorem is due to H. Poincaré, who characterised the property thus obtained by giving the
name of integral invariant to the integral

/m(x’ Sx+y 8y+7 82)

over a closed contour.

The concept of energy is not involved in Poincaré’s approach; it necessarily appears if, instead of
considering a closed sequence of simultaneous states, we consider any closed sequence of states.

We will say that the integral / ;s of the energy-momentum tensor is a complete integral invariant,

— or more simply an integral invariant, when no confusion is to be feared — for the differential
equation of motion. The Poincaré integral invariant is thus the complete integral invariant of the
energy-momentum tensor considered from a particular point of view.

It is remarkable that if, instead of considering a sequence of simultaneous states, we consider a
sequence of states that satisfy the relations

Sx=x'6t, Sy=y'6t, 6z=798z

the tensor @g reduces to Hamilton’s elementary action
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1

3 m(x?+y?+7*) +U| bt.
Consequently, the integral invariant of H. Poincaré and Hamilton’s action are two different as-
pects of the energy-momentum integral, even though at first sight there is no connection between
these two notions.

5. Above, we simply deduced from Hamilton’s principle a property of the energy-momentum
tensor, namely, that the integral of this tensor along a closed line of states does not change when
we deform this closed line without changing the trajectories on which it rests. Now we will show
that this property can replace Hamilton’s principle, that is, that the differential equations of motion

are the only ones which admit as integral invariant the integral / wg over any closed contour.

In fact, let

dx_@_dz_

dX dy d7 dt
= =— == ==, (5)
X Y Z X’ Y’ A T

be any system of differential equations, where the denominators are specified functions of the
seven variables x,y,z,x’,y’,7’,¢. Imagine a tube of integral curves of this system that depends on
one parameter «; this parameter will vary, for example, from 0 to ¢, where the integral curve that

corresponds to & = £ coincides with that corresponding to o = 0. To express that the integral / s

over a closed curve that goes around this tube does not depend on the chosen closed curve, we will
imagine that the coordinates x,y,z,x’,y’,7’,t of any state on the tube are functions of the parameter
o and of another parameter u. By giving u a fixed value, we will have a closed curve that that goes
around the tube. By moving along an integral curve of the tube we will have

d d dt
pdu:;x:l::i7
X Y T

where p denotes an arbitrary factor which we can always choose such as to obtain for u = C** any
sequence of closed contours given in advance that go around the tube.

That said, the integral I = / s, in which we give u a particular value value, is a function of u
(c

and, if we reserve the symbol d for a displacement in which only u varies, we have
dl = /( )m dx' Sx+mdy 8y+md7 8z—dE 8t+mx' d(5x)+my d(Sy)
J(c
+m7 d(6z) — E d(6t),

or, by exchanging the order of the differentiations d and & and integrating by parts,
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dl = [mx' dx+my' dy+m7 dz—E dt] .
+ /c (mdx' 6x+mdy 8y+md7 6z—dE &t
—mdx 8x' —mdy' 8y —m dz 87 +dt 6E).

The fully integrated part is clearly zero since the contour of integration is closed. As for integral
that remains on the right hand side, for [ wg to be an integral invariant for the differential system

considered, it is necessary and sufficient that this integral vanish when we replace
dx, dy, dz, dx',dy’,d7, dt
respectively by
pX, pY, pZ, pX', pY', pZ', pT,

and this whatever the closed contour (C) and whatever the function p. We deduce easily that the
coefficients of

dx, dy, dz, dx',dy’,d7, dt

must be identically zero. Consequently, for a system of differential equations to admit the integral

invariant / ws, it is necessary and sufficient that the equations

JE 0
mdx' +==dt =0, mdx’f—U dt =0,
ox ox
oE ou
mdy +—=dt =0, dy — == dt=0
oE U
7+ %= dt =0, 1 %Y =
mdz 9 m dz 7z drt =0,
JE ,
—mdx—l—ﬁdtzo, or —mdx+mx dt =0, (6)
J0E
—mdy+ydt:0, —mdy+my dt =0,
y
—mdz+% dt =0, —mdz+m7 dt =0,
z
E U
—dE—i—%—t dt =0, —m(x’dx/+y/dy/+zldzl)+dU—§dl=0

be consequences of the differential equations of the system.
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The first six of these equations are none other than the classical differential equations of motion;
as for the seventh, it gives the vis-viva theorem, 4.5 which is a consequence.

6. From the above, we see the fundamental role played by the energy-momentum tensor. If we
accept that a trajectory is defined as a succession of states forming a solution of a system of
ordinary differential equations, among all conceivable systems of differential equations this system
is characterised by the property that it admits as an integral invariant the curvilinear integral of
the energy-momentum tensor over any closed curve of states.

We thus obtain a new principle that could be called the principle of the conservation of energy-
momentum. As we saw in the previous number, the vis viva theorem is a particular consequence of
this principle.

II. — The General Case.

7. All of the preceding can be extended to material systems such as we usually consider in analyt-
ical mechanics. We will assume that these systems satisfy three conditions.

1° The constraints® to which they are subject are perfect, that is, that at each time ¢ the sum of the
elementary work of the constraint forces’ is zero for any virtual displacement consistent with
the constraints that exist at time 7. Under these conditions, d’ Alembert’s principle is valid and
it is stated as follows:

D’ ALEMBERT’S PRINCIPLE. — If we consider the motion under the action of given forces of
a material system subject to perfect constraints, the sum of the elementary work of the given
forces and of the inertial forces at each instant is zero for any virtual displacement of the system

consistent with the constraints that exist at that instant t.

d’ Alembert’s principle is expressed by the formula

d*x d*y d’*z

4 Fr. forces vives.

> TRANSLATOR’S NOTE. — See Footnote 2 of n® 183 for more detail. Here, Cartan appears to be referring to a
generalisation of the theorem known to English readers as the work-enegy theorem in which the potential is time
dependent.

6 Fr. liaisons.

7 Fr. forces de liaisons.
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where X,Y,Z denote the components of the given force applied to the point (x,y,z) of mass
m and where dx,dy, 8z denote the components of the most general elementary displacement
consistent with the constraints.

Of all the systems with perfect constraints, we will now consider only those whose constrains
are holonomic, that is:

We will assume that the constraints can be expressed by finite equations between the coordi-
nates of the points of the system and the time t. Again, this amounts to saying that it is possible
to express the coordinates of the various points of the system by formulae such as

= ﬁ(q]a"'7qn7t)a
yi = 8i(q1,---,qnt), (i=1,2,..)
i = hi(q17"'7qn7t)7

with n arbitrary parameters g. To each system of values of the ¢ and ¢ corresponds one and
one only position of the system consistent with the constraints that exist at time . Any virtual
displacement consistent with the constraints that exist at time ¢ is obtained by giving arbitrary
increments dqi,...,dg, t0 q1,...,qn-

Finally, we make one last assumption:

The sum of the elementary work of the given forces, for any virtual displacement consistent
with the constraints that exist at time t, is the total differential of a certain function U of the q
and of t, that is,

oU
Sq1+-+—=—— 8qn;

Y (X6x+Y8y+28z) = 4,

oU

Iq
. U . . . .

we have not included the term 5 Ot on the right hand side because the virtual displacements

mentioned in d’ Alembert’s principle assume that # remains constant.

8. Hamilton’s principle of least action generalise without difficulty to the preceding systems. Put

11 1
W = LZm(x’zﬁ-y’z—#z/z)—&-U] dt.

Ip

Regard the parameters ¢, . .., g, as functions of # and of a parameter o, where the lower and upper
limits of the integral could depend on «. A calculation identical to the one performed above (n° 2)
gives us the variation 0W of the action, when we give o a variation . We get

oW = [ws] — [os] 0+/t1 [SU Zm( 5x+ 2 5y+d 51)} (8)
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where we have put

=Y m(x' 6x+y 8y+78z)— [;me +y%+7?) - U} St,
[s]1 =) m(x} 6x1 +y) 8y1 +72) 6z1) — [ m(xXE+yE+2F) — 1] oty, ©
[@5]o = ) m(x 8x0+ ) 8yo +20820) — [ m(xg +y5 +25) — 0] o1o.

That said, the principle of d’ Alembert immediately shows that, given an actual motion of the sys-
tem, if we consider this motion in any time interval (o, ), it attains an extremum of the action W
with respect to all infinitely close conceivable motions that correspond to the same initial position
and to the same final position of the system. Conversely, the only motions which have this property
are the actual motions of the system: this is Hamilton’s principle of least action.

Moreover, formula (8) shows that the integral / g over a closed contour of szates of the system

(consistent with the constraints) does not change if we deform this closed contour by moving each
of its constituent states in an arbitrary way along the corresponding trajectory of the system. In

other words, the integral | wg is an invariant integral for the differential equations of motion.

The differential form g, where we assume that we consider only states of the system that are
consistent with the constraints, can again be called the energy-momentum tensor of the system.

9. In general, the differentials dx, 8y, 0z, Ot that enter the expression wg are not arbitrary, because
they must satisfy the equations obtained by finding the total differential of the constraint equations
of the system. We can also express them in terms of the

0q1, 0q2, ..., Oqy, O,

if we have introduced the n position parameters of the system. We will now adopt this point of
view and, on the one hand, determine the differential equations of motion and, on the other, the
energy-momentum tensor. For this, it is sufficient to calculate W, assuming that the elementary
action has been expressed in terms of the parameters g and the time 7. Put

1
T = ZE m(x* +y?+7?);

the kinetic energy T is a function of second degree with respect to the derivatives —qtl, which we

will write as ¢/, and which we shall regard as arguments that are independent of the ¢; and of 7.
Provisionally put

il
F=T+U, W=/ Fd:.

fo
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A simple calculation gives,

oW =F 5t17F()5t()+/ Z[ o0qgi+ a , 56], 1;

now,

dqi d
! = 71 = — . = 2
Oq;dt =46 5 dt at(Sq,) dt =d(6q;);

we thus have, integrating by parts,

W = F15t1—F05t0+{qu ] /Z{&q, dt( )]Sc],dt.

1

Note finally that we have

-9 0y _ 94i(to, ) dqi(to, )
[5%}{0 - %ql(lb?a) aa and 5(61,) - T 5t0+ T 6&,

from which,
[8ail,, = 8(c?) —q}" 61 and [8qi], =8(q\") —qi"" 611.

Finally we thus have,
oF 1 ,0F
sw=Y (aq;) B (qf. >) . <Zq"aq; F>15t1
oF oF
@06
i/ 0

gl oF oF
+ Z{aq, a (a ﬂ‘sq“”

Hamilton’s principle thus leads us to the following equations of motion, which are none other than
Lagrange’s equations,

d (9T oT JU .
d(@qi) %0 94 =0 (i=1,2,...,n). (11)

Comparison of the two values (8) and (10) found for W consequently leads to the following
expression for the tensor @g

ws = gT,é — H &t (12)
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by putting
aT
H=)q=—-T-U. 13
Liigy (13)
.. dT . . .
The quantities 7 are the generalised momenta (relative to the chosen system of coordinates); the
4

quantity H is the generalised energy.

10. A simple remark allows us in practice to simplify the calculation of the generalised energy
H. In general, the kinetic energy 7 will contain terms of second degree, terms of first degree and
terms of zero degree in ¢}, 45, .., q),; let

T=T+T +Ty;
application of Euler’s formula for homogeneous functions then gives immediately
H = T2 — T() —-U,;

in the generalised energy, the term 7> can be considered kinetic in origin, while the term —7p — U
is dynamic in origin.

For example take the case of an unconstrained material point referred to axes that rotate about Oz
with angular velocity r. We have

2T =m [(x’ — )2+ (Y +rx)? Jrz’z]

and consequently the energy, referred to the chosen system of reference, is
L S S N S O S
Hzim(x +y“+z )—imr(x +y)-U;

the part of the energy of dynamic origin decomposes into two terms, one of which comes from the
given forces and the other from the centrifugal forces. As for the components of the momentum,
they are

m(x/_ry)’ m(yl+rx)7 mzl7

that is, the projections of the absolute momentum onto the chosen coordinate axes.

11. Hamilton’s canonical variables. — The equations of motion, considered as first order differ-
ential equations in ¢;, ¢}, take an extremely simple form if we introduce the variables

aT

pi= a?f (14)
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the new variables, which we substitute for the ¢/, are very simply the components of the momentum
of the system. The tensor wg then takes the simple form

w5 =Y piSqi—Ht, (15)
where H must be regarded as a function of the g;, the p; and 7.

We will now look directly for the equations of motion by expressing the fact that they admit as an

integral invariant the integral [ wg over any closed curve of states of the system.

Let

dgy _dq» _  _dpn _dt

01 0 P, T

be any system of differential equations. To express the fact that it admits the integral invariant

(16)

g, we need only repeat word for word the argument of n® 5. We will consider a tube of integral

curves of system (16); express the 2n + 1 coordinates p;,g;,t of a state on the tube as a function
of two parameters & and u, where the first remains constant on an integral curve and varies in an
interval (0 - £) so that the integral curve ¢ = ¢ coincides with the integral curve a = 0. Denoting
by d a symbol of differentiation referring to the variable u, and putting

1=/ s,
©

we have, by an immediate integration by parts,

Al = /( )Z(dpiéqi—dq,ﬁpi)—dH5t—|—dt5H.
J(C

For system (16) to admit the integral invariant / s, it is necessary and sufficient that the coeffi-

cients of

0q1, 042,
oo, Oqy, Ot

in the quantity under the / sign are all zero when we take into account the equations of the system.

Now, by setting these coefficients to zero, we obtain the 2n + 1 equations

H
dpi+ 87 dt =0,
aqi
oH
—dgi+—— dt =0, an
api

o0H
—dH + — dt =0.
ot
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This shows that there is only one system of differential equations that admit the integral invariant

/ s, and this gives us at the same time the equations of motion in Hamilton’s canonical form,

dqi - oH
dr dpi’
dp; oM (18)
dr 8q,-'
The last equation
JdH
dH— ——dt=0
dt

is the analytic translation of the vis-viva®® theorem: it is a consequence of the first 2 equations.

12. We thus arrive at the generalised principle of the conservation of energy-momentum in the
general case of the material systems of analytical mechanics:

If we assume that any motion of a system subject to given forces is a continuous sequence of
states that satisfy a system of first order differential equations, these differential equations are
characterised by the property that they admit the integral of the energy-momentum tensor over
any closed contour of states as an integral invariant.

The energy momentum tensor takes any of the following forms
1
w5 = Y m(x'6x+y'8y+78z)— {Z > m(x?+y*+7%) - U} ot,

aT aT
a)3:28—61/'5q,-7H5t <qu§MTU>,

Ws = Zpi5q,‘—H5l.

If we move in the state space in such a way as to satisfy the relations
8qi = q; 61,

the expression ;s reduces to Hamilton’s elementary action (T + U)Jdt; if, on the contrary, we
consider only a sequence of simultaneous states (8¢ = 0), we obtain the expression

Y pidai,

8 Fr. Forces vives.

9 TRANSLATOR’S NOTE. — See the Footnote 2 of n° 183 for more detail. Here, Cartan appears to be referring to
a generalisation of the theorem known to English readers as the work-enegy theorem in which the potential is time
dependent.
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which is the element under the / sign in the integral invariant of H. Poincaré, properly so called.

13. The principle of the conservation of energy and of momentum allows us to form the equations
of motion, irrespective of the way in which we chose the parameters ¢i,...,q,,t that serve to
localise the system in space and in time. In other words, it gives to the laws of mechanics a form
that is independent of any particular way of charting space-time,'® as moreover is done implicitly
by Hamilton’s principle.!' This property becomes analytically obvious if, instead of introducing
the derivatives ¢, .. ., g), of the spatial parameters with respect to the time parameter, we introduce
n+ 1 quantities
41, 425 -5 Gy £

whose mutual ratios are defined by the equalities

@ _d_ 1
a9 a1
By putting
F=i(T+U),
where the right hand side, which is homogeneous and of first degree in ¢1,¢2, - . ., gx,, is expressed

in terms of the ¢;,¢, g;,, the energy-momentum tensor takes the form

oF oF oF
w5 = qu(SQ1+"'+Tq‘,, 5qn+§ St.

In the theory of general relativity, the motion of a point subject to gravitational forces obeys the
preceding principle: the function F is then of the form

F =\/Y awdidr

with four variables g; which are used locate the point in space and in time.

IIl. — Transformation of the Canonical Equations.
Jacobi’s Theorem.

14. An important application of the preceding considerations relates to the transformation of the
canonical equations and to Jacobi’s method of integration of the equations of dynamics.

19 Fr. une forme indépendante de tout mode particulier de repérage de I’espace-temps.
YW Er. comme le fait du reste implicitement le principe d’Hamilton.
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The integral | ws over a closed contour obviously does not change if we add to g an exact

differential; conversely, if another linear differential form @g has the property of giving the same
integral as @ws when performed over any closed contour, @5 differs from wg only by an exact
differential.

Suppose then that we can find 2n new variables r;, s; and a function K such that the two expressions

ws =Y pidq;—H t,
W5 = ZriSsi—Kﬁt,

differ only by an exact differential. The differential equations of motion can be characterised by

the property that they admit the integral invariant / @5 and consequently they can be written as
p— &K .

ds 9K dn_ 3K
dr ari’ dr 85,-’

the canonical form of the equations will be conserved.

The assumption made translates into an identity of the form

Zpi5qi—zri6S,‘—(H—K)6t=5V. (19)

And it is easy to produce such an identity. In fact, start from an arbitrary function V of 2n+ 1
arguments g;, s;,¢ and put
av Vv Vv
i = 5 i=—5, K=—=-+H; 20
pl aql ri asi at + ( )
if these equations define a change of variables, that is, if the first n can be solved for the
sl,s2,...,8,, the following n will give ry,r,,...,r,; the last will give the function K and the new
variables obtained will preserve the canonical form of the equations of dynamics. It is important
to note that if equations (20) can be solved with respect to the r; and the s;, conversely they are
soluble with respect to the p; and the ¢;; in fact, in both cases the condition for this to be possible
is that the determinant

PR%
8q,-8sj

is not identically zero.

The solution thus obtained from identity (19) is not the most general solution; in, fact, it leaves out
the cases where the 2n + 1 quantities g, s;,t are related by one or more relations; besides, these
singular cases are easy to treat directly by giving a priori the relations that exist between the ¢;, s;,
and 7.
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15. The preceding general theory becomes especially interesting for applications in two cases.
The first is that where the function K is identically zero; the canonical equations become

dS,' d}"i

dr 0 drt
the equations of the trajectories reduce to
si=aj, ri=Dbj,

where a; and b; are 2n arbitrary constants. According to equations (20), for this to be the case, it is

sufficient to find a function V(¢;q1,...,qu;a1,- . .,ay) that satisfies the partial differential equation
A% oV
—+H(t,q/,=— ) =0; 21
at + ( bl ‘In aql ) ( )
if this function V, which contains n arbitrary constants ay,...,a,, is such that the determinant
2%V
&q,-&aj

is not identically zero, the equations of motion are

av av
pPi= 73, bi -5 >
8q,~ 8a,~

this is Jacobi’s theorem. The condition on the determinant comes down to saying that the function
V is a complete integral of Jacobi’s first order partial differential equation (21).

The second application to point out has to do with perturbation theory. Suppose that the function
H is the sum of two terms H; and H», the second of which is very small compared with the first:
this amounts to dividing the given forces into two groups, of which one, very small with respect to
the other, will consist of what we call perturbing forces. The method used in celestial mechanics
in this case consists of looking for a complete integral V of Jacobi’s equation

% +H =0,
where we include only the principal term of the function H. The 2n new variables r;,s; which
are thus introduced would be constants if the perturbing forces did not exist; these are thus the
parameters of the undisturbed trajectories. The introduction of these new variables preserves the
canonical form of the equations with the new function K = H,, that is, the part of H that relates
only to the perturbing forces.

We will not dwell further, at least for the moment, on the theory of canonical equations and Jacobi’s
theorems. In particular the relation between the integration of the equations of dynamics and the
integration of a first order partial differential equation that does not explicitly contain the unknown
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function will be seen in a new light after we have shown that we can associate a linear integral
invariant to any such partial differential equations of this type!?> — or more generally to any first
order partial differential equation that admits a known infinitesimal transformation.

12 Fr., s’éclairera d’un jour nouveau quand nous aurons montré ...; literally, will be illuminated by a new day when
we will have shown ....



Chapter II

The Two-dimensional Integral Invariant of Dynamics

I. — Forming the Two-dimensional Integral Invariant of
Dynamics.

16. We have seen that Hamilton’s elementary action can be obtained by assuming that in the
expression

ws =Y pidqi—H &t,
we have

8q; =g, 6t.

It is worth noting that the trajectories of a material system still realise the extremum of the integral

1
W=/ Y pi6qi—H &1,
fo

by assuming simply that the q; and the g, are any functions of t subject only to the conditions that
the g; take values given in advance at the endpoints. We thus no longer assume, as in Hamilton’s
principle, that the ¢ are the derivatives with respect to time of the ¢;. We can even assume more
generally that the g;, ¢} and  are functions of the same parameter u that varies from O to 1, where
the quantities ¢; and ¢ take given values at the end points.

An easy calculation gives

u=1
W = [Y pibgi—H&1)" "+ / (Y(8prda; — Sqidps) — SHd + 6tdH)
- u=0

The fully integrated part is zero by hypothesis; the equations of the extremals are obtained by
setting to zero the coefficients of

31
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oq1, 0q2, ..., Opp, Ot

in the quantity under the integral sign; now, this calculation was carried out in n°® 11, and gave us
precisely the equations of motion in their canonical form.

17. The expression
Y (8pidg; —8qidp;) — SHdt + St dH,

which we have encountered twice, is linear with respect to two series of differentials; we can write
it in the simpler form

dwgs — 5(!),1,

by assuming that the two symbols of differentiation commute with each other. This expression,
which we shall denote by @’(d, §), has the property that it is zero whenever the symbol d defines
an elementary displacement in the direction of a trajectory in the state space, where the symbol
O defines an arbitrary elementary displacement. Moreover, it is by expressing this property that
we obtained the relations between dq;,dq»,...,dp,,dt which define the differential equations of
the trajectories or, from another point of view, the differential equations which admit the integral

invariant / Ws.

Consider now, more generally, any two elementary displacements defined by two symbols of dif-
ferentiation & and &’ and let us investigate the meaning of the bilinear form w'(§,6’). For this,
consider a two-dimensional continuous set of states; we can realise such a set by taking for the
qi, pi and t functions of two parameters ¢ and f3; each state of the set can be represented on a plane
by the point with coordinates (¢, 3), and the set will be represented by an area of the plane. The
symbols § and &’ will refer respectively to increments in ¢ alone and in 8 alone. Consider then,
in the state space, four states A, B,C, D that correspond respectively to values

o B
o+doo B
o B+d'B

oa+oo B+46'p

of the parameters, and form the integral /  over the closed contour ABCD. We have clearly

/Z(DS, /:a)(;/, / :a)5+6’w5, / = 0y + 0Oy,
AB AC JCD BD

and consequently

/ — Swy — 8wy — (5,8,
ABDC
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18. The bilinear form ®'(8,8’), which in summary concerns an arbitrary state and two states
infinitely close to it, that according to the forgoing represents the value of the integral /  over a

closed contour, is invariant for the system of differential equations of the trajectories, in the sense
that its value does not change if we move each of the states along its corresponding trajectory.
This form is also the element of a double integral: moreover, if for example we view p; and q;
as the coordinates (that depend on two parameters o and 3) of a point of a plane, the expression
6p18'q) — 8qy1 8'py is the element of area of this plane referred to curvilinear coordinates o and
B; this is what we usually write as

dpidq1, or dp1éq

This leads us to the concept of a new integral invariant

//w/://z5pi5qif5H5t; )

this double integral over a two-dimensional area in the state space reproduces itself if we move
each of the states of this area along its corresponding trajectory. This double integral can also be
obtained, using the generalised Stokes formula, as an expression of the curvilinear integral

/a):/ZpiSq,-—HSt

over the closed curve that bounds this area.

In H. Poincaré’s approach, we consider only areas formed by simultaneous states. We can thus
state the result obtained as follows:

Given a two-dimensional set of trajectories, if we take on each trajectory of the set the state
corresponding to a given time t, the double integral

//25171‘5%‘

As we see, this theorem expresses only one particular aspect of the property proved above.

over these states is independent of t.

19. The two-dimensional integral invariant / o' is said by H. Poincaré to be absolute, in contrast
with the invariant [ @, which is said to be relative; this means that the double integral / / o’ has

an invariant character whatever the domain of integration, open or closed, while the integral / [0}

has an invariant character only over a closed curve.
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Since the integral / / o' is nothing other than the integral /  over a closed curve, we can affirm
that the differential equations of motion are the only ones which admit the integral invariant / / o'

The invariance of the integral o' is thus a new analytic translation of the generalised principle

of the conservation of energy-momentum.

I1. — Application to Vortex Theory.

20. So far, we have considered sets of trajectories, but these sets were realised only in our imag-
ination. There is one case where such sets have concrete existence. It is that of an ideal fluid
subject to forces obtained from a force function U. In fact, we prove the following equations in
hydrodynamics,

_JU_19p

L p ox’
_JdU 1dp

yy_(?iy_E&iy’ (2)
RO

Y= 5 p 9z’

in which ¥, %, ¥; denote the components of the acceleration of the molecule that occupies position
(x,y,z) at time ¢, and p and p denote respectively the pressure and the density at this point.

Add the assumption that there is a relation between p and p, given beforehand, which is certainly
the case if the motion is isothermal.

If we consider a specific motion of the fluid, we may regard p as a given function of x,y,z,¢, and
by putting
/%
9= [ —
p

we see that each molecule behaves like a material point of mass 1 placed in a force field obtained
from the force function U — q.

We thus obtain a concrete realisation of an infinite number of trajectories of a moving point sub-
ject to given forces. We note that the part —g of the force function represents the action of the
surrounding molecules on the molecule considered.

21. The trajectory of each molecule can be regarded as a particular solution of the system of
differential equations
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dx _ du _d(U—q)
a " g dx
dy dv  d(U—gq)
_— = _—— — 3
a " dt dy )
dz _ ~ dw_9d(U~—gq)
dt a9z

if we thus consider a closed sequence of molecules in the fluid (each taken at any instant), the
integral

/u5x+v5y+w5z—E5t 4

over this closed sequence does not change its value if we move each molecule along its trajectory.
In this expression, we have put

1
E:E(u2+v2+w2)—U+q; 5)

2

|
E is the energy (per unit mass) of the fluid; this energy is the sum of the kinetic energy E(u +

v+ wz), the potential energy —U, and the internal hydrodynamic energy gq.

If in particular we consider a closed sequence of molecules, all considered at the same time 7,
that is, a closed fluid line, the integral / udx+voy—+woz keeps the same value if we take the

same fluid line (that is, the fluid line formed from the same molecules) at different instants of the
motion. This is the classic theorem of the conservation of circulation; in fact we call the integral

/ udx+v8y-+wdz the circulation.

22. Now adopt a slightly different point of view. Consider again a particular motion of the fluid
bulk; in this motion, the components u,v,w of the velocity are specific functions of x,y,z,t and
the trajectories of the various molecules can be regarded as solutions of the system of differential
equations

dx

@,

dt ’

dy

“r 6
i (6)
&,

de

on the right hand sides of which u, v, w are assumed replaced by their values as functions of x, y, z, .
The integral

/u5x+v5y+w5z—E5t
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is obviously still a relative integral invariant for these new differential equations. By transforming
it into a double integral, we will obtain an absolute integral invariant for system (6).

By forming the expression d wg — 6’ g, we get
' (8,8") =0ud'x—8x8'u+686vé'y—38y8'v+o6wd'z—628'w—SES't+6t8'E
The right hand side is linear with respect to the six combinations

8y6'7—628"y, 6z8'x—6x8'z, 6x8'y—6ydx,
5x6't—6t8'x, 8y&'t—056t68'y, 6z8't—6t8'z

A simple calculation, which is nothing more than the application of Stokes’ formula, gives, for the
coefficients of the first three terms,

_dw  dv _du  dw _dv du

é_Ty_aif n_ﬁz_£7 C_8x dy

these are the components of the vorticity vector. To calculate the three other coefficients, we can
use the comment that, since the expression @’ is invariant for equations (6), the equations obtained
by setting to zero the coefficients of dx, 8y, 6z, 8¢ in @’(d, §) must be consequences of equations
(6). Therefore put

o' (d,8) = E(dy Sy —dz8y) +n(dz8x—dx8z) + {(dx 8y — dy 6x)
+P(dx 6t — dt 6x) + Q(dy 6t — dt 8y) + R(dz 6t — dt 8z).

The equations considered are
ndz—{dy—Pdt=0,
Cdx—Edz—Qdt=0,
(N
Edy—ndx—Rdt =0,

Pdx+Qdy+Rdz=0.

By expressing thay they are a consequences of equations (6), we obtain

P=nw-—2_v,
Q = Cu—éw,
R=& —nu.

Consequently, the double invariant integral that we seek is
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/ E 8y 82418285+ L 8x8y+ (nw— Ev)8x8t + (Cu— Ew)Sydt+ (Ev—nu)5z8t  (8)

Applied to an area formed by molecules all taken at the same time ¢, this integral is the vorticity
flux across this area: we again find the theorem of the conservation of the vorticity flux across a
fluid surface.

23. We could have calculated the expression @’(d,d) directly. In particular, the coefficient P of
dx 6t is clearly

Ju JE  du 8u_v@_ ow JdU 1dp

TTu . a a Va VT pax

by writing that this is equal to the value found previously,
du Jdw dv du
P = — = _——_——_— — _——
mw =& W<8z 8x> V(ax ay) ’

ou ou_ ou ou_ oU_ 1lodp
or "ox Voy ™9 T ox pox

we obtain

which is none other than the first equation of hydrodynamics; in fact, the left hand side is the
expanded expression for 7.

This result reminds us that the integral / udx+v3oy+wdz—E dt is invariant for the differential

equations (6) only if u,v,w are the velocity components of a molecule of an ideal fluid subject to
a force derived from a force function or, again, if there is a potential for accelerations.

24. Equations (7), which can also be written as

N(dz—wdt) — {(dy —vdt)
$(dx—udt) — & (dz —wdt)
E(dy —vdt) —n(dx—udt)

0,
(), (7again)
0,

are a consequence of differential equations (6), but they are not equivalent to these differential
equations; in other words, the trajectory equations (6) are not the only ones to admit the integral

invariant | ®. In particular, the same is true of the equations

dx _dy dz _dt
E nmn ¢ 0

of which equations (7) are clearly a consequence. The solutions of these equations are what we
call vortex lines. The property of the differential equations of the trajectories and of the differ-

(€))



38 II The Two-dimensional Integral Invariant of Dynamics

ential equations of the vortex lines of admitting the same integral invariant will lead us to the
Jfundamental theorems of vortex theory.

In fact, we can characterise an elementary displacement (dx,dy,dz,0) (in the four-dimensional
universe x,y,z,t) in the direction of a vortex line by the property that the bilinear form ®’'(d, )
is zero, whatever the displacement §: this follows immediately from equations (7). That said,
consider a vortex line (I') at a given time ¢; the molecules that compose it form a line (I'') at
another time ¢': we shall show that (I'') is a vortex line at the time t'. In fact, let (dx',dy’,d7,0)
be an elementary displacement along (I''), and let us associate with it an arbitrary displacement
(6x',8y',87,6t"). Displace the three states

(x/,y/,Zl7t/)7 (.x/+dx/,y/+dy/,z/+dzl7t/), (x/+6x/’yl+5y/,zl+5Z/,t/+6t/)

along their respective trajectories, the first two up to time ¢, the last up to time z + 8¢; we obtain a
two-dimensional element for which (dx,dy,dz,0) represents a displacement along the vortex line
(I'); the form @’(d, &) thus has a value zero; so it is also zero for the original element and conse-
quently (I'’) is a vortex line: this is Helmholtz’s famous theorem.

25. Consider a vortex tube at time ¢ and two closed curves (C) and (C;) that go around the tube:
the circulation along these two closed curves is the same, since [ ® is an integral invariant for the

differential equations (9) of the vortex lines. At another time ', the vortex tube will have taken up
another position in space, but the circulation along any closed line that goes around the new tube

will not have changed either, since / o is an integral invariant for the differential equations of

the trajectories. We find again the concept of what is called in hydrodynamics the moment or the
intensity of a vortex tube, a quantity that is conserved for the entire motion. This property is only
a particular aspect of the invariance of the integral

/u5x+v5y+w5z—E5t

for the differential equations of the trajectories and for those of the vortex lines.

Incidentally, we will rediscover all these results as a special case of a general theorem on differen-
tial forms that are simultaneously invariant for several systems of differential equations.

It is needless to point out that all the above essentially assumes that £, 7, { are not all zero, that is,
that the motion of the fluid is rotational.



Chapter III

Integral Invariants and Invariant Differential Forms

I. — General concept of an integral invariant.

26. The preceding chapters have shown us the importance of the concept of an integral invariant
for mechanics. We will now discuss this concept in all its generality.

Consider any system of first-order ordinary differential equations (we know that we can always
reduce it to this case) which we will write as

dx _x
dt — Al
dx,
LR ¢
dt » (1
dx, .
= X,.
dt

We have distinguished the independent variable ¢ and the dependent variables x, x>, ...,x, but, as
we will see, this distinction is not essential. We will continue to say that 7 represents time: the set
of values x1,x,...,x,,t which correspond to a solution will be said to form a trajectory, which we
can regard as a curve in the (n+ 1)-dimensional space (x,x2,...,X,1).

That said, H. Poincare gave the name of integral invariant to an integral (simple or multiple) which,
when over any set of simultaneous points (that is, all corresponding to the same value of 7), does
not change its value when we move the points of this set along their corresponding trajectories to
any other instant #’. The integral invariant is said to be absolute if the property of invariance holds
whatever the domain of integration; it is said to be relative if the property of invariance holds only
for a closed domain of integration. The linear integral invariant

'/ZPi 64

39
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of mechanics is relative; the double integral invariant

//25171'5%

The simplest forms of integral invariants are

of mechanics is absolute.

/a1 Ox1+az0xy+---+a,0x,

/\/a”5x%—|—a225x%—|—~--—|—2a125x15x2+--~

//alz 0x10x2 +a3 6x10x3+ - +ay—14 0x,_10x,

///.61123 Ox10x20x3+ -

27. The quantity under the summation sign in an integral invariant is a differential form into which
enter the variables, dependent and independent, and their differentials (or even several series of
differentials). This form F' can be considered in itself and has the property that, calculated for
any point and one or more infinitely close but simultaneous points, it does not change its value if
we move these points along their respective trajectories, but always leaving them simultaneous.
It is clear that from this point of view that we could consider more general forms F than those
which are likely to enter under an integral sign, for example any (homogeneous) rational function
of xi,...,0x,.

As the examples treated in the first two chapters have shown us, it is in our interest not to restrict
ourselves to considering simultaneous points. We shall see that any elementary integral invariant in
the sense of H. Poincare can be regarded as resulting from the suppression all terms which contain
the differential or differentials of the independent variable ¢ in a more complete elementary integral
1nvariant.

But, to arrive at this important result, which will give us the key to almost all the properties of
integral invariants, it is necessary to recall briefly the classic properties of the first integrals of a
system of differential equations.

II. — First Integrals

28. As we know, we call a function u(xy, . ..,x,,7) afirst integral of system (1) if it has the property
that, when xy,...,x, are replaced by their values as functions of # corresponding to any trajectory,
the function u of ¢ thus obtained reduces to a constant. These first integrals are solutions of the
first-order linear partial differential equation
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u u u u

Suppose that we have integrated equations (1) and that we have expressed the dependent variables
X1,...,Xp as functions of time ¢ and of their initial values x‘l), e ,xg att =0, say,

x1=fi (t;x?,...,xg)

Xp = fn(t;x(l), . ,xg);

these equations, solved with respect to x(l), . ,xg, give for these n quantities functions of xy,...,x,,t

which clearly are first integrals; we thus obtain a system of » first integrals, clearly independent,
that is, which are not related by any identical relation in x1, . ..,x,,?.

It is clear that any function of the first integrals x?, ...,x%is a first integral and conversely; because

if u is any first integral, its numerical value for any trajectory is, by this same property, equal to
0 0 0

u(xy,...,x,,0).

The total differential of any function u of xy,...,x,,f can obviously be put into the form
du = A (dx; — Xy dt) + 22 (dxy — Xodt) + - - + Ay (dx, — X, dt) + A dt;

the necessary and sufficient condition that it be a first integral is that the coefficient A be identically
zero; we can easily understand this by a direct argument; we can also verify it by noting that A is
nothing other than the left hand side of equation (2). Thus the differential of any first integral is a
linear combination of the n linear differential forms

dx; — Xdt, dx, — Xpdt, R dx, — X,dt,

and, conversely, each of these forms is a linear combination of the differentials of n given inde-
pendent first integrals.

III. — Absolute Integral Invariants and Invariant Differential
Forms.

29. That said, we will first deal with absolute integral invariants. The element of any absolute
integral invariant is a differential form F (xy,...,x,,t;0x1,...,0x,) which does not change in value
if we move the point (xy,...,x,,?) and the infinitely close point (x; + 8xi,...,x, + 0x,,t) along
their respective trajectories, but always considering them at the same time. In particular, consider
them at time r = 0. We will have
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F(x1,...,%,t;0x1,...,0%,) :F(x(l),...,x2,0;5x(1),...,5x2).

Now consider the x? on the right hand side, as first integrals of system (1) and replace them by
their values as functions of xy,...,x,,?; we will obtain a new identity

F(x(l),...,x2,0;5x(1),...,5x2) = d(x1,...,%,1;0x1,...,0x,,01).

The right hand side of this identity is clearly a quantity whose numerical value concerns only the
trajectory defined by the initial values )c(l)7 ...xY and the infinitely close trajectory. Its value is thus
independent of the particular point xy,...,x,,? taken on the first trajectory and of the particular
point x| + 6x1,...,x, + 6x,,t + Ot taken on the infinitely close trajectory; it is thus also an element
of an integral invariant, but of a more complete integral invariant than the one that served as our
starting point, since now we are no longer obliged to restrict ourselves to the consideration of
simultaneous points.

Note now that it is very easy to go from the initial form F to the final form . In fact, were we
to regard ¢ as a constant in the calculation of )c(l)7 oo, x0 5x(1), ...,6x%, we would obviously return to
the form F'; we thus have

D(x1,... X, 150%1,...,0%,,0) = F(x1,...,X0,0;0X1,...,0x,)
Now, 6t enters only through Sx?, ceey 5x2, and these n differentials are linear combinations of
5x1 —X15t7 5)62—X25l‘7 ceey 5x,,—Xn5t;

consequently, @ depends only on these n linear combinations and when we have its expression for
6 =0, we immediately get its expression for any 8¢ by replacing dx; by dx; — X; d¢, etc...

Finally we have

D(x1,.. Xpy150X1,...,0X,,0t) = F(x1,...,%,,t;0x1 —X10t,...,0x, — X, 01). 3)

30. Let us summarise the results that we have just obtained. They are two in number.

1° The form F, which is the element of an absolute integral invariant in the sense of H. Poincare,
and in which only the differentials of the dependent variables enter, is associated with a more
complete form @ in which the differential (or differentials) of the independent variable ¢ also
enters at the same time. We go from the form @ to the form F by deleting the terms that contain
ot, and conversely we go from the form F' to the form @ by replacing the

5)“,5)62,...,6}6,1

by the
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Ox; —X;6t, Oxo—X,6t, .., 6x,—X,0t

respectively.

2° The form @ can be expressed by means of the first integrals of system (1) and their differentials.

This last property shows clearly the invariant character of the form ®.

A simple example will make us better understand the relation between the two forms F and &. If
we begin from any integral u, the total differential Su is clearly a form @®; the corresponding form
Fis

du u u
F = Txl 5X] +87x2 5x2++aixn 6.Xn7
and we indeed have
u u u
P =6u= TXI (6)C1 —X16t)+ 87)62 (6X2 —X26f)++ Txn (5x,,—X,15t).

31. We will agree to say that a differential form which can be expressed by means of first integrals
of system (1) and of their differentials is an invariant form for system (1). The quantity under the
integral sign in an absolute integral invariant is obtained by setting ¢ equal to zero in an invariant
form. This is how the double integral invariant of dynamics corresponds to the invariant form

Z5pi 56],‘ — 5H5t,
or, if we prefer, by introducing two series of differentials,
& =Y (8p;8'qi—84q;8'pi)) — SH 't + 51 5'H.

0

Expressed by means of the first integrals p; ,q? is clearly

D =Y (6p)8'q) — 847 8'p)).

IV. — Relative Integral Invariants. Hamilton’s Function.

32. Part of the preceding results apply also to the theory of relative integral invariants. This is how
the linear integral invariant of dynamics, as considered by H. Poincare,

/ZP:‘ 6q;
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which does not change in value when we move each state along its trajectory from time ¢ to any
other time ¢', is equal to the integral

/Zp? 8q).

Any relative integral invariant can thus assume an expression which involves only first integrals
and their differentials and, in this form, it can be extended without loosing its invariant character
to any closed domain formed from simultaneous or non-simultaneous states.

But if in the new expression we replace the first integrals by their expressions as functions of the
dependent and independent variables, we obtain a form & under the summation sign which can
no longer be deduced from the initial form F by the same procedure as in the case of the absolute
invariants. In fact, the equality

/F(xl,...,xn,t;5x1,...,5xn) :/Cb(xl,...,xn,t; ox1,...,0x,,0)

does indeed hold for all closed domains of integration formed by simultaneous points, but term-
by-term equality of the two sums does not follow and we no longer necessarily have the identity

F(x1,... %0t 0x1,...,0x,) = @(x1,...,%n,1; Ox1,...,0x,,0)
which would be necessary for us to be able to deduce, in accordance with formula (4), that

D(X1,. ooy Xpyt; OX1y. .o, OXy, O8) = F(x1,...,Xn,1; 6x1 — X1 01,...,0x, — X, 01).

This is how, in the simple case of an unconstrained material point, the element
F =m(x' 6x+y 8y+7 82),

which enters under the summation sign into the expression of the linear integral invariant of H.
Poincare, would lead to the form

m(x' Sx+y 8y+78z) —m(x' > +y'*+72)t

which is not at all an element of a complete integral invariant, and which does not differ by a
simple exact differential from the form,

1
w5 =m(x'6x+y 8y+78z) — Em(xlerylzJFZ/z)*U ot

as would be necessary.

It should be noted that the difficulty that presents itself here in going from a relative integral
invariant in the sense of H. Poincare to the complete integral invariant is not of great practical im-
portance, because any relative integral invariant reduces to an absolute integral invariant. In fact,
we know that an integral over a closed contour, a closed surface, etc., reduces to an integral over
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an area bounded by the closed contour, a volume bounded by the closed surface, etc.

33. It is useful to illustrate the preceding considerations with some examples.

Return to the (complete) linear integral invariant of dynamics, that is, the energy-momentum ten-
SO,

(OF ZZpiSqi—H5t.

We have the equality

pidgqi —Hot :/ piéq;,
/(C) Z (Co) Z

where we assume that the closed contour (Cp) is formed from states that make up (C), but moved
along their trajectories to time r = 0. We can also consider the integral on the right hand side as
over the same contour (C) as the integral on the left hand side, provided that we regard the p? and
the q? as functions of the p;, ¢; and ¢. From this point of view, the two expressions

Zpiéqi—HSt and Zp?&]?

which give the same integral along any closed contour, differ only by an exact differential, and we
have

Zp,ﬁqi—H&: 5S+Zp?5q? 4

We call the function S Hamilton’s function, and it has a simple concrete interpretation. In fact,
if we refer to formula (10) of Chapter I which gives the variation of the action along a variable
trajectory, we see that S can be interpreted as representing the action between time 0 and time t
along the trajectory which ends at the state (p,q,t).

This function S was considered by Hamilton and, from the historical point of view, it is of some
importance, since it was Hamilton’s remarks about it which set Jacobi on the path to his discoveries
concerning the integration of the equations of dynamics. In fact, Hamilton remarked that if we
knew how to express the function S, not as a function of the p;,q; and ¢, but as a function of q,-,q?
and 7, we would thereby also have integrated the equations of motion. Identity (4), put into in the
form

8S=Y piSqi—HS8t—Y p)dq)

in fact would give

—+H=0. Q)
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The second equations would give the p; as functions of ¢ and of 2r initial values, the first would
give the momenta p;. Finally, the last shows that the function S is a solution of the partial differ-

ential equation
as as
—+H|(t,q9,=— | =0. 6

In this approach, the difficulty was not so much to integrate this partial differential equation, but
to find a solution for which the arbitrary constants q? were precisely the initial values of the q;.
Jacobi resolved this difficulty by showing that this condition was not useful for pressing into ser-
vice the integration of the partial differential equation (6) for the integration of the equations of
motion: we have already explained this briefly in n°14.

34. It is quite instructive to calculate Hamilton’s function S in a simple case, for example that of
an unconstrained point of mass 1 which is not subject to any force. Here the equations of motion
are

X :xo’t—l—xo, x :xo',
! / !
Yy=Yot+Yo, Y =)0,
z=z't+z2, Z=2 "

The difference
P9 =5~ (Os) =X oy ovh e %(x/z +32 +2%)61 — (x0 8x0 +y0' 8y0 +20"820)
is equal to
88 = x'8x+y 8y +7 82— %(x’2 +y?2 4720t =X S(x—1d) =y S(y—1y) =7 8(z 12
- %(x’2 +y24+7%)8t 4+1(x' 8x' +y 8y +7 87),

from which, taking into account that S must vanish with ¢,

1
S = 5()C/Z_i_yIZ +Z/2)t-

By expressing S by means of x,y,z,Xo, Y0, 20,¢, We get

g1 (x—x0)* + (y =y0)* + (y —y0)*
2 t '

From this function, Hamilton’s formulae (5) allow us to deduce the equations of motion,
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xlzﬁzx_xo —x/:ﬁ:—x_xo
ox t 07 9xo t
y/zﬁzy—yo _y/:ﬁ:_y—yo
dy t 7 dyo r
g9 _ =, 98 -
9zt 07 9z r

V. — Examples. The “element of mass” form.

35. After the preceding parenthesis, let us return to absolute integral invariants.

In the simplest cases, it is good to appreciate directly the invariant character of the differential
forms & which are deduced from the forms F by replacing the 6x; by dx; — X;0t as stated above.

To simplify, take a system of two differential equations in two unknown functions

dfo din
a7’ e’

and start from an absolute linear integral invariant

I= /a(x,y,t) Ox+ b(x,y,t) Oy;

the associated complete integral invariant is

J= /a(x,y,t)(Sx—XSt) 4 b(x,y,1)(8y—Y 81).

Start from a curvilinear arc AgBy in the xy plane and lay down the corresponding trajectories
through the various points of this arc of curve; we thus get a kind of cylindrical surface whose
(non rectilinear) generators would be the trajectories. On this surface, draw two arcs of curve MN

and M’N’ joining the trajectory through Ay to the trajectory through By. We want to show that we
have

Iun =JImn

The two arcs of curve MN and M’N’, with the trajectory arcs MM’ and NN’, bound a closed area
on the surface; on the other hand, the integral J over each of these last two arcs is clearly zero,
since by moving along one of these arcs, we always have

ox =X ot, oy =Y ot.
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/) Bo

Consequently, the integral J over the closed contour MNN'M’ is
Iunnmr = Iun —Inrn

and so it all comes down to proving that this integral is zero. Now, according to the Stokes formula,
this integral reduces to a surface integral over the area MNN'M’'. We will show that the element
of this surface integral is zero. In fact, for this decompose the surface into surface elements by
small parallelograms formed, on the one hand by trajectory arcs, on the other of sections by planes
t = constant. Let POQ’'P’ be one of these elements of surface. The corresponding element of the
surface integral is equal to

.,PQ _.IP/Q/7

but, since the points of PQ are simultaneous, as well as those of P'Q’, Jpg reduces to Ipg, and
Jpi g to Ipir. Now, these two integrals Ipg and Ip are equal, by the property that [ is an integral
invariant.

Thus the element of the surface integral is indeed zero, and the theorem is proved.

36. A similar argument could be made in the case of a double integral invariant

I= //a(x,y,t) Ox0y.

Here going from the form F to the form @ is a little more difficult than in the preceding case.
We get there by likening the surface element 6x8y to a bilinear force 6x6’y — 8yd'x; for this,
it is sufficient to imagine any system of curvilinear coordinates o, and to regard Sx, 8y as the
elementary displacement with respect to an increase o of the first coordinate o, and 8'x, 8"y as
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the elementary displacement with respect to an increase &’ of the second . We then have

_ | 6x by
F=a éx oy’
from this we deduce
_ |6x—X6ér dy—Yér | |Ox Oy oy Ot or Ox
P=alsn_x5t Sy—Y —“’(Sfx 5y +"X‘5/y 5| T Y 5 s

or, returning to the notation in use in the theory of surface integrals,

@ =abxby+aX 6ydt +aY 8tdx.

Consider then the surface integral
J= //a5x5y—|—aX5y5t—|—aY 0rdx

and let us try to appreciate directly its invariant character. For this, imagine any area Sy in the
xy plane and construct the trajectories through the various points of this area. We thus obtain an
indefinite volume bounded by a kind of cylindrical lateral surface generated by the trajectories
which start from the contour of Sy. Cut this volume by any two surfaces: in this way we get two
areas (plane or curved) S and §' in the interior of the volume, but extending as far as the lateral
surface. We want to prove that we have

JS :.Is/.
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Together with a portion of the lateral surface of the cylinder, the areas S and " define a volume
V; on the other hand, the integral J over the lateral area which bounds this volume is clearly zero
since, calling the element of area do and the direction cosines of the normal ¢, 3, ¥, we have

J://a(y+Xa+Yﬁ)dc

and that the direction (X,Y, 1), which is that of the tangents to the trajectories that generate the
lateral surface considered, is normal to the direction (c, 3,7). It follows from this that the differ-
ence J¢ — Jg can be regarded as the surface integral J over the closed area that bounds the volume
V. It all comes down to showing that the integral of the equivalent volume is identically zero.
Now, the element of this volume integral is clearly zero: to see this, it is sufficient to take for the
elementary volume the volume bounded laterally by small arcs of the trajectory and two plane
areas parallel to the xy plane at the ends, because then the surface integral J over each of the bases
reduces to the integral 7, and the value of the integral I is, by hypothesis, the same for the two bases.

37. The kinematics of continuous media provides us with a concrete illustration of the ideas de-
veloped in this Chapter.

In a continuous medium in motion, the trajectory of each molecule can be regarded as a solution
of the system of differential equations

dv _ o dy_ o di_
d d dr

w,

where u,v,w, the components of the velocity, are assumed to be expressed as a function of x,y, z,¢.
On the other hand, let p(x,y,z,7) be the density at time 7 at the point (x,y,z). The mass which at
time ¢ fills any volume V is given by the triple integral

I:// p 6x6y0z;
|4

this integral is clearly an absolute integral invariant in the sense of H. Poincare: it is in fact the first
example of an integral invariant given by H. Poincare. If the molecules which fill the volume V at
time 7 fill the volume V' at another time ¢/, we have clearly

/// P(x,y7z,t)5x5y5z:/// p(.y,2,1") 6x' 8y 87
|4 v/

The form @ associated with the form F = p dx8ydz will be calculated, as in the preceding exam-
ple, by writing F' in the form

éx Oy Oz
F=pl|&6x &y &z|;
3//x 6//y 5//Z



V Examples. The mass element. 51

from which we deduce

Ox — udt Sy —vot 6z —wét
d=p|6x—ud't &y—vd't 6z—wd't
6"x—ué"t 6"y—vé"t 6"z—wé"t

)

whence, by a simple calculation,

@ =p (6x6y06z—ubydz6t —v6z6x8t —wdxbydt) .

This form @ represents the mass element considered in its complete kinematic form. If we consider
any three-dimensional set of molecules, and if we take each molecule of the set at any time ¢ of its
motion, we get a three-dimensional domain in the four-dimensional universe (x,y,z,t); the triple
integral of @ over this domain will be equal to the total mass of the set of molecules considered.
If the molecules are all taken at the same time ¢, they fill a certain volume V' at this instant and the

integral of @ reduces to the integral / / / p 6x0ydz. But this is a very special case.
14

For definiteness, consider for example an area S in space and the set of all the molecules that cross
this area S between time #y and time ¢#1. Take each of these molecules at the moment that they cross
the area S. We have here a three-dimensional domain in the universe (x,y,z,¢). The states of this
domain are easily expressed in terms of three parameters @, 8, 7: for this, it is sufficient to express
the coordinates of a point of S as a function of two parameters , 8 and to take ¢ = y. We will then
have formulae such as

I
~

(a,B),
(e, B),
(a,B),

I
< = o

X
y
<
t

)

where the parameters a,  take all values corresponding to the various points of the area S and the
parameter Y takes all possible values in the interval (fo,7). The integral & over this domain, not
taking signs into account, will clearly be

15
/15t {//()pu5y5z+pv5z§x+pw6x6y .
0 S

The surface integral in square brackets represents the flow of mass at the time ¢ across the surface
S; multiplied by Oz, it represents the quantity of mass that crosses the surface S in the interval
(t,¢ + Ot). The total integral thus represents the total mass that crosses S in the interval (f,#1), as
we should have expected.

38. Similar remarks apply to the double integral invariant that we encountered in hydrodynamics
(Chapter II, formula (8))
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J= //§5y5z+ N828x+ C8x8y -+ (Mw — Ev)8x81 + (Cu— Ew) Syt + (Ev— nu) 5281

We have seen (n° 25) that this integral, over a two-dimensional set of molecules taken at the same
time ¢, represented the moment or the intensity of the vortex tube formed by the vortex lines that
start from these molecules. Consider then the set of molecules that cross an arc of curve C in a
time interval (79,1 ). Instead of taking these molecules at the same time ¢, take each of them at the
time that they cross the arc of curve C. The moment of the vortex tube of which they are a part at
any instant ¢ will be equal to the integral

ox Oy 6z

|
/ 5;/ & n ¢
1o Oly v

w



Chapter IV

The Characteristic System of a Differential Form.

I. — The class of a differential form.

39. Throughout this chapter, we consider systems of differential equations in n variables x,x2, ..., X,
without distinguishing the independent variable by a special notation: it will be any one of the vari-

ables xp,...,x,. In other words, we will consider systems of differential equations of the type
dan _dn _ o dn )
X X X

One of the first problems that arise in the theory of integral invariants is the following: recognise
if a given differential form is invariant for a given system of differential equations, and more
generally, determine all systems of differential equations that admit a given differential form as an
invariant form.

Before solving this problem for the differential forms that arise most frequently in applications,
we make some general remarks that will lead us to an extremely important theorem.

For a form @ to be invariant for system (1), it is necessary and sufficient that it can be expressed
by means of first integrals of (1) and their differentials. Thus a necessary condition for a given
form & to be an invariant form for a suitably chosen system of differential equations is that this
form can be expressible in terms of at most n — 1 quantities and their differentials.

40. Suppose then that the given form @ can be expressed by means of r < n quantities yy,...,y,
(functions of the x;) and their differentials; suppose also that it cannot be expressed similarly by
means of less than r quantities. Under these conditions, we will now prove the following theorem:

For a system of differential equations to admit ® as an invariant form, it is necessary and sufficient
that y1,...,y, are first integrals of this system.

53
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The condition is clearly sufficient. To prove that it is necessary, consider a system of differential
equations that admits @ as an invariant form, and write down the equations of this system by taking
as new variables y1,...,y, and n — r other independent quantities y,1,...,y,. Let the equations of
this system be

dyo _dys oy _dyrn @
n Y, Y, Yo Y,
Were yi,...,y, not all first integrals, the first » denominators Y7,...,Y, would not all be zero;

suppose for example that ¥, = 0. We could then take y, as the independent variable and the form
& would not change its value if we were to replace y, and Jy, everywhere by zero, and then

Y1y oo Yr=15 Yr+1s -5 Yn

by their initial values
0 0 0 0
yla"'7yr71>yr+17"'ayn

considered as first integrals of system (2), and finally the differentials
Oy1, ..., Oy,

by
8, ..., 8.

But then, since @ contains neither y,;1,...,y, nor their differentials, the new form ¥ obtained
would depend only on y?,...,yY | and their differentials: in other words, we could find r — 1
functions zy,...,z,—1 of the x;, such that & can be expressed in terms of these » — 1 functions and
their differentials. This result is contrary to the hypothesis. The number r will be called the class
of the form .

II. — The characteristic system of a differential form.

41. This extremely general theorem has important consequences which will help us better to un-
derstand its scope.

The most general system of differential equations that admits the form @ as an invariant form,
written using the variables y1,...,yy, is, according to the preceding,

A S L 3)
0 0 0 Y1 Y, ’
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where Y, 1,...,Y, are arbitrary functions. We deduce immediately that any first integral common
to these systems is a function of yy,...,y,. If therefore the form ® can be expressed in a second
way by means of r quantities z1, . . . ,z, and their differentials, the z; will be functions of the y; and
conversely, since the z; are first integrals common to all differential systems which admit ¢ as an
invariant form. This comes down to saying that there is essentially only one way to express the
form @ by means of the minimum number of variables and their differentials, in the sense that
when we have one expression involving the minimum number r of quantities y1,...,y;, all others
are obtained by performing an arbitrary change of variables on the y. — This conclusion would
obviously be false if » were not the minimum number of variables.

42. Another consequence is the following. Let us agree to say that a certain number, three for
example, of systems of differential equations in n variables,

dx;  dx; dx,
X X X
da _dn o dn
X X X!’
dx; dxy dx,
Xif’:Xiz”:m:ﬁ’

n

are linearly independent if it is impossible to find three coefficients A,A", A" not all zero such that
we have

AX; +A'X]+A"X] =0,
AXy+2A'X54+2"X5 =0,

AX,+A'X +A"X" = 0.

Otherwise, we will say that they are linearly dependent.

The property of several systems of being linearly independent, or not, clearly persists with any
changes of variables.

Among systems (3) which admit & as an invariant form, we can obviously find n — r linearly in-
dependent systems, namely those obtained by making all but one of the denominators Y, 1,...,Y,
zero. Moreover, all the systems (3) depend linearly on these n — r particular systems.

We thus see that if a form @ is invariant for n —r, and only n — r, linearly independent systems of
differential equations, it is invariant for any system that depends linearly on them, and moreover,
all these systems have in common r independent first integrals.

43. Suppose for example that n — r = 2. There exist two systems of differential equations, say
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dxy dx; dx,
X% T
dx; _dxy dx
P A O

that admit & as an invariant form, and any other system that has this property depends linearly on
these two. Call the trajectories of the first system (C), and those of the second (I"). At any point
M in the n-dimensional space, take the trajectory (C) and the trajectory (I") which pass through
this point; take any point P on (C), and any point Q on (I'); finally, construct the trajectory (I'')
that passes through P, and the trajectory (C') that passes through Q. These two new trajectories
intersect. In fact, if y;,...,y,—p are the first integrals common to the two systems considered, and
if a,...,a,—» are the numerical values of these integrals at M, their numerical values at point P
and at point Q are still the same, consequently the curves (C), ("), (I"),(C") all lie on the same
two-dimensional manifold,

yi=ai, Yy2=4az, ..., Yp-2=0ap-2,
so, finally, the last two intersect.
44. The preceding case arises precisely for the double integral invariant of vortex theory, which
corresponds to the differential form
D =E8y6z+1N820x+ {Ox8y+ (nw— {v)oxdt + (Cu— Ew)dydr + (Ev—nu)dzot.  (4)

We have seen (n° 24) that the systems of differential equations which admit & as an invariant form
are those which have as a consequence the three equations

N(dz—wdt)—E(dy—vdt) =0,
{ldx—udt)—E(dz—wdr) =0, Q)
E(dy—vdt)—n(dx—udt) = 0.
The most general of these systems can be written as
dx dy dz dt

Au+pE  Av+un  Awtul A
and it is deduced linearly from two systems

dx dy dz dt

u y w 1’
di _dy_de_di
& n & 0

which define the trajectories of the fluid molecules and the vortex lines. The first are the curves
(C), and the second the curves (I') from earlier, and the properties obtained in the general case
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can be expressed here by saying that the molecules that form a vortex line (I') at time t again
form a vortex line (I'') at time t'. The Helmholtz theorem is thus a very special consequence of
the general theorem proved at the beginning of this Chapter.

45. In the two preceding Paragraphs we assumed that n — r = 2. Analogous geometric consid-
erations could be developed whatever may be the values of n and r; they would be based on the
existence of manifolds defined by r equations of the form

y1=ai, Y2 = as, ceey Yr =ar

and such that any trajectory of a differential system (3) which has one of its points there is en-
tirely contained in it. Each of these manifolds, which is n — r-dimensional, could be obtained by
beginning from any point M and constructing through this point a trajectory of any of the systems
which admit @ as an invariant form, and by constructing a trajectory of any other of these systems
through any point P on this trajectory, and so on; by these operations, we could reach the entire
(n — r)-dimensional manifold and never exit it.

We call these manifolds characteristic manifolds of the form .

The characteristic manifolds can be regarded as the result of the integration of the equations

dy; =0, dy, =0, ) dy, =0;
now, returning to the original variables xi,...,x,, these equations are formed by a set of linear
relations in dxy, ...,dx, which are consequences of the equations of any of the differential systems

that admit @ as an invariant form.

We can say even more simply: the necessary and sufficient condition for the elementary displace-
ment (dxy,...,dx,) to take place in the direction of a trajectory of a differential system that ad-
mits P as an invariant form is translated analytically by a certain number of equations linear
in dxi,...,dx,. These equations, assumed to be independent and r in number, define (n—r)-
dimensional manifolds that depend on r arbitrary constants such that one and only one passes
through any point of the space: these are the characteristic manifolds. The system of linear total
differential equations itself is called the characteristic system of the form ®.

46. For brevity, call an equation that is linear in dxy,...,dx, a Pfaffian equation, and a system of
Pfaffian equations a Pfaffian system. A Pfaffian system of r equations in n variables can always be
regarded as defining r of these variables, considered as dependent variables, as functions of n —r
others considered as independent variables. In general, such a system is impossible. For example,
a classic result is that a Pfaffian equation in three variables

Pdx+Qdy+Rdz=0,

where we regard z as an unknown function of x and y, admits a solution corresponding to arbitrarily
given initial values only if a certain integrability condition is satisfied, namely
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IR 90 oP IR 00 9P\
P(5 %) el 5) (5% 5)=0

in this case we say that it is completely integrable.

Similarly, we say that a Pfaffian system of r equations with » unknown functions of n — r variables
is completely integrable if it always admits a solution corresponding to arbitrarily given initial
values of the variables. This is the case for the characteristic Pfaffian system of a form ®.

The fundamental theorem of this chapter can thus be stated as follows:

The characteristic Pfaffian system of any differential form @ is always completely integrable.

47. Return one last time to the form @ of vortex theory. The characteristic Pfaffian system of this
form is defined by equations (5) or, equivalently,

dx—udt dy—vdt dz—wdt
¢ n ¢ 7

if we knew how to express the fact that such a system is completely integrable, we would nec-
essarily arrive at the analytic translation of the Helmholtz theorem. As regards the characteristic
manifolds, they are formed by the set of all the states of the molecules that make up the same
vortex line.

For the double integral invariant of dynamics, the characteristic Pfaffian system reduces to the
equations of motion, and the characteristic manifolds to the trajectories.

It could be different if we considered, as we did in the theory of vortices, only some of the trajec-
tories, for example all those that satisfy the same system of relations between the variables.



Chapter V

Invariant Pfaffian Systems and their Characteristic
Systems

I. — The Concept of an Invariant Pfaffian System.

48. Instead of invariant forms for a system of differential equations, we can consider invariant
equations. In particular, H. Poincaré has used finite systems of invariant equations:! these have the
property that if a point satisfies such a system, all points deducible from it by moving along the
corresponding trajectory still satisfy this system. In geometric language, the manifold represented
by a system of invariant equations is generated by the trajectories.

We can also consider invariant differential equations. Consider first, from a narrower perspective,
the simple case of two differential equations

dx dy

— =X, ==Y 1
dt Todr M
The equation

oy —m(x,y,t)6x=0 2)

will be said to be invariant in the sense of H. Poincare if, given any two infinitely close si-
multaneous points (x,y,1), (x+ 8x,y+ 6y,r) that satisfy relation (2), the points (x',y,#') and
(x' + 6x',y' + 8y',1') obtained by displacing them along their respective trajectories to any other
time ¢’ still satisfy relation (2), that is, if we also have

8y —m(x',y ,t')6x' = 0.

If equation (2) is invariant in the sense just specified, it will be equivalent to the equation

0y —m(xo,0,0) xp = 0, (3)

UFr. des systemes d’équations invariantes finies.

59



60 V Invariant Pfaffian Systems and their Characteristic Systems

where we denote by xp, yo the initial values of x,y on the trajectory which passes through the point
x,y,t. If we now regard xo,yo in equation (3) as functions of (x,y,?), and if we replace xo,yo by
their values, this equation clearly takes the form

Oy—Yor—m(dx—X8t) =0. 4)

By virtue of its origin, the new equation (4) has an invariant meaning in the complete sense of this
term, because it expresses an intrinsic property of the two trajectories that correspond to points
(x,y,t) and (x+ Ox,y + 8y,7 + Ot).

Geometrically, equation (4) associate with each point M (x, y,t) of the space, a plane (P) that passes
through that point. The property of invariance means that the line MM, which joins a point M to
an infinitely close point Mj, is in the plane (P) corresponding to the point M, and if we move M
and M, along their respective trajectories to M’ and M (always keeping them infinitely close to
each other), the line M'Mj is in the plane (P') which corresponds to the point M’. It should be
noted that the plane (P) is tangent to the trajectory which passes through the point M.

According to the above, it is clear that if a curve (C) satisfies equation (4) at each of its points,
that is, if it is an integral curve, the surface generated by the trajectories which pass through the
various points of (C) is also an integral surface of equation (4). This also follows analytically from
the form (3) of equation (4).

49. The above considerations generalise easily. Given a system of differential equations

dx;
d% —X; (i=1,2,..,n), Q)

a Pfaffian system

a116xy +---+a1,0x, +a 5[107
................................................. (6)
an 6x) + -+ ap,0x, +a, 6t = 0.

will be said to be invariant for system (5) if equations (6) can be expressed only by means of first
integrals of (5) and of their differentials, for example in the form

a8+ +ab 8x0 =0,
....................................... 7)

0 0 0 0 _
ay, 0x] + - +a,, 6x; = 0.

First, this requires that equations (6) be identically satisfied when we replace 8x; by X;6¢; but this
condition is clearly not sufficient. Be that as it may, if the Pfaffian system (6) is invariant, it has one
important geometric property, which is that given any integral manifold of system (6), the manifold
obtained by laying down through each point of the given manifold the corresponding trajectory of
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equations (5) is still integral; in fact, it follows from this that, if we move along this new manifold,
equations (7) are still satisfied at any point.

(It is understood that we call a manifold and integral manifold with the property that, if we move
in any direction (0x1, ..., 0t) on this manifold, equations (6) are satisfied.)

From this it follows that any integral manifold of the invariant Pfaffian system (6) has the property,
either of indeed being generated by the trajectories of the given equations (5), or of being part of
an integral manifold a with greater number of dimensions which is itself generated by trajectories.

II. — The Characteristic System of a Pfaffian System.

50. Given any Pfaffian system in n variables (xp,...,x,)

a6xy 4+ +ay,6x, =0,

.................................. 8)
ap 8x1 + -+ ap, 8x, = 0,
we can propose to determine all systems of differential equations
dx; dx» dx,
=== )
X, X X,

for which system (8) is invariant. We will solve this problem later, but without solving it we can
prove an important theorem regarding all these systems, identical moreover to that proved in the
previous chapter concerning a given differential form.

Suppose that the given equations (8) can be written using » quantities yi,...,y,, functions of the
x’s and their differentials, in the form

b11(y)6y1 4+ -+ b1,(y) 6y, =0,
............................................ (10)
b1 () 8y1+ -+ +bu () 8yr =0,

and assume furthermore that they cannot be written using less than » quantities and their differen-
tials. The number r will be called the class of the system. The necessary and sufficient condition
for a Pfaffian system (8) to be invariant for equations (9) is that these equations (9) admit y1, ..., y,
as first integrals.

The proof is precisely the same as in the previous chapter and the consequences that we draw from
it are also the same. In particular, the equations that express the fact that the given Pfaffian system
(8) is invariant for the system of differential equations (9) reduce to r equations linear in Xy, ..., X,
or, which amounts to the same thing, to » equations linear in dxy,...,dx,, and these r equations
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form a Pfaffian system equivalent to
dy =0, ..., dy,=0,

that is, they are completely integrable. This Pfaffian system is called the characteristic system of
the given Pfaffian system (8); the equations of the characteristic system can moreover be obtained
by adding to the & equations (8) of the given system r — & other equations.

The necessary and sufficient condition for a Pfaffian system (8) to be completely integrable is
clearly that it coincide with its characteristic system, so that if we know how to form the char-
acteristic system of any Pfaffian system, we will be able to express by this very fact that it is
completely integrable.

51. It is clear that a Pfaffian system (8) can be regarded as invariant for its characteristic system:
any integral manifold of system (8) either is generated by characteristic manifolds, or else it forms
part of an integral manifold with a larger number of dimensions itself generated by characteristic
manifolds.

If we consider any differential form, and if this form is invariant for a certain system of differen-
tial equations, the characteristic Pfaffian system of the form is invariant for this same system of
differential equations.

So, in hydrodynamics, the Pfaffian system

Ox—udt Oy—vét Oz—wbt
g n ¢

is invariant for the differential equations of the trajectories of the fluid molecules (as well as for
the differential equations of vortex lines).

All these theorems, and others that we could easily conceive, are immediate consequences of the
characteristic property of an invariant system of involving only first integrals of the differential
equations for which it is invariant.

52. Consider either a differential form, or a Pfaffian system, or even a set of several differential
forms and a Pfaffian system, and denote by yy,...,y, the first integrals of the characteristic Pfaffian
system, or of the given differential form, or of the given Pfaffian system, etc. It is clear that if we
focus only on the way in which the differentials 8xy,...,0x, enter into the differential form, or
into the Pfaffian system, etc, ignoring the coefficients, these differentials enter only in the combi-
nations 8y1,...,0y,. But it could also be that they enter as less than r linear combinations. In any
case, if we know the minimum number of linear combinations of the 8x; by means of which we
can express the form (or the Pfaffian system, etc.), the equations obtained by setting these linear
combinations to zero are part of the characteristic system.
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IIl. — The rank of an algebraic form and its associated system.

53. The preceding considerations will gain clarity if we prove for algebraic forms a theorem similar
to that which led us to the concept of a characteristic system:

If an algebraic form in n variables uy,...,u, can be expressed in terms of r independent linear
combinations vi,...,v, of the variables, without being expressible in terms of a smaller number,
and if moreover we have found another expression of the form in terms of r other linear combina-
tions wi,...,w, of the variables, the w; are independent linear combinations of the v;.

In fact, consider the 2r linear forms
VigeoosVrs WiyeoosWpy

of the given variables. Suppose that among these forms there are 2r — p independent ones (0 <
p < r); this amounts to saying that there are p independent linear combinations of the v’s which
are at the same time linear combinations of the w’s; call them 11,...,tp. Suppose also, which is
allowed, that t1,...,t, are independent linear combinations at the same time of vy,...,v, and of
Wi,...,wp. We thus have a double equality of the type

F(xt,...,x0) = @11, tpsVpstse- V) = Pt tpsWogts oo, W)

Since the quantities t1,...,2p,Vp41,-..,Vr, Wp1, ..., W, are independent, this is possible only if P,
for example, does not depend on vp1,...,v,. This is consistent with the hypothesis only if p =r,
and so the theorem is proved.

The system of linear equations
vi=m=--=v,=0

will be called the associated system of the given form. The concept of the associated system clearly
generalises to a set of forms, or also to a system of algebraic equations. We call the integer r the
rank of the form.

According to this, the characteristic system of a differential form always contains the associated
system of this form, considered as an algebraic form in dxy, ..., 8x,. But it may contain equations
other than those of the associated system.






Chapter VI

Exterior Forms

I. — The associated system of a quadratic form.

54. We have a few comments to make! on ordinary algebraic forms, quadratic forms, cubic, etc.

As we know, a quadratic form

F(u) = Z aijuiu; :allu%+a22u%+~~+2a12u1u2+~~ €))
i,j

is reducible to a sum of squares; there are n independent squares if the discriminant of the form
is not zero. We propose to determine the minimum number of variables by means of which the
form can be expressed (by a suitable linear substitution). To obtain these variables, it is sufficient
to consider the system of linear equations

oF oF oF
So=0 SE=0. ., So=0 @)

First of all, it is clear that this system is independent of the choice of these variables. Suppose that
it reduces to r independent equations, which we can always assume to be

x1:0, )CQZO, ceey erO.
That said, the form F can be expressed in terms of the r variables xi,...,x, and it cannot be
expressed in terms of less than r variables.

In fact, express F in terms of xi,...,x, and of n — r other independent forms x,;1,...,x,: the
variable x4 for example will not enter F because, if it entered through a term such as Ax,11xq,

U Fr. Nous n’avons qu’un mot a dire.
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the equation

IF

Rl
dxg

would contain x, 1, contrary to hypothesis.

Conversely, suppose that the form F could be expressed by means of p < r variables y1,y2,...,Yp;

system (2) formed by starting from variables yi,...,yp,...,..., s, clearly would contain only the

variables y1,...,yp; it is necessary then that p = r and system (2) will thus reduce to
yi=y=-=y=0

the yi,...,y, are thus independent linear combinations of xi,...,x,.

The last part of the proof shows, as we already knew, that expressing of F' in terms of the minimum
number of variables is possible essentially in only one way, up to a linear substitution on this
smallest number of variables.

System (2) is the associated system of the form F.

The above generalises to any integral and homogeneous form of any degree. For example, if F is
a cubic form, the associated system of linear equations will be obtained by equating to zero all the
second derivatives of F

?°F
8u,~8uj_ ’

this system gives the minimum number of variables in terms of which F can be expressed.

II. — Alternating bilinear forms and quadratic exterior forms.

55. The forms that we will now consider are those which are found under a multiple integral sign
when we consider differentials as variables. These are forms that have special rules of calculation
which are worth emphasising.

We begin with a bilinear form

flu,w) =Y ajjuv;

in two series of variables
Uj,y...,Up; ViyeeosVn.

Such a form is said to be symmetric if it is conserved when we swap the two series of variables:
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f(u’v) :f(v7u)7

and alternating if it is conserved with a change of sign under the same conditions:

flu,v) =—=f(vu)

The conditions that the coefficients must satisfy for the form to be symmetric are
aij = aji;
the conditions for it to be alternating are
a,-j—i—aj,-:O, a; =0.
If we subject the two series of variables u; and v; to the same linear substitution, the form f(u,v)
changes into a new bilinear form F(U,V) of new variables U;,V;, and it is clear that the form
F(U,V) is still symmetric if f was, and alternating if f was: this is due to the fact that swapping

the two new series of variables U and V comes down to swapping the two original series of
variables u and v.

Any symmetric bilinear function can be made to correspond to a quadratic form, namely f(u,u),
and the correspondence is mutual. If we put

fu,u) =F(u),
we have
f( )_l al_|_ al+..._|_ aF
HY)=5 vlaul v28u2 v"@u,, ’

A similar correspondence can no longer be established for alternating forms, because in this case
f(u,u) is identically zero. We can overcome this disadvantage as follows.

56. First note that, in an alternating bilinear form, the coefficients of the terms u;v; are all zero
and that the coefficients of the terms u;v; and that the coefficients of the terms ujv; have opposite
signs. We can thus write

Flu,v) = Zaij(uivj —u;jvi),
(i))

where the the sum on the right hand side is over all two by two combinations of n indices, so that

nn—1 . . . . . .
there are % terms on the right hand side. Since the expression u;v; — u;v; is the determinant
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Ui uj

V,'Vj’

we can, by a notational convention, denote it by the notation
u,-vj —iji = [M,'Mj},

where we write the two entries of the first line one after the other and enclose them in square
brackets. With this notation, we have

flu,v) = Zaij[uivj].

We agree similarly to denote by the notation [f(u) f/(u)] the alternating bilinear form defined by
the determinant

’ f(u) f'(u)
f) f1v)

where f and f’ denote any two linear forms

f(u) = ajuy +axuy + - - - + a,uy,
f/(u) = a'lul +a’2u2+~--+a;un.

If we expand the above determinant, we find immediately

~YYad
i

Ui Uj

1% Vi Vj

)= 40 4.0

= ZZaia}[ui I/tj].
L

Compariing the left and right hand sides shows that the expansion of [f(u) f'(u)] can be obtained
by regarding this expression as a product, and expanding this product according to the ordinary
rules of algebra, but taking care not to change the order of the factors in the partial products
and agreeing that every partial product that contains two identical variables is zero and that any
partial product of two different variables changes sign when we change the order of the factors.

The multiplication whose rules have just been stated is due to H. Grassmann who called it exterior
multiplication.

Using this operation, we see that any alternating bilinear form corresponds to a form of second de-
gree in a single series of variables, but with exterior multiplication, and conversely, any quadratic
form with exterior multiplication corresponds to an alternating bilinear form.

To abbreviate, we will say “exterior form” instead of “a form with exterior multiplication”.

57. If we perform a linear substitution on the variables in an exterior form F (), the new form is
obtained simply by expanding each partial product [u;u;] as a function of the new variables.
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dF
The partial derivative —— of an exterior quadratic form is defined simply as the sum of the partial

aul

derivatives of its terms; a term which does not contain u; will naturally have a zero derivative; as
for a term which contains u;, we can always assume u; has been brought into first position in the
partial product; the derivative of A[u; ;] will then be Au;. We have for example

9[;;1:2] —w, 3[;;:2] — 3[18411:2} —0, ... 9[;;:!2] _o.
With these conventions we have
2F (u) = {ul 3F] + {uzaF] ot {unaF} ,
duy duy duy,
where the partial products on the right hand side are exterior products.
If F(u) corresponds to the alternating form f(u,v), we obviously have
JdF oF JdF
fluy) = — (Vlam+vzam+"‘+vnm> )
where the partial products follow the rules of ordinary multiplication.
Finally, note that if we perform on the u; a linear substitution
u; = hpUy +hpUs + - - + h;, U, (i=1,2,...,n)
and if F (u) becomes @(U) by this substitution, we have
P JdF JoF JdF
IUr = IkTm+h2kTm+~~~+hnkTW,
as if F were an ordinary algebraic form.
58. The system of linear equations
5—5120, 3—52:0, ey g:;:O, 3)

where F is a given exterior quadratic form, is clearly independent of the choice of variables. We
can thus assume that it reduces to the equations

w =0, w=0 ..., u=0 (r<n).

In this case, the form F does not depend on u,1,...,u,; in fact, if it contained a term such as
Aluy41 ug], the equation
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oF

— =0
dug

would not be a consequence of equations (3). The form F can thus be expressed uniquely in terms
of the left hand sides of equations (3).

Conversely, suppose that the form F' could be expressed in terms of p < r variables vi,v2,...,vp.
The left hand sides of the equations of the system

JF JoF
—=0, ... =0
vy v,
would depend only on vy,...,vp; this system would thus contain p independent equations at most.

Consequently, we have p = r, and the v; are linear combinations of the ;.

The associated system of an exterior quadratic form is thus obtained by equating to zero all its
partial derivatives of first order.

59. This result can be made more precise; we will show that the rank r is necessarily even, and at
the same time find a reduced form for exterior quadratic forms that plays the same role as the sum
of squares for ordinary quadratic forms.

For definiteness, suppose that the coefficient a1, of F(u) is not zero, and consider the form

1 [dF OF 1
=— =— | = — [(anpuz +azuz +-- - +aiuy) (axur +anuz + - - -+ aspty)] 5
Jduy dup

a2 a2

this form has the same coefficients as F for the terms in
(uyug], [urws], ..., [uruy), [uaus], ..., [upuy),

that is, for terms which contain at least one of the variables u; and u,. Consequently, the form

1 [dF OF
- | == | =F
(u) aln {aul au2:| (u)
contains only the variables u3,us, ..., u,. Suppose then that the coefficient a}, of this form is not
zero; similarly, we see that the form

1 [JF oF
P o |5 S| =P
ahy | duz duy
now contains only the variables us, ug, . .. ,u,,. We can continue like this step by step until we arrive

at a form that is identically zero. Suppose for example that we have

Fuy= - [2F 9F | L [oF oFT} | 1 [OFT OF"
W [Ow ouy | " dby | Ouz dua | ' aly | dus oug |
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The six linear forms

OF 9F OF OF K OF'
aul, auz7 8u3’ (91447 (91457 au()7

are clearly independent. By putting

JoF JF
(91/[1 1y auz apnusz,
F _, F _ 0
= s —=a s
8143 3 8144 3474
aF// &F”
= U. /) U
iis 55 dutg Aas6U6,

the form F reduces to the desired canonical form,

F(U) = [Ul Uz] + [U3 U4] + [U5 Uﬁ].

The reasoning is clearly general and leads to the canonical form

F(U) = [U U]+ [U3 Us) + - - + [Uzg—1 Uag] (2s <n).

The associated system is obviously
Ul :U2:"':U2A‘:0'
This result will be very important later.
60. The reduction of an exterior quadratic form to its canonical form is obviously possible in an
infinite number of ways; the set of linear substitutions which take us from one canonical form to

another is an important group which depends on s(2s + 1) arbitrary parameters. If s = 1, these
substitutions in two variables are characterised by the condition of having unit determinant.

III. — Exterior forms of degree greater than two.

61. We can imagine exterior forms of any degree. We get there most naturally by starting from a
linear form in p series of variables u;,v;,...,w;

Sluyv,...ow)
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that satisfy the condition that swapping two series of variables with each other reproduces the
form, but changed in sign. In the case p = 3, for example, the consequence of this hypothesis is
that any term where the same index enters twice has zero coefficient and that the set of terms with
three distinct indices, for example 1,2,3, has the form

up uz uj
apz|vy v2 V3.
w1 w2 w3

The same notational convention as above leads to a distributive multiplication law, but non com-
mutative, since each partial product changes sign if we swap two variables that enter it with each
other. Consequently, we will have

[urupus] = —[upuyus] = —[uyusup] = —[uzupuy] = [upuz u1| = [uz uy uy].

We can then define an exterior product like
Fow),

where F, @,V are exterior forms of any degree; the degree of the product is the sum of the degrees
of the factors. The product is necessarily zero if the sum of degrees is greater than n. We establish
easily that if we swap two factors of the product with each other, the product does not change if at
least one of these factors is of even degree, and it reproduces with changed sign if both are of odd
degree. We define similarly a sum of products of this kind.

In particular the product of a form with itself is zero if this form is of odd degree, but it is not
necessarily zero if it is of even degree. Take for example a quadratic form F reduced to its canonical
form

F = [uyup) + [uz ug) + - - + [uag—1 uag];

we have

1o
2 [F7] = [ upuz ua] + [y up us ug] + - - - + [Ua5—3 Upg—2 us—1 Uag),
1
31 [FS} = [uyupuzususug) +-- -,
1
51 [F*] = [uy up us us us ug . . . ups—1 Upg),

; [FSJrl] -0

(s+1)! -

The rank 2s of a quadratic form F is thus twice the largest power to which we can raise F' without
it vanishing.
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The following is a simple application to the theory of determinants. Let
F = appfuy up] + arz[ug uz] + aiauy us) + axs[uz u3] + asalus us) + azaus us]

be a form in four variables; we have

1
= [F?] = (anass — a13a2s + a1aa03) [y uz u3 us);

2
on the other hand the associated system of F is

apuy + apzuz + ajsuy =0,

aiu + axzuz + axuy = 0,
aziuy + azur + azqug = 0,
asiul + asuy + agzuz =0.

The condition for the form to be expressible in terms of fewer than four variables is, on the one
hand, that we have [F 2] =0, that is

aass —apza +ajsaxs =0,
and on the other that the determinant of the associated system is zero, that is
0 anaizaus
a1 0 ax3 ax

az1 azx 0 as
as) ag agz 0

These two equations are equivalent, in spite of appearances; in fact, we show that the determinant,
which is skew symmetric of even degree, is the square of the expression

aipaz4 —a3azs +ayaans.

62. Any exterior form of degree n (equal to the number of variables) has the form

Alujuy ... up).
We can obtain canonical forms when the degree is n — 1 or n —2. We get there easily by the concept
of the adjoint form of a given form.

Consider a form F of degree p and denote by &,&, ..., E(""P=1) the linear forms with undeter-
mined coefficients
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& =&+ + &y,
& = Glur+ -+ Gy,

The exterior product [F & &' ...E("~P=1)] has degree n and consequently has the form
Dlujuy ... up|;

the coefficient @ is linear with respect to each series of coefficients &, and is also alternating;
s0, to it there corresponds an exterior form of degree n — p with variables &;,...,&,: this is, by
definition, the adjoint form of F.

If we perform a linear substitution on the variables u and if we perform at the same time a linear
substitution on the & which preserves the expression &juj + - - - + &,u,, the expression P[u; ... u,]
is clearly conserved; in other words, the adjoint form is reproduced multiplied by the determinant
of the substitution performed on the variables u.

The adjoint form of a form F = F| + F, is clearly the sum of the adjoint forms ®; and Phij,.
Similarly, the adjoint form of aF, where a is a numerical coefficient, is a®. According to this, to
calculate the adjoint form of any form, it is sufficient to know how to calculate the adjoint form of
a monomial form such as

F = [ual uaz . .u(xp].

By applying the given definition, we find

¢ = [éa,pr[ v &an]v
where the indices o41,...,0 are the indices 1,2,...,n which do not appear in the sequence
0,00,...,0,; these indices are assumed arranged in an order such that the complete sequence
O ..., 0, 0pi1,... O

is even.

63. Assume then that F' is a form of degree n — 1; the adjoint form will be of first degree; we can

thus assume it reduced to &, for example, so that F can always be reduced to the expression
F=luwuy.. u,1].

Suppose now that F is of degree n — 2; the form @ will be of second degree; we can thus always

suppose it given by the formula

D =[5 6]+ + [Eas—1 625



IIT Exterior forms of degree greater than two. 75
consequently, we will have

F = [usugus.. up)+uyugusug. . .up| 4+ [ us .. . uns—pUpgi ... Up).

If s = 1, F reduces to a monomial form.
For example if n = 5, any form F of degree 5 —2 = 3 is reducible to one of the canonical forms
F = [usus us)
F = [uyup us] + [uz uq us; .
if n = 6, any form F of degree 4 is reducible to one of the forms
F = [u3us us ug)
F = [usugusug) + [ug up us ug] = [([u1 up] + [u3 ua))us ug)

1
F = [usugus ug| + [uy up us ug) + [ug up uz us] = 3 (i1 2] + [ue3 ug) + [us ug)] .

The concept of the adjoint form allows us to define the product of two forms whose sum of degrees
exceeds 7n: this is the operation H. Grassmann called regressive exterior multiplication, but we will
not use it.

64. We point out some more applications of exterior multiplication.
Suppose f1, f2,. .., fn are h independent linear forms.

The equation

Ffifa..-fa) =0

where F is any exterior form, gives the necessary and sufficient condition for F to be zero when
we establish between the variables the relations

f1:07 f2:07 L) fh:O

In fact, we can first reduce it to the case where we have f; = u;. If then any term of F contains
at least one of the variables uy,...,up, it is clear that the product [F u; ...u; is zero. Conversely,
if this product is zero, every term of F contains one at least of the variables uy,...,u; as a factor,
otherwise multiplying this term by [u; .. .u;] would in fact give a non-zero product, which cannot
be cancelled by any other.
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IV. — The associated system of an exterior form.

65. Determination of the associated system is as easy for an exterior form of any degree as for
a quadratic form. In fact, if the form is of degree p, the associated system is obtained in fact by
setting to zero all partial derivatives of order p — 1 of F. We define a derivative of first order such

as 0 as the coefficient of u in the set of the terms of ' which contain this variable, taking care
ui

o . ... OF
beforehand to move u; to first position in each of these terms. Note that this derivative —— no

8 ui
’F
longer depends on u;. By definition, the derivative 0o will be the derivative with respect to
uiouy
JdF
up of —: we thus get it by taking the set of terms of F which contain at the same time the two

8u1

variables u1 and up, moving in each of these terms the variable u; to first position and the variable
uy to the second, and finally deleting the variables u; and u; in all these terms. According to this,
we have

*’F _ JF
8u18u2 - 81428141 ’

The partial derivatives of higher order are defined in the same way: they are necessarily taken with
respect to variables which are all different.

The rank of a form of degree n which is not identically zero is clearly equal to n. The rank of a
form of degree n — 1 is equal to n — 1. The rank of a form of degree n — 2 is equal to n — 2 if it is
reducible to a monomial, and to n in all other cases. If the degree is less than n — 2, we can say
nothing a priori about the rank.

V. — Formulae for exterior quadratic forms.

66. Revisit the case of an exterior quadratic form F in n variables uy,u, ..., u,. It can happen that
the variables related by a linear relation

f=aiuy+aus +---+ayu, =0.

The form F, where we will assume for example that i, is expressed as a function of u,us, ..., u,—1
using the given relation, will have a certain rank that corresponds to the number of linearly inde-
pendent equations of its associated system. The latter clearly has as equations

87F_a1 8F_

a or aF _an_l &F -
du;  a, du,

Uy ay, OJu,

0, ey 0, f=0,
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or again
o or or
ﬂzﬂz...:%’ f=0.
ai az An

More generally, we could assume that the variables are related by any number of relations

f=aiu +auy+---+ayu, =0
g=byuy+byur+---+buu, =0

h=liuy+luy+---+Lyu, =0.

The associated system of F* will then be defined by the formulae

o oF ar
Ju; Jup u,,
aj ay ay
b b b ||=0 F=00 g=0. ... h=0;
0 by e 4,

equating the matrix we have just written to zero means setting to zero all determinants formed
with the rows of this matrix and the same number of columns.

We note that the rank 2s' of the form F, when we assume the variables related by the given
relations, is twice the greatest exponent such that the form

[fg...hF]

is not zero.

67. Suppose in particular that n = 2s and that the form F has rank n. If we relate the variables by
just one relation, it is clear that the rank of the form cannot exceed n — 1 = 2s — 1 and, since this
rank is even, it is at most equal to 2s — 2. Moreover, it is easy to see that it cannot fall below this
limit.

It follows from this that if we relate the variables by p independent linear relations, the rank of F
will decrease by at most 2p units. We investigate in which case the maximum reduction will be
attained. If the relations are

f1:07 f2:O7 L) fp:Oa
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it will be necessary and sufficient that we have

fifa. frF P =0. 4)

This condition can be replaced by other simpler conditions. In fact, note that if we take any two of
the p given relations, these two relations necessarily reduce the rank of F' by 4 units; we thus have

fifiF =0 (i,j=1,2,...,n). (5)

p(p—1)

We will now show that these necessary equations are also sufficient.

In fact, suppose these conditions are satisfied and make a change of variables so as to reduce f; to
u;. We will then have

[M,'MjFSil] ZO,

which shows that, in the adjoint form ® (&) of F*~'(u), there are no terms in [& &;]. Now, the
adjoint form of F*~1 is @4: this is easily seen by assuming that F is reduced to its canonical form.
Consequently, each term of the adjoint form of F*~P*! which is ®”~!, contains at least p — 1 of
the variables £, 1,...,&,, because each term of & contains at least one of these variables. Each of
the terms of ®”~! thus contains at most p — 1 of the variables &, ..., &p. Consequently, the adjoint
form of ®P~! contains at least one of the variables u, ... ,up. This is the same as saying that we
have

[y uz...up FFPH] = 0.

Q.E.D.

The relevance of the above theorem is easy to see. Since the forms [f; f; F =11 are of degree n,
-1 . . . .

there are % equations to write; whereas, since the form [f f>... f, F s=P+1] is of degree

n— p+ 2, the number of equations expressing that it is zero is c? _2, and moreover each of them

contains the coefficients of all of the given relations.

If for example we have

F = [ug up) + [us ug) + [us ug)
f1 = aiuy + -+ +agus,
f2 = biuy + -+ + beug,
f3 = cruy + -+ +celts,

the condition that F' be of rank 6 — 6 = 0, taking into account the three relations f; = f> = f3 =0,
is, by the first method,
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(i f2f3F] =0,
which gives
ayp az ag ap as ae ajz as ag ay as dg
by b3 ba|+|by bs bs| =0, by b3 by|+ |b2 bs bg| =0,
Cl1 C3 C4 C] C5 Cq C) C3 C4 Cy C5 Cq
as as de as day ay a4 as ag as a) ar
b3 bs bg|+ |b3 by ba| =0, by bs bg|+ |bs by by| =0,
C3 C5 Cq c3 C1 C C4 C5 Cq C4 C1 C2
as ay ap as az dg4 ag a) ap ag az dg
bs by by|+ |bs by by| =0, bg b1 ba| + |bg b3 by| = 0.
C5 C1 C C5 C3 C4 Ce C1 C Ce C3 C4

On the other hand, the above theorem puts the required conditions into a much simpler form

bicy —c1by +b3cq — c3by + bscg — csbg = 0,
clay —ajcy+c3as —ascqg + csag — ascg = 0,
aiby —biay +azbs — bzas + asbg — bsag = 0.

68. There is a theorem that is still more precise than the previous one and which allows us to find
in the simplest way the rank of the form to which F reduces when we assume that the variables
are related by p given relations. For this, define the alternating bilinear form

D(§,8") =Y aij&i&;
by the equality
SIF T (Erun -+ Guun) (G + -+ Equn)] = (8, E")[F];
The exterior quadratic form
P(&) =) aijl&i&)]

s—1
is (up to a factor) the adjoint form of ———; it is an absolute covariant of F in the sense that

(s—1)!

if we perform any linear substitution on the variables uy,...,u,, and the linear substitution which
preserves §juj + - -+ &,uy, on the variables &, ..., &y, if finally by these two substitutions the two
forms F(u) and @ (&) become respectively F (i) and @ (&), we again have

SIF NG+ 4 8,) (170 + -+ &) = B(E,E)[F°).

In particular, if F' has been reduced to its canonical form
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F = [ujup) 4 -+ [uas—1 uas),
we find immediately for @ the canonical form

P = [61 62] +- [625'71 §2s]~
From this, the general identity

FS*]) - B
G+ ) (G ) - G+ )|

(s—p)!
_ @) (E & ECP) |:Fs:|

p! st

(6)

follows easily, where the exterior form of degree p corresponding the the alternating multilinear
form @) is equal to @P(&): this identity is obvious when F has been reduced to its canonical
form, and it is thus true in the general case. This basically reduces to the property, invoked in the
preceding number, that the adjoint form of [F* 7] is equal to [@”] up to a scalar factor.

In particular, setting p = 2, and taking in identity (6) the terms in [§; &} &}’ &/"'], we get

FS—Z FS
[(s_z), Ui Uj U w] = (ajja + awagj + aieajy) L,] ; (7

where the coefficients g;; are defined by

o] =[]

Finally, we can deduce another identity which will be useful to us later. Consider the form

(s—2)! 1!

it is of degree 2s — 1; if we form its exterior product with any one of the variables uy, ..., us,, say
uyp, we see immediately from (7) that the product is zero. Consequently the form itself is identically
zero. Since u;,u;j,u; can be replaced by any three linear forms of the variables, we arrive at the
following theorem:

F5—2 Fs—1
[ Miujbtk] - [(s (aijuk+ajkui+akiuj)] ;

If we consider any number of linear forms fi, f2,..., fp, and if we put
FS7] FS . .
ey )] s

we have the identities
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Fs—2 Fs—1
hszﬂ ol fk} B {@m(a‘ff”“fkﬁ* aiif;)| - ®)

69. We turn now to the problem stated above, which is to find the rank of the form to which F
reduces when we assume that the variables are related by p independent linear equations

fi=0, f=0, ..., [f,=0.
We can assume that these relations are
up =0, w=0, ..., u,=0;

we will be allowed to perform any linear substitution on the u’s, subject only to the condition that

the first p variables uy,...,u, are exchanged with each other. It follows that we will be able to
perform any linear substitution on the variables &, subject only to the condition that the last 2s — p
variables &, 1, ..., &y, are exchanged with each other. Put then
Fxfl F* o
|:(S—l)‘ u,uj} :aij |:S':| (17121,2,,[))

If in @ we delete the terms in &, 1,... &y, we clearly get

1,...,p

P = Z aij [&i ‘5]]

(i)

Let 2¢ be the rank of the form @; by an appropriate linear substitution on the i, ...,&,, we will

be able to reduce P to

D =[E&]++ [Eg-1824);

consequently, by subtracting as necessary from &i,...,&, linear combinations of &,y 1,..., &,
which is allowed, we will be able to reduce @ to

D = [E1 8]+ +[8ag182g] +[E2g11Ep 1]+ [Ep E2p24]
+&op—2g+1 Ep—2g42] + - + [Ea5—1 &yl

But then the form F will become

F = [M] uz] +- 1+ [qufl uzq} + [M2q+1 l/lp+1} +- 1+ [l/lp uzpfzq] +- 4+ [uzs,l uzs].

We see that, if we take into account the relations



82 VI Exterior Forms
u =0, w=0 ..., u,=0,
the rank of F is reduced by 2p — 2¢ units.

We thus arrive at the following theorem:

—1
Consider the independent linear forms f1,f2,..., fp, the % quantities a;; defined by the
equalities
FS*] FS
o ] e 5
and the exterior quadratic form in p variables &, ..., &),

yesP

1
D)= ajl&&).
(i)

If this form is of rank 2q, the rank of the form F reduces by 2p — 2q units when we assume that the
variables are related by the p equations

fi=0, f=0, ..., f,=0.

Furthermore, if we perform on the p given linear forms a linear substitution such that ® reduces
to its canonical form

@ = [&1 &)+ -+ [E2g-1 824l

the form F reduces to the canonical form

F=[fifol + -+ [fag-1 fog] + [f2gr1 fpr1] + -+ [fp fap—2g] + -+ [fos—1 fos),

where we denote new suitably chosen linear forms that are independent of each other and inde-
pendent of the given forms by fpi1,..., fas.

In particular, if ¢ = 0, we recover the theorem previously stated and proved (n°67).



Chapter VII

Exterior Differential Forms and their Derived Forms

I. — The bilinear covariant of a Pfaffian form.

70. Consider now a linear differential form (a Pfaffian form)
W5 = a10x; +axdxy + -+ a,0x,.
We can derive from this form an alternating bilinear form in two series of differentials, namely

6(1)5/ — 6,(1)5 = Za;(éS’xi — 6/6)(?,') + 2(661,’6/)6,' — 6)(?,'6/61,').

Assume that the two differentiation symbols commute, that is, that we have
55/)61' = 5/5)6,';

an exterior quadratic differential form corresponds to the right hand side, which we call the bilinear
covariant of the form @, which with the conventions made above we will write as

daj d i
o = Y [6a;6x) =Y ( - ai) [8x; 8x,);

t (i)

this form is called the exterior derivative of the form ®.

This method of derivation has a significance that is independent of the choice of variables; further-
more, it is the one that takes a curvilinear integral over a closed contour into a double integral over
a surface bounded by the contour.

For example, if we have three variables x,y,z and if we put

ws = Péx+Qdy+R&z,

83
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we have
, oP oP
W5 = [0P x|+ [6Q0y] + [6R 6z] = e [5x5x] PN [6y 6x] + o [6204]
d d d
+ S28x6y]+ 5216785+ 2 18:8)
8 OR oR
+ 5 [6x6z] + N [6ydz] + 5% [6287]

_[9R 90 oP  9R 20 9P
- (ay - 8z> [8y82] + (az - ax> [620x] + ((ax - ay) [6x 6]

and the StOkeS fOI'Inula 1S
C S

where § denotes a surface bounded by the contour C.
The necessary and sufficient condition for @' to be zero is that the form @ is an exact differential.
NOTE. — The two symbols of differentiation 6 and 8§’ must commute when the differentiations

are applied to any function y of independent variables, otherwise the operation just defined would
not have a covariant character. This is easy to verify; if we put

dy dy
Tx] 3x1+"'+axn 6Xn.

s is an exact differential and we have
5605/ — 5/(1)5 =0,
that is,

868y =38'68y.

II. — The exterior derivative.

71. The same derivation process applies to an exterior differential form of any degree. For exam-
ple, let

Q= Za,‘j [5)6,‘ 5x]']

be a quadratic form; consider the alternating bilinear form
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9(5, 6/) = Zaij((sxi 5’xj - 5)(]' 5’xi)

which corresponds to it, and introduce three mutually commuting! differentiation symbols 8, 8’, 8.
Finally, consider the expression

5Q(8',8")— §'Q(8,8")+8"Q(8,8),

which clearly has an intrinsic significance independent of the choice of variables. We establish
easily, by performing the calculation, that it reduces to an alternating trilinear expression

.(2/(57 5/, 5//) = Z [5611']'(5/)6,‘ 5”xj — 5/Xj 6”)6,‘) — 5/61,']‘(5)6,' 5//)(]' — 5xj 6//)61‘)
+5"a,-j(5xi 8/x]‘ — 5)6]' 5/)C,‘)] .

To this trilinear form there now corresponds an exterior cubic differential form

0 ii da; d i
,Qé = Z[Baij 5)6,’ 6)(]] = Z < (;chk] + 8.X],k + 8?;; > [5)6[ 8)(?]' 5xk}v

which we will call the derived form of Q.

72. In the case considered, it is important to be aware of the relationship that there is between the
operation of derivation of an exterior quadratic form and the operation which consists of passing
from a double integral over a closed surface to a triple integral over the volume bounded by the
surface.

For this, imagine that xp, ..., x, are functions of three parameters o, 3,7 and consider an elemen-
tary parallelepiped in n-dimensional space whose edges are portions of coordinate lines, where
the vertices A,B,C,D,E,F,G,H of this parallelepiped correspond respectively to the curvilinear
coordinates

(a,B,7), (a+6a,B,7), (a,B+6'B,7), (a,B,7+8"y),
(a+da,B+6B,7), (a+da,B,y+6"y), (o, +6B,y+38"Y), (a+dbct,+6B,y+8"7).

As we see, the symbols 8,6’ 8" refer respectively to differentiations with respect to three param-
eters o, 3, 7.

Consider now the curvilinear integral / / Q over the surface which bounds this parallelepiped.

The integrals over the three faces that start from A are, up to a sign,

Q(8',6"), Q(8".6), (38,6,

U Fr. échangeables.
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and, for these integrals to be entirely over the internal face or entirely over the external face, it is
necessary to take them equal to the three preceding expressions, or equal and opposite. If we take
them to be equal and opposite, the sum of the integrals over the six faces will be

—Q(8,8")—Q(8",6)—Q(8,8") + [Q(8,8") + 62(8',8")]
+[Q(8",8)+6'Q2(8",8)] + [2(5,8") +6"2(8,8")]
= 8Q(8,8")+6'Q(8",6)+8"Q(5,8) = Q/((5,58,5").

The surface integral / / Q is thus indeed transformed into the volume integral / / / Q.

In the simple case of three variables, if we put
Q = P[0y 6z] + Q[0z6x] + R[Sx 8],

we have

dP o JdR
Q' =[6P8y8z)+[6Q826x|+[6R x5y = (ax + 875 + 8z) [6x8y 7).

73. These considerations generalise to exterior forms of any degree. Any exterior form admits a
derived form whose degree is greater by one unit and whose calculation is extremely easy, because
each term of the form

A[bx1 8x7...0x)
gives rise to a derived term

[5A 5)61 5)(2...5)(@].

Note some useful formulae that are easy to prove. If m is a coefficient that is a finite function of
the variables, and 2 is any exterior form, we have

(mQ) = [dmQ]+mQ’.

If Q and II are any two exterior differential forms, we have
[QII) = [Q' T+ [QIT'],

where the + sign refers to the case where S is of even degree and the — sign to the case where
Q is of odd degree. In particular if Q is of even degree, the derived form of [Q27] is given by the
ordinary formula
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7] = pler )

74. In the above, we have assumed that the coefficients of the forms considered were continuous
functions admitting first order partial derivatives. However, there are cases where the coefficients
of a form Q do not admit derivatives, nevertheless we can define an exterior derived form Q'. A
classic example is provided by potential theory.

Consider a material volume V bounded by a surface S; let p be the density at a point of V; we
will assume that the function p is continuous. The potential U of this mass is a function that is
continuous in all space, which everywhere admits continuous first order derivatives. There is a
theorem for this function (Gauss’s theorem) translated by the formula

P
// dydz+—Udzdx+ ~ dxdy = /// _4npdxdydz,

where the integral on the left hand side is over any closed surface and that on the right hand side
is over the volume bounded by this surface. It follows from this that by putting

ou oU
Q = —[dydz]+ =—|dzdx] +

U
ox dy o7 Bl

d
dz
we can define the exterior derivative Q' of Q by

Q' = —Arp[dxdydz).

If the function U admits second order partial derivatives, this is the classic Poisson formula,
because the method of derivation just defined gives immediately

’U  d*U J°U
Q= <3x2 + 57 + 97 > [dxdydz];

but if the function U does not admit second order partial derivatives, which is the general case
when we make no additional hypothesis about the function p, we can still define the derivative Q'

We thus conceive the possibility of defining the exterior derivation as an autonomous operation,
independent of the classical derivation. It would then be necessary to prove directly the formula of
the previous n°

QM) =[Q'm+[QIT], (1)

where we simply assume that 2 and IT have an exterior derivative.

75. Take the simplest case of a linear form in two variables
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w=Péx+Qdy
which has an exterior derivative
®' = R[5x8Y).
Suppose that the functions P and Q are continuous and consider finally a function m that has
continuous first order partial derivatives. The formula
(m) =me' +[6m o)

here comes down to

./‘m(P5x+Q5y) = // (mR—&-Q%’: —P?;;?) 0xdy.

The proof of this formula is very easy. Let A be the area of integration, and C its boundary contour.
Partition the area A into a large number of partial areas, for example by parallels to the axes. In
each of these partial areas, take a point (xg,yp) and let

om om
my, P07 QOa (8)6) s (8y> .
0 0

. m dm . . L .
be the values of the functions m, P, Q, 55 9y at this point. In the interior or on the contour of this
X oy

area, we can put

] ) R R

P=Py+¢s, Q=00+&
the integral / m(P dx+ Q 8y) over the contour of this partial area will be equal to

/mo(P6x+Q5y)+/ [(x—xo) (?:)0‘5‘@—)’0) <?;;1)0] (Py8x+ Qo 8y)

plus a quantity less than e M A ¢, where we denote by € an upper bound of &;,€;,&3,€4, by M a
fixed number, by A the diameter of the area and by ¢ the length of its contour. The sum of all these
additional quantities can obviously be made as small as we like, because X A ¢ is of the order of
the total area A. As for the sum of the two integrals above, it is equal to

Z// {moRJrQo (‘;’j:)o—Po (%’;)O] 5x 8y,

We deduce easily the proof of the formula in question.
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This proof will generalise with similar hypotheses to the case of a quadratic form
Q = P[0y 0z] + Q[0z8x] + R[Ox Sy);

the existence of the equality

//‘P5y5z+Q515x+R5x6y: //H5x8y5z

leads to

//m (POydz+Q0z0x+RIxdy) = /// (mH+Pm+Q ?:) 6x8ydbz.

The proof is more difficult in the case of two linear forms in three variables

® =Adx+Bdoy+Cdz,
=A'6x+B 8y+C bz

Suppose that these two forms are derivable and that we have for example
/A6x+36y+C5z = //P6y5z+Q5z5x+R6x6y,
/A’ Sx+B 8y+C 6z = / P'8y8z+(Q 6z8x+ R 8xby;
here formula (1) would become
/ / (BC' —CB')8y 67+ (CA' — AC')525x+ (AB' — BA)5x 8y

- / / / (PA' + OB + RC' — P'A— Q'B—R'C)6x8y 6z

It does not seem possible to prove this by the same method as in the previous cases, unless we add
further hypotheses, for example that the functions A, B,C,A’, B',C’ satisfy a condition akin to the
Lipschitz condition. It would be interesting to study this issue and to see if in fact the derivability
of an exterior product always leads to the derivability of its factors.

As regards the issue of knowing under what conditions an exterior differential form is derivable,
this is related to the theory of additive set functions of M. C. de la Valles-Poussin?, at least for
forms of degree n— 1 in n variables. For example, the form P[0y 6z] + Q[8z0x] + R[6x Y] is

derivable if the sum of integrals / / Q over surfaces that bound a finite number of cubes formed

by planes parallel to the coordinate planes tends to zero when the sum of the volumes of these
cubes tends to zero; the function H which enters into the expression of the derivative

2 See the work titled: Intégrales de Lebesgue, fonctions d’ensemble, classes de Baire; Paris, Gauthier-Villars, 1916.
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Q' = H[5x5y 57
is of course not continuous in general.

In what follows, we will always assume the legitimacy of the operations performed.

III. — Exact differential exterior forms.

76. Here now is an important theorem:
The derivative of the derivative Q' of any exterior differential form Q is identically zero.
In fact, take any term in €2, say
a[dx1 Oxy ... 6xp);
the corresponding term of £’ is

[6adx; Oxz...8xp).

If a depends only on xi, ..., xp, this last term is zero, and so is its derivative; if on the contrary a is
independent of x, ...,x,, we can implement a change variables such that a becomes equal to x4 1;
the derivative of the term

[6xp410x1 6x2...0x,)

is then zero because the coefficient of this term being unity, its derivation will contribute nothing
in the formation of the exterior derivative.

This theorem has a converse, namely:

If the derivative of a differential form Q2 is zero, the form 2 can be regarded as the derivative of a
form Il whose degree is less than that of 2 by one unit.

To prove this theorem, we will rely on the following lemma, which we will find useful later:

If the derivative of a form Q is zero and if this form does not contain the differential dx,, its
coefficients are all independent of x;,.

In fact, take a term in L such as

AlSx1 8x3...0x,;
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in the derivation it will contribute the term
[6A0x1 6x2...8xp);

from which, expanding, we get many terms one of which will be

:;TA [0xn 6x1 8x2 ... Oxp;

this last term clearly cannot be cancelled by any other, because no term in € contains dx,. Since
Q' =0, we necessarily have

dA

With the lemma thus proved, let us return to our theorem. Call €, what  becomes when we put
Xp = xg and Ox, = 0. The derivative of € is clearly zero if that of Q is zero. Suppose then that
the theorem is proved for n — 1 variables: it will be possible to find a form Iy constructed with the
variables xi,...,x,_1 and whose derivative is £:

M) = .

This being so, separate the terms in the given form Q2 and in the unknown form IT which do not
contain 8x, from those that contain it; we can write

Q0 :.(21+[5xn.(22], H:H1+[5an2];
if we calculate in IT’ the terms which contain 8x,,, we will find

daIT,

r_ -
I = {Sx,, o,

] — [6x, IB] + - .
Choose the form I, arbitrarily and determine I1; by the conditions

1°. that for x, = xg, IT, reduces to I;

2°. that we have

I}

W :H2/+QZ;

we thus get ] by quadratures.

With the form IT chosen as we have just said, it has the following properties:

1°. the difference IT' — £, when we have reduced similar terms, no longer contains 8x;,;
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2°. it reduces to zero when in its coefficients we put x,, = x0.

Note now that the derivative of this form is zero and that consequently, according to the lemma,
all its coefficients have a value independent of x,; it is thus identically zero, and the theorem is
proved.

The proof itself shows that in the form IT we can arbitrarily choose the terms which contain dx;,,
arbitrarily choose the values for x,, = x?l of terms which do not contain dx, but contain 6x2_1;
arbitrarily choose, for x, = xg,xn,l = ngl, the values of terms which contain neither dx, nor
8x,_1, but contain 0x,_», etc.

It is quite clear moreover that if we have a solution of the problem, all the others will be deduced
from this by adding to IT the derivative of an arbitrary form (of degree smaller by two units than
that of Q).

77. If Q is a linear form, the hypothesis that its exterior derivative is zero thus leads, according to
the previous theorem, to the conclusion already indicated that €2 is an exact differential. If Q2 is a
quadratic form in three variables

Q = P[0y 0z] + Q[0z8x] + R[Ox by],

the condition

is necessary and sufficient for © to be regarded as the derivative of a linear form, that is, such that
we can find three functions A, B, C that satisfy

oc am_,
dy a9z '
JA dC
92 ox 0,
o _an_,
ox dy
Note. — If the coefficients of the form Q are uniform in a certain domain, the condition Q' =0

is not always sufficient to ensure the existence of a form IT that is uniform in this domain and of
which Q is the exterior derivative. Consider for example the two dimensional domain (closed and
without boundary) formed by the points of a sphere X, and let £2 be a form of degree 2 uniform
in this domain (and with coefficients that admit continuous first order partial derivatives). The
derivative Q' is clearly zero. Nevertheless, were there to exist a linear form @ whose derivative

o' were equal to £, we would have, by integrating / o twice along the same great circle of the

sphere in two different directions,
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o=

where the integral is over the entire surface of the sphere. The previous equation gives an addi-
tional condition for £ to be considered as the exact derivative of a form @ that is uniform over
the entire sphere.






Chapter VIII

The Characteristic System of an Exterior Differential
Form. Forming Integral Invariants.

I. — The Characteristic System of an Exterior Differential Form.

78. The results of the previous Chapter allow us easily to form the characteristic Pfaffian system
of a given exterior differential form Q.

For this, note that if €2 is invariant for the system of differential equations

d d d
@ _dn @ (D
X1 X Xn

Q is expressible by means of n — 1 independent first integrals yy, ..., y,—1 and of their differentials;

consequently, the same is true for its derivative Q'. Hence the system of linear (total differential)
equations associated with two exterior forms £ and £’ will be a consequence of the equations

dy,=0, .., dy,=0 (2)
and consequently of equations (1).

Said differently, for system (1) to admit Q(0) as an invariant form, it is necessary that the associ-
ated system of Q and of Q' be satisfied when we replace the variables 8x,...,0x, by X1,...,X.

Conversely, suppose that this condition is satisfied. Since the associated system of Q2 (d) is satisfied
when we take into account equations (1), they will be satisfied when we take into account the
equivalent equations (2); thus €(d), considered as an exterior form of the quantities dx;, will be

expressible solely by means of the dyy,...,dy,_1, where the coefficients are functions of the x’s,
which can always be assumed to be expressed by means of the yy,...,y,—1 and x,, (if X;, # 0). We
then have

Q =Y Ay, ldyi, ..dy).

95
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iy, now, by

By forming ©’, we find that the only term in [dx,dy;, .. .dy,-p] has as coefficient F)
Xn

hypothesis, £’ must also be expressible by means of the dy; alone; we thus have

dAi, i, o

ox,

consequently Q' is expressed in terms of first integrals of the given system and their differentials:
it is therefore an invariant form.

From this, it follows immediately that the equations of the characteristic system of £ reduce to
equations of the associated system of £ joined to equations of the associated system of Q'.

79. Let us look at some important special cases.

Suppose that £ is an exact derivative, that is, Q' = 0. In this case, the characteristic system of the
differential form L is the same as the associated system of the form €.

As an application, let us look for the characteristic system of a (complete) relative invariant integral

. This relative invariant reduces to the absolute invariant / Q' now, Q' is an exact derivative.

So the characteristic system of a relative integral invariant / Q is the same as the associated

system of the derived form Q'.

This is the case for the linear integral invariant of dynamics
/0)5 = /Zp,' 5ql~—H or.

Here we have

o5 = [ YI6pi 61~ (61 61).

The associated system of the form @’ is

0’ 0’ 0’

a6q) " e " e

that is, by taking the symbol d instead of J,
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JH
—dpi—=5—dt =0
pl aql 9
JH
dq,_det:07
dH*ngdt:():
ot

this is the same calculation that we performed in Chapter 1 (°11).

Here the differential form @' is quadratic; consequently we know in advance that the number of
independent equations of the associated system is even: which explains why the 2n + 1 equations
of the characteristic system reduce to 2n. We also have the explanation of what happens in hydro-
dynamics with respect to the invariant form

E[8y8z) +n[820x] + {[8x8y] + (mw — &v)[6xt] + (Cu— Ew)[8ydt] + (Ev — nu)[528t].

Here n = 4; the characteristic system thus contains 4 or 2 or 0 independent equations: now it cannot
be 4 because the form is invariant for the differential equations of the trajectories of the molecules:
soitis 2 or 0. It is 0 if &£ =n = { = 0, that is, if the motion is irrotational. Otherwise one could
predict a priori that the trajectories would not be the only characteristic curves of the form.

80. A final important case is that where the form €2 is of degree n— 1. If it is invariant for a system
of differential equations, this system is necessarily unique, because the associated Pfaffian system
of Q is formed by n — 1 independent equations. For the associated system of £’ to contain no
more than n — 1 independent equations, it is clearly necessary that Q' be zero. Consequently, for
a form Q2 of degree n — 1 to be invariant for a system of differential equations, it is necessary and
sufficient that its derivative be identically zero.

A simple example is provided by the integral invariant of the kinematics of continuous media

///P(5X—M5l)(5y—v6t)(5z_w5t).

Here the form 2 is

Q = p[6x0ydz] — pu[0ydz8t] — pv[dz0x6t] — pw[SxOydt].

The condition Q' = 0 gives

ap a(pu) 8(pv) a(pw)
! .
Q' = > + ) + Jy + oz [0t0x0ydz] = 0;

this is the condition of continuity, or the law of the conservation of mass
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9p  dlpu)  I(pv)  I(pw)

o ox dy P

We see that this law of the conservation of mass is expressed by the simple condition that the
derivative Q' of the form which defines the elementary quantity of mass is zero.

81. Conservation laws in Physics are frequently expressed by similar conditions. The law of
conservation of force flux for a force field X, Y, Z is expressed by the condition that the divergence
of this force field is zero, that is

ox v oz _

ox * dy + dz o
now this simply expresses the fact that the derivative of the elementary force flux
Q =X[0ydz]+Y[6z0x]+Z[5x by
is zero.

All (static) magnetic fields satisfy this condition. The electromagnetic field, defined by means of
the exterior form

Q = H,[8ydz| + Hy[0z0x] + H;[6x 8y| + E,[0x Ot] + E,[8y Ot] + E[6z 6t],

also satisfies the condition that Q' is zero. We have

, (0H, OH, OH, OH, OJE, OJE,
Q = ( Ox +Ty+ 8Z>[5x5y5z]+< ot +7y—a7z [6)75262‘]

dH, OE, OE. OH, JE, OE,
(at+ 97 _8x> [625)651‘}4—( BP +W_ ay>[5x5y5t].

By equating to zero the four coefficients of £’ we obtain the four classic equations which in vector
notation can be written as

divH =0,

IH

5 +curl £ = 0.

Since the hydrodynamic form, already considered so often,
Q =E[8y8z] +n[6z8x]+ {[6x8y] + (mw — &) [8x 6] + (Cu— Ew)[8y 6t + (Ev — Nu)[62 61]

also has a zero derivative because €2 is the derivative of the linear energy-momentum form, the
vectors (&,1,8) and (mw — &v, §u— Ev,Ev — nu) satisfy the same relations as the magnetic field
and the electric field: these two vectors are first the vorticity, which plays the role of the magnetic
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force, and the other the vector product of the vorticity and the velocity which plays the role of the
electric force.

It should be noted that the electromagnetic field (or rather the form Q2 which represents it) cannot
be invariant for any system of differential equations, because [€?] is in general not zero. The only
exception would be if the magnetic field were perpendicular to the electric field; the characteristic
system would then be defined by the equations

H,dy—H,dz+E,dt =0,
Hydz—H,dx+E,dt =0,
Hydx—H,dy+E,dt =0,
—Eydx—E,dy—E,dz =0,
which reduce to three. One of the systems of differential equations which admits €2 as an invariant
form would then be

dx _dy _dz_ di,

H. H, H, 0
at each instant, it defines the lines of force of the magnetic field; another is

dx B dy _ dz _ dt
E,H.—EH, EH.—EH, FEMH—EH, H}+H+H?

If the magnetic field were zero, the characteristic manifolds would be defined by the equations
dt =0, E.dx+E,dy+E dz=0;

these would be the equipotential surfaces considered at each time 7.

II. — Forming Integral Invariants.

82. It is obvious that the exterior product of two invariant exterior forms is also an invariant form.

From this, knowledge of an invariant exterior form Q leads to knowledge of an entire series of
other invariant forms, namely £’ and all the forms deduced by exterior multiplication of £ and
Q'

First, suppose that €2 is an absolute invariant form of even degree: we then get the two series of
absolute invariant forms

Qr], [@F'Q, (p=12,..);
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the derivative of a form of the first series is a form of the second series, the derivative of a form of
the second series is zero.

Secondly, suppose €2 is an absolute invariant form of odd degree: we get the two series
[Qr), Q" (p=1.2,.);

the derivative of a form of the first series is zero; the derivative of a form of the second series is
equal to a form of the first series.

Now suppose that we have a relative integral invariant / £ and suppose first that 2 is of even

degree; we can only deduce one new invariant, the absolute invariant / Q'

If, on the contrary, €2 is of odd degree, we get a series of relative integral invariants / QO !and
a series of absolute integral invariants / Q'P. Moreover, the relative invariant / QOQ'" ! leads by

derivation to the absolute invariant / Q.

For example, it is so for the relative invariant of Dynamics

/co:/ lill?i&li—H&;
=

the relative integral invariants that can be derived from it are

/(x)co’p_1 (p=1,...n);

the absolute integral invariants are

/a)/P (p=1,...n).
There thus exists an invariant (relative or absolute) of any given degree less than or equal to 2n.

83. Ir would be wrong to believe that the new invariants that we have just indicated are always the
only ones that can be deduced (without integration) from a given invariant. For example, suppose
that we know an invariant form 2 is reducible to the form

Q = [0 0, 03]+ [04 05 ),

where ®,@,,...,® are six independent linear (Pfaffian) forms. Introduce six indeterminates
&1, ...,& and consider the auxiliary quadratic form
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aQ 00 aQ
H—élrﬂ)lﬁ‘ézﬂﬁ-"'-‘réﬁaiwé.

It is clear that if we look at the & as quantities covariant with @, the form IT is a covariant with of
Q. Express the fact that this form is of rank 2; we obtain the conditions

&y =0, (i=1,2,3; a=4,5,6);
there are two possible solutions provided either by
S1=56=8=0,
or by

& =8=8=0.

From this it follows that there there exist two systems of three covariant Pfaffian equations, namely

W = =03 =0,
0y = w5 = wg=0.

Consequently also the form [ @, @3] and the form [@y4 @5 @] are also covariant: the first is ob-
tained by taking into account in 2 the equations of the second covariant system; the second, by
taking into account the equations of the first covariant system.

Now suppose that Q is expressed by means of the first integrals of the system of equations for
which  is an invariant form, and of their differentials. The two covariant Pfaff systems will be
formed in the same way as for the reduced form, and each of them will contain only the first
integrals and their differentials: the same will apply to the two forms [ @, @3] and [w4 w5 @),
which are consequently invariant forms.

The existence of the integral invariant |  thus leads to the existence of each of the integral
invariants /[a)l W ws], /[a)4 s ).

By a similar argument, we would see that the existence of an invariant form of degree p > 2,
reducible to a sum of h monomial terms such that the hp factors which enter into these terms are
linearly independent, leads to the property that each of these monomial terms is an invariant form.

This theorem is not true if p = 2.

84. In some cases, the existence of an invariant form leads to the existence of an invariant equation.
Consider, for example, the form

Q = [ 0, 0s5) + [03 04 5],
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where @y, ..., w5 denote five independent Pfaffian forms. The only linear relation between these
forms which makes Q2 equal to zero is obviously

w5 =0;

this last equation is thus invariant: it can be expressed by means of first integrals of differential
equations for which € is an invariant form.

Generally, if Q is an invariant form and if the associated system of €2 is not the same as its
characteristic system, this associated system is an invariant Pfaffian system.

We could vary these considerations in many ways.

85.! Take again the case of two quadratic invariant forms €; and £, that have the same associated
system; let 2s be their common rank. The equation of degree s in A

(2 —A22)] =0,

which expresses the fact that the rank of the form Q1 — A £2; is less than 2s, clearly has an invariant
meaning. The roots of the equation in A are thus first integrals of differential equations which admit
Q1 and £, as first integrals. We can show that, in the general case, £2) and €2, are reducible to
the forms

Q) = Mo o) + A [z 4] + - - - + As[@25—1 W25,
Q = [0 @] + [@3 04] + - - - + [W5—1 O]

Each of the monomial forms [®) @], [w3 @4),- - , [@os—1 @] is invariant.

! TRANSLATOR’S NOTE. This Paragraph is labelled 85 in Cartan’s book. However, Chapter IX begins with another
Paragraph 85, so there is clearly a mismatch in the numbering of Paragraphs here. Cartan probably included this
Paragraph as an afterthought after the book had already been typeset. I have resisted the temptation to call this
Paragraph n° 84a and have retained the numbering as it appeared originally.



Chapter IX

Differential Systems that Admit an Infinitesimal
Transformation.

I. — The notion of an infinitesimal transformation.

85. A transformation in n variables is defined by a system of equations

Xi = fi(xr,...,x) (i=1,...,n) ()
solvable with respect to xi,...,nx,. Geometrically, if in the space of n-dimensions we regard
X1,...,X, as coordinates of a point M, the transformation (1) takes us from any point M of the

space to another point M’ according to a well defined law. Transformations are commonly used in
geometry (homothety, similarity, inversion, or, simpler still, rotation, translation, etc.).

Transformation (1) is said to be the identity when the right hand sides reduce respectively to
X1,...,X,; any point is then transformed into itself.

Given a system of differential equations

dn _dn _ 4%
Xl XZ Xn7

@)

this system is said to admit transformation (1) when this transformation, applied to different points
of any integral curve of (2), gives points that all belong to the same new integral curve.

Consider a transformation that depends on a parameter a and reduce to the identity transformation
for a certain value a of this parameter. Put a — ap = € and suppose that the right hand sides can
be expanded in powers of €

x§ :xi+£§,~(x1,...,x,,)+~~-

We will have what we call an infinitesimal transformation by focusing only on terms of first order
in €. An infinitesimal transformation is thus completely defined by n functions &; of xi,...,x,;

103
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we obtain the same infinitesimal transformation by multiplying all these functions by a common
constant factor. We will say that the function &; represents the increase of the variable x; by the
infinitesimal transformation (in reality the increase is €&;, but the coefficient € plays only a sec-
ondary role).

Given a function f(xj,...,x,), the increase that the infinitesimal transformation causes this func-
tion to undergo is, up to a factor &, the first terms in the expansion of

SO x) = f ) = 0+ €81 Xn +€80) = f(x1, o205

it is thus
of of af .
& 8x1+§287x2+ o dax,’
We will denote this expression by the symbol A f:
d d d
Ar=a L6y 2 3)
ox1 x> Ixp

we will agree to say that A f is the symbol of the infinitesimal transformation considered.

86. Formula (3) is similar to that which gives the total differential of a function f:

af af af
87)61+5x2 afszquﬁxn axn.

5f: 6)61

The only difference is that § is the symbol of an indeterminate operation, while A is the symbol
of a definate operation. The symbol for differentiation becomes the symbol of an infinitesimal
transformation as soon as we give to dxy, ..., dx, definite values (given functions of the variables).

The operation symbolised by A can be applied not only to finite functions, but also to differential
forms. For example, we shall understand by A(dx;) the principal part (divided by €) of the increase
of dx;. Now, we have

dx; —dx; = ed&é;i+ -+ ;
we are thus led to put
A(dx,-) = dg, = d(Ax,-).

From this, we see that the operation A must be considered as commuting with the operation of
differentiation (indeterminate).
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87. Let us return to system (2) of differential equations. This system will be said to admit infinites-
imal transformation (3) if this transformation, applied to different points of any integral curve,
gives points that all lie on the same new integral curve, up fo infinitesimals of second order.

It is very clear that if equations (2) admit a transformation that depends on a parameter a, what-
ever the numerical value of this parameter, they will admit the infinitesimal transformation that
corresponds to the values of a infinitely close to the value aq (if it exists) which gives the identity
transformation.

If y is a first integral of equations (2) and if these equations (2) admit the infinitesimal transfor-
mation Af, it is clear that A(y) will also be a first integral. In fact, at each point M of any integral
curve (C), y keeps the same numerical value c; at point M, the transform of M, the function y
increases by €A(y); this increase must be the same whatever the point M of (C); it is necessary
therefore that A(y) has the same numerical value at all points of (C); in other words, A(y) is a first
integral.

Conversely, if the operation A, applied to any first integral, again gives a first integral, then system
(2) admits the infinitesimal transformation A f. In fact, if

C€1,€2;---,Cn—1
are the constant numerical values which n — 1 independent first integrals

V1,255 ¥Yn—1

take at the different points M of an integral curve (C), the values which these integrals take at the
transformed points M’ are those which the functions

y1+€A(V1),y2+€A(2),. ., Yn1+EA(Yn-1)

take at the points M themselves; these are thus constants. Consequently, the points M’ indeed
generate an integral curve.

II. — Forming integral invariants starting from infinitesimal
transformations.

88. The preceding property shows us that knowledge of an infinitesimal transformation Af admit-
ted by the differential equations (2) allows us to deduce from any invariant differential form Q
another invariant form, namely A(Q). If the form € is exterior, so is the form A(£), and the new
form has the same degree as the old one.

There is a second operation which allows to deduce from the invariant exterior form Q2 another
invariant form. For definiteness, assume that € is of third degree and consider the correspond-
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ing trilinear differential form Q(8,6’,6”). In this form, replace the symbol & of indeterminate
differentiation by the symbol of the infinitesimal transformation; we obtain an alternating linear
form Q(A,d’,8") in two series of differentials 6’,6” to which there corresponds finally an ex-
terior quadratic form which we will denote by (A, §). This new form is deduced from the first
by an operation which has a meaning independent of the choice of variables. If Q is expressed
by means of the first integrals y; of equations (2) and their differentials, the expression 2(A, ) is
also expressed by means of the y; and the dy;. As a result, the operation just defined allows us to
deduce from any invariant form another invariant form whose degree is reduced by one.

We have moreover

90 e 20 e a0
(6x1) 72 9(8x2) " 9(6xy)

Q(4,8) = &1 5 S

89. The two new operations just defined are not independent of one another. For definiteness,
suppose that £ is of second degree, and return the formula that defines the exterior derivative £’.
We have (n°71)

Q'(5,8,8") = 8Q(8,8")— 8'Q(5,8") +5"2(5,8)

with the sole condition that the three symbols 8,8’,6” commute with one another. Replace the
symbol § with that of the infinitesimal transformation A f. We will have

Q'(A,5,8") = A(Q(8,8") - §Q(A,8") +5"Q(A, )
that is, returning to exterior forms,
Q'(A,8) = A(2(8)) - [Q(4,0)]
or finally,
A(Q(9)) = Q'(A,8)+[Q(4,9)] )

This fundamental formula contains on the left hand side the result of the first operation performed
on Q. As for the two terms on the right hand side, the first is obtained by performing on €, first
the operation of exterior differentiation, then the second operation associated with Af; as for the
second term it is deuced from Q by the same operations, but performed in reverse order.

In conclusion, knowledge of an infinitesimal transformation Af admitted by equations (2) equips
us with a new essential operation, defined by formula (4), which allows us to deduce from an
invariant form Q(8) an new invariant form (A, J).

Note in particular that if y is a first integral, the first integral A(y) can be obtained, first by differ-
entiation, which gives @(8) = 8y, then by application of operation (4), which gives

o(A) =A(y).
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III. — Examples.

90. Consider a continuous material medium in motion, where the density is p and the components
of the velocity are u,v,w. The differential equations of the motion of a molecule

dx dy dz

Efua dt =V E*Wa (6)

admit, as we have seen (n° 37), the integral invariant

/ / / P (8x8y87— uSy8281 —v825x81 —wSxSy51)

which corresponds to the invariant form

Q =p[6x8y6z) — pu[6ydz8t] — pv[628x6t] — pw[OxOydi].

Suppose the motion is permanent, that is, p,u,v,w are independent of ¢. Equations (6) do not
contain time explicitly, that is, they do not change when we change ¢ into ¢ + €, admitting the
infinitesimal transformation

)
Af:a—{.

Consequently, it admits the invariant form

2Q

2(4.9) = 555

= —pu[8ydz] — pv[6z8x] — pw[6x8y].

The property of this form of being invariant is obvious physically. In fact, consider a fube of
trajectories and cut this tube by any two surfaces, which determine two areas S and S’ inside the
tube. The mass that fills the volume contained between the lateral surface of the tube and the two
surfaces S and S’ is always the same, consequently the algebraic mass flux across the surface that
bounds this volume is zero. Now, the flux across the lateral surface is zero. We thus have

//p(u5y51+v5z5x+w5x5y):// p(udydz+v8z8x+w ,5x8y).
N N

Note that the invariant form (A, §) is an exact derivative; in fact, were its derivative not zero, it
could only differ from Q by a finite factor; now, this derivative does not contain 8¢; we thus have

[Q(A,8)] =0.
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The characteristic system of Q(A,§) consequently reduces to the associated system; it is thus
given by the equations

dr _dy_dz

u v w

it defines the trajectories of the molecules, but independently of how these trajectories are traversed
over time.

Formula (5) shows also the property of the form Q(A, ) that its derivative is zero; in fact, here
the form €’ is identically zero. On the other hand, since 2 does not contain ¢ explicitly, does not
change when we change ¢ to 7 + €, consequently A(£) is zero. This remark will be applied to the
following examples.

91. Consider now a perfect fluid in motion under the action of forces derived from a potential. We
have seen (n°22) the existence of an absolute invariant form

o' = &[8ybz] + N [626x] + {[6x8y] + (nw — {v)[6x6t]
+(Qu—Ew)[8ydt] + (v —nu)[8261];

it came from the exterior derivative of a linear form
0=udx+vdy+wdz—E dt,

where the coefficient E, the energy per unit mass, was expressed as

1 d
E= f(u2+v2+w2)—U+/—p.
2 p

Suppose the motion is permanent, that is, u,v,w, p, p are independent of z. Here again, we will
have a new invariant form

' (A,8) = aa(g) = (v —wn)dx+ (W& —ul)dy+ (un —v&)dz

ox 6y 0z
=|lu v w
& n &

Starting from the expression
o' = [8u 6x]+[8v 8y] + [6w 8z — [SE 61],
we find on the other hand

'(A,8) = SE.
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Consequently E is a first integral of the equations of motion: we find again Bernoulli’s theorem,
according to which, in a perfect fluid in permanent motion, the quantity

L T S /'dP
- —u+ | £
2(u +vi4+w) U+ )

remains constant along each streamline.

But the form 8 is not only invariant for the differential equations of motion of the fluid molecules:
it is also for the differential equations of the vorticity lines which also admit the invariant form o’;
consequently the quantity E remains constant not only along each streamline, but also along each
line of vorticity.

If the motion is irrotational, the form ®’(A, §), as originally written, is clearly identically zero: in
this case the energy is constant throughout the fluid mass at all times.

The equality

ox 6y Oz
SE=|u v w

E n ¢

allows us to represent at each point M the (spatial) variation of the energy by means of a vector
MH having this point as origin and which will be the vector product of the velocity vector (u,v,w)
and the vorticity vector (£,1,{); the derivative of the energy in a given direction will be equal to
the projection of the vector MH onto this direction.

92. Another very general application is to a problem in dynamics, when the given constraints and

forces are time-independent. The infinitesimal transformation A f = of admitted by the equations

of motion allows us to deduce from the fundamental integral invariant of dynamics

// o' = //Z 0piéq; — 6H bt
[

obtained by partial differentiation with respect to 67. We thus obtain the integral of the generalised
energy

the new integral invariant

H=h,

under the sole condition that the function H be time independent.
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More generally, suppose that the function H does not contain one of the variables p; and g;, for

example let it be g,. The equations of motion then admit the infinitesimal transformation EP
qn
from which we deduce the linear invariant form
w'
d(6qn) "

thus if the function H does not contain one of the canonical variables, the conjugate variable is a
first integral of the equations of motion.

IV. — Applications to the n-body problem.

93. Consider n material points which are mutually attracted by forces proportional to their masses
and inversely proportional to a given power of their separation. There is a force function

U fzmmj
iJ

l]

where the exponent p is given (equal to 1 in the case of celestial mechanics), and where the
quantity 7;; denotes the separation of the two points M; and M; with masses m; and m;.

The equations of motion of the system admit a certain number of obvious infinitesimal transfor-
mations. First, time does not enter explicitly into these equations. Furthermore, from any solution
of the problem we deduce another by displacement of the ensemble in space, and also by giving
each of the n points an additional rectilinear and uniform motion (the same for all the points). We
deduce immediately from this the existence of the infinitesimal transformations

Aof:ﬁ7
of af
Aif = Zax, Azf:Za—yi, A3f:Za*l,
af af ,df
A4f:ZyiT_ZiT I&Z lﬁ’ ASf:”" A6f:

8
B (s wT(G ). ars(nd)

The transformation A; f corresponds to a translation parallel to Ox, the transformation A4 f to a
rotation about Ox, the transformation A7 f to an additional motion of constant velocity € parallel
to Ox.
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Finally, we can point out a last infinitesimal transformation based on considerations of homogene-
ity. The equations
d*; U d*y; U d*; dU

Mg T ow Mar T dy;’ M T 9z

remain unaltered if we multiply all the coordinates x;,y;,z; by a constant common factor A, on
.. . p .. . e
condition that we multiply # by 2!*7; the components x’, !, z; of the velocities are then multiplied

by A5 Taking A = 1+ &, we arrive at the new infinitesimal transformation

of of _ of P(  Of L9 af.>+(1+p> of

P Vi gy T FT

2

We note that, according to the definition itself of U, we have

AU=A1U=---=AU=0, A poU=—-pU.

94. Recall the fundamental integral invariant of second degree

o = Zm, [6x}8x;] + m;[8y;8y;] +m;i[67.67;] — Zm, xX;6x; +yi8y; +2;62;) 6t |
+[8U 61].

Denote by @; the linear form @’(A;, 8). There are eleven invariant linear forms @y, o, ..., ®;0. It
is easy to see a priori, according to formula (5), that the first ten are exact differentials, because
o' does not change by any one of the first ten infinitesimal transformations. As for @, formula
(5) gives

(010) =Ajo(0");

now @' has a homogeneity degree (in the sense defined earlier) equal to 1 — g; so we have

(@10) = (1 - g) o',

and w;o will only be an exact differential if p = 2, that is, if the attraction is proportional to the
cube of the distance.

The calculation of the eleven forms j is not difficult and gives
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wy = Y mi(x;8x; + y;8y; +2;6z)) — 8U = 8H,

o) = —Y m;6x; = §H],
wy = —) m;8y; =6y,
0 = —Zmi&; = 6Hs,
Wy = Zmi (zi8y; —yi 62, + i 8z — 7, 8y;) = 8 Ha,

(x; 67; — 7; 6x; + 7, 6x; — x; 8z;) = 8 Hs,
((y; 6x: — x; 8y} +x; 8y; — ¥ 8x;) = 6 Hs,
6x,ft5x —Xx;8t) = 8Hy,

—t 8y, —y,8t) = 8Hj,
Wy = Zm,- 5zi —t87,—7,6t) = 8H9,

o0 = — Y mi(xi8x + iy, + 287+ £ 5% 155+ 2 5 Yidyi+ )

2
+(1+§)t5H+pH5t;

we have put

)
| |

*th W +y+27) -,
H, = —Zmixl-,
Hy ==Y mpj,
Hs = —me@
Hy = =Y mi(yizi —ziy?),
Hs = —Zmi(Zixﬁ—xiZf»),
He = =) mi(xiy; = yix}),
H; = Zmi(x,-—tx,{),
= Zmi(yi—fyg,
Hy =Y mj(z —1z)).

We verify easily that the bilinear covariant of @ is equal to (1 — g) '. If p =2, we have a new
first integral
Y mi(xix; + yiyi + zizf) —2Ht = C,
which gives, by integrating,
Y mi(x} 4y +27) = 2H? +2Ct+C':

This is Jacobi’s integral.
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The first integrals Hy, Hy, H3, H7, Hg, Hy are those which yield the theorem on the centre of gravity;
the first integrals Hy, Hs, Hg are those which yield the law of areas.

95. In the preceding Paragraph,' we obtained directly only the differentials of the first integrals H;
and not the integrals themselves. They are given to us by applying to each of the invariant forms
; the operation that corresponds to the infinitesimal transformation A;f. We will thus obtain
invariant functions, that is, first integrals

i = wi(A)) = 0'(A,A)) = —a;

which we will now write as a two-dimensional table> which will be clearly skew-symmetric. The
calculations present no difficulties: the quantity ¢;; is found at the intersection of line i with column
j. The letter M denotes the sum of the masses of the n bodies.

0] 1]2]3 4 5 6 71809 10
0[0] 0|00 0 0 0 0] 00| —pH
1lojo|o]fo 0 H ~H, |-M|o0|o0 —ng
200lo0lolo]| - 0 H 0 |-M| o —%Hz
3lolofo]o H —H, 0 0|0 |-M —§H3
4100 |H|-H| o He “Hs | 0 | Ho |-Hs (1-%))}14
510 |-m| 0 |H | —Hs 0 Hy |-Ho| 0 |-H (1 —g))H5
6|0 |H |-H| 0 Hs _H, 0 Hy |—Hq| 0 (1 —g))H6
7lo|mM] oo 0 Ho “Hs | 0|00 H
slolo|m|o]| —H 0 H ololo Hy
olol oo |m| H —H 0 ololo Ho

10| pH ng %Hz §H3 (g— 1)1714 (g— 1)H5 (g—l)Hﬁ — Hy|—Hg|—Hy 0

Note that the determinant of the elements of the preceding table is zero, because it is a skew-
symmetric determinant of odd order. There are thus eleven coefficients A;, not all zero, such that
the expression ) A;@; becomes zero when we apply to it the operation related to any one of the
transformations A; f. We see easily that Ajg is zero. Calculation gives for the expression ¥ A;;,
which is defined only up to a factor,

UFr. numero.
2 Fr. un tableau double entre
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8K 2-p 8t
K p H’

where

K = (MHy + HyHy — H3Hg)? + (MHs + H3H; — HyHo )? + (MHg + H, Hg — HyH7)>.

0K O6H
In the case of celestial mechanics, p = 1; the expression — + — is the logarithmic differential

of HK. This quantity HK is therefore invariant for all transformations A; f. So it is easy to interpret
by choosing the coordinate axes suitably. Taking the centre of gravity as origin, which is allowed
since it moves with uniform rectilinear motion, we see that H,, H,,Hs,H7,Hg,Hg are zero. The
invariant quantity is thus, up to a constant factor, H (Hf +H52 —|—H62), that is the product of the
square of the angular momentum of the system in its motion about the centre of gravity, with the
total energy in this same motion. In fact, this quantity is clearly independent of the choice of axes
and of the choice of units.

V. — Application to the kinematics of rigid bodies.

96. Consider the motion of a solid body referred to three fixed rectangular axes. We know that at
each instant it is defined by a system of vectors with general resultant (p,q,r) and moment with
respect to the origin (€,7, ). Suppose that these six quantities are given functions of time. The
differential equations of motion of a point of the solid body are

dxf§+ =X
o STy =X,
d
d%=n+rx—pz:Y,
dz

— = —qz=7.
oty

These equations admit an obvious invariant integral. In fact, if at time # we consider two infinitely
close points

(x,3,2), (x+ Ox,y+ 6y,z+ 62)

of the solid body, the distance between these two points does not change with time. We thus obtain
a differential form

82+ 8y* + 67
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which is invariant, if we consider only points at the same instant, and which becomes invariant in
an absolute way if we complete it by respectively replacing

ox, Oy, Oz
by

ox—X6t, Oy—-Ybt, 06z—Z6bt.

Let
F=(8x—X81)2+(8y—Y 1)+ (8z—261)°
be this invariant form, to which corresponds the invariant bilinear form

F(5,8") = (5x—X81)(8'x—X 8't) + (8y—Y 81)(8'y—Y §'t) + (82— 2 81)(8'z— Z8'r).

This bilinear form is not alternating, but symmetric; nevertheless, the arguments of n°® 88 remain
valid.

Suppose that £,1,, p,q,r are constants; the differential equations of motion then admit the in-
finitesimal transformation

dJ
Af=af]:;

consequently, from the form F* we can deduce another invariant form

JoF
(61)

= —X(6x—X 6t)—Y(8y—Y 0t)—Z(6z—Z dt).

N —
QO

The same procedure can be repeated here and this time gives a first integral

I°F )
(512 =X"+Y"+Z.

N =

This first integral is clear geometrically. The motion of the solid body is helicoidal, and the pre-
ceding integral is equal to the square of the velocity of the point considered, a velocity that indeed
remans equal to itself throughout the motion.
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V1. — Differential equations that admit an infinitesimal
transformation.

97. In the previous examples we assumed that an integral invariant was know. Suppose now that
we know only an invariant equation, for example the equation

o(8) = ay 6x1+az dxp+ -+ +a, 6x, =0.

To say that this equation is invariant is to say that we can write in such a way that it contains only
first integrals y1,...,y,—1 of the given differential equations and their differentials; said differently,
we have

®(8) = p[b1(y) Oy1 +b2(y) 8y2+---+bu—1(y) Oyn-—1],

where the b; depend only on the yj,...,y,_1, and p is an arbitrary function. Replace the indeter-
minate differentiation symbol & by the symbol of the infinitesimal transformation A f. We have
immediately

®(0)  bi(y)dy1+ba(y)Oy2+ - +by1(y) Syn-1

o(A)  bi(y) Ay +ba(y)Ayr + -+ buy () Ayn—t |

and the right hand side is clearly an invariant linear form.

Knowledge of an infinitesimal transformation Af which a given system of differential equations
admits and knowledge of an invariant Pfaffian equation ®(8) = 0 for this system leads to knowl-

()

edge of a linear integral invariant / —.

0(A)
For example, suppose that we are dealing with an ordinary differential equation
dx dy
X7
it is invariant for itself; consequently if it admits an infinitesimal transformation

_eof , df

it admits by that very fact the invariant linear form
X0y—Yox
Xn-vg’

since here there is only one first integral, this form is necessarily an exact differential. In other
words, we know an integrating factor of the equation. This is a classic result.
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Most of the differential equations that we know how to integrate can be related to the preceding
remark. This is the case for the equations

dy _ dy _ dy _ . (YY.
=l T=re) T=r(2):

for example, the last of these equations does not change if we multiply x and y by the same factor
1+ €; it thus admits the infinitesimal transformation

_9f 9f.
Af—XE'Fyaiy,

consequently the expression

dy—f ( X) dx
X/
Y
y=f (*) x
X
is an exact differential. This property becomes clear if we put
Yy = ux,
because then the expression becomes
du N dx
u—fu) x°

The integration of this exact differential leads to the same calculation as the classic method.

98. Finally, even if we know nothing a priori about a given system of differential equations,
knowledge of an infinitesimal transformation admitted by this system allows us to obtain an in-
variant Pfaffian system. In fact, let us find all Pfaffian equations @ = 0 which are consequences of
the given differential equations and such that ®(A) is zero. If we put

®(0) = A 0x1 + A2 8x2+ - - + A, 6,
the coefficients A; are given by the two conditions
MXi 4+ 20X+ -+ A,X, =0,
ME+E+ -+ 4,8 =0.

The set of equations we seek thus form a Pfaffian system obtained by setting to zero all the deter-
minants of three rows and three columns of the matrix
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Ox1 Oxp -+ Oxy
X, X - X,
& & - &

This system has a meaning independent of the choice of variables. Now if we take as variables

n— 1 first integral y1,...,y,—1 and an n'™ variable, x, for example, the equations will reduce to
Sy1 Oy Syn-1
o (s = Ayy).
™ 2 Nn—1

The Pfaffian system considered is thus invariant, and clearly it is completely integrable, because it
reduces to a system of ordinary differential equations in yy,...,y,—1.

For example, if the equations

dx _dy _dz
X Y Zz
admits the infinitesimal transformation
af _df L If
Af =& — - .
f é&x+nay+4827
the total differential equation
dx dy dz
XY Z |=0
& n ¢

is completely integrable. By integrating it, we obtain a first integral of the given equations. Finally,
by equating this first integral to a constant, we will get to an ordinary differential equation which
admits a known infinitesimal transformation, which will integrate by a quadrature.

VII. — Expressing that a given system of differential equations
admits a given infinitesimal transformation.

99. We have not yet pointed out the analytic conditions that expressing that a given system of
differential equations

dx; dxo dx,
X X X,

@

admits a given infinitesimal transformation
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. df af af
Af-él(;*}ﬂ‘*‘ér)@*‘""*‘én ox, 3)
Put
0 0 0
xp=xi L yx, Lk, Y )
8x1 8x2 axn

Basically, this is about expressing the fact that if f is a first integral, that is, if it satisfies the
equation

then Af is also a first integral; differently stated, it is about expressing that the equation
X(Af)=0
is a consequence of the equation
Xf=0.
We can replace the first equation, which contains partial derivatives of second order of f, by the
equation

X(Af) ~A(Xf) =0

d d
which, as an easy calculation shows, is linear and homogeneous with respect to a—f, ey 8—f The
X1 Xn
condition we seek is thus, very simply, the existence of an identity of the form
X(Af)—AKXSf)=p X/, ™

where p is an appropriately chosen coefficient.

This condition is clearly satisfied if we take the infinitesimal transformation whose symbol is X f;
this transformation moves each point M of the space along the integral curve passing through
this point; it thus leaves invariant each integral curve. If we focus on the effect produced on the
integral curves, considered as indivisible entities, this special infinitesimal transformation plays the
same role as the identity transformation. We can easily verify that the applications of infinitesimal
transformations made in this Chapter vanish in this special case. The same comment applies to the
infinitesimal transformation AX f, where A is an arbitrarily given factor.
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VIII. — Equations for variations.

100. The concept of equations for variations is due to H. Poincare; we can relate it to the concept
of infinitesimal transformations.

Consider a system of differential equations which we shall write as

dx dx,

— =X, ... =X, 8
dt 15 C Tt n ( )
where the right hand sides are given functions of xi,...,x,,. Let
x=filt), x=hH0), . xa=fult) )

be a particular solution of this system. Take an infinitely close solution

x1=fi(t)+€81, xa=folt) +€&, ..., xu = fult) + €&,

where € is an infinitely small constant and the £ are unknown functions of 7. Neglecting infinitely
small quantities of second order, we obtain, for defining these unknown functions, the equations

d&  0X; oX; oX;
o _ Sit=o—C&++

a_xZ Txnén (l:1,27...,n); (10)

dt B axl

these are the equations for variations with respect to the particular solution considered.

It could happen that we know a particular solution of the variational equations, independently
of the particular solution of the given equations from which was used to form the equations for
variations. The quantities &, ..., &, are then in reality determinate functions of x1, ..., 7 that satisfy
the partial differential equations

95

9éi P
o, +"'+Xn87x” =&

8X,» &X,» &Xi
I, +ézax2+-~+€ng. an

n

75 4y
8t+1

In this case, the given equations clearly admit the infinitesimal transformation
af
ox,’

af af
Af = — — -
=& o +& . e+ 8
in fact, this transformation has equations

/!
X :xl—’_gélv

X, = x, + €&,
=t
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the transformed curve of the integral curve (9) has as equations

xi+ €& = fi(t)
or
xi = fi(t) — €&
this is still an integral curve because (—xip, ..., —&,) is a solution of the equations for variations.

More generally, to any solution (;) of equations (11) there corresponds an infinity of infinitesimal
transformations that leave the given system (8) invariant, namely the transformations

J d J J d
Bf = 5la£+~-+€na){+k(f+X18£+-~+Xna){>

T (12)

with an arbitrary function A.

Conversely, suppose that we know an infinitesimal transformation that leaves the given system
invariant: it can always be put into the form (12). The integral curve (9) is changed by this trans-
formation into the curve

xi+€&+€edX; = fi(r+el)
or
xi = fi(t) — €&+ eA[fl(t) — Xi] = fi(t) — €&;
consequently the equations for variations (11) admit the solution (&, ..., &,).

Moreover, all these properties follow from the fact that equations (11) only translate analytically

0
relation (7) when, in A f, the coefficient of —f is zero.

ot






Chapter X

Completely Integrable Pfaffian systems.

I. — The theorem of Frobenius.

101. A system of h Pfaffian equations

W) =ay dx)+apdx+---+aydx, =0,

: : (1)
o" = apdx; +apdxy+ -+ ap, dx, = 0,
is completely integrable when it can be put into the form
dyy =dy,=---=dy,=0. 2)

If so, each of the forms j is linear in dyy, ...,dy;, and consequently its derivative @;" vanishes by
taking (2) into account, that is, from (1).

For a Pfaffian system to be completely integrable it is necessary that the derivatives of its left hand
sides all vanish by taking into account the equations of the system.

To prove the converse, note first that the property that we have just stated does not depend on the
choice of variables nor does it depend on the choice of the r left hand sides: in other words, if we
write the equations in the form

O =01 O+ 0o+ + o, =0,

Oy = Oy O + Cp 2 + -+ -+ g 0, = 0,

123
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the derivatives @,’,@>’, ..., ™}, also vanish by taking into account of the equations of the system:
in fact, we have

@ = o O + ot ' + -+ + 04y @ + [d oty 1]+ [d oy ] + -+ + [d o )
and each of the terms on the right hand side vanish by hypothesis under the conditions indicated.

That said, suppose that the converse has been proved for n — 1 variables, and let us prove it for
n variables. Since the ®; vanish by taking equations (1) into account, they will vanish for still
stronger reason if moreover we put dx, = 0; consequently, if we regard x, as a fixed parameter,
system (1) can be reduced to the form

where yy, ...,y are h independent functions of x1, ..., x,_1, but may contain also the parameter x,,.
Now, if we no longer regard x;, as a constant, the system is clearly reducible to the form

o) =dy,+b1dx, =0,

: : (3)
Oy, = dyp+bpdx, =0,
where by, ..., by, are functions of yy,...,y, and, for example, of xj,. 1, ..., x,. Moreover, we have
@) = [dbydx,), .., @' = [dbydxy;

by taking equations (3) into account, these formulae reduce to

ob; dbi
wi, = ﬁh_:_l [d.Xh+] dxn} + e + axnil [dxn—l dxﬂ}

The hypothesis thus leads to the consequence that the coefficients b; depend only on yy, ..., yj,X,.
But then equations (3) form a system of ordinary differential equations, which consequently can
be reduced to the form

d21 = 0, ceey th = 0,
where the letters z;, ...,z denote i independent first integrals.
102. The preceding theorem, due to Frobenius, allows us (n° 64) to express the necessary and
sufficient conditions for complete integrability of the given system by the relations

[wl...a)ha)l’] :O, . [a)l...a)ha)h’] =0.



II Forming the characteristic system of a Pfaffian system. 125
Take the example of a Pfaffian equation in three variables
ow=Pdx+Qdy+Rdz=0;

the condition for complete integrability is

JdR 00 dP OR d0 oP
(Pdx+Qdy+Rdz) <8y ~ o dya’H—afZ 5 dzdx+g ~ 9 dxdy)]

OR 00 oP OJR 00 JP B
{p(ay_az>+Q(aZ—ax>+R<ax—ay>}[dxdydz]—0.

(0w =

II. — Forming the characteristic system of a Pfaffian system.

103. We can give the above reasoning a different form by looking in a general way for the char-
acteristic Pfaffian system of any given system (1).

For system (1) to be invariant for the differential equations

dx X

— .= 4
X X )

it is necessary and sufficient that the equations of (1) can be expressed by means of first integrals
of (4) and of their differentials; thus first it is necessary that @, ..., @, vanish by taking (4) into
account and it is then necessary that the forms

[0 @...0p0], ...,  [0@..0,0,]

can be expressed by means of the differentials of first integrals of (4); in other words it is necessary
that the associate system of the forms

O, @, ..., O, [O1@..0,0,], ..., [0 @...0n0,]
be a consequence of equations (4).

Conversely if this condition is met and if yy,...,y,—1 are first integrals of (4), we can reduce the
equations to the form

o1 = dy1 + by pr1dyps1 + -+ b1 p—1dyn—1 =0,

Oy, = dyp+ by p1dypy1 +- -+ bpp_1dy,—1 = 0;
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. : . Objpyr by
since the form [@; @;...@,®;] does not involve dx,, the derivatives a”“ I al’"
Xn Xn

zero; consequently equations (1) can be written so as to involve only the first integrals of system

(4) and their differentials. Thus system (1) is indeed invariant for system (4).

are all

It follows from this that the characteristic system of (1) is the associated system of the forms

1, O, ..y Op; [0 D00, .., [0 @...0,05].

In particular for the system to be completely integrable it is necessary and sufficient that this
system be identical to (1), that is, that the forms

[0 @y...0p0,"], ..., [0 @;...00,0]

be identically zero.

104. We can also obtain the equations of the characteristic system of (1) in the form

o =0, w0=0, .. 0,=0,
8(4),-’ 8(»/ 80),‘/
d(dx1)  d(dxa) 9(dxy)
ary a aln
ap apy A

In particular the characteristic system of one Pfaffian equation
ow=a;dxi+aydxy+---+a,dx, =0

is given by the equations

aydxy+aydxy +---+a,dx, =0,

appdx;+apidxs+---+apdxy,  axdx)+apdxs+---+axydx,

ay as
_ anl dxl 4 +an,n71 dxnfl

)

ap
where

_da; _ dai
4ij = 8x,- 8xj'
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We will return later to this system (Chapter XIV).

IIl. — Integration of a completely integrable Pfaffian system.

105. Back to a completely integrable Pfaffian system, which we will write as

dzi = ayjndx; +--- —|—a1quq,
: : )

dzp = apdx; + - —i—ahquq.

The integration of this system comes down to that of a system of ordinary differential equations in
h unknown functions z1, ...,z of a single independent variable x.

In fact, we know that the system admits one and only one solution corresponding to given initial

values (x?,z(}). To get the values of the unknown functions zi,...,z; corresponding to a system
1

of given numerical values x|, ...,x}] of the independent variables, go from the point (x?) to the
point (xll) on the integral manifold and monitor the variation of the z;; whatever the sequence of
the intermediate values of the independent variables, the result will always be the same. Put for
example

X —x) =mo(x; —xY), .., xq—xgzmq(xl—x?),

where we denote by mo, ...,m, the g — 1 quantities

1_.0
X —X;
— 1 ! ;o —
mi_xl—xo (i=2,...,q9).
14

We will have
dzi = (an1 +anmy+- -+ ajgmg)dx;,
....................................................... 6)
dzp = (ap1 +appmy + - - - + apgmy)dx; .

We need only integrate this system of ordinary differential equations and determine that solution
which, for x; = x?, corresponds to values zJ, ...,z of the unknown functions. This solution de-
termined, we will get z} , ...,z}l by replacing the parametric quantities mj, ...,m, by their values

indicated above.
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0
. .. s Xi —X; . .
In fact, we will suppress indices greater than 1: we will simply replace m; by = 5 in the solution
X1 — X
obtained, and thus obtain the expressions for the unknown functions z1, ..., zj.

Note that knowledge of a first integral of the system of ordinary differential equations (6) in g — 1
parameters m; does not necessarily imply knowledge of a first integral of the Pfaffian system (5).

IV. — Complete systems.

106. Return now to the completely integrable system (1), a system of & independent first integrals
of which we will denote by yy,...,y,. Choose arbitrarily n — & linear differential forms

Oty oy Oy

independent of each other and independent of the forms @;, ..., @,. Any linear form in dxy,...,dx,
can be expressed, in one and only one way, as a linear function of y, ..., ®,. Take then an indeter-
minate function f and consider its total differential

_df af af

df— TMdXI+T)QdX2+...+T)C,,dxn;

we can express it linearly by means of ®y, ..., ®,, where the coefficients are obviously linear and

0 0
homogeneous in —f,..., ! . Let
8x1 8xn
df =Xif. o1+ X f .+ + X, f . 0. @)

d 0
The n expressions X; f are linearly independent in —f, e S .
dxi 0x,
That said, any first integral of the completely integrable system (1) is characterised by the prop-
erty that its differential, considered as a linear form in dxy,...,dx,, vanishes subject only to the

condition that equations (1) are satisfied; that is, by the property of annulling

Xthlfa crey an'

The system of n — h equations in independent linear partial derivatives

X/1+lf:07 ceey an:O (8)

thus admits / independent solutions yi, ..., yj.



IV Complete systems. 129

Conversely, suppose that system (8) admits / independent solutions (it obviously cannot admit
more)

Y15 -5 Yn-

Identity (7) gives us

dy,:X1y,-(D1+X2y,-602+"‘Xh)’twh (121,27,]’1) (9)

Since the y; are independent functions, the right hand sides of equations (??) are linearly inde-
pendent combinations of @;, @, ..., ®,. Consequently system (1) is equivalent to (2), and hence
completely integrable.

Let us agree to say that equations (8) form a complete system if they admit the maximum number
h of independent solutions. We see that fo any completely integrable Pfaffian system corresponds
a complete system and conversely. The correspondence is such that if the equations of the Pfaffian
system are

wlza)zz...:a)h:()’
those of the complete system are

X1 f =Xppof ==X, f =0.

107. It is easy to find the conditions for a given system of linear partial differential equations of
first order to be complete.

Start from identity (7) and find its exterior derivative. We easily get!

k=n i=nj=n
Zka.(Dk/-i-Z ZX,(XIf)[(D, (Oj] =0. (9)
k=1 i=1j=1
The n covariants @’ can be expressed as exterior quadratic forms of @, ..., @,; let
1,...,n
(J)k/ = Z C,'jk[(l)j (Dk}. (10)

(i)

Equating the set of terms in [@; ®;] to zero in identity (9), we find

! TRANSLATOR’S NOTE. — The equation that follows is labelled (9) in the original; but there has already been an
equation (9) in nP 106. Nevertheless, I have kept the original numbering in this section to avoid confusion.
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k=n

Xi(X;f) = X;(Xif)+ Y cippXef = 0. (11)

k=1

Note the duality of formulae (10) and (11).

Suppose then that system (1) is completely integrable. This means, according to the Frobenius
theorem, that @y, ..., @, vanish with @, ..., @,; in other words that we have

Clz+i,h+j,k:0 (i,j:1,...,n7h;k:1,...,h).

Consequently, according to (11), the combinations

Xiti(Xnt i f) — Xt j(Xp+if)
depend linearly only on X;, 1 f, ..., X,,f. The converse is obvious.

Agree to denote the combination X (Y f) —Y (X f) by (XY). We see that the necessary and sufficient
condition for a system to be complete is that the parentheses of all the left hand sides, taken two
at a time, be linear combinations of the left hand sides.



Chapter XI

The theory of the last multiplier

I. — Definition and properties.

108. Consider a system of differential equations

dxi dx; dx,
— =X =X 1
1y dt 2 ) n ( )

dr

that admit an integral invariant of maximum degree n
Q =M[(6x; —X;6t)(0x2 — X»01)...(8x, — X, 81)].

As we have seen (n°80), the condition for this to be the case is that the exterior derivative Q' be
zero, which gives by an easy calculation

oM J(MX Jd(MX. J(MX,
oM | AMX)) I(MX) | 2(MX,)

ot T om 7% F 2)

The coefficient M is known as Jacobi’s multiplier.

Condition (2) states, as we know, that the form £ can be expressed by means of n independent
first integrals

Y15 Y2y o5 Yn

of system (1) and their differentials; in other words that we have an identity

M [(8x; — X1 01)...(6x, — X, 68)] = H(¥1, -, Yn) [0y1 O¥2...0p4]. 3)

We can now rediscover the classical theorems relating to the Jacobi multiplier.

131
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THEOREM 1. — The quotient of two multipliers M and M’ is a first integral. In fact, the two
identities (3) for the two multipliers M and M’ give

M H(yi,....,yn)

M H (Y1, yn)

THEOREM II. — If we know p independent first integrals of equations (1), we can determine a
multiplier of the system of n — p differential equations to which the integration of the given system
reduces.

Assume that we know the p independent first integrals y1,y2,...,yp, and suppose, as is always

allowed, that these are independent functions of p variables xi,...,x,, that is,
D(yi,...,
01, Yp) 20,
D(x1 y ...,xp)

Equations (1) can then be written

dy; dyp
— =0 —= =0 4
d[ ) b dt ( )
dxpy _ dxy, _
dr _Xp+17 ceey I —Xm (5)

and, equating y1,...,y, to arbitrary constants Ci,...,C,, the integration of system (1) reduces to
that of system (5), in the right hand sides of which we have assumed that the x1, ...,x,, have been
replaced by their values as functions of x,1,...,x,,t,Cy,...,Cp.

That said, the form €2, which is invariant for equations (4) and (5), can obviously be written
Q = N[0y ..., 8yp (0xp41 —Xp1101) ... (8x, — X, 01)];

to get the value of the coefficient N, it is sufficient to identify this expression with the original
expression; for example, by equating the terms in

[5)(1 6)(27 cery 6.xn},
we get
D
M:NM.
D(x1,...,xp)

With the quantity N determined in this way, we have the identity

N([6y1 ..., 8yp (0xpr1 —Xp4101)...(8x, — X, 01)] = H [Oy1 ... 6 OYps1 -, O],
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that is

[0y1 ..., Oyp {N(8xp+1 —Xp4101) ... (6xy — X, 6t) —H Sypi1...6y,}] = 0.

This identity states that (n°64), if we take into account the linear relations
8))1:0, 5))2:07 (XX} 5yp:O7
we have

N[(6xpr1 —Xpt16t) ... (0x, — X, 01)] = H(y1 ... ¥n) [6Yps1 -y Oyl (6)

The left hand side of this equality is thus an invariant form for the system of differential equations
(5); in other words system (5) admits the multiplier
M

D(y1,-¥p)
D(x1,...,xp)

N =

THEOREM III. — Ifwe know n — 1 independent first integrals of equations (1), the integration of
the equations is completed with a quadrature.

It is sufficient to apply Theorem II to the case p = n — 1: we then see that the linear differential
form

M

D(y1,- s yn-1)
D(xl,...7x,1_1)

(8 — X, 1)

is an exact differential, when we assume that the variables are related by the relations

yl :C]7 y2:C27 ey ,Ynfl :C}’l*l'

The general solution of equations (1) is thus obtained by equating to a constant G, the integral of
the total differential

M

D(yhm»)’n—l)
D(xl,...,x,,,l)

(dx, — X, dt).
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II. — Generalisations.

109. The theorem of the last multiplier can be generalised to the much more general case where
we know an invariant form Q of any degree r < n. Suppose that we know n — 1 independent first
integrals y1,y2,...,yn—1. Choose in every possible way n — r of these integrals

)’al, yazv "'7y05,1,r

and consider the forms, clearly invariant,

[yal ya2 "‘yan—rQ];

all these forms are of degree n. If they are not all zero, we are brought back to the case studies
previously; there is a multiplier, we can even have several, and in some cases Theorem I can give,
by division of two of these multipliers, the last first integral.

The exceptional case is the one where all the forms written previously are zero. Now, imagine Q
expressed by means of 8yy, ..., 8y,_1 and of the differential of an n™ (unknown) first integral Sy,,.
The hypothesis made amounts to saying that Q2 does not contain dy,, because if, for example, Q
were to contain a non zero term such as

A[6y] ... 8,1 0y4],
the exterior product of Q with 8y, 0y, ... 6y,—1 would not be zero.

That being so, 2 would thus be an exterior form in 8y ... dy,_1, an exterior form whose coeffi-
cients we could calculate. Each of these coefficients would be a first integral. If at least one of these
coefficients is independent of y; ...y,_|, we complete the integration by equating it to an arbitrary
constant. The only dubious case is that where all the coefficients are functions of y; ... y,—1; now it
is obvious that in this case knowledge of the invariant form £ can not be of any help for complet-
ing the integration. We note simply that in this case the given equations are not the characteristic
system of Q.

We can now state the following general theorem:

Knowledge an invariant differential form Q whose characteristic system is the given system of
differential equations (1) allows us, in the least favourable case, to complete the integration of this
system by a quadrature when we already know n — 1 independent first integrals.

110. Another generalisation of Jacobi’s theory of the last multiplier concerns completely inte-
grable Pfaff systems. Let
o =0, =0 .., =0

be a completely integrable system for which we know an invariant form of maximum degree r
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Q=Mw, @...0].

Knowing r — 1 first integrals y1,...,y—1 of the system allows us to complete the integration by a
quadrature. In fact, by equating yy,...,y,—| to arbitrary constants, the given system reduces to a
single equation, for example @, = 0, and we get a formula such as

Q :N[(Syl'--‘syrfler

where the coefficient N is deduced from M by an easy identification. It follows that N@, is an
invariant form for the single equation @, = 0 which remains to be integrated, in other words that
N, is an exact differential. The integration is thus completed by a quadrature.

Finally the completely general theorem which summarises all the cases considered is the follow-
ing:

Knowledge of a differential form € allows us, in the least favourable case, to complete the inte-
gration of the characteristic system of this form by means of a quadrature when we already know
r— 1 independent first integrals, where r is the class of the form.

III. — Case where the independent variable is not distinguished.

111. If the given system of differential equations is put into the form

an _dn _ 4%
Xl XZ Xn7

any invariant integral of degree n — 1 is of the form
Q =MX; [ded)C3 ...dxn_l] —MXz[dxl dxs ...dx,,_l} +-- = (—1)”MXn[d)C1 dx; ...dxn_ﬂ,

and the condition ' = 0 becomes

o(MX,) J(MX;) .”8(MX,1)_
oxy + 0xy + ox, =0

Apart from this difference in writing, the theory is identical to the one above.
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IV. — Case where the given equations admit an infinitesimal
transformation.

112. Consider the general case of a completely integrable system
=0, w»=0 .., =0 @)
which admits an invariant form of degree r, which we can always assume reduced to the form

Q= w..o

Suppose that this system admits a known infinitesimal transformation A f, and form the quantities
o (A), (@A), .., (),

which we will assume are not all zero. We can always suppose the equations of the system written
in such a way as to have

(] (A) =1, a)Z(A) =0, () (Dr(A) =0, (®
where 2 keeps the same form.

As we saw above (n° 88), knowing the infinitesimal transformation A f allows us to deduce another
invariant form invariant form Q (A, d) from the form Q (&) which, with the assumptions made here,
reduces to

Q(A,8) =[m;...0].

We will denote this new invariant form by the letter I1. We have

Q= [(Dln].

The associated (non-characteristic) system of IT is
=0, o=0, .., o=0; ©

it is completely integrable. This follows from an earlier theorem (n° 98), but this also follows from
the fact that, since Q is expressible by means of r first integrals yy,...,y, of the given system
and their differentials, the associated system of (A, d) will also only contain yy,...,y, and their
differentials; and their differentials; it will therefore be a system of ordinary differential equations,
and thus completely integrable.

Now form the exterior derivative I1’ of the form IT; this is a new invariant form of degree r, we
thus have
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IT' =mQ = m|w .
The coefficient m is a first integral. But there is a discussion to be had.

1° m = 0. — IT’ is zero, and the associated system (9) of IT is its characteristic system. We thus
know a multiplier of system (9); consequently when we know r — 2 independent first integrals of
this system, the integration will end in a quadrature. A second quadrature will then complete the

integration of the given system (7); this quadrature is obviously / .

It is clear that IT and €2 are reducible to
IT= [y, 6y3...0y,], Q=1[6y16y2...6y,];
the transformation A f, applied to first integrals of the given system, reduce to

af
Af =—.
! Iy
A second quadrature will then complete the integration of the given system (7); this quadrature is
obviously

There is an infinity of ways of choosing the first integrals so that the data remain the same, that
is, so that 2 and Af do not change; we can perform any transformation on the y,,y3,...,y, with
functional determinant 1, and add an arbitrary function of y», ...,y to y;. This explains the nature
of the simplifications that arise in the integration.

2° m is a non-zero constant. — In this case, suppose that we have integrated system (9), and let
¥2,¥3,...,yr be a system of r — 1 independent integrals. We will have

IT = H[8y, 8y3... 8],

the coefficient H being independent of 8yy, ..., 8y, without which IT" would be zero, but being
a first integral of the given system. We thus have an r integral of the given system by simple
differentiations.

By writing y; in place of H, we have

1 d
Q=L (6v18y:.6y), M=y[6y8v], Af=my2L.

m Iy
The most general transformation in y1,...,y, which preserves the data is obtained by performing
an arbitrary transformation on y, ..., y, and putting
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3, = V1
! D(y27'~-7Yr)
D(y27"'ayr)

This explains why the integration of the system (9) cannot be simplified and also why, once this
integration has been carried out, that of the given system (7) is deduced from it.

3° The coefficient m is not constant, but A(m) is zero.. — The function m is a first integral of
system (9). The integration of this system reduces to that of a system of differential equations with
r — 2 unknown functions; the integration of the given system can be deduced as in the previous
case.

The form IT is reducible to
IT=y;[6mdy; ... 6y/]

and we have

1 d
Q= —[8y16mdy;3...0y,], Af=my o
m Iy

The transformations which preserve the data are

m=m, V3= 3,3, Vr)y ey Vo= fr(m,y3, .0 0),
- Y1
L T A

D()’3,~~,yr)

They explain the simplifications that arise in the integration.

4° The coefficient m is not constant, and Am = m; # 0.. — Take right away the general case
Am=my, Am =my, vy Ami_1 =my,

assuming that m,my,...,m;_1 are i independent first integrals of the given system, and that m; is a
function of m,...,m;_;.

The given system thus admits i known independent first integrals and its integration reduces to that
of a system of differential equations with r — i unknown functions for which we know a multiplier.

Look for the reduced forms of 2 and Af. We can always put

Q :H[5m5m1 5ml~,1 6}’i+1 ...6yr],
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where y;11,...,y, are r — i firs integrals of system (9) and H is a function of my, ..., m;_1,Yiy1,..., s
Obviously we have

d d d
Af:m1af£+mzrni+---+miam7j_fl.

Let us say that the exterior derivative of II = Q(A, d) is equal to m€, or which comes down to
the same thing,

A(RQ)=mQ.

We have

8m,~

A(Q)=(A(H) + 3 H | [6mdmy...0mi—1 8yiy1 ... Oy,];

m;—1

we must thus have
ami
A(H)+ Ime H=mH.

Let h(8m,0my,...,06m;_1) be a particular solution of this partial differential equation; the latter

can be written as
H
Al — | =0
(7)

. H . . .
in other words, — is an integral of equations (9). We can thus choose y;.1,...,y, such as to reduce

this function to unity. We will then have

Q = h(m,...,mi_1)[6mdmy ...0mi_; 8yiy1 ... 6y,

d d d
Af:m1£+mzainj;+~--+miamf].

The transformations which preserve the data are clearly

m=m, mp=mi, .., M1 =M1,
yi+1 :fi+1(I«Ll7--~al~1i71a)’i+17---a)’r) ceey yr :fr(ﬂl,~-~7lli71,)’i+1,~-~,)’r)
with
D(yi+17'~'7yr)

=1.
D(yi+la"'>yr)
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(We have denoted i — 1 independent functions of m,my,...m;_; satisfying A = o by uy,..., li—1).

The nature of the preceding transformations explains the simplifications that arise in the integra-
tion.

It can also happen that i = r; in this case no integration is required, since in which case no integra-
tion is necessary, since we get r independent first integrals by differentiation.

V. — Applications.

113. The theory of the last multiplier applies to all the previously indicated examples where an
invariant form of degree equal to the number of unknown functions is involved. Recall these ex-
amples:

1° The equations of motion of the molecules of a continuous medium, when we know the density
p and the components u, v,w of the velocity as a function of x,y,z,¢, are:

dx dy dz
i u, i v, i w.
Since the integral invariant is
Q=p[(6x—udt)(dy—vdt)(dz—wdt)],
the multiplier is p. If we know two independent first integrals, the integration ends in a quadrature.

If the motion is permanent, the invariant form
IT=Q(A,06) =—pu[dydz] — pv[0z8x] — pw[Sx Oy]
has zero derivative. The equations

dx_@_dz

u v w’

which determine the geometric trajectories, admit a multiplier p; consequently, if we know a first
integral, determination of the trajectories requires only one quadrature, and a final quadrature gives
t.

2° The equations which determine the vortex lines of a given vector field (X,Y,Z) are the charac-
teristic equations of the form
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[0X 8x] + [8Y 8y| + [0Z 82

o7 Y oX 9z FY )
_ <8y _ 81) (8y82] + (az —~ ax) [y 82]+ (ax - ay> Sy 62];

dx B dy B dz
8Z_8Y_8X_8Z_8Y_8X
dy dz dz dx  ox dy

these equations

thus admit a known multiplier, which is unity.

3° The dynamical equations, in their canonical form

dgi _OH  dpi _ oH

dr — dp; dt  dqi

admit the multiplier 1: this follows from a direct calculation; this also follows from the fact that
the existence of the invariant form

i=n oH oH
Q= 8gi——=——0t )6 i+5t>}
;K T ap >< Pt

leads to that of the invariant form Q":
1 i=n o0H > < oH ﬂ
— Q"= 0gi— =0t || 6pi+—=—"96¢t ).
n! ,I;Il K 1 dpi P dgi

114. But the theory of the last multiplier does not apply only to material systems for which
Hamilton’s canonical equations are valid, but to any system with ideal holonomic constraints with
given forces that depend only on the position of the system.

For such a system we have Lagrange’s equations
d (0T aT
— =] —=—= ooy Gnst).
dt (aqi> aql Q(qh )q117 )

If the Q; are zero, the introduction of Hamilton’s canonical variables will lead to the equations

dq; JH dpi _ JH

dt ~ dp;’ dr  dq;

It follows that the complete equations of motion can be put into the form

dq; JH dp; 0H
dr 8pl-’ dr 8qi + O
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They admit the multiplier 1, in other words the invariant form
JH JH oH JH
Q= (5q1—5t>...(6qn— 5t> op1 + —Q106t|...| Opp+=——0,6t
ap1 Ipn Iqi Ign

which, with Lagrange’s variables, is written

or dT

_i:n o oT  JT .
Q= 1131 l(5q, q; o1) (5 3 9 +0; 5t>1 .

If the constrains are independent of time, as well as the given forces, the equations of motion admit
the infinitesimal transformation

0
Af:a—{

and, consequently, the invariant form IT = Q(A, J), whose derivative is zero. According to the
general theory, the integration of the equations of motion reduces to that of the equations of the
(geometrical) trajectories

oT
di
dgi _ _9dq;  ~ dai _  dpi
aqi ' Ipi dgi l

to which the theory of the last multiplier applies, and to a quadrature that gives the time: in fact,

we have clearly, for example,
)
q;

115. As an example of time-dependent forces, but with a known infinitesimal transformation, con-
sider the simple case of a moving point on a fixed straight line and attracted by a fixed point on the
straight line according to a force proportional to the distance, where the factor of proportionality
is a known function of time. The motion is given by the differential equation of the second order

since Q(A, J) is equal to IT.

d’x
7 k(1)x,
or by the system
d dx’
T, Ekx=o. (10)
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The second-order equation does not change if we change x to Ax, where A is an arbitrary constant
factor; consequently the system equivalent to it admits the infinitesimal transformation whose
effect is to change respectively

into
(1+e)x, (1+e)x,
the symbol of this transformation is

_df  ,of
Af—)Ca"—x W

System (10) admits the invariant form
Q = [(6x—x 8t)(8x + kx 8t)]
corresponding to the multiplier 1. Here the derived form Q(A, d) is
@ = x(8x' +kx8t) —x'(8x —x' 8t) = x6x' —x' Sx + ()c'2 +kx?) &t :
it is an invariant form. Its exterior derivative is
O = 2[6x8x'] + 2x'[8x' 5] + 2kx[6x 6t] = 2Q.

Since the coefficient of £ on the right hand side is constant, we know (n° 112) that it is sufficient
to integrate the completely integrable equation @ = 0 to deduce from it by differentiations the
general solution of the given system: the form @ is in fact reducible to y; 8y,. This form @ is

written, by changing & to d,
5 X x/2
O=x"|d—+ > +k|dt|.
X X

We are thus led, by putting

to the Riccati equation

d
A k=0,
dt

Suppose this equation integrated; we have a first integral of the form
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By identifying @ with y;dy,, we find, by taking for example the terms in dx/,

B od— By
hence
B (yx + 8x)?
" aspy

If we assume, which is always allowed, that the determinant &d — By is equal to 1 (or even simply
constant), the general solution of the system is provided by the equations

ax’+Bx = (Cy,
' +8x =Gy,

and we have
X = CQOC(I) —Cl’y(t).

In other words, the coefficients a(¢) and y(¢) that appear in the general integral of the Riccati
equation form a system of fundamental solutions of the given second order equation.

There is still another way to present things. Suppose that we know the general solution u of the
Riccati equation expressed by means of ¢ and the constant of integration y,. The identity

yidyy = xX*[du+ (u* 4 k)dt]
gives

oyl
8y2’

from which we deduce x as a function of y;,y; and ¢. Since we have

. 0y, —
—Ynt+a

we get
x2 =i (06 - Vy2)27

from which
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x=Cia+Cyy.

116. Note. — The theory of Jacobi’s last multiplier can be applied to problems of Mechanics other
than those indicated above. Take for example the motion of a material point subject to a force that
is a function only of its position in space, but where the system of reference rotates uniformly
about Oz. The equations of motion are of the form

d*x dy

— 4+20=—-X=0
dr? + dt ’
d?y dx

S 20—y =0
dr? d ’
d’z

== ~Z=0
dr? ’

where X, Y, Z are given functions of x,y,z,¢. By writing them as

dx , dx dy'
== == 2at 4X
a - ar dt T4
dy , dx dx’
2= = = 205 4v
a0 ar *au +h
dz , d7

_— = _— = Z
a0 ar ’

we obtain a system that clearly admits the multiplier 1.

117. The last application we will consider is provided by the integral invariant of Hydrodynamics
Q =E&[8y8z] +N[6z6x]+ §[6x8y] + (mw — §v)[6x 6t + (Cu—Ew)[8y 8t] + (Ev—nu)[6z 61].
The characteristic system of this invariant is formed by the two Pfaffian equations

dx—udt dy—vdt dz—wdt
S n ¢

The integral manifolds are the two-dimensional manifolds, in the universe (X, y, z, t), generated
for example by a vortex line in its various successive positions.

Integration of this system reduces to integrating a system of two differential equations with two
unknown functions for which we know a multiplier. The search for the trajectories of the molecules
(fluid trajectories) also requires the integration of an ordinary differential equation, which can be
arbitrary.

If the motion is permanent, the characteristic manifolds are given by two quadratures, namely
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dx dy dz
uv wl|=0C,

Eng¢

and then, taking the preceding equation into account, assumed solved with respect to z,

t+/ndx §dy =C'.
Ev—nu



Chapter XII

Equations which admit a relative linear integral
invariant

I. — General method of integration.

118. Consider a Pfaffian form @ and the characteristic system of the relative integral invariant

/ . This is the associated system of the form ®.

First, suppose @ has 2n+ 1 variables; if the form ® is of even rank (n°59), its characteristic
system will consist in general of 2n equations. Consequently, there exists in general one and only

one system of differential equations that admits a relative integral invariant / W, where @ is an

arbitrary Pfaff form with 2n+ 1 variables. This is the case for the integral invariant of Dynamics.

In general, let 2n be the rank (or the class) of the form @’. It is easy to indicate a method of
integration for the characteristic equations of @’.

In fact, let y; be a first integral of these equations (it is obtained by an operation of order 2n). If
we relate the variables by the relation y; = Cj, that is, the differentials by the relation dy; = 0,
the rank of @' decreases, and since it always remains even, it reduces to 2n — 2. Let y, be a first
integral of the new characteristic system; by supposing

yi=C, »n=0,

the rank of @’ reduces to 2n — 4, and so on. Thus, by successive operations of orders
2n, 2n—2, ..., 4, 2,

we will be able to find » first integrals

Y1,Y25+-3¥n

such that, if we suppose that the variables are related by the relations

147
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y]:Cl7 y2:C27 R yn: ns

the rank of @' becomes zero. At this point, since @’ is identically zero, the form @ is an exact
differential; thus a quadrature puts it into the form

w=dsS.
The function S depends on n constants C1,Cs, ...,C,. If we no longer assume that the variables are
related by the n relationships shown, we have obviously
ow=dS+z dy1 +Z2dy2 +--- +anyn
and consequently
o' = [dzidy\] + [dzadys] + - + [dzudyn).
Since @' is of rank 2n, the 2n differentials dy; and dz; are linearly independent; thus the 2n func-

tions y; and z; form a system of first integrals independent of the given equations, the integration
of which is thus complete.

Finally, the integration required n+ 1 operations of order
2n, 2n—2, ..., 4, 2. 0
followed by differentiations.

NOTE I. — The quantity S here serves only as an intermediarys; it is not in general a first integral

of the characteristic equations of the invariant / .

NOTE II. — We see from the result obtained that any exterior quadratic form with zero exterior
derivative can be put into the form

[dz1dy1] + [dzadys] + - + [dzn dyy).

119. It is important to note the indefiniteness of the choice of functions y; and z; that enter the
canonical form. The equality

[d2y dY\]+[dzy dyy] + -+ [dz, dyy] = [dz1 dyi] + [dza dyz] + - + [dzn ]
leads to the property that the difference

ddy) +hdys+- -+ z,dy, — (z1dyr +2dys + -+ 2 dyn)
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is an exact differential dV. Suppose, which is the general case, that y},...,y, are independent
functions of zj, ..., z,; then there is no relationship between the y; and the y;. By expressing V as a
function of the y; and the y;, we deduce

Cov v
CTo T Taw

These equations, which involve an arbitrary function of 2n arguments, allows the y’ and the 7’ to
be expressed in terms of the y and the z; in fact, the last n give y},...,), and the first n then give
Z},...,2,- This assumes that we do not have

p(2 2.2
I )

DY) Yo ed)

Under the same condition, we can solve for the y as a function of the y’ and 7/ by means of the n
first equations and then obtain the z by means of the last n equations.

We would treat similarly the case where one or more relationships exist between the y and the y'.

The set of transformations thus defined on the variables y and z, that is, on the integral curves of
the given equations, defines an infinite group which plays the same role in this theory as the group
of transformations with functional determinant equal to 1 in the theory of the Jacobi multiplier.

120. Return to the integration of the characteristic equations of @’. Suppose that, by some process,
we have come to know N > n independent first integrals y1,y, ..., yn such that, by equating them
to arbitrary constants, the rank of @’ becomes zero, that is, @ becomes an exact differential. A
quadrature followed by differentiations then gives

0=dS+z1dyi+z2dys+--+zydyn
It is easy to see that 71,22, ...,2y are first integrals.

In fact, suppose that among the functions y; and z; there are N + r independent functions; we
can then express the functions z; as functions of the y; and of r among them, which we will call
t1,t,...,t,. That said, we have

o' = [dzidy] + [dzady2) + - + [dzy dyn]-

The characteristic system of @’ includes by hypothesis the equations
dy1 = 0, dy2 = O, veny dyN =0.

It includes also the equation
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o0’ 9z1 922 Izn
=—dzi+—5—dy + dy) +---+ dyy =0,
dldy] oy T gy W y; N
and hence the equation
dzi =0.

We thus see that the z; are first integrals, and on the other hand that N + r must be equal to 2n.

Finally, knowledge of N first integrals that make ® an exact differential when we equate them to
arbitrary constants, allows us to complete the integration by a quadrature and differentiations.

121. In practice, it may happen that we are not looking for all the solutions of the given differential
equations, but only those for which the N first integrals yy, ..., yy have given numerical values. We
can then proceed as follows. Since the form @' is zero when we set dyy, ...,dyy to zero, it can be
put into the form

o' = [dy, @]+ [dy, @] + - - - + [dyy @]

in an infinite number of ways, where the @; are conveniently chosen linear forms. Among these N
forms @j, there are among them 2rn — N independent ones and independent of the dy;; suppose that
this is so for @y, ..., W2, . The characteristic system of @’ is obviously formed by the equations

dyy =dy, =---=dyy =0,
O =0 = =0yu_nN=0.
Expressing the fact that the exterior derivative of @’ is zero: we get
[dy) @) + [dy> @3] + - - + [dyny @y] = 0,
from which, in particular, by exterior multiplication with [dy, dys3 ... dyn],
[dy1dy ...dyy @] = 0.

The form @) (and also the forms @, ..., M>,_x) are thus exact differentials when we give the y;
fixed numerical values. Consequently, the solutions we seek are obtained by 2n — N independent

quadratures
/671 =N, /szn—N = Y2n-N-

There is no reason to be surprised that we encounter here 2n — N quadratures, while the search
for the general solution required only one quadrature. In fact, to perform the 2n — N quadratures
indicated above is to perform the single quadrature
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/11071 + 002+ + Ao NB2-n =C

with 2n — N arbitrary parameters Ay, ..., A2 _p.

The preceding process of integration uses only the invariant form @’ and does not involve the form
®. What plays an essential role therefore is knowledge of the absolute integral invariant of second

degree / o', and the property that the form @' is an exact derivative. The form @ (or the forms

) whose derivative is @’ plays only a secondary role.

II. — Poisson brackets and the Jacobi identity.

122. Let 2n be the rank of the exterior derivative @', and let f and g be two first integrals of its
characteristic system. The two differential forms

(0" 'dfdg] and [0

are invariants of maximum degree 2n; they thus differ only by a factor, and this factor is a first
integral. We put

1
(n—1)!

0" dfdg] = - (Fe)lo"]
or

(fe)le'"| =nlw'" ' dfdg).

The quantity (fg) thus defined is called the Poisson bracket: it is an alternating bilinear form of
the partial derivatives of f and g.

The bracket of two first integrals is again a first integral.

This theorem, due to Poisson in the particular case of the canonical equations, had its importance
demonstrated by Jacobi.

Before moving on to the applications of this theorem, we make a few remarks.

The condition (fg) = 0 expresses the fact that the rank of @’ is equal to an 2n — 4: in this case we
say that the integrals f and g are in involution.

If this condition is not met, the defining formula for (fg) expresses the fact that the form

, ldfdg]
(fe)
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is of rank 21 — 2; in fact, the n™ power of this form is

n n rn—1 o
[ ]*@[m dfdg]=0.

We note furthermore that if we have reduced @’ to its normal form
o' = [0o] + (03 04] + - + [ 1 D2],
and if we put

df = fioi+ L+ -+ fr,W0n,
dg = g101+ g2+ + 82, W0y,

we have

(fg) = f182— f281+ f384 — fag3 + -+ fon—182n — f2n82n—1-

We note finally, according to what we saw earlier (n° 118), that we can always assume that the ;
are exact differentials. An easy calculation then gives the following identity, due to Jacobi,

((fe)h) + ((gh)f) + ((hf)g) =0,
which applies to any three first integrals f, g, A.

But we can verify this also without assuming anything about the linear forms w;, @y, ..., @y,. It
relies on the identity

(""" ((fg)dh + (gh)df + (hf)dg)] = (" df dgdh] )

1
(n—1)! (n—2)!

which is none other than the identity (8) proved in n® 68. Finding its exterior derivative and noting
that the exterior derivative of the right hand side is zero, we get

(" d(fg)dn] + (0" d(gh)df] + (""" d(hf)dg] =0,
which is none other than Jacobi’s identity.

123. The integration method indicated at the beginning of the Chapter can be stated using the
Poisson brackets. Let

Xf=0

be the equation which expresses the fact that f is a first integral. We first look for a particular
solution y; of this equation; we then look for a particular solution y; of the system

Xf=0, (nf)=0,
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then a particular solution y3 of the system

Xf:O7 (ylf):07 (ny):O

and so on up to a particular solution y, of the system

Xf:07 (ylf):()a (ny):07 [x3) (ynflf):()'

In the case of the canonical equations of dynamics

dq; J0H dpi oH

dt ~— dp;’ dr  dgq’

corresponding to the invariant form
i=n
o = Y [6p:5qi] — [5H 81,
i=1
the partial differential equation of the first integrals of the given equations is
of ‘& (df oH df oH
S o A
dt = \dq; dp; Jdp; dg;

As regards the Poisson bracket (fg) of two first integrals, it is defined by the equality

nle" ' 8188 = (fg)lw'");

equate on the two sides the terms in

[0p16q10p20qs...6pn 8qn);

we get

(fg) =

= /9f dg dg Af
dpi dq;  Ip; Iq; ’

i=1

The partial differential equation of the first integrals can thus be written, by extending the definition
of the bracket (fg) to any two functions functions of ¢;, p; and ¢,

af B
E—(Hf)—o-
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III. — Use of known first integrals.

124. We now return to the problem of integrating the characteristic equations of the differential
form @', assuming that we know a certain (arbitrary) number of first integrals y1,y»,...,y,. Equat-
ing these integrals to arbitrary constants Cy,Cs, ...,Cp, the rank of the form @’ is reduced by a
certain even number 2p’ < 2p of units. Then we need only integrate the characteristic equations
of this new form, or rather, to look for n — p’ first integrals in involution: we are thus back to the
problem of n° 120.

The preceding method does not in general make full use of the known integrals. In fact, according
to the Poisson-Jacobi theorem, the brackets of the p given integrals, taken two at a time, are
themselves first integrals of the equations to be integrated. So, form the brackets (y;y;); if they
provide new integrals, then form the brackets of these integrals with each other and with the given
integrals, and so on until this operation gives nothing new. This amounts to saying that, by prior
differentiations, we can always assume that the brackets (y;y;) are functions of the first integrals

V1,254, Yp-

Now, to find out by how many units the rank of @' is reduced when we assume that the variables
are related by the relations

y1:C1, YZ:CL (23 yp:C[H

we need only apply the theorem of n°69 to the exterior quadratic form @” constructed with the
variables 6xp, ..., 8xp,+] related by the relations

5y1 = 0, 5y2 = 0, ceny 5y1 =0.
The coefficients a;; of n°69 are here the brackets (y;y;) and the quadratic form & is here
D =) (j)&l;

the number of units by which the rank of @' is reduced is equal to the maximum number 2p minus
the rank of the form ®.

125. We can see in the following way that all possible advantage has been taken of the given first
integrals.

Perform a linear substitution (with coefficients that are functions of yi,...,y,) on the p variables
&i,...,&p s0 as to P back to its normal form

D=[5&]+ 6164 (29<p).
This amounts to replacing the linear forms 0y, ..., 0y, by new differential forms

oy,...,0p,
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linear in 8yy, ..., 0y, with coefficients that are functions of yy,...,y, and such that we have identi-
cally

Ei18y1+&28y2 4+ 6,8y, = & @1+ &, @+ +E @)
The exterior quadratic form @’ will then take the form

0 = [0 Bo)+ - + [Bog—1 Bog| + (g1 0] + -+ + [0 ©p_24)
+[wpf2q+l wp72q+2] +eee [C‘)anpfl abnpr

by introducing 2n — p new linear forms @, ..., 02, —p.
Denote by IT the form
II = [0 @]+ + [0y 1 B2y

and formulate the fact that the exterior derivative of @’ is zero. If we neglect all the terms which
contain one of the linear forms

a).2q+17"'7a)-p; wp—2q+17"'70)2n—p7
we obtain
T+ [(ngH o]+ + [@'1/, wp,gq] =0. 2)
Since the form IT is constructed only with the functions y; and their differentials, it is the same for

IT'; consequently, no reduction of similar terms can be made between the different parts of the left
hand side of (2). In particular, it follows that each of the forms

/! /
@15 Dy,
is zero (assuming that the forms @} G170 afl’, are zero); consequently the Pfaffian system
W11 == =0

is completely integrable. Denote a system of first integrals of these equations by

quJrl ) "'ayp-
We also have
T =0,
always by considering the forms wéq FRTR w[’, as zeros; in other words, if we assume y, 1, ...,y,

to be constants, the form IT is an exact derivative, and consequently (n° 118) reducible to

IT = [dy, dy,] + -+ + [dyrg—1 dyy]-
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Finally, we see easily that we can put @’ into the form
@' = [dy; dyy] + -+ [dVay 1 dVay] + [Ty B1] + -
+[dy, ®p-24] + [Op-2g1+1 Op-2g12] + - 3
Basically, this comes down to the following theorem:
We can find p functions
y17y27 "'7yp

of the given p first integrals that satisfy the conditions

(ylyZ) == (quflaYZq) =1
where all other brackets (y;,y ;) are zero.

126. Besides the intrinsic interest of this theorem, its form brings into relief the fact stated above
that the indicated method of integration has taken full advantage of the given integrals. In fact, the
form (3) found for @’ allows us to write

O =dS+ydy, + -+ Vo1 dVog T W1dYyy 4]+
FWp_2qdy, +viduy + - 4y prgduy_p g,

0" = [dy,dy,] + -+ [dYy, 1 dVoy] + [dw1dyyy ] + -
+ldwp-2qdy,| + ldvidu]+ -+ [dVp—p1gdun—pig]-

The group of the most general transformations on the integral curves which preserves the data,
that is, which leave invariant @’,yy,...,y, is defined by the following equations, where the ac-
cented letters indicate the transformed variables, and where V denotes an arbitrary function of the
ArgUMents u;, U}, Yo i 15+ p"

?i:yi (i:1727”‘7p)>

v av
V/ = = V/ ==
1_8/7"'7 nprrq_a/ ’
u u
1 n—p+q
oV oV
Vi=—=—, .y Vp—ptg = —=5—
aul s s+ Vn—p+q 8uiz—p+q ’
av
/ /
W] =W+ == e Wp_0g = Wp—2g+ == .
aquJrl ayp72q

Any unambiguous procedure which, starting from @’ and p first integrals y, ...,y,, would allow
us to deduce another first integral by operations that have a meaning independent of the choice of
variables, necessarily leads to a first integral invariant by the most general group of transforma-
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tions preserving @', y1, ..., yp; and the only functions invariant by this group are obviously arbitrary
functions of y1,...,yp.

IV. — Generalisation of the theorem of Poisson-Jacobi.

127. The Poisson-Jacobi theorem is immediately generalised if, instead of two first integrals, we
know two invariant linear forms @; and @>: the quantity & defined by the equality

njo" '@ @] = o0 “)

is obviously a first integral; it reduces to (y;y,) if @) and @, are the differentials of two first
integrals y1,y;.

Apply this remark to the case where, were the characteristic equations of @’ to admit two infinites-
imal transformations A; f and A f, we would have

()] :w’(A1,6), wzza)/(Az,S).
To calculate the quantity ¢ in this case, apply to the two sides of equality (4) the operation which
takes us from an invariant form () to the form Q(A;, §). We get
n(n— l)[(l)miz 0, O, G)'z] — n[a)’”" Gfl]wz(Al) = I’lOC[(D/nil 01]7
from which, since the form [@"~! @] is certainly not zero,
o=-m(A)) = 0'(A1,A2) = B (A2).
The generalised Poisson-Jacobi theorem, applied to two invariant forms @'(A1,8) and ©'(Az, §),

thus leads to the first integral ®'(A},A2) provided by the twice-repeated application to @' of the
operation corresponding to the infinitesimal transformations A1 f and A, f.






Chapter XIII

Equations admitting an absolute linear integral
invariant

I. — General method of integration.

128. Let o be a linear differential form; its bilinear covariant @’ has even rank, say 2n. Two cases
can arise, according as the equation @ = 0 is not or is not part of the characteristic system of @’.
We will first consider the first case.

1. We can obviously put
o' = [0 o]+ + [@on—1 0],

where the 2n + 1 forms , @y, ..., », are independent. In this case the characteristic equations of
 are (n°78)

We can easily indicate a reduced form for @. In fact, operations of order
2n,2n—2, ..., 2
successively yield # first integrals

Y15 Y2, o5 Yn

of the characteristic equations of @', reducing its rank to zero when we equate them to arbitrary
constants. A quadrature then puts @ in the form

o =du+z1dy|+z2dys+ -+ 2y dyn.

159
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Such is the reduced form we sought, which is obtained by operations of orders

2n, 2n—2, ..., 2,0
and which, once obtained, gives the general solution of the characteristic equations of ®.

We see that in this case the integration of the characteristic equations of @’ and that of the charac-

teristic equations of @ are two equivalent problems, and the fact that / ® is an absolute integral

invariant has no more importance for the integration than if / o were a relative integral invari-

ant. This is true at least if, for the integration of the characteristic equations of @', we follow the
method indicated in n°® 118; it would no longer be the same if we were to apply the method of
n°121.

II. In the second case we can put
o' = [0 ] + [ 3] + - -+ [020-2 @2 1]
with 2n linearly independent forms @, @y, ...@,,_. The equations
0=0, mm=m;3=--=wmy1=0,

which are obtained by writing, in addition to equation @ = 0, the equations of the associated
system of the form @', where we assume that the differentials are related by the relation @ =
0, have intrinsic significance. This is the associated system of the two forms ® and [® '] and
consequently (n° 103) it is the characteristic system of the Pfaffian equation @ = 0. We will call it
the system (X), denoting by (S) the characteristic system of @, which also contains the equation
w; =0.

By an operation of order 2n — 1, we can obtain a first integral y; of system (X). By equating it to
an arbitrary constant, the system (X) of the new form w, that is, the characteristic system of the
new equation @ = 0, has the number of its equations reduced by two units; thus, by operations of
order

2n—-3, ...,3,
we can find new integrals

Y25 -5 Yn—1

such that, by equating them to new arbitrary constants, the new system (X) corresponding to
o contains only one equation, which will obviously be @ = 0. This means that this equation is
completely integrable and a new operation of order 1 gives a new integral y, which allows us to
write

0 =z1dy1 +22dys+ -+ z2pdyy.
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In this way we arrive at the reduced form of w, which effectively involves the minimum number
2n of variables, where 2n is the number of equations in the characteristic system (S) of , that is,
the class of @.

We easily find the most general transformation performed on the characteristic variables y; and z;,
which preserves the form @; given the equality

Zydyy + 25 dyy + -+ Z,dy, = z1dy1 +z2dyz + -+ 2n dyp,
remaining in the most general case,

V(yllv"',y;,yl,"'ayn) = Oa

L N T B
v 9V 9V 9V 9V
ay; 9y Iy, I Iy
These formulae show clearly that the yq,...,y,, Z—z, . n are transformed among themselves; this
z

1
is the smallest number of variables in terms of which we can write the equation @ = 0; they are
the first integrals of the system (X) characteristic of this equation.

Were there to exist p independent relations ,
Vi=0, W=0, .. V,=0

between the y; and the y’, the formulae that define the transformation would be

Vv aV, A%
§h Gy gyt S
_ avi A% an
=gy gty S

with p auxiliary unknowns 41,...,4,.

129. From the point of view of the integration, note the difference between the two cases, where
the characteristic system of @ is odd (2rn+ 1) or even (2n): in the first case, the integration requires
operations of orders

2n,2n—2, ..., 2, 0;
in the second case, it requires operations of orders
2n—1,2n-3, ..., 1.
Note also that the two cases in practice distinguish from one from the other in the following way.

Let 2n be the rank of @', that is, let n be the largest exponent such that the form [a)’"] is not zero;
in the first case in the first case [ @©™] is not zero; in the second case [® 0™ is zero.
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II. — Generalisation of the Poisson-Jacobi formulae.

130. I. Suppose that the form @ is of the first type. — Let f be any first integral of its characteristic
system; the form [@™ d f] is invariant and of maximum order 2n + 1. We can therefore put

(0" df] = {f}wa"],

where { f} is a finite quantity linear with respect to the first-order partial derivatives of the function
f- This quantity {f} is either a constant or a first integral of the characteristic equations of ®.

Now let f and g be two first integrals of the characteristic equations of @. We can define a quantity
(fg) by the relation

nlo " dfdg] = (fg)|wo"];
this quantity (fg) is also a constant or a first integral.

If the form ® has been reduced:
o =du+z1dy; +---+ 2z, dy,,

we have

{r} =

of
u
< 9f dg\ dg (df _Idf
-3 (s-e) -5 (=)

From this we deduce easily the important identities

{(f8)({}e) + (f{e}),
((f&)h) + ((eh)f) + ((Rf)g) = (fe){h} + (e {f} + (hf){g}-

131. To prove these identities directly, note that the form df — {f} o is a linear combination of
the 2n independent linear forms by means of which @’ can be expressed, since we have

(0" (df —{f}®)] =0

We deduce immediately and identity of the form

n[o'"! (df —{f}o) (dg —{g}0)] = A[0"]

and exterior multiplication by @ gives A = (fg). We thus have

nlo'"'dfdg] —n{f}oo' " dg]+n{g} @' df] = (fg)[a'"]. ()
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Identity (8) of n°68, applied to the three linear forms df — {f}®, dg — {g}®, dh— {h}® then
gives

(fe)lo'" " (dh—{n} )]+ (gh)[&' " (df — {f}w)]+ (hf)[0'" " (dg—{g} )]
=(n—1)[0""?(df - {f}w) (dg—{g} o) (dh— {h}o)],

from which we deduce, by multiplying by o,

(@0 ((fg)dh+ (gh)df + (hf)dg)] = (n—D)[@ "> df dgdh]. )

That said, exterior derivation of identity (1) gives

noo' " d{f}dgl+nlww’ " dfd{g}] = [0'"d(fg)],

that is, the first identity to prove:

({fre) + (fle}) = {(fe)}-

Exterior derivation of identity (2) consequently gives

(@™ ((fg)dh+ (gh)df + (hf)dg)] — [@ @' "~ d(fg)dh] — [w '™ ' d(gh)df]
—[wa' " " d(hf)dg] = (n—1)[0'" " dfdgdh];

but, on the other hand, exterior multiplication of (1) by dh gives
nlo/ "' dfdgdh] —n{f}o " dgdh) +n{go " df dh] = (fg)['" di;
we deduce from this last formula
nlo' "~ dfdgdh) = [{f}(gh) +{g} (nf) + {n}(f8)l[@ "]

and from the preceding one the identity to be proved

(fe) it} + (e {f} + (hf){g} = ((fe)h) + ((gh)f) + ((~f)g)-

132. Suppose now that the form ® is of the second type. — Given two first integrals f and g of
the characteristic equations of o, the quantities of w, we will define similarly the quantities { f}
and (fg) by the formulae

nlow ™ df] = {f}o'"],
nlo'"'dfdg] = (fg)lw').

If w is the reduced form

0 =z1dy1 +22dys+ -+ 2pdyn,
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we have

_ af af af
{f}—_<Z18Zl+Z28Z2+'“+ZnaZn>7

B Z df dg Jdf df
(fe) (aZi dyi dyi dzi)’
We then verify easily the formulae

{(re)t = (fo) + ({1} 8) + (F{g}) 3)
((F&)h) + ((gh)f) + ((hf)g) = O, )

the second of which is none other than the Jacobi identity, since f,g,h are first integrals of the
characteristic equations of @’.

To prove the first identity directly, apply identity (8) of n° 68 to the three linear forms w,df,dg;
the relations

nlo"" ' odf] = {f}[e""],
nlo'™'dfdg] = (fg)[e'"],
nfo'" " dgo] = ~{g}"],

lead to the identity
[0 ({fYdg + (fe)o—{g}df)] = (n—1)[0'" > wdfdg]
which, taking its exterior derivative, gives
[o'" " a{f}dg]+ [ dfd{g}] + (fg)0'"] — [@w'" ' d(fg)] = (n—1)[@'" ' dfdg];

by replacing each term by its value and simplifying, we get the identity to be proved.

III. — Use of known first integrals.

133. Suppose that the form w is of the first type and that we know p independent first integrals
Yi,...,yp of its characteristic equations. We will form the quantities {y;}, (y;y;); if these introduce
new integrals, we will add them to those that are given and we will repeat the operation until it
introduces no new integrals. We can thus assume that this first result has been obtained, that is,
that the quantities {y;} = a;, (yiy;) = a;; are functions of yi,...,y,.

If we now introduce auxiliary variables &y, ..., ép, we obtain two forms, one linear
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o=ai&i+amb+---+ay,,

the other exterior quadratic

P =) a;;[& &l
the first provides the value of the quantity { /} when f is an arbitrary function of y, ..., y, admitting
as partial derivatives &1, ..., &,; the second, or rather the corresponding alternating bilinear form

Y aijl&in;l:
provides the value of the parenthesis (fg).

That said, we will reduce the two preceding forms by a suitable linear substitution on the variables

&i.

Three cases are possible; with the form @ reduced to

b = [5{ 52/] +-+ [52/1171 gZIq]

we can have

a) ¢ = Oa
b) ¢ = 51/7
C) ¢ = géq—‘rl'

A linear substitution, with coefficients that are functions of the y;, performed on the dy;, will give
p diffewrential forms @y, ..., @, that satisfy the identity

E0 + &+ + 8,8, = E10y1 +&8yr+ -+ 6,0y

That said, in case a), all the forms
[a)’”w[], [(D (D/nil G)','a)'j]
are zero, except

oo '@ @) = =10 @y 1 Bry) = (00"

We deduce easily that

0" = [0 @]+ + [Bag—1 Bog] + [D2g41 1]+

H@p 0p—24] + [Op—2g+1 Op—2442] + -
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By equating the y; to arbitrary constants, the form @ remains of the first type and the rank of @’
is decreased by 2p — 2q units. The case is identical to the one that was studied in the previous
Chapter, where the given first integrals are integrals of the characteristic system of @'.

In case b), we have
0" (@) = [0 @] == [0/, =0,
and @’ is reducible to the form
o' = [(@) — ©) B + [@3By] + -+ [Brg—1 By +

+[@ag1 O+ + (@) Op-2g] + [@p-2g41 Op—2g12] + -+

By equating the y; to arbitrary constants, the form @ again remains of the first type and the rank
of @’ is decreased by 2p — 2q units.

In case c), we have
(0" @] = =[0"By] = [0 (Brgs1 — O)] = - = [0 @] = 0;
the form @’ is reducible to
o = [0 D]+ + [Bag-1 Do + (D241 — @) 1] + -+

H@p 0p—24] + [Op—29+1 Op—2442] + -

By equating the y; to arbitrary constants, the form @ becomes of second type, the rank of @' is
decreased by 2p — 2¢g — 2 units; the characteristic system of the new equation @ = 0 is formed
from 2n —2p +2q + 1 equations. In this case the integration requires operations of orders

2n—2p+2q+1, ..., 3, 1,
while in cases a) and b) they require operations of orders
2n—2p+2¢q, .., 2, 0

In summary, the form ® remains of first type if the exterior product [¢ P] is zero, and becomes of
second type otherwise.

134. Suppose now that the form @ is of second type. — We here again have the forms

0 =arbi+--+ay,,
@ =Y aij[&ig)]-
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Since the coefficients a;; are given by the equations
~1
n[o"" dyidy;] = aij[0""],

the rank of @’ is reduced by 2p — 2q units when we equate the integrals y; to arbitrary constants,
if 2¢q is the rank of the form .

If @ is reduced to its normal form

we can assume that, at the same time, we have for ¢ one of the following three forms:

a) 0 =0,
b) ¢ =24,
c) =&y

Case a), according to identity (3) requires that all the brackets (y;y;) be zero, that is, that the form
@ be identically zero. We thus have g = 0. In this case, we obviously have

o' =[O o]+ (@ @]+ + [ Op1] +[@p 12 Opy3] +-+
The form @ remains of the second type, with the number n reduced by p units.

In case b), we have
no'" oo =no" oy®m] = =n[0" @y Byy] = [0,
and @' is reducible to the form
0 = [0 @)+ + [Brg—1 Bog] + [(© + B2) 1]

H[@2g i1 D]+ (B Op—2g11] + [©p—24+2 Op—2g43] + -+

By equating the y; to arbitrary constants, the form @ remains of the second type, the rank of @’ is
decreased by 2p — 24 units.

In case c), ®' is reducible to the form

o = [CU] 6]2} +-+ [wzqq (D'zq] + [COG)'Z[ﬁ]] + [ZD'zq+2 CO]] + -
H@p 0p—2g-1] + [0p—20 Op—2441] + -
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By equating the y; to arbitrary constants, the form @ becomes of first type, the rank of @’ is de-
creased by 2p — 2q units.

In summary, the form @’ remains of second type if the product [¢ @] is zero, and becomes of first
type otherwise.

135. In summary, we have obtained four essentially distinct reduced problems, ignoring the two
cases a), one of which was treated in the previous chapter and the other corresponds to knowing p
first integrals in involution of the characteristic system of the equation w = 0.

We can take a closer look at the four reduced problems and ask whether all possible advantage has
been taken of the known first integrals. The method for answering this question is the same as that
which has been used in the previous Chapter; it relies on the reduction of @ to a canonical form
involving p suitably chosen functions of yi,...,y, and of other independent primefirst integrals.
Once this canonical form has been obtained, we can deduce the equations of the largest group of
transformations which, when performed on the integral curves, preserve the data.

We will rapidly point out the canonical forms of @ and @’ in each of the four cases, the calcula-
tions to get there being done in the same way as in the as in the previous Chapter (n° 125).

1° The form @ is of the first type and the forms ¢ and © are reducible to

e=E&, P=[5&]++16y 18]
We have in this case

o' = [(0) — ) D] + [@3 B4] + - - - + [D2g—1 T2y

+[@2g 1 01] + -+ [Bp Op—2g] + [0p-2441 Bp—2g12] + -

Putting
Il = [@) @]+ - - + [@2g—1 Bag),
the exterior derivative of @’ gives, neglecting terms in
W2g41, s Dp;, Op—2g+1; -5 D2p—p,

the identity

' — [N @] + [0 @) + (@3, 1] + -+ [@), @, 2] = 0.

We can then put
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dy, _ _
O =—=, Wy+1= d)’2q+17 NNOPES dyp§
Y2
. . N |
since the exterior derivative of the form — II is zero, we can consequently put
y2

IT =3, ([dy, dy,] + - + [dyy,—1 dYay]) -
We have finally

dy o o
o' = [yzz (D} +Y[dy, dYy] + - +3[dYa,—1 Yy

HdVogi1 @1 4+ [dY, ®p2g] + -+

The result can be put into a more intuitive form, by putting
1

O=—0—ydy, = =Yy 1dYpy
Y2

In fact, we get

E/ = [dy2q+l a1] +-- [dyp 6p—2q] + [ap—2q+l ap—2q+2] +--+ [EZn—p—l a2n—p] .

In this form, it is clear that we have drawn all possible advantage from the known integrals.

We have also obtained the canonical relations

{yl} = 17 {yl} =0 (l:2a7p)’
0132) = (7334) = = (F2g-1329) =2,

where all other brackets are zero.

2° The form @ is of the first type and the forms ¢ and © are reducible to

¢:é£q+17 (p:[é{§£]++[§2,q71€2/q]

We have in this case

o' = [0 Bo)+ -+ [Brg—1 Bog] + [(B2g+1 — @) 1]+ -+

+@p 0p—24] + [0p—24+1 Op—2g42] + -

The exterior derivative of the right hand side easily shows that we can put

169
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02q+2 = dy2q+27 ceey Gjp = dypa
Wog1 =AYy +51dYy + -+ 3o 142y,
IT = [dy, dy,] + [dy3 dyy| + - -+ [dYpy—1 dYy]-

Putting
O=—0+dyyy 1 +Y1dVr+ -+ Vo 1dYoys
we get
@' = [@0]+ [dYry 2 @] + -+ [dY, Bp2g] + [@p 2011 Bp-2442] + -+,

a formula which clearly shows the fact that all possible advantage has been drawn from the given
integrals.

Moreover, we have obtained the canonical relations

{y2q+l} = 17
(3132) == (og-129) = 1,
O1Y2g4+1) = =V1is F3Voge1) = =3, r Fogo1Y2g41) = —Vog—1s

where all the other quantities {y;}, (3;y,) are zero.

3° The form  is of the second type and the forms @ and P are reducible to

p=E&, P=[5&]++16y 18]

We have in this case

o' = [ @)+ -+ [Bog—1 Bog] + [(©+ B2) 0] + [ @21 2] + -+ + [ @) ©p_2g41]) + -

Again put
II = [ @]+ + 021 B2y
and find the exterior derivative of @’ omitting terms in
O+@, @ity s By, Op_2g12, -
We get

IT' + [IT o] + (@3 0] + (@3 0]+ + [B), @p—2411] = 0.

This identity allows us to put
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62q+1 :dy2q+l7 ey CU,,ZdyI,;

we then see that if we regars y,,,,...,y, as constants, o) is equal to —IT of rank 2¢, where the
equation @, = 0 is part of the associated system of @5. We can thus assume

@y = —(31dy, + -+ V- 1dV2)-

Finally by putting
D=0+ =0—y dy, ==Yy 1dVy,

we get

/

@' = 0]+ [dysg @] + - + [dy, @p-2g41] + -

We see that we have drawn all possible advantage from the known integrals, and we arrive more-
over at the canonical relations

{yl} ==V {y?a}:_y?n B3] {qufl}:_qufla
3152) = (3334) = . = Og-1029) = 1,

where all other quantities {y;}, (y;¥;) are zero.

4° The form w is of the second type and the forms ¢ and P are reducible to

=541, P=[5&]+ (821 &3]

We have in this case

O =@ )+ + [@rg—1 Bog| + [@Dogi1] + [Brgr2 1]+ + [@p 0p2g—1] + -

If we keep the same meaning as above for the letter I1, by omitting the terms in
a)-Zq-‘rZu "'aw[h wp—2q7 ceny a)Zn—l—pv
we get the identity

'+ M ®2g1] — [0 @ ] + @210 01] + - + [0, @p—21] = 0.

The exterior derivatives (Déq 1> (Déq 425 -y @), are zero with @y 1, ..., @p; we can thus put

dy,

q+1 — —

W2g+1 = — , W42 Zd)’2q+2 P ) :dyp'
Y2g+1
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The exterior derivative of the form y,,, | IT is then zero when we regard y,,. 5, ...,y
We can thus put

p as constants.

Vogi1 I = [dyy dV,] + -+ + [dYry—1 dYy,)-

Finally, by putting
O =Yy 1 @Y1 dyy =+ =Yy 1dY2g
we get
@ = [dYgry @]+ +[dY, Bp2g1] + -

We see clearly that we have drawn all possible advantage from the known integrals. Moreover, we
have obtained the canonical relations

g1}
3132) = (1354) = - = (F2g-1329) = Vog1

where all other quantities {y;}, (;;) are zero.



Chapter XIV

Differential equations that admit an invariant Pfaffian
equation

I. — General method of integration.

136. We have already encountered (n° 104) the characteristic system of a Pfaffian equation
ow=a;dxi+aydxy+---+a,dx, =0; (D)

it is formed by the equations

o' o' 0’
w=0, M:M:...:%7 2)
aq ay ay

the last » — 1 of which provide the associated system of the exterior quadratic form @', when we
assume that the variables are related by the relation @ = 0.

This characteristic system was also encountered in the previous Chapter (n° 128) in connection
with a Pfaffian expression @ of the second type.

The number of independent equations in the characteristic system (2) is always odd; in fact, taking
into account the relation @ = 0, we can put @’ into the form

(Ol = [(O] a)z] +-- [O)anl a)Zn]

where we denote by ®y, @, ..., @, independent linear differential forms that are independent of
each other and independent of @. The characteristic system of equation (1) is then defined by the
equations

a):a)lzab:~~~:abnzo.
As we can see, the integer n is the largest integer such that the form [ @' 1] is not is not zero. The

class of the equation @ = 0 is equal to the degree of this form.

173
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137. Itis easy to find a canonical form for equation (1). In fact, let y; be any first integral of the
characteristic system (2); if we equal y; to an arbitrary constant C; and dy; to zero, the rank of the
characteristic system of the new equation (1) is reduced by at least one unit, and since this rank is
odd, it is reduced by at least two units. Let y, be a first integral of the new characteristic system.
Putting

yi=Ci, y2=0C; dy;=0, dy,=0,

the rank of the characteristic system of the given equation is reduced by at least four units, and so
on. Finally, after at most n+ 1 operations, the equation @ = 0 will be satisfied identically; in other
words, this equation is of the form

zdyr +20dyr+ - +z4dyg+dy, 1 =0 (¢ <n).
Moreover, the integer g is equal to n, otherwise equation (1) could be written by means of less
than 2n + 1 variables.

Thus if the characteristic system of equation (1) is of rank 2n+ 1, this equation is reducible to the
form

dygr1+z1dy +22dyr + - +2,dy, =0, (g <n).
and the quantities
YiseesYntls 215 2n
form a system of independent first integrals of its characteristic equations.

By this method, we see that the reduction of equation (1) to its canonical form, and consequently
the integration of its characteristic system, requires n+ 1 successive operations of orders

m+1, 2n—1, .., 3, 1,

and differentiations.

138. Note, as in Chapter XII (n° 120), that knowing N > n+ 1 first integrals

Y1,¥25 .-, YN

such that equation (1) is identically satisfied by equating these integrals to arbitrary constants,
allows the integration of the characteristic equations to be completed by differentiations. In fact,
equation (1) can be put, in one way and only one way, into the form

dyn+z1dy1 +z2dy2+ -+ znv—1dyny—1 =0,
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and we show that the coefficients z1,...,zy— are again first integrals of the characteristic of the
characteristic equations.

More generally, we can propose to see to what the integration of the characteristic system reduces
when we know a certain number r of independent first integrals of this system.

139. First integrals in involution. — We say that two first integrals f and g of the characteristic
system of equation (1) are in involution if we have

(o' 'dfdg) =0, 3)

This definition is clearly independent of the choice of variables and also independent of the arbi-
trary factor by which we can multiply the left hand side of equation (1).

The property of two first integrals of being in involution leads to the important consequence that
the rank of the characteristic system is reduced by four units when the variables are assumed to
be related by the two relations

f:C, g:C/v

where C and C' are two arbitrary constants. In fact, condition (3) expresses the fact that, if we
assume that df = dg = 0 and @ = 0, the rank of @’ is less than 2n — 2 and therefore equal to
2n—4.

II. — Using known integrals

140. The case where we know p independent first integrals y1,...,y, pairwise in involution. — In
this case it follows from the developments in Chapter VI (n®67) that the rank of @', when the
differentials are assumed to be related by the relations

0=0, dy=0, .. dy,=0,

is reduced to 2n — 2p. The characteristic system of equation (1), where we assume the variables to
be related by the relations

n=C, »n=0G, .., y=0,
is thus of rank 2n — 2p + 1, and its integration requires operations of order
2n—2p+1, 2n—2p—1, .., 3, 1

followed by differentiations.
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The case just examined is one where the rank of the characteristic system is reduced at the outset

by the maximum number of 2p units.

141. Case where the given first integrals are not all in pairwise involution. — Here the reduc-
tion of the rank of the characteristic system, when we equate the given first integrals to arbitrary
constants, does not reach its upper limit 2p. However, we can determine a linear absolute inte-
gral invariant for the characteristic equations, which in some cases can produce a much greater
reduction in the problem of integration than in the first, apparently more favourable, case.

In fact, suppose that y; and y, are two first integrals of the characteristic equations that are not in
involution; we will have

njo ' " dy; dy,] = Alo '),
where the coefficient A is not zero. There are infinitely many (unknown) functions m such that
O =mw

is an invariant form, that it, can be expressed by means of first integrals of the characteristic
equations and their differentials. For such a form we have

O =meo' + [dm o)
and consequently

[@a' " dy dy;] = m"[we' " dy dy,),= [@@'"] = m" e o).

Comparing, we thus have

A
n|@ o' " dyydy;] =

- a).w/n .
L oo

. . L A .
The two forms in square brackets are obviously invariant; consequently — is a first integral; thus
m

A
—0=A0
m
is an invariant form. This is the result we wanted to achieve:
If we know two first integrals y1,y2 such that the function A defined by the equality
njo o' " dy, dy,) = Alo o'"].

is not zero, the linear form A® is an absolute invariant form.
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Note furthermore that the variables, whose number is the smallest in terms of which the form A®
can be expressed, are obviously the 2n 4 1 first integrals of the given characteristic equations; the
characteristic system of the form A is therefore the same as that of equation (1) and consequently
of odd rank. The form A® is of the first type.

142. We can related the previous theorem to a method of integration which can be widely gener-
alised and which involves integrating the characteristic equations of the form u @, where u is an
auxiliary variable. In fact, it is clear that to any solution to these equations there will correspond
a solution of the equation @ = 0 of the characteristic equations, namely that which is obtained by
eliminating the auxiliary variable u between the relations that define the solution.

The form u w is clearly of the second type, and the general method of integration of its charac-
teristic equations explained in n° 128 is identical to that recalled in n° 137 for the characteristic
equations of the equation @ = 0. There is therefore no advantage, if we know nothing a priori
about the integrals, in substituting consideration of the form u @ for that of the equation @ = 0.
But the advantage becomes obvious if we know a priori some first integrals of the characteristic
equations, because we can apply to the integration of characteristic equations of the form u @ the
method of use explained in n°®134. In particular, if we know two first integrals y; and y, of the
characteristic equations of the equation @ = 0, we have

=0 {m}=0,
and calculation of the parenthesis (y1y2), defined by (n® 132)
(n+D)[(wo)' " dyydy2] = (y1y2) () ",
gives, by expanding and equating the terms that contain du,

A
(yiy2) = =

where A is the quantity defined in the preceding paragraph. We could continue the application of

A
the general method by retaining the auxiliary variable u, forming the quantity {—}, the brackets
u

. . . . Al .
of this quantity with y; and y,, and so on. We note also that, since {—} is a first integral of the
characteristic equations of the form u @, the form A @ is itself invariant.

III. — Application to first order partial differential equations.

143. The problem of integrating the characteristic equations of a Pfaffian equation finds immedi-
ate application in the theory of first-order partial differential equations of the first order. In fact,
integrating an equation
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dz 0dz 81)_0

Flzx1,x0, . Xy=—,=— ., —
bl b ) 1 vn ax1?ax2) 7axﬂ

or, using a classical notation,

F(Z7xlax27“‘>-xn;plap27-“7pn):Oa (4)

is to determine (n+ 1) functions z, p1, p2, ..., pn Of X1,x2,...,x, that satisfy equation (4) and the
Pfaffian equation

O =dx—pidx;—prdxy—---— ppdx, =0. 5)

Now, suppose that we have solved equation (4) for one of the 2n+- 1 arguments z, x;, p; as a function
of the 2n others, Pfaff’s equation (5) now contains only 2n variables and its characteristic system
is necessarily of odd rank 2n — 1. Consequently, taking equation (4) into account, Pfaffian equation
(5) is reducible to the canonical form

dZ— P dX) —PydX, —--- =P, 1dX, 1 =0, (6)

where Z,X1,...,X,—1,Py,...,P,—1 are 2n — 1 independent functions: these are the first integrals of
the characteristic equations of equation (5).

That said, suppose that we know how to reduce equation (5) to the canonical form (6). Since the in-
tegration of equation (4) basically comes down to determining n + 1 independent relationships be-
tween z, Xy, ..., X, P1, ..., Pn (including the relationship given in (4)) such that equation (5) follows,
to arrive at this result it is sufficient to establish n independent relations between Z, X, ..., P,—1
which would result in equation (6). Now, in general, this is possible by taking

Z = f(Xl,...7Xn_1),

L o
- aX17---a n—1— (9an17

Py

where f denotes an arbitrary function of its arguments. More generally, we will establish between
X,X1,...,X,—1 any number /1 < n independent relations

D(ZX1,..X_1) =0, D=0, .. & =0,

will add the relations obtained by eliminating the homogeneous parameters A1, ..., A, between the
n— 1 equations

FEIE Y I D o, A\

dP; dP; P, P, Iy, 0P\
)Ll <8Xn1 +P;1—1 97 ) +A/2 (axnl +Pn_1 8Z> ++Ah (aan +Pn— ) -
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144. The equations

Xi=a, .., Xp1=ap-1,
P1:b17 ey Pnfl:bnfla
Z=c

define one-dimensional multiplicities, which are the characteristic multiplicities of the Pfaffian
equation (5) (where we assume the variables are related by relation (4)). These are known as the
characteristics of the partial differential equation (4). We see immediately that any integral surface
is generated by characteristics.

It is easy to form the differential equations of the characteristics; in fact, these are the equations of
the associated system of @’, where the differentials of the variables are assumed to be related by
the relation @ = 0, and also by the relation dF = 0. We thus obtain them (n° 104) by adding to
equation (5) the equations

Jo' Jdw Jo 2X0% 0%
d(dz) d(dx) d(dx2)  d(dpr)  I(dpy)
1 -p1 P2 0 0 =0,
JoF OF oF oF oF
d(dz) d(dxy) d(dxz)  d(dpr)  I(dpa)
which can be written as
dx dxn —dp) —dpy
9F T OF ~ OF oF T 9F  oF " 7
o . axm Moz o, "oz

We rediscover the classical equations.

IV. — Cauchy’s method

145. The method just described basically comes down to integrating the characteristic equations
and to reducing equation (5) to its canonical form (6), this reduction resulting from the rest of the
integration, if the latter is managed properly (n° 137). It is easy to see that, whatever the method
used to integrate the characteristic equations, the reduction of equation (5) to its normal form is
always possible, once the integration of the characteristic equations has been carried out. In fact,
it is necessary to determine the first integrals which, for a given numerical value xg of x,, reduce
respectively to

Zy X1y «ovy Xn—1, P1y -++5 Pn-
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If we denote these first integrals by
Z’ Xl? AR Xn_l’ P17 A Pn7
necessarily related by the rleation
0. —
F(Z,X] 5 ...,Xn,1 7.)Cn,Pl 5 ...,Pn) = 0,

relation (5) which, as we know, can be expresses by means of the first integrals, will clearly reduce
to

dZ—P—-1dX)—---—P,_1dX,—1 =0.

This is the principle of Cauchy’s method.

V. — Lagrange’s method

146. Lagrange’s method of the complete integral is also easily related to the preceding point of
view. The equation

V(z,X1, s Xn3 A1, yay) =0 ©))

defines a complete integral if it defines a function of z that satisfies equation (4) whatever the n
arbitrary constants ay, ...,a, may be. Moreover, equation (4) is the only equation satisfied by all the
functions z defined by (8); because eliminating ay, ...,a, between equation (8) and the equations

v
8x1 p1 8z ’
.................... ©)
v _ v
ox, Pn gy ’

deduced from it, in general lead (and this is what we assume) to only one relation which is naturally
equation (4).

Since equation (4) is the result of eliminating aj, ...,a, from the (n+ 1) equations (8) and (9), to
integrate equation (4) amounts to satisfying Pfaffian equation (5), assumed to have 3n+ 1 variables
Z,Xi, pi, a; related by the (n+ 1) relations (8) and (9). Now, taking these relations into account, we
have
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A% av av
0= gre 2 gyyv... 227 4
97 Z+<9x] X1+ +aa1 a+
oV v A%
= 2 (dz—prdx) — - — pudxy) + —day + -+ — da,.
8Z( T bran P x")+3a1 @t +8an n

The Pfaffian equation (5) is thus equivalent to the equation

oV oV v
day a+ day @t da, n

but the latter is reduced by itself to its normal form by putting

Xi=ay, .., Xp_1=ay—1, Z=ay,
Vv av
ﬁ:fJ%f,m,aquJ%%L.
day, day,

We see that the characteristics are defined by the equations

V=0,

av av av av

—+b—=0 ——+b,_1=— =0;
da; + laan ’ T dap_y +On 18an

this is a classical result.

147. We now apply the theorem of n° 141 to the special case of an equation in two independent
variables

F(xvyazvl)?q):()' (10)

The knowledge of two independent first integrals # and v of the characteristic equations leads,
when they are not in involution, to the determination of a linear integral invariant for the charac-
teristic equations. This integral invariant is A @, where A is defined by the equality

[@dudv] = Ao ©'],
or rather, since we assume here that the variables are related by relation (10),

[dF @ dudv) = A[dF o o],

In particular, take the terms in [dxdzdpdg] on the two sides, we find
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JoF JF OF OF
ox Pa; 9y g
1 du Jdu Jdu du
9F |ox Pa; ap 9gq
dq | Iv dv  dv dv
x P ap g

A=

If therefore the determinant on the right hand side is not zero, the expression A(dz — pdx — qdy)
is an invariant form for the equations of the characteristics.

V1. — First order partial differential equations that admit an
infinitesimal transformation.

148. If the first order partial differential equation

F(Z7x17'-'a-xnaplv'-'apn):O (4)

admits an infinitesimal transformation A f involving the variables z,xy, ..., p,, this means that any
system of n 4 1 relations between these 2n 4+ 1 variables which defines an integral multiplicity is
changed by the transformation into another system of n + 1 relations again defining an integral
multiplicity. Therefore, taking into account equation (4), the Pfaffian equation

W=dz—pix1—- —ppdx, =0 (5)
admits the infinitesimal transformation A f. It follows immediately (nP 97) that the linear form

®(5) dz—p1x1—padxy — - — ppdx,
®(A)  A(z) = p1A(x1) — p2A(x2) — - — puA(xy)

is an invariant for the system of differential equations of the characteristics.

Knowledge of an infinitesimal transformation thus leads to knowledge of a linear integral invariant
for the equations of the characteristics and consequently integration of the given equation, which
was a problem of the second type requiring operations of orders

2n+1, 2n—1, .., 3, 1,
is reduced to a problem of the first type requiring operations of orders

2n, 2n-2, .., 2, 0.
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149. A classic example is that where the given equation (1) does not depend explicitly on z: it
is then obvious that from any solution of the equation we deduce another by adding an arbitrary
constant to z; in other words, the given equation admits the infinitesimal transformation

_9f

Af— 87Z.

The absolute integral invariant which admits the equations of the characteristics is then

/a)‘;:/dz—pldxl—---—pndxn.

The method of integration of equations of this kind follows from the theory of Chapter XII. The
characteristic equations of @’ are here

dx __ dx _—dpy __ —dpu,
JoF  JF  9F  OJF "’
apl apn Ix; Ixy

once we have determined n — 1 first integrals in pairwise involution, the integration of the charac-
teristic equations of @ reduces to a quadrature, the expression @ becoming an exact differential
when we equate the n — 1 first integrals to arbitrary constants.

VIL. — Jacobi’s first method

150. Jacobi’s first method for integrating first-order partial differential equations is related to the
preceding considerations. Jacobi reduces equation (4), assumed arbitrary, to an equation in which
the unknown function no longer appears, namely

W
F z,xl,...,x,l,—%7...,— (89)‘5;, 0.
9z 9z
To abbreviate, put
oV
EE

the characteristic equations to be integrated are those of the absolute invariant form

OV —u(6z—p16x1 —---— ppOxy),
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whose 2n + 3 variables are related by the relation (4); they admit the relative integral invariant

/u(az—m Sx1— - — p i), (n

and it is the characteristic equations of this integral invariant that we integrate first using the meth-
ods of Chapter XII.

Jacobi’s method is similar to that described in n° 142, with the difference that the latter uses
integral (11) as an absolute integral invariant, whereas Jacobi’s method uses it as a relative integral
invariant. Moreover, Jacobi’s method leads to operations of orders

2n+2, 2n, .., 2, O,
instead of
2n+1, 2n—1, .., 1.

Its advantage is that it allows one to use knowledge of first integrals given by applying the Poisson-
Jacobi theorem. But, this advantage is retained by the method of n® 142, which takes full advantage
of given first integrals.

VIII. — Reducing certain differential equations to a first order
partial differential equation.

151. We can now adopt a point of view inverse to that of the previous paragraphs.

Consider first a Pfaffian equation in an even number 2s of variables, but suppose that only s+ 1 of
the coefficients are different from zero:

O =adxi+aydx;+---+as+1dxs1 =0.
The characteristic equations of this Pfaffian equation are obviously the same as those of the first
order partial differential equation with s independent variables xy,x3, ..., x, obtained by putting
Xgp1 =2, ar+piagp1 =0, .., ag+psag =0,

and by eliminating xy1,X42,...,X25 between these s+ 1 equations. Of course, we must assume
that elimination is possible and gives a single relation.
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152. Secondly, consider a system of differential equations that admit a relative linear integral
invariant / o, where the form @ has 2s+ 1 variables, and where [@’*] is different from zero. The

differential equations considered are the characteristic equations of @’. Their integration can be
reduced to that of a first-order partial differential equation which does not explicitly contain the
unknown function if the coefficients of s of the differentials are zero in w:

w=ardx)+aydxy+---+agy;dxss.

In fact, consider the Pfaffian equation
dV—w=dV —ajdx; —arxdx) — -+ —as+1dxs+1 =0,
and put
p1=ai, p2 = az, sy Ps+1 = dst1;
the elimination of x4, ...,X2s4+1 between the s+ 1 equations leads to a relation
F(X1,.yXs415 Plyeeey Pst1) = 0, (12)

which is none other than the stated partial differential equation. The differential equations of the
characteristics of this equation are formed by the equations of the characteristics of @', to which
we add the equation

dV —w=0.
We see easily that the method of integration, pointed out in Chapter XII, of the characteristic

equations of @’ leads to the same operations as the operations as the search for the characteristics
of the partial differential equation equation (12).

If the invariant @ is that of the equations of Dynamics :
® = p16q1+ -+ pn g, — H 3t,

equation (12) is none other than Jacobi’s equation
A% oV A%
— +H(t vy =,y =— | =0.
ar " (’ql’ " 94, 8qn>

153. Jacobi’s method for integrating the equations of Dynamics is thus rests ultimately on the
identity of two problems of integration, that of the characteristic system of a relative linear integral

invariant / , and that of the characteristic equations of a first order partial differential equation

that admits an infinitesimal transformation (for example, not containing explicitly the unknown
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function). In both cases, the nature of the problem is determined by the existence of an integral
invariant / .

This method of reduction to a partial differential equation only succeeds if the form @ in 25+ 1
variables has s zero coefficients, but it should not be thought because of this that, in the absence of
this particular, the integration of the characteristic equations of @’ is a problem more complicated
than the search for the characteristics of a first order partial differential equation which does not
explicitly contain the unknown function or, which comes to the same thing, the integration of a
system of canonical differential equations. Basically, the importance of canonical equations lies

solely in their property of admitting an integral invariant | ®, and not in their simple form: it is

the existence of the integral invariant that is the fundamental property from which all others derive.

IX. — Remarks on the nature of the main applications of Jacobi’s
method.

154. In fact, most of the fruitful applications that Jacobi’s method has had in Dynamics have
their origin in the simplifications offered by the search for a complete integral of Jacobi’s partial
differential equation, obtained as the sum of functions in each of which only a part of the variables
q1,.--,qn other than r appears. But these simplifications can be made clear without recourse to the
theory of first order partial differential equations and of the complete integral.

Let o be a linear differential form with 25+ 1 variables, which we will denote by
X1y oeey X2g, L.
Suppose that w can be decomposed into a sum of p terms
0=0+o+ -+ wp,

where the form @ is constructed with a certain number 24; of the variables x and the variable #, in
such a way that the variables x which enter into the formation of any two of the forms @y, ..., ®,
are different. We then have

s=hi+h+-+hp.

If we suppose that the exterior quadratic form @' is of rank 2s, it is necessary that the forms
@[, @, ..., W), be respectively of rank 2hy,2hy, ..., 2h,. Reduction of each of these p forms to its
canonical form then leads to the same reduction for @’. Consequently, integration of the charac-
teristic equations of @' is equivalent to integration of the characteristic equations of @}, @;, ..., @,
and the p corresponding problems can be solved independently of each other.
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An even greater simplification would occur if the numbers k; of the variables x (different for the
different forms @;) which enter into these forms at the same time as ¢, were not all even. In this
case, the variable ¢ would be a first integral of the characteristic equations of @’: in fact, by giving
¢ an arbitrary constant value, the rank of the quadratic form @/ would be reduced

for k; even, to k; at most,
for k; odd to k — 1 at most;

now 2s is equal to the sum of all the k;; the rank of @', for constant t, would therefore be less
than 2s, which is what needed to be proved. We see moreover that only two of the numbers k;
can be odd and that the reduction of @’ to its normal form, when t is constant, is provided by the
reductions to their normal forms of @y, ..., a)I’,, when we also make ¢ constant.






Chapter XV

Differential equations which admit several linear integral
invariants

I. — Case where as many are known integral invariants as there
are unknown functions.

155. In these lectures we will not deal with the general problem of integration of differential equa-
tions that admit any number of integral invariants. We confine ourselves to the particularly simple
case where a system of n first-order ordinary differential equations with n» unknown functions
admits n (independent) invariant linear forms

Wy, @, ..., Wy,

that is, n linear absolute integral invariants

[on [o o [on

In this particular case the given differential equations can be written as
O =m=--=0,=0. (1

The exterior quadratic forms @, @}, ..., being invariant, they can be expressed in terms of
Wy, 0, ..., 0, by formulae such as

a); = Z Ciks[a)iwk] (S = 1,2,...,”). (2)

The coefficients cj, are clearly first integrals of the given differential equations. We will see that
this can always be reduced to the case where they are constants.

189
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In fact, suppose that among the integrals c;, there is a certain number r of independent ones,
which we will denote by

Vi, Y2y -5 Yrs

the ¢, are thus specific functions of these r integrals. Each differential dy; is in turn an invariant
form which can be expressed linearly in terms of @, ..., @,:

dyi=bn@ +bpn+- +bpw, (i=12,..r).

The coefficients by, are in turn first integrals; if among these there are ' independent of each other
and independent of y;, their differential differentials dy,,...,dy,,,» can also be expressed linearly
as a function the @; and the coefficients can provide new first integrals, and so on. There will come
a time when these operations will come to an end and we will arrive at a certain number p < n of
first integrals y1, ...,y such that the coefficients c;;; of formulae (2) and the coefficients by of the
formulae

dyl:bllw]+b12a)2++bmwn (1:172731)) (3)
will be specific functions of the y,y2,...,¥p.

That said, suppose for definiteness that the determinant obtained by taking the first p columns of
the matrix of the bj; is not zero. We can then then substitute for the p invariant forms @;, ..., ®p

the invariant forms dy, ...,dy,. If we assign arbitrary constant values to yi,...,yp, the system of
equations to be integrated will admit n — p invariant forms @p 41, ..., @, and we will have
p+l,...n

o=Y ciloo] (s=p+1,..,n),
(ik)

where the coefficients c;; are now constants.

156. Take the case where in formulae (2) the coefficients cj, are all constants. Firstly, it is easy
to see that, conversely, the existence of relations like (2) leads as a consequence to the property
of the forms wy, ..., ®, that they are invariant as regards the differential equations (1): in fact, the
characteristic system of the set of forms @y, @, ..., ®, is obtained (n° 78) by adding to equations
(1) the equations of the associated systems of @[, @}, ..., @, equations which are all consequences
of the equations (1).

If we substitute for the forms wy, ..., @, the linear combinations with constant coefficients
O =aj1 0 +apm+--- a0y,

............................................. 4)

the n new forms are again invariant and we again have the relations
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l,...,n

@)=Y Cis[®; 0]
(ik)

with new constants ¢;;. We will say that the matrix of the ¢;; has the same same structure as the
matrix of the cj.

It may be possible to choose the constant coefficients g;; of the substitution (4) in such a way that,
in the expression of the first v < n derivatives @', ..., ®",, only @ 1,..., @ appear, that is, such that
we have

Cytiks = Chk,v+is = Cvaijv+js =0 (k,s=1,2,..,v;i,j=1,..,n—V).

In this case, the forms ®y,...,® are invariant for the completely integrable system of Pfaffian
equations

W;=0Wy=---=0y=0.

If we know how to integrate this system and we equate its first integrals to arbitrary constants, the
given system reduces to a system similar to the first, except that n is replaced by n — v.

We will say that the matrix of the cj is simple if it is impossible to find a linear substitution with
constant coefficients (4) that achieves the preceding reduction. We then see that the given system
of differential equations can be reduced to successive systems for each of which the matrix of the
ciks is simple. Each simple matrix corresponds to a particular integration problem.

157. Leaving aside for the moment this method of reduction, imagine a second system of differ-
ential equations

O == =0,=0 (1)

which admits the n invariant forms @; with the relations

1,...,n
o= Z Ciks | ; D). (2')
(ik)

where the coefficients c;;; have the same numerical values as in formulae (2). Let

Y1, Y2y -5 Yn
Zl; Z27 ce Zn

be two systems of independent first integrals, the first for equations (1), the second for equations
(1’). Then @y, m,,...,w, can be expressed by means of y; and their differentials, in the same way
as @y, M, ..., W, can be expressed by means of the z; and their differentials. It is possible to choose
the first integrals z; such that the ®©; are expressed by means of the z; and the dz; in the same way
as the w; are expressed by means of y; and the dy;. This comes down to saying that if this condition
is not fulfilled, we can at least find functions
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f] (ylv"'vyﬂ)7 R fn(yl Y "'7y”)

such that by putting

21 :fl(ylv“',yn)a weey Zn :fn(yla“'ayn)

the @; become respectively equal to the ;. For this, it is sufficient to integrate the total differential
equations

................... 5)

where the z; are unknown functions of the independent variables y;. Pfaffian system (5) is com-
pletely integrable (n° 101) because, if we take into account equations (5), the exterior derivatives

O — ;= Zciks [®; @] — Zciks[wi ax]

of their left hand sides all cancel. Thus it is possible, and that in an infinite number of ways
(depending on n arbitrary constants), to satisfy the stated conditions.

This proves in particular that the integrations of the two systems (1) and (1) are two problems
of essentially the same nature, in the sense that any method that uses for the integration only the
given properties My, ..., ®, of being invariant forms, can be applied in parallel to the systems (1)
and (1’), any progress in the integration of (1) having its equivalent in the integration of (1°).

II. — The group that conserves the given invariants.

158. Return to system (1), and imagine a choice of n independent first integrals

Y1, Y25 -5 Yn-

It is possible to find an infinite number of other systems of n independent first integrals

yl? y27 =0y Yn

such that the forms @, are expressed by means of y; and their differentials in the same way as with
the y; and their differentials. For this, it is sufficient to integrate the Pfaffian system

s ©6)
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where @, denotes the same function of the y; and the dy; as @ is of the y; and the dy;. In this
Pfaffian system, regard the arguments y, ..., y, as unknown functions of the independent variables
Y1,...,Yn. Such a system is completely integrable for the same reason as bas been indicated for the
system system (5). There are thus functions

Vo= fs1y o9 CryeosCy) - (s=1,...1m) @)
which depend on n arbitrary constants and satisfy the conditions stated above.

Equations (7) define an infinite number of transformations performed on the first integrals y1, ..., y,
and which preserve the data of the problem, that is, which leave the forms @, ..., @, invariant.
These transformations form a group G, because being characterised by the property of conserv-
ing @y, ..., @y, it is very obvious that by performing two transformations of type (7) one after the
other, we again obtain a resultant transformation of the same type. This group G is a finite group
with n parameters: it is the largest group which, applied to the first integrals of the given system,
preserves the given invariant forms. As is easily understood, the benefit derived from knowledge
of these n invariant forms depends on the nature of this group. Moreover, this is a general fact
that applies to all cases where we know a priori integral invariants, systems of invariant equa-
tions, infinitesimal transformations, etc. The nature of the largest group of transformations which,
applied to first integrals of the given differential equations (or, which amounts to the same thing,
to their integral curves considered as indivisible entities), preserves the known information, is of
paramount importance in the integration of the system.

In the case at hand, we see in particular that it is impossible, based solely on the fact that oy, ..., @,
are invariant forms, to obtain any first integral without integration!; in fact, otherwise the property
of the forms @, ..., ®, of being invariant would of itself make it possible to single out a first
integral, say y, which would consequently have to be be equal to any one of the integrals y; defined
by the formulae (7); but this is clearly impossible, because equations (6) always admit a solution
such that to given numerical values of the yy,...,y,, correspond arbitrary numerical values of the

yl7"'7yn'

159. The constants cj, play an important role with respect to the group G: they are what, in group
theory, are called the structure constants of this group. The method of reduction described above
(n° 156) is based precisely on the decomposition of G into a normal series of sub-groups. The case
where the matrix of the cj, is simple corresponds to simple groups.

We know that the structure constants of a group are not arbitrary; we can verify this here by
expressing the fact that the exterior derivatives of @], ..., @), are zero. The exterior derivative of @,
using the expressions (2) for @}, ..., ), is (n°73)

1,...n 1,..n [i=n
Z Ciks ([a),/ o] — [o; w/i]) = Z <Z CapiCiys T CByiCias +Cyaiciﬁs-> [0 wp wy}-
(ik) (aBy) \i=1

! This means by any sequence of one-to-one operations applied to @, ..., @, and capable of being carried out
whatever the nature of the coefficients of these forms.
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We thus get the necessary relations

i=n

clxﬁici}/s + Cﬁyicias + C}’aiciﬁs = O (a? ﬁa sz = 1,2, ,l’l)
i=1

i=

In the theory of groups, we show that they are sufficient for the existence of a group that admits
the ¢y as its structure constants.

III. — Examples.

160. Suppose all the constants ¢, are zero. It is clear then that, since all the forms @, ..., ®,
are exact differentials, the integration requires only n independent quadratures. Since the forms
oy, ..., w, are reducible to

()] :dylv ab:dy27 ey wn:d)’m
the group G has equations

Vi=ys+GCs, (s=1,2,...,n).

The preceding case always arises if n = 1.

We look at all possible cases for n = 2. Apart from the case just examined, we can have

o] = alw; m),

) = bloy a],

where the coefficients @ and b are not both zero. Suppose for example that b # 0. By taking
am, —bw as anew form @;, we see immediately that we have

) =0,
W = [@ o).
A first quadrature gives
@' =dyi;

then equating y; to an arbitrary constant, @ becomes an exact differential and a second quadrature
completes the integration. Changing the notation a little, we can assume that
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d
w1:ﬂ7
Y1
_n

Y1

The group G has equations

¥y = Ciyi,
¥s = Ciy2+Co.

161. We will not go through a general discussion for n = 3. We point out only the most interesting
case in which we can reduce formulae (2) to

In this case, the integration of equations (1) reduces to that of a Riccati equation.

In fact, consider the Pfaffian equation

1
dt+w1+ta)2+§zzw3=0, )

where ¢ is regarded as an unknown function of the dependent and independent variables which
appear in the given differential equations. This equation is completely integrable: in fact, we can
easily verify that the exterior derivative of its left hand side is zero if we take into account the equa-
tion itself (and if we use the expressions for @], @), ®). Consequently, as we know, we can reduce
its integration to that of an ordinary differential equation, which is obviously a Riccati equation.
Now if we denote by y1,y2,y3 a system of independent first integrals of the given equations (1), the
expressions m;, @, W3 can be expressed by means of the three quantities y;,y,,y3 and their dif-
ferentials: the general solution ¢ of equation (1) is thus a function of y,y,y3 (and of an arbitrary
constant C). Consequently, if we have integrated the Riccati equation (8) in the classical form

_a+CB
C y+Cé

the mutual ratios of the four functions a, 8,7, 6 provide three first integrals of the given equations,
and it we can show easily that they are independent.
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IV. — Generalisations.

162. We will not press this theory any further which, to be developed properly, would require
quite extensive knowledge of group theory. We see how the latter is necessarily introduced if we
want to push all the way the methods of integration of differential equations which admit given
integral invariants. We only point out that the method indicated in n® 142 can be generalised to
any system of differential equations that admit invariant forms, invariant Pfaffian equations, etc. It
consists in forming, by the introduction of auxiliary variables, as many linear integral invariants
as the given system of equations has independent first integrals. An example will be sufficient for
understanding the spirit of the method.

Suppose that we are to integrate a system of differential equations (S) in four variables
0 =w=w3=0,

and that each of these equations @; = 0, @, = 0, w3 = 0 is invariant for the given system. We will
introduce three new auxiliary variables u;,us,u3 and we will consider the three forms

O =u1@, O)=url, 0O3=u303.,
The integration of the characteristic equations (X) of these three forms will lead to that of the

differential equations given by the elimination of u1,u,,u3 between the relations which define any
solution of (X). Form, then, the exterior derivatives @', @5, @%; by supposing that we have

Q)

»—\

ajm ] (mod m),
woyo)] (mod @),
w3 = a3[@ ap]  (mod w3),

S
I

with coefficients aj,as,as functions of the primitive variables, we will have

. ajuy — __ —
o) = [@, @3] (mod @),
uus
— aruy . __ .
o) = [@;®] (mod @),
Uz
_ azus __ __ _
wg: (1)1(1)2] (mod (1)3).
ujup
The coefficients
_ aju] _ aup _ asus
ay = , a2 = , az =
uu3 uzug upun

are thus first integrals of the characteristic system (X) of the forms ®;, ®,, ®3. Consequently, the
same applies to
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and the form
Varaz 0 = +/aaz 0

is also invariant. But it does not contain the auxiliary variables uy,u;,u3; it is thus an invariant
form for the given equations (S), and the same applies to \/aza; m,/aja> w3. Consequently, if
none of the coefficients ay,ay,as3 is zero, the given differential system admits three invariant linear
forms and it reduces to the problem treated in this Chapter.

Of course, this will not always be the case, but in all cases we will be able to take full advantage
of the information known about the given equations.






Chapter XVI

Differential equations which admit given infinitesimal
transformations

I. — Reduction of the problem.

163. We have already considered differential equations which admit infinitesimal transformations,
but these equations were assumed to admit an integral invariant or an invariant Pfaffian equation.
We now adopt a slightly more general point of view, which will moreover provide an illustration
of the theories outlined in the previous Chapter.

Consider a system of n ordinary differential equations (or a completely integrable system of n
Pfaffian equations)

;== =w,=0, (1)
and suppose that this system admits a certain number r < n of infinitesimal transformations

Arf, Aof, ..., A f.

We investigate what advantage can be gained for the integration from knowing these r infinitesimal
transformations. This problem has been solved by S. Lie. We will confine ourselves to essential
generalities.

Consider the matrix of quantities ;(Ay) obtained by replacing in the form @; the indeterminate
differentiation symbol by the symbol of the infinitesimal transformation Ay f. Suppose that in this
table

@

199
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the determinant formed by the first  rows and r columns is not zero. We can then substitute for
the left hand sides of equation (1) linear combinations of these left hand sides such that the table
becomes

10 0
1 0

00 - 1 3)

o0 -

that is, such that all the @;(Ay) are zero except for
01 (A) =wm(A2) == (A) = 1.
It is clear that if # is greater than r, the new forms @, ..., @, are not completely determined: we
can still perform an arbitrary linear substitution on
Ori1y ., O
and we can add to each of the forms @y, ..., @, any linear combination of @, 1, ..., @,.
If equations (1) had been written in the form
dyi=dy,=---=dy, =0,

it is clear that, since the quantities @;(A;) = Ay; are first integrals, the new forms o, ..., @, ob-
tained by reducing the table of ®;(A}) to its canonical form could always be assumed to be formed
with the y; and their differentials. The following two consequences ensue from this, and from what
was said above,

1° Whenever the matrix of the ®;(Ay) is reduced to its normal form (3), the Pfaffian system
O 1= =0, =0 “)
is an invariant system;

2° Each of the linear forms @, = --- = @, is an invariant form, up to a linear combination of the
left hand sides of the preceding invariant Pfaffian system.

164. Before going further, note that if system (1) admits the two infinitesimal transformations A f
and Bf, it admits the infinitesimal transformation C f whose symbol is defined by

Cf = A(Bf) — BAF).
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Assume, which does not restrict generality, that the symbols of the infinitesimal transformations
that can be deduced from the r given transformations taken two at a time, are linear combinations
of A1 f,...,A,f. In other words, suppose that we have

Ai(Arf) —Ak(Aif) = Z}’ks Asf (Lk=1,2,...,r). 5)

With this assumption, we will show that the Pfaffian system (4) is completely integrable.

To prove this, it is necessary to return to the definition of the of the bilinear covariant ®'(8,8") of
a linear form @, in the case where the two differentiation symbols 8,8’ do not commute, a case
we have not yet considered. If we put

0(8) =a;0x1+a,0xy+ -+ a, 06x,,
we have
Sw(8") -8 w(8)=ai(68'x) — 8" 6x1)+ax(88'xy — 8'8x2) + - +a,(88x, — 8 8x,)

da, da; s "y:
vE (5 - 55 ) s on o)

or also, by agreeing to put
8"=6868-8'6,
we get

s0(8') — 5 w(8) = 0(8") +a'(5,5). ©6)

Apply this formula to the case where the symbols & and &’ are replaced by the symbols A; f and
Ay f; it will then be appropriate to replace the symbol 6” by the symbol

Ai(Acf) = Ak(Aif) = Y Vs As S

Finally, suppose that we take for @ any one of the forms w1, ..., @, which, as we have seen, can
be assumed to be expressed by means of the yy,...,y, and their differentials. We will get

w;+oc = ch,ﬂ,ldra[a)l oy

Now,

w;-&-a(Ai) = w;-Hx(Ak) = w;+oc(AS) =0

thus we have the relation
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Y caprra [0 (A) ©u(Ar) — 04 (A) 01, (Ar) ] = 0.

It follows from this that the coefficients c; ;; . o are zero as soon as the indices A, u are both less
than or equal to r, because the preceding relation then obviously reduces to

Ci,k,r+oc:0 (i,k: 1,2,...,r).

Consequently, since the exterior derivatives @] ST o}, are all zero when equations (4) are taken

into account, system (4) is indeed completely integrable (n° 101).

II. — The case where there are as many infinitesimal
transformations as there are unknown functions.

165. Assume now that system (4), which is an absolutely arbitrary completely integrable Pfaffian
system, has been integrated; simply assume even that a solution of this system (4) is known: to
this solution there correspond an infinite number of solutions in the given system obtained by
integrating the equations

This is a system for which we know r invariant forms @y, ..., ®,. We are brought back to the problem

considered in the previous Chapter.
It is easy here to determine a priori the coefficients ¢, that enter into expressions @y, ..., @;.:

l,...,n
o)=Y cisloay).
(ik)

In fact, apply formula (6), where we replace the symbol § by the symbol Ay, the symbol §’ by the
p=r

symbol Ag, and the symbol 8" by Z YappAp- Since all the @;(Ay) are equal to 0 or to 1, that is,
p=1

to constants, formula (6) reduces to

0= YopBs + Caps-

We thus have

Ciks = — Yiks-
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166. We now confine ourselves to the case where the coefficients Y, are constants. We show that
in this case the given infinitesimal transformations A\ f,...,A,f generate an r-parameter group I"
whose structure constants are the ;. We see that system (7) is in the category of those studied in
the previous Chapter (n° 156), and the group G corresponding to it has the same structure as the
group I" that is admitted by the given differential system (7). This group G is the largest group
which, when applied to the first integrals yy, ..., Y, preserves the law by which these integrals are
exchanged among themselves by the given infinitesimal transformations. In fact, denote by f an
arbitrary function of yy, ..., y,: it is clear that we can determine, in one and only one way, r Pfaffian
expressions @y, ..., @, such that we have identically, that is, whatever the differential dy,...,dy,,

0 0
and also whatever the arguments —f, e s ,
ay 1 ay r

d
dy1++idyr=wlA1f++errf

_odf
af = a7)’1 &yr

If we replace in this identity the indeterminate symbol of differentiation d by the symbol Ay f, we
will get

Acf = @1 (AR ALf + -+ B (AL Arf
consequently, all the @;(Ay) are zero except for
O (A) =@ (A) = =0,A) = 1;

consequently at last the forms @; are identical to the forms ®;. Thus perform on the yi,...,y, a
transformation of the group G, where these quantities become yy, ..., y,; the function f of yj, ...,y
becomes a function f of y;,...,y,; the symbols A f,...,A,f become A, f,...,A,f and we have

df =®1A1f+ -+ OAf;
but since the @; being formed with the y; and iheir differentials like the ®; were formed with the

d __
y; and their differentials, the coefficient of 8Tf in A;f will be the same function of the yy,...,y,
Yk
d
as the coefficient of —f in A;f was a function of yy,...,y,. In other words, the given infinitesimal

Ik
transformations transform the y; in the same way as the y;.

Here again, we see that the group G is the largest group of transformations which, applied to first
integrals, preserve the given information. we see that the group G is the largest group of transfor-
mations transformations which, when applied to prime integrals, preserve the given information.
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III. — Application to second-order differential equations.

167. We have already dealt directly with the case n = r = 1. Take some other examples. A second
order differential equation of the form

d? d

?y o (dy

dx? dx

dy—y dx =0,
dy —F(y')dx =0,

is equivalent to the system

which admits the two infinitesimal transformations

d d
ar=5t =%

To reduce the matrix of quantities ®;(Ay) to its normal form, we need to take

d/
o = dx— 20
F(y')
/ /
y'dy
) =dy— .
F(y)

These two invariant forms are exact differentials and we have the general solution we looked for
by two independent quadratures
dyl B yl dyl B

x— | =—==C, y—|[|*=—7<-=0C.
F(y') F(y')
Take now a second order differential equation of the form
d’y dy
2 =F(2);
e (dx

it admits a translation parallel to the x-axis and a homothety with centre O, which corresponds to
two infinitesimal transformations

2f af 9f
Af == Bf=x=—+y=—.
! ox’ f=x ox Y dy
The given equation is equivalent to the system
dy—y dx =0,

ydy —F(y)dx = 0.
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To normalise the matrix of the @;(A;), we must take

!
x y—xy .,
o =dx—-dy— dy,
y F(Y)
dy Yy .,
W =——
y F()

Since we have here
A(Bf)—B(Af) =Af,

we will have, as is easily verified,

(Di - 7[(01 0)2],

@, = 0.
Consequently, the integration is performed by two quadratures:

y'dy'
y = Cl e F(y/) ,

/,y/dyl

1 ’

x:Cl/—e F(y) dy +C>.
F(y)

IV. — Generalisations. — Examples.

168. It could happen, in the case of system (1) of n Pfaffian equations that admit r infinitesimal
transformations

Alf, ..., A,

that the rank of the matrix of the ;(A;) was smaller than r (this is certainly the case if r > n). Let
p then be the rank of this matrix and suppose, which is allowed, that the determinant formed by
the first p rows and the first p columns is not zero. We will then have, whatever the index s, r — p
relations of the form

Os(Ap 1) = M1 (A1) 4+ Apa(Ap),

(J)S(Ar) - a/rfpvl(l)s(Al) + e + )ur_p#)w_g(Ap).
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The coefficients A;j introduced in these relations are first integrals; in fact, for any linear combina-
tion w of wy,..., w,, in particular for the differentials dyy,...,dy, of n independent first integrals,
we will have the same relations

Ap1(ys) = AnAr(ys) + -+ AipAp (ys),
which leads to values for the A;1,..., A1, that depend only on the A;(y;), that is, on the yy, ..., y,.
We will not pursue the theory further in this general case; it rests on the same principles as previ-

ously.

169. EXAMPLE I. — Consider the differential equation
(1 +})/2)3/2 :Ry"
of curves in the plane which have a given radius of curvature. It is equivalent to the system

o =dy—ydx=0,
w, = Rdy — (1+y%)¥?dx=0.
This system admits the three infinitesimal transformations corresponding to a translation parallel

to Ozx, to a translation parallel to Oy and to a rotation around O. These transformations myst be
calculated, not only as regards their effects on x and on y, but also on y’. We find without difficulty

_9f
Alf* av
_9f
AZf_ Tyv
__9f, 9f 2y 9f

The matrix of quantities @;(Ay) is the following:

- 1 x+yy
—(1"1‘)7/2)3/2 0 y(1+y/2)3/2 +R(1+y/2)

\/1117) o,(A1) (x— \/%) (As).

We thus have

05(A3) = — <y+

Consequently we get by simple differentiations two first integrals of the given system and the
general solution is provided by the formulae
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where

170. EXAMPLE II. — Consider the third order differential equation

2
m_ 3y /y//

y - 1+y,27

which defines plane curves of constant curvature. It is equivalent to the system

o =dy—ydx=0,
o =dy —y'dx=0,
3ylyll

Ly =0

w3 =dy' —

This system admits four infinitesimal transformations corresponding to a translation parallel to
Ox, a translation parallel to Oy, a rotation around O and a homothety with centre O. The symbols
of these transformations, considered as operating on x,y,y’ and y”, are

_9f
Alf_ga

_9f
AZf_aiya

_ ﬁ (97f /2 ai 1 af
Asf = yax+xay+(1+y )ay,+3yy PR
A4f:xa—f+ of _yoF

ax dy Y oy
Here, the matrix of quantities ®;(Ay) is

-1 xty y-w
o y// 0 14+ y/2 + yy// _ xy"
0 0 0 —y!
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It is of rank 3 and, for example, the determinant obtained by taking the 1%, the 214 and the 4t
columns is different from zero. We deduce the relations

1+ 12 1+ 12
azf<A3><y+ - >wS<A1>+<xy' ) o),

which lead to two first integrals

B /1+y/2
U=x—y Vv ,
1+y?
vV=y+ m
y

To continue the integration, choose linear combinations @;, @, @3 such that the principal deter-
minant of the matrix ®;(Ay) is reduced to its normal form. For this, it is sufficient to take

_ 1 3xy’ , Ay
| = dx — (y//+l +y/2>dy +X7,

/ ! /!

_ y 3xy , dy
W, =dy— | = d =
2 y (y// + 1+y/2> y + y// ?

_ 3yl dy/ dy/l

On the other hand we have

du = @01 +uws,
dv =0 +vos,

and
61/ — [El 63] ,
@) = —[ @3],
3/ =0.

Consequently @3 is an exact differential and we get by one quadrature the missing first integral.
The general solution of the given equation is provided by the formulae
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We see here that the group G which preserves the data is

_ _ _ dc
C =y, Cyr=(3, C3z =aC; (because w3 = C3>
3

with one arbitrary constant a; it is because it has only one parameter that the integration reduces
to a quadrature. In the previous exercise, group G reduced to the identity transformation and the
solution was obtained without integration.

171. NOTE. — In all the examples where we arrive at n invariant linear forms, we have integral
invariants of all degrees by constructing with @y, ..., @, an arbitrary exterior form with constant

coefficients. This is how in the last exercise we have the integral invariant / / / ‘@] Wr®3 which, if

we limit ourselves to sets of states corresponding to the same value of x, reduces to

dydy dy'
/// //2

Consequently, if we consider any family of circumferences that depend on three parameters and

dydy' dy’
if we cut the circles of this family by any parallel to the y-axis, the integral / / / M over

dC dC dc
to the family of circles considered, is independent of x. Moreover, it is equal to / / / 1723,

where C; and C, denote the coordinates of the centre and C3 denotes the radius.






Chapter XVII

Application of the previous theory to the n-body
problem.

I. — Reducing the number of degrees of freedom.

172. We have already seen (n° 123) how, for the canonical equations of Dynamics

dg; _ oH dp; oH

dr — dp; dt  dq;

the method of integration presented in Chapter XII arises. We assumed that the function H is
arbitrary. If this function is independent of time, the function H is a first integral (n°®92) and we
are brought back to the integration of the equations

dq;  —dp;
on = on
Ipi aqi

whose first integrals are the solutions of the equation
(Hf)=0,

and with one quadrature.

173. We will study a little more closely the reduction produced in the integration of the n-
body problem, by taking into account the already determined infinitesimal transformations (n°93)
which the equations of motion admit. We will assume, which is allowed, that the system of n bod-
ies is referred to its centre of gravity, that is, the 3n coordinates x;,y;,z; and the 3n components of
the velocities x/,y!, z} are related by the relations

Y mixi=0, Y my;=0, Y miz=0,
Zmixg =0, Zm,-y; =0, Zmizg =0.

211



212
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Let U be the force function, assumed homogeneous and of degree —p with respect to the coordi-
nates. The equations of motion admit the five infinitesimal transformations

af
AOf 57
_ af _df
Alf_2<ylazl_l8 laz )
_ af f
A2f—z<zzaxi Xla' 17_
_ af df  ,9f
ABf_Z(lei a +la/ (9
R o T A 3fpﬂiﬁ Y, of
A“f_z{x’ o Yiay T iox TYigy Th g H(1+3)15
On the other hand,
o =Y {m[8x; 8x;] + m;[8y; 8] + mim;[82; 8z } — [6H 1]
by putting
= % Y mi(x? 4y +2") - U.
174. The five invariant linear forms
w; = (D/(A,',(S)
are
Wy = 6H7
W = 5H1,
W = 6H2,
w3 = 8Hs, » » (1
_ M dx dV . L AV
Wy = Zml (x,dlery,dlerz,dz + 2xldx,+ 2yldy,Jr zzldz,>
(1+ )r5H+pH5t
by putting
= Lmi(yizi — 1),
H3 =Y mi(zZixi — xz;), ()
= Lm(Xjyi — Yixi).
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We have finally

0y =A4(0) = (1—%) o'

The matrix of quantities a;; = @'(A;,A;) has already been set up in a slightly more general case
(n°95). We reproduce it below.

[of ¢ | 2 | 3 | 4
ofo] o 0 0 —pH
ol o H; —Hy |(1-3)H)
2lo| —Hs 0 H (1f§)H2
slo|l m —H, 0 (1—%)}13
)4 )4 )4

alpa|1 = Dm0 - Dl - Du

P |- Dy (= Dy (- Dy o

175. We now know five invariant linear forms and the matrix of coefficients a;; defined by the
generalised Poisson bracket operation:

N[O)/Ni1 ; a)j] = a,'j[(l)ln].

Let us apply the theory of Chapter XII (n° 125). Construct the auxiliary form

it is written

D(&) = pH[E4 &) + pTiz [Ca(H\ &1+ Ha &y + H3E3)] + H1 [82 &3] + Ho[E3 §1] + H3 (&1 &

It has rank 4 and its reduction to normal form

P = 1[4 50 + (81 &)

can be made by setting
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& = pHE)+ 52 (& +Hada +Hidy),
&=t

&l = a1+ & + a3,
& = Bi&i+ Brbr + B3&s,
gé = 50?

where the o and f3; are chosen, which is always possible, such as to have

wfs—Proz=Hi, oapi—Poas=Hy, oufr—Piop=Hs;
we can add the supplementary conditions

a1 B+ B+ o3B3 =0,
0F + 05 + 05 = Bi + 7 + 5 = \/H} + H} + H? .
Now, if we define five linear forms @y, @1, 0>, @3, M4, by the identity

S0y + & @1 + &+ &35+ Eywy = Eqy + & @) + &0 + E3005 + £, s,

we get without difficulty

Wy = (g,
_ 2 HydH,+H,dH,+ H3;dH;
™= H? +H2 +H} ’
1 2 3
2pH H\dH|+ H>dH, + H3dH;3
6)'3 :dH— P 2 2 2 )
p—2 Hi +Hj + H;

oydH; + oy dH, + a3 dH3

61 = )
\/H} +H3 +H3

_ BidH, + B dH;, + B3 dH;

/2 2 2
H +Hj + H;

If the auxiliary form @ has been reduced to [&; &j] + [£] &}], we have

(0))

o' = (@4 Bo) + @) @) + |5 @3] + (w6 7] + -+,
that is, by carrying out the calculations,
, p—2 H\dH| + HydH> + H3dH3
2 H?+H3 4+ H3
+H1 [dH2 dH3] +H, [dH3 dHl] + Hj [dH] dHQ] L0
H}+H;+H;

(0]

3

)
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by putting

2pH H;dH|+ H,dH, + H3;dH;
p—2 H?+H3 +H?

Q=|ws (dH—- + o 7]+ )
o )

176. If we equate the four first integrals H,H;,H,,H; to arbitrary constants, the rank of @’ is
reduced by six units; it thus goes from 6n — 6 to 6n — 12, corresponding therefore to a problem
with 3n — 6 degrees of freedom (3 in the case of the three-body problem). But the corresponding
characteristic system contains arbitrary parameters.

There is a (theoretical) process for reducing the number of degrees of freedom while avoiding the
introduction of arbitrary parameters. By anulling the exterior derivative of the right hand side of
equation (3) and taking into account the relation

2_
wi: ZP(D,,

we get

;o H,dH| + H>dH, + H3;dH3
Q = > > > Qf.
Hi +Hj + H;

This relation expresses the fact that the exterior derivative of the quadratic form

2 |: H,dH, + H>dH, + H3dH3
4

= w J—
— 2 52 232
H2 + H2 + H? H2+H}+H? P (H} +H3 + H)*/
_ H, [de dH3] +H, [dH3 dH[] + Hj [dH] de]
(H} +H3 +H3)3/?
/
2 1 H\|[dH,dH;) + H,[dHs dH,| + H3[dH,| dH>]

~ P\ \/JH}+H} +H}

is zero. This property is also evident from the right hand side of the previous equality whose first
term, which is an exact exterior derivative, has a zero exterior derivative. We will see that the same
is true of the second term.

(H} +H3Z +H3)3?

To interpret this second term, consider the vector (0S) of length y = |/H7 + Hj + Hj, which

represents the angular momentum of the system with respect to the origin and which has projec-
tions Hy,H,,Hs. If we imagine a surface element do described by the point S, and if we call the
direction cosines of the normal to this surface element &, &, 03, we have

[dH,dH3) = oy do, [dH3dH|| = opdo, [dH, dH,] = 0z do,

and consequently
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H\[dH,dHs] + Hy|dH3 dH, | + H3[dH) dH,)

(HE + Hj + H3)*/?
o Hy + onH, + oH- do
_a 1+ 2%2+ 3 3dG:COSV; — do,
Y Y

where y represents the angle between OS and the normal to the element, and dw the solid angle
subtended at the origin by this element of surface. Denoting by 6 and ¢ the colatitude (angle with
Oz) and the longitude (angle between the plane zOS and the plane xOz) of the point S, we have on
the other hand

do =sin0 [dOdo];

consequently the form considered can be regarded as the exterior derivative of the linear form
—cos8do.

Thus put

2 (O
O=— ——+cosBdop: (®)]
2-p v 4

we see that the characteristic equations of the relative integral invariant /  are

dH_ZipHdi’:()j

p—2 Y (6)
ws =0, wg=0, w7=0, ...

II. — The equations of motion referred to a moving frame.

177. 1t is easy to interpret this system. For definiteness, consider the three-body problem of ce-
lestial mechanics (p = 1). Calculate first the quantities @s(A;), (A;), etc. For this, apply the
operation corresponding to A;f to the two sides of formula (3), but writing only the terms in
dH, wg, 7, ...,011. We will straightway have

dH = w5(Ao)dH — w7(Ao) W + @6(A0) 07 + - - - + @10(Ag) 011,
0= ws(Al)dH—a)7(A1)(1)6+0)6(A])(07+"'—|—(I)10(A1)a)11,

0= ws(A4)dH — 07(A4) W + W6 (Ag) 07 + - - - + @10(Ag) 017

We thus find that, for o > 5, all the w4 (A;) are zero, except @s(Ap) which is equal to 1.
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A.
Note on the other hand that the quantities A;H +2H Ay are all zero, since the function K = Hy?

is invariant for each of the infinitesimal transformations considered. We see that the system (6)
. 1 . Lo
characteristic of — £ can be defined as formed from all the linear combinations of the equa-

tions of motion which have the property of being satisfied identically when we replace the sym-
bol of indeterminate differentiation by the symbol of any one of the infinitesimal transformations

AL f Ao f A3 f,Auf.
178. This is the result which will allow us to interpret system (6) geometrically.

For this, consider the various possible systems of reference, where each system of reference is
defined by three rectangular coordinate axes, an origin of time and the units of length, time and
mass. We will fix once and for all the unit of mass and we will impose on the other units the
condition that the constant of universal attraction has a fixed numerical value. The unit of length
is still arbitrary. Finally we will fix the origin of the axes, which will be the centre of gravity of the
system of three bodies, as well as the origin of time.

The available systems of reference depend on four arbitrary parameters; three of them determine
the orientation of the axes and a fourth determine the units.

To each state of the three bodies (defined by their positions, their velocities and time, and de-
pending on 13 variables) there corresponds a moving system of reference, according to a law
determined in advance, in such a way as to reduce by 4 units the number of quantities which de-
termine the state of the three bodies with respect to this system of reference. For example, we can
choose for the x-axis the straight line which joins the centre of gravity O to the body A1, the plane
of the three bodies for the x,y-plane, and the distance OA; for the unit of length: the state of the
three bodies is then defined by the two coordinates of A;, the six projections onto the three axes of
the velocities of A; and A;, and finally the time . We could fix the choice of the moving system
of reference corresponding to a given state by another law; by always taking Oz perpendicular to
the plane of the three bodies, we could take Ox parallel to AjA, and take the side AjA as the unit
of length. We could also choose the axes according to one of the two previous laws, but choose
the units in such a way that the angular momentum OS is measured by the number 1. We could
also take Oz perpendicular to the plane of the three bodies, take the zOS-plane as the xz-plane and
choose the units in such a way as to measure OS by the number 1. In this last hypothesis the nine
quantities which would determine the state of the three bodies with respect to the moving system
of reference would be the given two coordinates of Ay, the two coordinates of A;, the time, and
finally the six components of the velocities of A; and A,, which would make 11 quantities, but
related by the two relations y=1,¢ = 0.

Suppose now that we have chosen one of the preceding laws or any other conceivable law that
makes each state of the three bodies correspond to a moving system of reference, and let

qi, 42, -+, 49

be the nine quantities which determine the state of the three bodies with respect to the correspond-
ing moving system of reference. The state of the three bodies will be determined with respect to a
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fixed reference system if we know, in addition to g, ..., g9, the four parameters u;,us, u3,us which
define the position of the moving system of reference with respect to the fixed system of refer-
ence; these four parameters will be, for example, the three parameters on which the nine direction
cosines and the ratio of the moving unit of length to the fixed unit of length depend. Finally the
quantities (19 in number, but reducing to 13):

/ / /
Xiy Yis Ziy Xiy Yis s t,

which determine the state of the three bodies with respect to the fixed system of reference are well
defined functions of the 13 quantities

qi1, 42, ---, 495 Uy, U2, U3, U4.

Conversely, the latter are well defined functions of the former. Now, the 9 quantities qy,...,qo,
considered as functions of x;,yi,zi, X, i, 2,1, are clearly invariants under each of the infinitesi-
mal transformations A1 f,...,Asf, because performing one of these transformations is the same as
changing the fixed system of reference thus altering the quantities uy,us, u3,us, which define the
relation between the moving system of reference and the fixed system of reference, but without
altering the quantities g; which define the state of the three bodies with respect to the moving
system of reference.

We can also say that if we look for all the linear differential forms in dx;,dy, ...,dz;,dt which have
the property of becoming zero when we replace the symbol d by one of the symbols A f,...,Asf,
we find all the linear combinations in dq, ...,dq9, and only those.

In particular, the equations (6) of the characteristic system of £ have their left hand sides linear in
dqi,...,dqo. Since they are 8 in number, these equations (6) can be put in the form

dqi_cidq‘):() (12172778)’

and, since they are completely integrable, the C; depend only on the ¢;. In other words, system (6)
is a system of ordinary differential equations in q1,...,q9: it thus defines the motion of the three
bodies with respect to the moving system of reference.

179. It is now easy actually to form the equations of system (6). For this, begin from the relative

integral invariant | @, where we have put

2
o= }a)4+cos6d<p,

and imagine that we have expressed all the quantities x;, y;, ..., 2., by means of q1,...,qo, uy, ..., u4.
First, we know that the differentials du;,du;,dus,dus, must not appear in the final expression for
@’ which must be formed only by means of the linear forms dg; — C;dqy. Consequently, to cal-
culate @', we can regard uy, ...,u* as fixed parameters. Moreover, the coefficients of the form @,
expressed in terms of dgy, ..., dqo, must not contain the variables u, ..., u*, without this the exterior
derivative of @’ would not be zero: to do the calculation, we can thus not only look at uy, ..., u4
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as fixed parameters, but we can also give them arbitrary numerical values. Thus, in particular, we
can give them the numerical values which would correspond to the case where the fixed system of
reference coincides with the moving system of reference. In other words, to form @', we can give
to the quantities X;, Vi, ..., Zi,t in @ the values X;,Y;,...,Z;, T which define the state of the three bod-
ies with respect to the moving system of reference; these thirteen quantities X;,Y;, ..., Z;, T reduce,
as we have seen, to nine.

180. Consider in particular the case where the moving unit of length is chosen in such a way as to
reduce ¥ to unity (the moving unit of length is then fixed). In this case we have

O =204+ cos0do;
by adding an exact differential, we have the relative integral invariant / @+ cosOdo for the
differential equations that we seek.

If the z-axis is assumed to be normal to the plane of the three bodies and the x-axis parallel to A1 A,
for example, the position of the triangle depends on three quantities &;,&,, £3. Now, we have

w+cos0de =Y mi(X'dX;+Y;dY;) —HdT +cos0d¢
= Mmd& +Md&+n3dés+nydés—HdT,

by putting
&=, My=cosb.
The equations of relative motion we seek are then

d& 9H dn  9H

dt — on;’  dr  9&’

(i=1,2,3,4).

They are canonical and admit the first integral H = constant.
For example, we could take for &,&,, &3 the lengths of the three sides of the triangle A1A2As3.

Had we assumed plane motion, 6 would be zero, and there would only be six unknown functions
1,82,83,m1,m2,13.

181. Once the motion of the three bodies relative to the moving system of reference is known,
the absolute motion can be determined by a quadrature. First, in fact, knowing the projections of
the angular momentum OS onto the moving axes, we would have the ratio of the moving units
to the fixed units by giving ourselves the constant number C which measures OS relative to the
fixed system of reference. We could then take OS as a fixed z-axis, the position of the fixed axes
depending on an unknown angle. This angle would be given by a quadrature: in fact, it is sufficient
to note that the invariant form wy (expressed by means of fixed coordinates) is an exact differential
when we take into account the relations assumed obtained which define the relative motion: the
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formula

H; [dH2 dH3] + H; [ng dHl] + Hj [dHl de]
fy2

2a)4’1:w’:2{d;a)4]+ +0

shows in fact that under these conditions @} is zero (since H and H» are zero). The integration is
therefore completed by means of the formula

/ w4 = Constant.

It may be noted that this quadrature can be performed when we have determined the relative
motion from the geometric point of view alone before we have found the time (by a quadrature,
as we know). In other words, the two quadratures which give the time (in relative motion) and the
final orientation of the fixed axes in relation to the moving axes can be performed independently
of each other:

III. — Case where the area constants are all zero.

182. The preceding theory essentially assumes that H? + H3 + Hj # 0. Consider the motions for
which the areal constants would all three be zero. In this case, we must suppose the 18 quantities

/ / /
Xiy Yiy Zi Xjy Viy T

not only related by the relations

Y mixi=0, Y my;=0, Y mizi=0,
Yomixi=0, Y my;=0, Y mz=0,

but also by the relations

Yomi(vizi—zyi) =0, Y mi(zixi—xjz) =0, Y mi(xly; —yix;) = 0.

It is easy to see that the plane of the three-body triangle remains fixed, because the components of
the three velocities that are normal to this plane are all zero, at least if the three bodies are not in a
straight line.

We can thus assume that the z; and the z; are all zero, and that between the 12 quantities x;, y;, x},
are related by the five relations
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Zm,-xi = 07 Zm,’y,’ = 0,
Zmi'xg = 07 Zmly; = Oa
Zmi(xgy,- —yix;) =0.
There are therefore seven dependent variables in all and one independent variable (time). Now @',

which has even rank, cannot have rank equal to the number of differential equations of motion; the
characteristic system of @' does not merge with that of the equations of motion.

We have here three infinitesimal transformations Ag f, A3 f,A4f with
o' (Ap,8) =6H, @'(A3,8)=0, o' (A4,5)= .
The seven differential equations of motion can be put into the form of Pfaffian equations
o =0, m=0, .. O7=0,
and we can assume that
Oi(A3) =--=@6(A3) =0, @7(A3)=1.

The form @’, which can be expressed by means of @y, ..., @7, certainly does not contain varpiz,
or else the form ®’'(A3,8) would not be identically zero. Consequently, the characteristic system
of @' is the completely integrable system

O,=0,=---=0=0:

it gives the motion of the three bodies independently of the orientation of the triangle of the three
bodies around their centre of gravity. Once this system is integrated, the orientation is given by a
quadrature. The relation @7(A3) = 1 in fact guarantees for @y the property of being an invariant
form for the differential equation @; = 0.

Return now to the @’ form of rank 6. Its characteristic system admits the two infinitesimal trans-
formations Ao f and A4f, which give rise to two invariant linear forms @y = 6 H, which we will
denote by @; and w4, which we will denote by @,. We will assume, which is allowed, that for
each of the forms @3, ..., @g, we have @ (Ag) = @(A4) = 0. A calculation similar to that performed
in the general case gives

1 1
o = —E[G)'lwg]—i—.() = —E[SH@HQ

where Q is of rank 4 and formed from @3, @, ©s, O¢.

As was seen above, we have @' = 2, = 2}, consequently

Q =20+ [5; (D'2:| = \%(\/ﬁ @)
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The form 3 sqrtH € is thus an exact derivative; it thus has as characteristic system the equations

O3 =04 =05 = 0 = 0. (7)
This system can be integrated by equations of orders

4, 2, 0.

Finally, the equations of motion will be given by operations of orders 4 and 2 followed by two
quadratures.

Note that the form /H @,, which plays the role of relative invariant for system (7), is equal,
according to expression (1) for wy = @, to

1 1
VH®, = —VH Y m; (xi 8x;+y;i 8y + §x§ 8x;+ Ey§ 5y,~) +8(H ).

System (7) is easy to interpret: it gives the motion of the three bodies relative to a moving system
of reference, which can be made to correspond, according to a specific law, to each state of the
three bodies where the origin of time is no longer necessarily fixed. For example, we can choose
the actual time as the moving origin of time, and fix the unit of length by the condition that the
energy H has a given fixed numerical value. The equations of the system are obtained by starting
from the form \/H @, in which we use the moving coordinates: in the hypothesis considered, we
can obviously substitute for it the form

Zm,-(xf 8x; + Y 8yi).

Here, the quantities of motion of the three bodies form a system of vectors equivalent to zero:
we can thus consider the quantity of motion of body A; as the resultant of two vectors u; and uy
directed along the sides A;A; and A;A; and counted positive in the extensions of AzA; and A ;A;.
We have then, denoting by rq, 72,73 the three sides of the triangle,

®=u0r;+uybérr+uzbrs.

We have furthermore

1 r2—|—r2—r2 mom msm mym
H_<u§+u§+u2u323‘ NI (s B e
2m; mnr3 r mn r3

The equations of relative motion are thus

dry . dr . drs - —duy —duy N —dus
G "G T O T 9H T aH  aH
duj duy dus ar ar ars
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IV. — Case where the constant of the vis viva is zero.

183. The preceding theory implicitly assumes that the constant vis viva':? is non-zero. If we

assume it to be zero, the variables are subject to a new relationship

me,x —l—y, -U=0;

there are now only six dependent variables and one independent variable. The invariant form
o'(Ag, ) is identically zero here, as is the form ®'(A3,§).

The system of the equations of motion can be put into the form

Oy =0,=---=0=0,
and we can assume (n° 163)
®1(Ag) = B2(Ag) = -+~ = @4(A9) =0, @5(Ag) =1, @s(Ap) =0,
M (A3) = (A3) = @y(A3) =0, @s5(A3)=0, @6(A3)=1

The form @', expressed in terms of the @;, clearly contains neither @s nor @s. Assume finally that
D2(A4) = B3(A4) = B4(A4) =0,  @1(Ag) =1,
and ©'(A4,8) = @,. We will have

o' =20} = [©) ) + [0 @4).

The form @, is of the second type and the equations
0 =w03=04=0

form a completely integrable system, characteristic of the equation @, = 0: this defines the motion
of the three bodies with respect to a moving system of reference, where the time origin is possibly
variable. For example, we can assume here that we have chosen as the unit of length the side r3
of the triangle. The equations to be integrated then are the characteristic system of the Pfaffian
equation

2d(uiry +ugry +uz) —udry —uydry =0,

UEr. Forces vives.

2 TRANSLATOR’S NOTE. — The term forces vives, which I have translated as vis viva, is used inconsistently in the
literature. Sometimes it refers to the quantity mv? or 2T, where T is the kinetic energy of the system. Here however,
it is clear from the first equation of n® 183 that Cartan means the fotal energy of the system. Recall that U is the
“force function”, which is the negative of the potential energy (see Footnote 3 of n° 1).
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where the quantities uy,uy,u3,ry,ry are related by the relation

moms3  Mm3m|
+
8 r

1
(u%+u%+2u2ugcosAl)+...f<

=0.
2my +m1m2)

Putting
rp=x, =y, uiri+ury=z, u1=2p, up=>24q,

it comes down to integrating the first order partial differential equation

1 1 1 1 2 XX4y*—1
2(+>p2+2<+>q2+y rq
my m3 mp  ms3 m3 Xy

2 2 2 2
p x+1—y qg y+1—x
+(z—2px—2qy) (mz - + - y )

1/1 1 mom mym
+= <+) (z—2px—2qy)2—f< 25 O 3+m1m2>:0.
2\m  m X y

After integrating this equation, we get the general solution of the characteristic system of @’ by
differentiations because, since @ is put into the form Z; dY; + Z, dY», we deduce by differentia-
tions the first integrals Y1,Y>,Z;,Z, of this system.

But the equations of motion are not yet fully integrated. completely; we still have to integrate the
equations

5 = g = 0.

They form a system of differential equations which admit the two infinitesimal transformations
@5(Ao) @5(A3)
@s(Ao) Bs(A3)

Ao f,Asf, and the matrix
10
01

On the other hand, the two transformations As f,As f commute with each other, since we have

is precisely reduced to its normal form

Ao(Asf) —A3(Aof) =0,
we get

o, =0,
o, = 0.
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Consequently the integration is done by means of two independent quadratures; one gives the
orientation of the triangle A1A2Aj3, the other gives the time.






Chapter XVIII

Integral invariants and the calculus of variations

I. — Extremals attached to a relative integral invariant.

184. We have already seen in the first Chapter (n°9) that the differential equations of the extremals
of the integral

I:/F(ql,...,qn;q’l,...,q;;t)dt

coincide with the characteristic equations of the relative integral invariant @, by putting

o, OF
5gi— (Y 425 —F ) 61,
q (i_Zlq 2 >

n

Q.)‘Q_J
~

_~

q

Il
_

and where we regard q1,...,¢n, ¢}, -..,q),,t as 2n+ 1 independent variables.

In the calculus of variations we regard g1, ..., g, as arbitrary functions of 7, and ¢/, ...,q,, as their
derivatives. In the (n+ 1)-dimensional space (gj,...,gn,?), any extremal has the property that the
integral I, over a given arc of this curve, is stationary with respect to infinitely close curve arcs
of curves that have the same initial and the same end point. But we can also place ourselves in a
(2n+ 1)-dimensional space (q1,...,qn, ¢}, -.-,q,, t): an extremal curve then has the property that
the integral I over a given arc of this curve is stationary with respect to infinitely close curves for
which the initial values and final values of only the coordinates (g1, ...,qn,?), are the same as for
the given extremal. Adopting this second point of view, (¢, ...,q,) are functions of 7 that have no
a priori connection with the derivatives of (g1, ...,¢,) with respect to ¢.

185. More generally, begin from a linear differential form ® with 2n 4 1 variables; assume the
form @’ is of rank 27 and, finally, suppose that that n of the coefficients of the differentials in @
are identically zero. We can thus put

227
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o =ay 6x; +ap0xp + - +a, 0x, — bét,
where the quantities ay, ..., a,, b are functions of 2n+ 1 independent variables x1, ..., X, 1, ..., ¥n, .

The characteristics of the relative integral invariant @, or equivalently, of the exterior quadratic
form @', are given by a system of ordinary differential equations

dx; dy;
X, liY

. T Ay — 1 1
dt dt M

by assuming, as we do, that ¢ is not a first integral of the characteristic equations.

That said, consider in the (2n+ 1)-dimensional space an arc of curve arc that goes from the point
My (x9,9,1°) to the point M (x!,y},¢') and the integral

i?

M,
I:/ aydxy +aydx; +---—bdt.
Mo

Calculate the variation of this integral when we pass from the arc of the curve considered to an
infinitely close arc of a curve that goes from the point (x? + 8x?,y? 4 8?0 4 61°) to the point
(x} + 6x},y! 4+ 8yl 11 + 8t1). We will get

1 Mi 1 Mi !
61 = laglh+ [ " (60u—dwy) = losli+ [ ' o/(d.5).
0 0

If we want the integral to be stationary with respect to any arcs of curve that are infinitely close to
the given arc of curve, when moving along the given arc of curve it is necessary that we have

'(d,8) =0

whatever Ox;, 8y;, 8t may be; in other words, it is necessary that the arc of curve belongs to a
characteristic of the form @'. The value of the integral will be stationary for all infinitely close
arcs of curve for which s is zero at the initial and at the end point, that is, for which x1,...,x,,¢
have the same initial and final values as for the given arc of curve.

186. Suppose now that we restrict the field of curves infinitely close to the given curve to those
curves for which the functions x;,y;,# satisfy the first n characteristic equations

dx,-

— =X. 2

7 i (2)
We will assume that the » functions Xi, ..., X, are independent of the yy,...,y,, which allows us to
take arbitrary functions of ¢ for the x;. Finally, we will assume that the initial and final values of
X1,...,Xn,t are the same for the varied curves as for the original curve. Under these conditions, we
have

&:—/dwﬁ)



II The principle of least action of Maupertuis. 229

It is easy to see that in @'(8,d) there are no terms in 8y;,8yz, ..., 8y,. In fact, the coefficient of
Sy1 would be

J J day b
CU iy + 22 dxy -+ 22

n— =5—dt;
Iy Iy Iy Iy

this coefficient is necessarily zero by taking the characteristic equations (1) into account, and then
by taking equations (2) into account; it is thus zero when we move along the extremal. Since, in the

expression for 61, only 8x1, ..., 8x,, 0t enter under the / sign, the coefficients of 6xp, ..., 8x,, Ot

must be zero. Consequently, the extremals are given by the characteristic equations of @'.

II. — The principle of least action of Maupertuis.

187. Suppose that Hamilton’s function H is time independent. Consider the set of all motions
for which the function H has a given constant value 4. The corresponding trajectories are the

characteristics of the linear integral invariant / o, with

i=n
= Zpidxi—hdt,

i=1
or equivalently of the invariant integral / o, with

i=n
O =) pidx;
=1

in fact the form @ differs from w only by an exact differential. This form @ is constructed from
2n variables related by the relation

H=h,

and only n of the coefficients are not zero. The characteristic equations are

dgi _ _ dgn _ —dpr _ —dp,
0H =~ 0H = 0H o0H
ap Ipn Iq IGn

Consequently, in the (2n — 1)-dimensional space (g;, p;), the trajectories are the extremals of the
integral
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/pldq1+---+pndqn,

whether we consider all curves for which the initial and final values of ¢, ..., g, are given, or we
consider only those of these curves which satisfy the equations

da 4
oH ~ T Ton
apl 3Pn

and, of course, the condition H = h.

188. Adopt, for example, the second point of view. Assume that g; are the position parameters of
the system, and p; are the components of the momenta. If we denote the vis viva by 2T and that
we decompose it into its second-degree, first-degree and zeroth-degree terms in ¢}, ..., ¢,, we have

aT
H=Yqi=—-T-U=T—-T)—U.
g,

Substitute the variables ¢ for the variables p;. We have by assumption

(¢ )=To+U+h,

i=n aT i=n aT
o= ;761,5% = ;Tsti+Tl(5qi)'

Finally, suppose that we have

dgi _dgx __dgn _ /T(dq) _ /Tr(dg)

4 45 4  /Tlqg VHh+U+h

The quantity under the / sign in the integral I is

dT, T>(dq)
Os=Y ¢ — X1 Ti(dg) = /2Ty +U +h)-2T»(dqg) + T, (dq).
5=Y.4; A, w7 1(dg) = /2(Ty )-2T2(dq) + Ti(dq)

If therefore we put
2T = Zaiqué]/j + 2Zb,~q§ + 2Ty,
we arrive at the following theorem, which is the principle of least action of Maupertuis:

The trajectories are the extremals of the integral
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<\/2(T() +U+ h) . Zaijdqidqj + Zbidqi)

with respect to all infinitely close trajectories that are required to have the same the same initial
position and the same final position of the system, and to satisfy the vis viva theorem H = h, with
a given constant of the vis viva.

We recover the principle in its classic form when 77 = Tp = 0.

189. EXAMPLE. — In the case of an unconstrained! moving point referred to fixed axes, the
trajectories are the extremals of the integral

/\/2(U+h)ds.

If the point is referred to axes rotating around oz with a constant angular velocity ¢, and if further-
more the time independent force field is dragged along with the axes, we have

2T = m[(x' + ay)* + () — ax)? +77]

:m(xl2+yl2+zlz)—Zma(xyl—yx/)+m062(x2+y2).

For a point of mass 1, the trajectories are the extremals of the integral

/\/az(x2+y2) +2U +2h ds — a(xdy — ydx).

IIl. — Generalisations.

190. What we have just done in the case where time does not enter H explicitly can also be done
in the case where H does not contain one of the other variables ¢; and p;. For definiteness, take
the case of an unconstrained” material point of mass 1 subjected to a central force function that
depends on distance. Consider all motions occuring in the given plane, which we will take to be
the xy-plane, and obeying the law of areas with a given constant C. The actual motions are given
by a system of differential equations that admit the relative integral invariant

/a):/[r/5r+r29'59—(;r’Z—F;rZG’Z—U) 51‘},

UEr. libre.
2 Fr. libre.
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which here clearly reduces to

1 1 C?
/ 2
/“"—/r or= (2r i "J)&'

The form @ depends only on the variables r, 7 and ¢, and one of its characteristic equations is

dr ,
—=r.
dt
It follows that if we take as initial conditions the values r( and f¢, and as final conditions the values

r1 and ¢, the actual motion that satisfies these conditions is the one which makes stationary the
integral

dt

3|
1 1 ¢C? 1 /dr\* 1>
I= "dr— | = /% 4+ - = — dt = () -
rar ( r U> [2(51:) 2 Y
fo

fo

with respect to all infinitely close motions that satisfy the same boundary conditions and satisfying
the area law with area constant C.

IV. — Application to the propagation of light in an isotropic
medium.

191. Consider an isotropic medium whose index of refraction n is known at each point. Fermat’s
principle leads us to define light rays as extremals of the integral

/nds: /n\/dx2+dy2+dzz.

By introducing an auxiliary variable ¢, this is the case of an integral

/F(m,z; Xy,
with

F(x,y,z;x,y,75t) =n+/dx®+dy* +dz?.
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The relative linear integral invariant / o whose light rays are the characteristics is defined by the

formula

O=—=—0x+—=-0y+—=-07— (X 55 +)Y 55 +27 5
ox

JoF JoF oF ,0F ,0F ,0F st
ox dy dz ady' a7 ’

which here becomes

/ / /
a):n< Y2 4+y2+ 72 dx+ V2 +y2 72 Sy + 2 4+y2 472 52)’
or again
o =n(adéx+péy+7v6z),

by denoting by o, 3, the direction cosines of an arbitrary direction. The form @ thus really
depends on 5 variables. It would be easy to form its characteristic equations and to show that they
contain in particular the equations

dx _dy dz
B v

The direction (o, 8,7) is clearly nothing other than that of the tangent to the light ray considered.

192. The property of w of being a relative integral invariant leads to the property of a bundle of
light rays that, if we draw a closed curve (C) encircling the bundle, the integral ncos 8 ds over
this curve is independent of the curve (C) chosen, where we have denoted the angle made by
the tangent at a point M of (C) with the tangent to the light ray passing through M by 6. We
can easily demonstrate that the necessary and sufficient condition for the rays of a congruence all
to be normal to the same surface is that this integral is zero for any bundle of rays taken in the
congruence. This corresponds to Malus’ theorem, according to which the rays of a congruence
normal to a surface are normal to an infinite number of surfaces. The condition for this to be the
case is that the exterior quadratic form @’ is zero, or, more precisely, that the alternating bilinear
form @’'(8,8’) is zero when & is the symbol of differentiation with respect to one of the parameters
of a congruence, and &’ as the symbol of differentiation with respect to the the other parameter.

The light rays propagating in the medium considered depend on four parameters uy,uy,us,us.
A Malus transformation is a transformation performed on these parameters which changes any
congruence of rays normal to a surface into another congruence of rays normal to a surface. As
we know, the form @’ is expressible by means of the u; and their differentials. The most general
Malus transformation is obviously defined by the equation

o' (u,du') = ko' (u,du),

where k is an unknown function. The exterior derivative of the two sides gives immediately



234 XVIII Integral invariants and the calculus of variations
[dk '] = 0;

since @' is of rank 4, this is possible only if dk = 0, that is, if k is a constant. Consequently, the
transformations that we are looking for can be obtained by expressing the fact that the linear form

o' (U ,du') — ko' (u,du)
is an exact differential:

n(x,y' . 2) (e dx' +B'dy +7 d) = kn(x,y,z)(ocdx+ B dy+ydz) +dV.

For example, define a light ray by the coordinates (xo,yo) of the point where it intersects the
x,y-plane and denote the direction cosines of the tangent at this point by (o, Bo, 10). We will have

n(x,0,0) (e dx + By dyg) = kn(xo,y0,0) (o dxo + Podyo) = dV.

18" Case. — There is no relation between x,y;,Xo,yo. In this case, V is a specific function of
X0,Y0,X0, 5, and we have

oV oV

_k”(XOJOaO)O‘O = Tx()v —kn(x07)’070) ﬁo = T)’()7
A% oV
n(xf),yf),O)aé: W’ (XanOa )ﬁO ay/ .

0 0

The first two equations give x{, and y;; the last two then give o) and f3.

2™ Case. — There is one and only one relation between X()» Yo X0, 0. Let this relation be
F(x0,Y05%0,¥0) = 0.

Denoting by V an arbitrary function of xo, yo;x(,y and introducing an auxiliary parameter A, we
have

av JoF oV OF
_kn(XanOaO)aO a +)‘(97)C0 _kn(.x07y070)ﬁ0 = % Tyov
oV oF av OF
;oL r_
n(xp,¥p,0) &g = Tx{) +A 78):6’ n(xg,v5,0) By = +2A % -

The first two of these four equations, together with the equation F = 0, give x6 and yj; the last two
then give oy and f3.

3" Case. — x{y and y), are functions of xob and yo:
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xo = f(x0,50), Yo =28(x0,y0);

V is then a function of xp,yo and we have

af 9g v

/ ! / ! —

n(XOaYOaO) <a() axO +ﬁ0 &xo) kn(XO»}’an)a()+ 8x0’
af

dg v
/ / ! ! 75 — s
(05036:0) (5 37485 55 ) = ko0, 0ot 5

9y

. . . / /
which equations determine o, and f3).

193. The form @' is invariant, and we have seen above the characteristic property of ray congru-
ences for which this form is identically zero. The invariant form 3 ®'? has applications in Optics;
its expanded expression is

L 0 = n[on (@ S+ B Oy+787) (Sadr+ 5B Sy + 5752

2
—1? ([8B Sy 8y 2]+ [5yS528x] + [50t 5B 5x5y]).

For example, take all the light rays that pass through a given surface element do and whose
tangents at the crossing points are parallel to straight lines inside a cone of infinitely small aperture
d®. The rays considered depend on four parameters up,u;,u3,us, where for example the first
two define the position of the crossing point on the element do and the last two the orientation
of the tangent at this point. Take on each light ray the stare characterised by the corresponding
crossing point (x,y,z) and the direction cosines (o, f3,7) of the tangent at this point. Since the
three first quantities (x,y,z) depend only on u; and u, any exterior cubic form in 6x,dy, 8z is

zero; consequently the invariant 5 ®'? reduces, up to sign, to

0?2 = n? (5B 8y 8y 2]+ [5ySa526x] + [500 5B 5x5Y)).

SN

Now, denoting the direction cosines of the normal to the element do by A, i, v, we have

[6ydz] =Ado, [6z6x]=pudo, [6x8y] = vdo;
[0y =adw, [6yda]=Bdo, [0adf]=rydw;

consequently

1
5 0? =n*(Aa+up+vy)dodw =n*cos0do do,
where 0 denotes the angle between the normal to the surface and the (mean) direction of the light
rays that cross the surface.
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That said, if we consider any set of light rays that depends on four parameters, we can take on
each ray the point where the ray pierces a given surface (S); all the rays that pass through this

same point form a solid cone and the invariant integral 3 o relative to the given set can be given
by the formula

1= /n2 cosfdodw,

where do denotes the element of the surface S, dw the opening of an elementary cone of rays
starting from the same point of S and making an angle 6 with the normal to S.

For example, take the set of all light rays which cross a volume bounded by a close surface (S)
and take each ray at the point where it exits from the volume. We will have, for this set,

I:/nsz/cosedw.

Now the integral | cos 8 dw, by taking for coordinates the longitude ¢ and the colatitude 6 on the

//sin@cos@d@d(p

. ..
over the hemisphere 0 < 0 < 5; it is thus equal to 7. So we have

sphere of radius 1, is equal to

I:ﬂ/nsz.

If the medium is of index 1, the rays are rectilinear and the integral / is equal to the product of the
area of the surface with 7.

194. As an application of the general integration methods described in in Chapter X VI, we propose
to determine the propagation of light rays in an isotropic medium where the refractive index n
depends only on one of the rectangular on one of the rectangular coordinates z. Here we know
the invariant form @', as well as three infinitesimal transformations corresponding to a translation
parallel to Ox, a translation parallel to Oy and a rotation around of Oz:

d d d d d d
Alf:ai‘.]xcj A2f:%7 A3f:x7§_y£+a£— %

Since these three transformations leave in variant the form

05 = n(adx+pdy+v62),
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the three linear invariant forms @’(5,4;) reduce to

dw(A;) = d(na),
d0(A2) = 8(np),
60(A3) = d[n(Bx—ay)].,

We thus have three first integrals

na, nf, n(fx—ay).

Put
no=a, nf=>b Px—ay=c;

the last relation shows that any light ray is in a plane parallel to Oz. We thus have

ws =6 (ax+by+/\/n2—a2—b2 dz)

d d
= (x—a/z> Sa— <y—b/z 5b.
ViZ—a2_p2 ViZ—a2 _p2
As a result, we have for the trajectories of the light rays

/

o dz B dz /
xia/iﬁ—az—bz +a, yib/iﬁ—az—bz +0b'.






Chapter XIX

Fermat’s principle and the invariant Pfaffian equation
of optics

I. — Fermat’s principle.

195. In the previous Chapter we considered an invariant integral from the optics of isotropic
media, assuming that the refractive index was time independent.

Take now any medium in which we assume the propagation of light waves is determined by a
Monge equation

F(x,y,z,t; dx,dy,dz,dt) =0 €))

which is homogeneous in dx,dy,dz,dt. This means that the wave emanating from a light signal
emitted at time ¢ at the point (x,y,z) at time 7 + dt has as equation

F(x,y,z,t; X —x,Y —y,Z—z,dt) = 0.

The wave surface relative to point (x,y,z) and at time 7 has equation, as we know,

F(x,y,2,t; X —x,Y —y,Z—27,1) =0.

In such a medium a light ray is defined by taking for x, y, z three functions of ¢ that satisfy equation
(?? and, also an additional condition which is what we call Fermat’s principle. Among all the
curves that satisfy equation (1) or, as we say, among all the integral curves of Monge’s equation
(1), the ray of light emanating from a given point (xo,yo,z0) at time #y and which passes through
the given point (x1,y;,z1) is that curve which minimises the time #; — fyp necessary for light to
travel from the first point to the second. In other words the light rays are the extremals of Mayer’s
problem defined by Monge’s equation (1).

239
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196. Briefly recall how Fermat’s principle leads to the formation of the differential equations that
define light rays. Imagine a light ray starting from point (xg,yo,zo) at time #y and ending at point
(x1,¥1,21) at time ;. Given any integral curve of equation (1) infinitely close to the light ray, we
can assume that x,y, z, ¢ are, both for the light ray and for the integral curve, expressed as a function
of a parameter u where the values 0 and 1 of this parameter correspond, for the light beam, to time
tp and time #;. Let

x+6x, y+98y, z+0z, t+ 6t

be the functions of u for the varied curve. Denote by x’,y’,7/,¢' the derivatives of x,y,z,t with
respect to u. Writing equation (1) in the form

F(x,y,2,1; xlaylazlat/) =0 2)
and by varying this equation,

OF . JF . OF .

Multiply the left hand side of this last equation by A du, where A is an undetermined function of
u, and integrate from O to 1; we will get

oF
A{ig5ﬁﬂg ®+A85Hw§wt

+A = 6 +7L +/1—5— A=—9

OF _dx ade OF sdz  , OF cdi]
ox' ady' 27 ot du

or, integrating by parts,

oF \1'
[A(ala +a,6 +&,6 +8'5>L

oF oF oF oF
[;{Pax W(xa>}5+ *{Aat (A&J}&}W:O. 3)

If the integral curve close to a light ray satisfies the imposed initial and final conditions, we will
have

(6x)0 = (8y)o = (82)o = (81)o = (8x)1 = (6y)1 = (82)1 =0,

and consequently

m(j)wm+£{pg'mXi?ﬂa+ +P§¥£X}$)%*W:o
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We can choose the functions dx, 8y, &z arbitrarily provided that they are zero at the limits of the
interval; let us then determine the function A by the condition that the coefficient of &z in the

quantity under the / sign is zero. For (8¢); to be zero whatever the varied integral curve, it is

necessary and sufficient that the coefficients of dx, dy, 0z in the quantity under the / sign are also
zero.

In other words, by introducing an auxiliary quantity A, the light rays are given by adding equation
(2) to the equations

JoF d JoF
A=——-——[A=— =0
dx du< 8x’> ’
F
WO d (P
dy du ay' @
WOFd [ 0FY
dz du\"d7)
JF d JoF
Moreover, elimination of A gives, besides equation (2), the three equations
OF 4 (OF\ OF 4 (OF\ OF d (3F\ OF d (oF
ox dul\dx') dy du\dy') dz du\dZ) OJt dul\dr (@)
oF T oF  oF o
ox' dy' 07 ar'
to which we must add
dc_,ody_, de_, odr_
du 7 du_y’ du_z’ du
dx' dy' d7 dr
We see immediately that equation (2) derived with respect to u and equation (4’) give —x, —y, —Z, @
du’' du’ du’ du

through four equations of the first degree and the values we deduce do not depend on u. The pa-
rameter is therefore only involved superficially, as is natural, in the final equations, which are of
the form

dx dy dz dr dx dy df dr

X

y Z ¢ X Y Y T’

/

where X,Y,Z,T are specific functions of x,y,z,t,x,y',Z,t', homogeneous of the second degree in
X',y ,Z ¢, and satisfying

ot ool o0l or or or or _
T R R N N A A T
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In reality, the differential equations for light rays are ordinary differential equations of the first
/ / /

order in x,y,z,t where these seven quantities are assumed to be related by relation (2).

AR

II. — The invariant Pfaffian equation of optics.

197. Consider now a family of light rays that depend on a parameter & and take each of these light
rays in a time interval (fy,t)) that depend on a and corresponding to a starting point (xo,Y0,20)
that varies with o, and an end point (x1,y1,21), that also varies with o. If we denote, for each light
ray, the auxiliary function that appears in the equations (4) by A, and if we apply the formula (3),

we get
oF oF dF JF'
/I] {(8#)16)” -+ (8)7/)16))1 -+ (azl>15Z1 + <8t )16t1:|

JoF JdF JdF oF
“n|(5e) 2o (57), 2o (52) 20 (50), 2

From this it follows that the differential system for light rays, considered as a system of first-order
/ / /

differential equations in x,y,z,t, related by (2), admits the invariant Pfaffian equation

[
oF oF oF JdF
Wy = W(Sxﬁ-aiyl6y+aizl62+w6l—0.

This Pfaffian equation, which also depends only on the mutual ratios of x’,y’,7,¢, is really a
system in six variables; its characteristic system is a system of ordinary differential equations,
which can therefore only be identical to the equations for light rays.

We thus come to the conclusion that light rays are the characteristics of the Pfaffian equation

JF JdF JdF JoF
W(Sx+a—y,5y+a—zléerWét:O, (%)

this is the invariant Pfaffian equation of Optics.

198. In practice, Monge’s equation (1) is written in the form

dx dy dz dx dy dz
(x7y7z7t’ dt’dt’dt) (x7y7z7t’ dt’dt’dt’ > O
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By putting

dx | dy . dz .
—_— =X _— = _—=
a- " a Y a©

it is easy to form the invariant Pfaffian equation. In fact, we have

JOF | ,OF ,OF _,9F _

Yo Yoy T oy T ar
consequently equation (5) becomes
oF oF dF oF JdF oF
' —8x+t —8y+t' —6z— (¥ == +y — +7 = |5t =0;
o Ot ay’ v+ FER (x o Y 8y’+z 32’)

Since the left hand side is homogeneous in x’,y,7’,#’, we can replace these arguments by x,,z, 1
respectively. We thus have, for the invariant Pfaffian equation, the form

99 50+ 225y 925 <'aQ+yaQ+ZaQ>5t—O.

ox Ty vt r o oy ey T s ©

. . . . c .
For example, take a medium in which the wave surface is a sphere, and let — be the speed of light,
n
where c is the speed in a vacuum and » is the refractive index (a function of x,y,z,¢). The Monge

equation here is
dx\ > dy 2 dz\?
2| (94X «r Z< — 2=
4O RGIRE

and the invariant Pfaffian equation is

n?(x8x+y8y+:8z) —? 8t =0.

If we put

it becomes
n(adx+ P Sy+7v8z) —cdt =0;
o, 3,y are thus the direction cosines of the tangent to the light ray.

If n does not depend on time, the laws of propagation of light admit the infinitesimal transformation

0
of and consequently the differential equations which give the light rays admit the invariant form

ot
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ot — g(a5x+[35y+}/5z)‘

The differential equations which give the (geometric) curves followed by consequently admit the
relative integral invariant

/n(a6x+[$ Oy +7v96z);

we find again the point of view of the previous Chapter (n°® 191).

199. The characteristic equations of the invariant Pfaffian equation of optics can be reduced, as
we know (n°152), to the characteristic equations of a first-order partial differential equation (the
converse is also true, but we will not reciprocal is also true, but we will not dwell on this).

The existence of an integral invariant will be guaranteed whenever the law of propagation of light
propagation of light admits an infinitesimal transformation; in all In these cases, we can reduce
the search for light rays to an ordinary problem in the calculus of variations.

For example, take the case where the law of propagation of light is given by Monge’s equation
n?(dx* +dy* +dz*) — 2 dr* = 0,

where the refractive index can depend on x,y,t, but does not depend on z. We then have the in-
finitesimal transformation

_df.
Af—afz,
the form
o(8) n(adx+pdy+ydz)—cdt :5z+g5x+é6yfi5t
®(A) ny Y Y ny

is an invariant form. Once we know the coordinates x and y as a function of ¢, we will get z by
a quadrature. As for the differential equations that give x and y as a function of ¢, they admit the
relative integral invariant

/9&+§@—i&
y Ty

or, equivalently, the integral invariant

/§5x+n5y—f5n

where &, 1, { are three quantities related by the relation
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2
n
1+8% =5

The characteristic equations include in particular the equations

2
n
dx dy dt \/dtzcz(dx2+dy2)

E n n
C

Light rays thus render stationary the integral

2
/—§5x—n5y—|—§5t=/\/:lzdtz—dxz—dyz.

IIl. — Fermat’s principle independent of space-time system of
reference

200. It is important to note that the invariant Pfaffian equation of Optics is related to Monge’s
equation which defines the law of propagation of light in a way that is independent of the system
of reference chosen for space and time. space and time. In other words, the equation

JF JF JF JF

ﬁ6x+ai}/6y+aiz/62+w6t:0

is a covariant of the equation
F(zyz:x,y,7,1") =0

with respect to any change of variables performed on x,y, z,f. Basically, this follows from Fermat’s
principle itself; but we can also find this equation in the following way, where nothing differenti-
ates the variables x,y, z,7 from one another.

Consider the Pfaffian system

T =a ST = O

/ / /
X

where x,y,z,t are assumed to be related by equation (2), and let us look for the derived

A
system of (7). This is what we call the system formed by the Pfaffian equations which are linear
combinations of equation (7) and which have the property that the exterior derivative of their left

hand side is zero when we take into account equations (7). Putting, as above,
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any linear combination of equations (7) is of the form
u(dx—xdt) +v(dy—ydt) +w(dz—zdt) =0.
If we take equations (7) into account, the exterior derivative of the left hand side reduces to
[dt (udi+vdy+wdz)];
the condition that it be zero when we take (??) and the differentiated equation (2) into account is
[dt (udi+vdy+wdz) (dx—xdt) (dy —ydrt) (dz—zdr) dF] =0,
or, simplifying,

oF ,  OF . OF \]_,
ox dy P) -

dx dy dz dt (udx+vdy+wdz) (a’x—l—d}’)—i— ——dz
Z

This gives

u 1% w

oF T OF T O
ox dy 0z

The derived system of system (7) is very simply the Pfaffian equation

IF IF

, oF
— (dx—xdr)+ Iy =

(dx—ydr)+ 5z

P (dx—zdt) =0,

whose characteristics are the light rays.

It follows from this that, even in Optics, the time coordinate does not play an essentially different
role from that played by space coordinates. The fundamental laws of Optics are not related nec-
essarily to the classical concepts of space and time, and carry over as they are into the theory of
relativity.

201. For example, by choosing a suitable system of reference for the universe (space-time), the
laws of propagation of light in the gravitational field produced by a single mass (reduced to a
point) are given by Schwarzschild’s equation

2

p_m
,

+r*(d6? +sin’> 0d?) — <1 — 2’”) dr* = 0.
r
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0
These laws admit the infinitesimal transformation a—J;; the light rays, considered solely from the

point of view of space, are therefore defined as realising the extremum of the integral

dr? 2 (d6? +sin® 6 d@?)

_|_
2m 2 _ zﬂ
Propagation takes place in a plane passing through the centre of attraction and if we assume that
this plane is defined by ¢ = 0, we have to achieve the extremum of the integral

dr? r2d6?
2m 2t _Zﬁ
(-2) 7

Using the existence of the infinitesimal transformation a—{, the integration is straightforward and

gives
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Glossary of terms

All references in this glossary are to the second edition.

Absolute integral invariant. p 25-26, “An integral invariant is said to be absolute if its prop-
erty of invariance is valid whatever may be the domain of integration; it is called relative if the
property of invariance is valid only for a domain of integration that is closed.” More explicitly,
an integral invariant is absolute if the integral remains invariant as we slide its domain of in-
tegration along the state-space trajectories of the system whatever the nature of the domain of
the integration, that is, whether the domain of integration is open or closed.

Associated system of equations. The definition of the system of equations associated with a
differential form F is found on p 58, “If the form is of degree p, the associated system is
obtained by setting to zero all the partial derivatives of F' of order p — 1.” The ‘partial derivatives
of F’ are defined on page 58, following this definition. In effect, these are the inner product
of the form F with the vectors e; of a vector basis. Cartan first introduces the concept of an
associated system of equations on p 49-50 in connection with an ordinary quadratic form, that
is, a symmetric quadratic form, and extended to the case of an exterior quadratic form in §58, p
53. The general definition is then given on p 58.

Initially, Cartan defines the associated system of equations only in connection with single alge-
braic exterior forms. He then extends it to systems of algebraic exterior forms. This definition is
carried over without change to the case of differential exterior forms, and to systems of exterior
differential forms, in Chapter 8 and the following chapters.

Though Cartan defines the associated system of equations in terms of partial derivatives, which
are equivalent to inner products with the vectors of a chosen basis, his definition is equivalent to
the modern definition, which can be stated as follows: Let F be a given exterior form (algebraic
or differential) and let X be an arbitrary vector; then the associated equation is given by

X|F=0
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This equation, generally called the characteristic equation, when expressed as a set of scalar
equations by choosing a basis, produces Cartan’s system of equations associated with F. Sim-
ilarly, the set of equations associated with a system F,G,...H of forms is obtained from the
equations

X|F=0, X|G=0,...,X|H=0

Integral invariant. p 25, “H Poincare gives the name infegral invariant to an integral (simple

or multiple) which, extended over an arbitrary set of simultaneous points (that is to say, all
corresponding to the same value of ¢), does not change value when we move the points of this
set along the corresponding trajectories to another instant ¢’
It is important to understand the context in which this definition is made. Poincare appears to
have been working in the context of an n-dimensional space with points (x',...,x"). In time, a
fluid point changes its position in this space, following a trajectory x’(¢) which is a solution to
the system of equations (1) on p 25, namely

1
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In this » dimensional space, imagine at time ¢ a curve C consisting of fluid points. This curve
may be open or closed. A line integral over this curve would give a certain value [ if evaluated
at time 7. The same fluid points would lie on a different curve C’ at a later time #'. The same
line integral evaluated of the same material points, i.e. over the displaced curve C’, at time ¢’
would yield a new value I'. If we have I’ = I for all times t', then the integral I is said to be an
invariant integral. In classical notation,

DI
- = O

Dt

The integral need not be a line integral; it might be a double or triple integral, or one of any

dimension at all.

Cartan’s view is different from that of Poincare. Cartan works in the extended space with co-
ordinates (x',...,x";t). The different times ¢ and ¢’ imagined by Poincare become, in Cartan’s
picture, different time slices # =constant and ¢’ = constant of the extended space. The trajecto-
ries of the fluid points are curves that are transverse to these time slices, and the material curve
C becomes a curve consisting of simultaneous points (x'(@),...,x"(o);t) at time ¢. The curve
C’ is then the curve formed by the intersection of the trajectories through these points and the
time slice ' = constant. This curve consists of simultaneous points at the new time ¢'.

An integral invariant is then an integral whose value does not change as we slide the points of
C along the trajectories in such a way as to keep all of the points simultaneous.

Invariant differential form. §31, p 29, “We shall agree to say that a differential form that can be

expressed by means of the first integrals of the system (1) and their differentials is an invariant

form for system (1).” Equations (1) are, in index notation, with x = (x',...,x"),
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dx' ;

— = X'(x,t

7 (x,7)

Force vive. p 189, Cartan says, on désigne par 2T la force vive, or “call 2T the force vive”. In
other words, for Cartan, the force vive is twice the kinetic energy.

Relative integral invariant. p 25-26, “An integral invariant is said to be absolute if its property
of invariance is valid whatever may be the domain of integration; it is called relative if the
property of invariance is valid only for a domain of integration that is closed.” More explicitly,
an integral invariant is relative if the integral remains invariant as we slide its domain of inte-
gration along the state-space trajectories of the system only if the domain of the integration is
closed, that is, a closed curve, or a closed surface, etc., but does not necessarily remain invariant
if the domain of integration is open.



