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PREFACE

The present volume consists of the second half of the second
volume of the French edition of Goursat’s  Cours d"Analyse

1"

Mathématique.™  As was stated m the preface to the first half
of this volume, it scemed best, for purposes of American schools,
to issue these two parts separately, and this was done with the
approval of Professor Goursat.

It is hoped that the present volume, which is entitled ** Differen-
tial Kquations,” will prove serviceable in American umversities

for courses which bear that name,
E. R. HEDRICK

OTTO DUNKEL

m
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DIFFERENTIAIL EQUATIONS

CHAPTER 1
ELEMENTARY METHODS OF INTEGRATION
I. FORMATION OF DIFFERENTIAL EQUATIONS

1. Elimination of constants. Let us consider a family of plane
surves represented by the equation

(1) 1"(.1‘, ZT) 02, ] (Iﬂ)= 0
which depends upon =z arbitrary constants. If we assign to these con-
stants definite but arbitrarily chosen values, the suceessive derivatives
of the function y of the variable » defined by the preceding equation
are furnished by the velations

3 or

+ -

' —
a:/ =0,

P O a*r i
3L3_//+ +8' y'="0

A

@

8"]' 3__: ) —
gn Tty =0

If we stop with the equation for calculating the derivative of the
nth order, we shall have in all (n + 1) relations between x, y, ¥', 3",
., ™ and the constants ¢, ¢, - - -, ¢,. The elimination of these n
constants leads in general to a single relation between o, y, o', - - -, y™,
€)) @0,y Y y)=0
From the very way in which the equation (3) is derived it is clear that
every function defined by the relation (1) satisfies this equation (3),
whatever may be the values assigned to the constants ¢;; hence
we say that any such function is a particular integral of the differ-
ential equation (3). The whole set of these particular integrals is
the general integral of the same equation. Using geometric language

for convenience, we shall also say that every curve represented by
3



4 ELEMENTARY METHODS OF INTEGRATION (L§1

the equation (1) is an integral curve of the equation (3), or that the
equation (3) is the differential equation of the given family of
curves (1).

We see that the order of the differential equation is equal to the
number of aibitrary constants upon which that family of curves de-
pends. It is also clear that the reasoning does not at all prove that
the equation (3) has no other integrals than those which are repre-
sented by the equation (1). In fact, the equation (3) may have other
integrals, as we shall see presently.

The above statements do not apply to the exceptional cases in which the
elimination of the n parameters ¢; between the (n + 1) relations (1) and (2) leads
to several distinet relations between =, y, ¥, ¥, -+, ¥™. We could in those
cases find one relation not containing y™, so that the family of curves con-
sidered would be the integral curves of a differential equation of an order less
than n. This will oceur if these curves depend in reality upon only n—p
parameters (p>0). For example, the curves represented by the equation
Flx, y, ¢ (a, b)] = 0 apparently depend upon two arbitrary parameters ¢ and b;
in reality they depend upon only a single parameter ¢ = ¢(a, b). There is also
another way in which the lowering of the order of the differential equation may
oceur. For example, the curves represented by the equation y2 = 2 ary + bc?
really depend upon the two independent parameters ¢ and b, yet thesc curves
always satisfy the equation y = ry’. This is because the preceding equation
represents two straight lines through the origin, each of which is an integral
curve of the equation y = xy’.

Egamples. The straight lines passing through a fixed point (a, b) are repre-
sented by the equation

4) y—b=C(—a)

and depend upon an arbitrary parameter C. The elimination of this parameter
between the preceding relation and the relation y’ = € leads immediately to
the differential equation of this system of straight lines :

(5) y=—b=y(—a.
Conversely, we can write equation (5) in the form

»y, el l
y—b z—a

and therefore every integral of that equation satisfies the relation
Log(y — b) = Log (xr — a) + LogC,

which is equivalent to the equation (4).
The set of all straight lines in a plane, y = C,z 4 C,, form a two-parameter
family whose differential equation is y” = 0. "The converse is self-evident.
The circles in a plane

©) P4+y?+2A4:+2By+C=0
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form a three-parameter family; the corresponding differential equation must
therefore be of the third order. Differentiating the preceding relation three
times, we find

(7 T+yy+A+By=0, 1+4+y2+y” + By’ =0,
:_;I/ly/l + yy//I + liylll —_ 0.
The elimination of B between the last two equations leads to the desired equation

(8) Y1+ y?)—8yy2=0.

The only plane curves satisfying this relation are circles and straight lines.
We see first of all that any straight line is an integral curve, for the equation
is satisfied if we have y”” = 0 and therefore y” = 0. Now let us suppose that
y” # 0; then we can write the equation (8) in the form

vz

v’ 3y
v 1ty

,”

from which we derive

Logy” - :::-Logﬂ +y?) + LogC,,

where C, is a constant different from zero. This result may be written in the form

’r

v 0y
(1+ v
A second integration gives
yl
\/l_-l-_y'z - Cl‘n + Cz,
or
C] &+ (72 .

V=—" " H
V1= (C e+ Cp)?
integrating once more, there results finally
Cy + Cy=—V1—(C;z + G,)?,
which is the equation of a circle.
“The differential equation of all conies may be found easily by the following

method, which is due to Halphen. If the conic has no asymptote parallel to
the y-axis, its equation solved with respect to y is of the form

y=mz+n+ VAL + 2 Br + C.
After two differentiations we find
. AC—R
T (A2 +2Bs+ o)}

,’

or
W) =0~ B)~ ¥4 + 2Bz + 0),

so that (y)-%8 is a trinomial of the second degree in z. Hence, to eliminate
the three constants A, B, C three differentiations are sufficient, and the desired
differential equation can be written in the abridged form

=0
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Carrying out the differentiations, we obtain the equation
(9) 40 1///3 — 45 ynyn/ y{v + 9‘_1/”2 Y= 0.

The differential equation of parabolas may be found by the same method.
We have, in fact, for a parabola 4 = 0, and (y”")—22 is a binomial of the first
degree. The differential equation is, therefore, in an abridged form,

Sl h=o,

or, after carrying out the indicated*differentiations,
(10) 5y”2 —3y"yiv=0.

IT. EQUATIONS OF THE FIRST ORDER

Every differential equation of the nth order, formed by the elimi-
nation of the constants, has an infinite number of integrals that
depend upon » arbitrary parameters. But it is by no means evident
that a differential equation given a priori has any integrals. This
involves a fundamental question to which we shall return in the
following chapter. e shall first consider some simple types of
differential equations of the first order whose integration can be
effected by quadratures. The existence of the integrals will be
established by the very method by which we obtain them. If this
order of procedure seems subject to eriticism from the point of
view of pure logic, we may at least observe that it conforms to the
historical development of the subject.

2. Separation of the variables. The simplest type of differential

equation is the equation already studied, .
dy _
(11 T~ f(@),

where f(r) is a continuous function if the variable x is real, or an
analytic function if we regard the independent variable x as com-
plex. We have seen that that equation has an infinite number of
integrals which can be represented by the relation

y =fxf(.r)drc + C,

where the lower limit «, is considered as fixed, and where C' denotes
an arbitrary constant. The equation

(2) 0
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reduces to the preceding by considering y as the independent vari-
able and z as the unknown function. The equation may then be
written in the form da/dy =1/¢(y), and consequently

Y dy

N n ®W)

In general, when a differential equation is solved with respect to
the derivative of the unknown function, it is often convenient to
write it in the differential notation,

(13) P(x, y)dz + Q(x, y)dy =0.

This form does not commit us in any way as to the choice of the
independent variable, which may be either = or y. If we wish to
substitute for « and y new variables » and v, we need only replace
x, ¥, dz, dy in the equation (13) by their corresponding expressions
in terms of u, v, du, dv. Let us also notice that we may, without
changing the integrals of the equation (13), multiply or divide both
its terms by the same function of 2 and y, u(z, y), provided that we
take account of the solutions of the equation u(x, y)= 0 which may
be made to appear or may be suppressed by the operation. The two

x + C.

cases which we have just treated are particular cases under a more
general method, called the separation of variables. 1f a differential
equation of the first order is of the form

(14) Xdx +Ydy =0,
where X and Y depend only upon « and y respectively, we say that
the variables are separated. The equation is then integrable by quad-
ratures, for if we put

r v
s =f Ndx +f Ydy,
‘o Yo

the equation can be written in the form ¢/ =0, and the general
integral is represented by the relation U/ = .

The equation

(15) XY, de + X, Ydy =0,
where X and X, depend only upon x, and where }" and ¥, depend
only upon y, can be reduced to the preceding form by dividing the
two terms by X,Y,. It should be noticed that in this example the
solutions of the two equations, X, =0, ¥, = 0, are suppressed. Indeed,
it, is clear that if y = & is a root of the equation ¥, =0, y =4 is an
integral of the proposed equation, while in general it will not be
included in the general integral of the new equation.
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3. Homogeneous equations. A differential equation of the first order
is said to be komogeneous if it can be written in the form

a i2-10)

where the right-hand side is a homogeneous function of degree zero.
It can be reduced to an integrable form by putting y = ux, where
the new variables are z and w. This substitution gives

and the equation (16) becomes
du
= + u = f(u).

We can now separate the variables by writing the equation in the
form
dx du

€T —f—(u)—u’

and the general integral i3 obtained by one quadrature in the form

du
17 x = Ced T®=3,

We have only to replace in it « by ¥/« in order to obtain the equation
of the integral curves.

The general equation of that family of curves is of the form
x =C¢(y/x), where C is an arbitrary constant. These curves are
all similar to any one of them, with the origin as center of simili-:
tude, the ratio of similitude being alone variable; for we can derive
the preceding equation from the equation x = ¢ (y/x) by replacing
z and y in it by «/C and y/C respectively. Conversely, given a
family of curves similar to each other with respect to the origin, the
corresponding differential equation of the first order is homogeneous.
We can verify this by actual calculation, but the result is evident
a priori, for the tangents to the different curves of that family at
the points of intersection with a straight line through the origin
must be parallel, and therefore the slope of the tangent y' depends

only on the ratio y/x. ‘
We can reduce to the homogeneous form any equation of the type
dy _ < ax + by + ¢ ) )
(18) dox =f a'c + by + ¢ ’
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where q, b, ¢, ', 0!, ¢' are any constants, except that 4 and 4’ are not
both zero. In order that this equation be of the desired form, it is
sufficient that ¢ = ¢' = 0. Now, if we put

r=X+aq y=Y ":.Bs

where X and Y are the new variables and where a and 8 are any
two "constants, the given equation becomes

ay < aX+bY+ac+ 0B+ ¢ )
ol )

dX ' \a'X+ VY +da+bB+ec

and this new equation will be homogeneous if
ae + I3 +c¢=0, aa+ 0B+ =0.

These two conditions determine @ and B if ad' — «'b is not zero.
In the particular case in which «b' — «'b = 0, suppose b # 0; we
shall have «'x + 0'y = &k (ax + by), where I is a constant which has
a finite value. Putting ax + by = «, the equation tukes the form

ldu _a u+c>
bde b +f(lcu + ¢ ’

in which the variables are separated.

4. Linear equations. A linear differential equation of the first
order is of the form
{
(19) «y

de

+Xy+ X, = 0,

where X and X, are functions of . If X, =0, we can write this
equation in the form

dy
(20)

v

+ Xde =0,
and the general integral is obtained by one quadrature in the form

(21) ' Y= Ce_f ""m.

In order to integrate the complete equation (19), where X, is
supposed different from zero, we shall try to satisfy that equation
by taking for y an expression of the form (21), considering C' no
longer as a constant but as an unknown function of z. This
amounts to making the change of variable y = Yz, where # is the
pew function to be determined and Y any one of the integrals
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of the equation (20). After this substitution, the equation (19),

by virtue of the relation (20) which Y satisties, takes the form
dz

Y

+ ‘\'1 =0,

which iy integrable by one quadrature. We derive from it

where (' is an arbitrary constant. The general integral of the
equation (19) is therefore obtainable by fwo swccessive quadratures.
Replacing ) by ity value, we can again write it in the form

(22) y=rv 'f\'l'<(' -—-f.\'lr'f‘(hllr>,

where the lower limits in the two integrals are chosen at pleasure.

The general integral is «n integral linear function of the constant
of integration of the form y = Cf(r)+ ¢ (o), where f(r) and ¢(r)
are definite functions of . This property characterizes the linear
equation, for if we eliminate the constant ¢ between the preceding
equation and the equation

Yy =)+ ¢'(r),
we are evidently led to a relation that is linear in y and 4"

This result may be stated in another way. Let y,, #,, 4, be three
particular integrals of the linear equation, corresponding to the
values €, €, €' of the constant (75 the elimination of the two fune-
tions f(xr) and ¢ () between the three relations,

v = ('lf(.l') + (j)(.l'), Uy = ('_bf(‘r) + ¢ (1), Uy = ('sf(‘r) + ¢ (),

leads to the rolution- W= )/ Wy — u)= (.('s —C)/(C,— €)), which
shows that the ratio (g, — ) /(y,—y,)) is constunt for any three
particular integrals of a linear equation. If we know two particular
integrals g, », of a linear equation, we can then write down imme-
diately the general integral in the form

y— 4

L = const.

V.—

It is also to be noticed that if we know a single particular inte-
gral y,, the general integral can be obtained by a single quadrature ;
in fact, putting y = y, 4 1, we are led to the equation du/dr + Xu =0,
which is identical with the equation (20).
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5. Bernoulli’s equation. Bernoulli's equation
o dy | o
(23) e +Xy+ X, y=0,

where the exponent 2 may be any number different from zero and
from unity, can be reduced to a hmear equation by the substitution
z=y'"" For then we can write the preceding equation, after
dividing all its terms by 4", in the form

We can reduee to the preceding type any equation of the form

(21) 4)(3)4!1 + uj/<"/‘> dy + kaem(edy - yday 0,

where L and m are any two numbers whatever, For if we put,
y = wr, the equation obtained can be written as follows :

l.
()4 ()] 3]; g ()4 kam o0,
and, putting = = =1 we are led to a linear equation,

6. Jacobi’'s equation. [Let us consider the equation

(a4 a’r + a”y) (rdy — ydr)

(25) , . , .
— O+ Ve ydy (¢ +e'r 4 e”y)de 0,

where a, a’, a”, by ' b7, e e’ e e any constant, coeflicients, Ita b ¢ 0,
the equation comes under type (24), for we have only to divide by a'r - a”y to
reduce it to this type. In order to reduce the general ease to this particular
case, letus put £ = YV 4 «r, y- Y 4 g, where .V and ¥ e two new variables
and where « and g are two constants. Thus we obtain a new equation of the
same form, which can be written as follows :

(X +a”Y)(XdY = YdX)
(25%) —[B+YX+VY (A4 ’X 4 a”Y)a— AN |dY
+[CH+cCX Y = (A + @V +a”Y)p— AY]dY .0,
where
A=a+da+ a8, B="nh4Va+ B, C=rc4c'a+ B

This equation (25%) will be of the type (24) if we have fa— B--0, AB— ' = 0,
We are than led to determine the constants «r, B by these two conditions, which
may be written in a more symmetric form by introducing an auxiliary un-
known X\ :

d-N=0, B—\a=0, C—-N=0.
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The elimination of the unknowns a, S leads to an auxiliary equation of the
third degree for the determination of A\:

a—\ a a” .
b V=2 ¥ |=0.
c 4 ¢’ =\

The integration of Jacobi’s equation depends, then, first of all on the solution
of this equation of the third degree, as will be seen by other methods a little
later.

7. Riccati's equation. Riccati’s equation
. dy . . .
(26) ;}:l +X1 4+ Ny + X, =0,

where X, X, X, are functions of o, cannot in general be integrated
by quadratures. The integrals of this equation, when the coeflicients
are unrestricted, form new transcendental functions, whose proper-
ties we shall study. But this equation is related to the matter which
we are discussing on account of the following property: [f we
know a particular integral, we can find the general integral by tuo
quadratures.

Let y, be a particular integral. The change of variable y =y, + =
leads to an equation of the swme form which does not contain any
term independent of 2, since 2 = 0 must be an mtegral; that equa-
tion is, in fact,

(=
(27) DoAY, 2Ny A =0,

and we have only to put v =1/2 in order to transform it into a
linear equation. This proves the proposition just stated.

F'rom this result, several important consequences follow. The
general integral of the hinear equation in « is of the form (§ 4)

w=Cfr)+ o(r);
henee the general integral of the Riceati equation is of the form

1 OICAk X ACIN

CrEF e Crw)+ ()

We see that it is a rational function of the first degree in the constant

(28) y=u+

of integration. Conversely, every differential equation of the first
order which has this property is a Riceati equation. For, let f(),
d (), £i(0), ¢,(+) be any four functions of .»; all the functions y
represented by the expression (28), where ¢’ is an arbitrary con-
stant, are integrals of an equation of the first order, which is easily
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obtained by solving the equation (28) for ¢* and then taking the
derivative. This gives
b — .’/4_”
uw=n
and the corresponding differential eqnation is
Uf = 1) (b1 = dy' — ud" — (1 — y) (UF + ut' =) =0,

which is of precisely the form (26).

Let g, vy, 4y ¥, be four particular integrals corresponding to the
ralues (", '), 'y, € of the constant ¢, By the theory of the anhar-
monice ratio we have the relation

v —

Y= = _ U=y Ca=

Bt e GG o=
which is easily verified also by direet ealeulation, and which proves
that the anharmonie ratio of any four particwdar integrals of” Riccats
equation s constant.

This theorem enables us to find without any quadrature the gen-
eral integral of a Riceati equation when we know three of its partie-
ular integrals g, y,, #,. Every other integral g must be such that
the anharmonic ratio (y — U=y )=y - ) [ty — ) A8 con-
stant. The general integral is then obtained by equating this ratio to
an arbitrary constant. It is elear that 4 will be o rational function
of the tirst degree in this constant, which proves that the preceding
property belongs only to the Riceati equations.

Let us observe that if we know only two particular integrals, gy,
and y,, we can complete the mtegration by one quadrature; for,
after the first transformation y -= y, + =z, the equation obtained in 2
has the integral y, — y,. The Imear equation in o has therefore the
known partieular integral 1 (y,-= »,). The general integral of the
equation in « will then be found by a single quadrature.®

Application. Let us consider a famly of cireles in a plane, which depends
upon one variable parameter. Let (a, b) be the coordinates of the center of the
variable cirele and let B be its radius (the axes being rectangular). We shall

® The properties of Riceati's equation established in the text can be derived alwo
by obserying that the equation is not changed in form by any general linear trans-
formation y ~(f2+ @) /(L2 + ¢y), where £, fi, ¢, ¢y are functions of r. If we know
one, two, or three mtegrals of the equation (26), we can always choose the linear
transformation in such a way that, in the transformed equation in 2z, one, two, or
three of the coeflicients of the polynomial of the second degree in z will be zero. A
hnear equation may be regarded as a Riceati equation which s satisfied by the
particular integral ¥ = x, that is, such that the equation obtained by putting y=1/z
has the solution z=0.
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suppose that ¢, b, R are known functions of a variable parameter a. Let us try
to tind the curves which cut each of these circles at a known angle 1, which
may be constant or a given function of a. The codrdinates of any point M of
the circle €' with the center (¢, b) and the radius E can be represented by the
equations

z=u+ Rcosd, y=b+ Rsiné,

where 6 is the angle which the radius terminating at the point M makes with
the direction Or. The problem reduces to the determination of the angle § as a
function of the parameter «, so that the curve described by the point M cuts the
circle C at the angle V7. The differential equation of the problem is therefore

dy —tand
ctn V' = T
ay
14 tanéd -~
+ dr

which becomes, after replacing de and dy by their values and reducing,

R (:0 + 0 cosf — «'sinf — ctn V(R 4+ « cosf + b sin ) =0,
da

where ', I, R are the derivatives of a, b, R with respect to . Taking for the
new unknown ¢ = tan (6/2), we obtain the Riceati equation

@) 2 Ic:lu + V(1= — 2@t —etn VR(1+ ) 4 «’ (1= (2) + 261] = 0.
124

It will suftice, then, to know a single trajectory in order to obtain all the others
by two quadratures,

Let us consider the particular case of orthogonal trajectories; the angle 17 is
then a right angle, and the cotangent is zero.  If we also suppose that the cireles
considered have their centers on a straight line, we know a priori two particular
integrals of the equation (20), tor the line of the centers is an orthogonal tra-
jectory and meets each cirele in two points, It is easily shown that the inte-
gration requires only one quadrature, for if we take the r-axis for the line of
centers, the equation (20) reduces to R (dt/dr) — @'t = 0.

8. Equations not solved for y'. In the different cases which we
have just examined the equation was supposed to be soived with
respect to . Let us now consider the general equation of the first
order F(r, y, y)= 0. Let § be the surface represented by the equa-
tion F(r, y, 2) = 0, obtained by replacing y' by 2. To every integral
Y =1'(r) of the proposed equation there corresponds a curve T, rep-
resented by the relations

@ y=r@, ==r0),
which lies entirely on the surface S, since we have

Fla, f0), ()] = 0.
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But this curve I' is not any curve on the surface 8: along this curve,
in fact, y and z are functions of r satistying the relation dy — zdr = 0,
and that relation preserves the same form if we take any independ-
ent variable in place of «.

Conversely, let T be a curve lying on the surface 85 the coordi-
nates x, y, # of a point of that curve are functions of a variable a.
If these three functions, » = ¢ (a), y = ¢ (1), 2 ~- ¢,(n), satisfy the
relation dy = zdr, we can deduee from them an integral of the given
equation ; for the first two relations, x = ¢ (@), y = ¢,(a), represent,
a plane curve (", Let y = f(r) be the equation of that curve, suppos-
ing it solved for 4. Along the entire curve I' we have 2 = #'(r), and
consequently F[r, f(x), f'(#)] = 0; the curve (' is therefore an inte-
gral curve. There would be an exception only in case the curve ¢
were to reduce to a point, and the curve T to a straight line parallel
to 0z. The two problems are then equivalent.: to integrate the given
equation F(x, y, ¥')=0 or to find the curves of the surfuce § for
which we have

dy — zdr = 0.

This being the case, let us suppose that we can express the coor-
dinates of a point »r, y, » of the surface S explicitly as functions of
two variable parameters w, »:

xr=f(u,r), Y= plu, 1), Z o glu, ).

Every curve T of the surface S is obtained by establishing a certn
relation between u and ¢, and, m order that that curve shall define
an integral, it is necessary and suflicient that we have dy = zdr, or

¢

‘
o

'I

‘¢ - .(f af )
T = y(u, 1) o du + on di

;
.t
ou

; .

lu + .
c

We have thus a differential equation dv/du == a(u, 1), solved with

respect to dv/du. Tt is clear that the preceding diseussion applies

also to equations which can be solved for ',

This transformation is inmediate for the equations solved for one
of the variables « or y. For example, let the equation he

(30) y=rry);

we can here take for the variable parameters » and y' = p. The sur
face S is then represented by the equations

z =7, z=p, y=f(ryp),
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and the relation dy = z dx becomes

of dp
(31) r= + o de’
This result could have been obtained directly by differentiating the
relation (30) and replacing y' by p. Let p = ¢(x, (') be the general
integral of the equation (31); to deduce from it the general integral
of the equation (30), it will only be necessary to replace y' in the
equation (30) by ¢(.r, ().

9. Lagrange’s equation. Let us consider in particular an equation
linear in the two variables > and y:

32) y=126(y") + ¥(y").
Differentiating the two sides, and denoting 4' by p, we obtain the

equation

p=b(p)+r4'(p) 7L 7 +¢(1)- o

If we consider p as the independent variable, and » as the unknown
function, that equation, which can be written in the form

[é(r) — 1'] . + wd'(p)+¥'(p)=0,

is linear and is integrable b_y two quadratures. lHaving obtained »
as a function of p, by putting that value of .« in the expression

y=x¢(p) + ¥(p),
we shall have the coordinates o and » expressed as functions of the
parameter p and of an arbitrary constant.*

We can readily discuss the general appearance of the family of integral
curves by observing that x and y are polynomials of the first degree in the
arbitrary constant C:

(33) r=CF(p)+®(p), v=CF(p)+ & (p).

But the functions F(p), Fy(p), ®(p). ®,(p) are not arbitrary functions, since
the parameter p represents the slope dy/dr of the tangent. On this account
we must have F{(p) = pF'(p), &;(p) = p®'(p). Let I'y, I'; be two particular
integrals corresponding to the values C =0, C =1 of the constant :

[r., =P (p), T {!. =F(p)+ &(p),
Ly = (D) Y = Fyu(p) + ¢,(p).

* The equation (32) can also be reduced to a linear equation by means of Legendre's
transformation (I, § 62, 2d ed | § 34, Ist ed)

A homogeneous equation of the form ¥ = r¢ (¥, not solved for »°, may be consid-
ered as a particular case of Lagrange's equation and integrated in the same way.
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and the relation dy = z dx becomes
_of  ofdp

31) P=3 T op dz
This result could have been obtained directly by differentiating the
relation (30) and replacing »' by p. Tet p = ¢(=, (") be the general
integral of the equation (31); to deduce from it the general integral
of the equation (30), it will only be necessary to replace »' in the
equation (30) by ¢(x, ().

9. Lagrange’s equation. Let us consider in particular an equation
linear in the two variables « and y:

(32 y=ad(y) + 9
Differentiating the two sides, and denoting y' by p, we obtain the
equation dp dp
R ! _— J -
p=(p)+x¢'(p) -+ ¥'(®) 4,

If we consider p as the independent variable, and  as the unknown
function, that equation, which can be written in the form

[6(0) —p) o ap = ad!(p) + () =0,

is linear and is integrable by two quadratures. Having obtained x
as a function of p, by putting that value of = in the expression

y =xd(p) + ¥(»),
we shall have the codrdinates = and y expressed as functions of the
parameter p and of an arbitrary constant.*

We can readily discuss the general appearance of the family of integral
curves by observing that = and y are polynomials of the first degree in the
arbitrary constant C:

(33) z=CF(p)+ ®(p), v=CFy(p)+ % (p).

But the functions F(p), F,(p), ®(p), ®,(p) are not arbitrary functions, since
the parameter p represents the slope dy/dx of the tangent. On this account

we must have Fy(p) = pF'(p), ¥](p) = p¥'(p). Let I'y, I'; be two particular
integrals corresponding to the values C =0, C =1 of the constant :

r {ro=4>(m, r {rl =F(p) + 2(p),
Yo = ®,(P), ! =F\(p) + ®,(p).

* The equation (32) can also be reduced to a linear equation by means of Legendre’s
transformation (I, § 62, 2d ed.: § 36, 1st ed.).

A homogeneous equation of the form y =2z ("), not solved for y’, may be consid-
ered as a particular case of Lagrange’s equation and integrated in the same way.
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The equations (33), which represent any integral I', may be written aiso in
the form
{x=0(x‘— 7o) + Zor
y=CU— vy + Yo

At the points My(xo, ¥o)y My, ), M(x, ) of the curves T'y, Ty, T', which
correspond to the same value of p, the tangents to these curves are parallel.
Moreover, we derive from the preceding expressions

Y—=yy__x—x_ C

y—y, I—ux, C-=1

which proves that the three points M, M,, M, are on a straight line and that
the ratio MMy/MM, is constant. We have then the following geometric
construction : Given the two curves 1'y, Ty, we join the points M, M, of these
two curves where the tangents are parallel, and we take on the straight lme joining
these pownts the point M such that the ratio MMy /MM, wil be equal to a given
constant K. If the points My, M, describe the curves Ty, T'y, the point M describes
an imtegral curve ', and we obtain the general integral by varying the constant K.

10. Clairaut’s equation. A remarkable particular case of Lagrange’s
eqnation had been treated previously by Clairaut; cvery equation of
the form

(G2)) y=xy"+ 14"
is called a Clairaut equation. Following the general method, we
differentiate the two sides and put p = y'; this leads to the equation

, dp

(35) [+ ()] 5= 0.

arx

This equation is satisfied by putting dp/dz = 05 whence p =", Tho
general integral of Clairaut’s equation is, then,

(36) y==0x+f(").
This equation represents a family of straight lines, and it is readily
seen that they are really integral curves. Dut the equation (35) is
also satisfied by causing the first factor = 4 f'(p) to vanish.  From
this it follows that there exists a new integral of the equation (34),
which is represented by the two equations

r+f()=0, y=pr+f(p)
Now the elimination of p between these two equations would lead
precisely to the envelope of the straight lines represented by the
equation (36). Hence Clairaut’s equation has also as an integral
curve the encelope of the straight lines which represent the yeneral
infegral. Since we cannot obtain this integral by giving a particular
value to the constant ', we say that it is a singular integral.
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We are led to Clairaut’s equation when we undertake to determine a plane
curve by a property of its tangeuts in which the point of contact does not enter.
In fact, let y = f(z) be the equation of the desired curve; then the equation of
the tangent is Y= y’.X + y — xy’, and we are led to a relation between y” and
¥ — xy’, that is, to Clairaut’s equation. It is clear that in this case it is the
singular integral which gives the real solution of the problem.

Let us propose, for example, to find a curve such that the product of the dis-
tances from two fixed points F, F’ lo any one of its tangents is always equal to a
constant b2, Let 2c¢ be the distance FF’, iet the middle point of the segment
FF’ be taken for the origin, and let the stiaight line FF’ be the z-axis. This
leads to the differential equation

(w—ay)? — c?y? =2 (1 + v?)
if we suppose that the two points F, F” lie on the same side of the tangent. This

equation reduces to the form y = xy’ +V V2 + a? y’?; hence the genera! integral
represents the family of straight lincs

y=Cx £ Vb2 + a2C?, a? =02 4 c2.
The singular integral curve, the envelope of these straight lines, is the ellipse
2 g2
@’ ®

which is the true solution ot the problem.

=1,

11. Integration of the equations F(x, y')=0, F(y, y')=0. The
equations which contain only one of the variables x or y are inte-
grable by a quadrature, provided that we can solve the equation for
y' (§2). If the equation is algebraic,  is an Abeliun integral or
the inverse function of an Abelian integral. Whenever the relation
is of deficiency zero or deficiency one, we can express « and y as
functions of a variable parameter, either rationally or by means of
the classic transcendentals. Let us consider, first, equations of the
type F(y, y")= 0, of deficiency zero; we can express y and y' as
rational functions of a parameter w«, y = f(x), y' = f,(v), and the
condition dy = y'dx gives us f'(«)du = f,(¢)dx. Then the variables
«x and y are given by the expressions

Y Q)

37) y =f(u), x = mdu

in terms of the variable parameter . The same procedu‘re is applica-
ble to the equations F(y, )= 0 if the relation is of deficiency one;
but we must take for f(x) and f,(x) elliptic functions, and « and y are
expressed in terms of the transcendentals p, ¢, ¢ (Part I, § 75).

We can proceed similarly with the equations F(z, )= 0 if the
relation is of deficiency zero or one; besides, they reduce to the pre-
ceding form by interchanging x and .
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Ezample 1. The equation y®(y’ — 1) = (2 — y')? is of deficiency zero. Putting
2 — y' = yu, we derive from it y’ =1+ u?, y = l/u— u. The relation dy = y'dz
becomes here dz = — du/u?. We have, then, 2 = 1/u + C, and the general inte-
gral of the given equationis y = — C —1/(x — C).

Example 2. The equation y3 — 3y2 — 9 y* — 12y* = 0 represents, if we regard
y and ¥’ in it as the codrdinates of a point, a unicursal quartic having three
double points (y =0, ¥y’ = 0), (y== V= 2/3,y = 2). We can, in fact, write
the preceding equation

=22+ =@y +2)>%
Putting first 3’ =u2—1, we have 342 =(u+ 1)2(x—2); if we then put
u— 2 = 3¢2, we obtain finally the following expressions for y and y’ as func-
tions of the parameter ¢ :
y =3(t+3), v =3(1+13)(1+ 3%,
The relation dy = y’de reduces here to (1 + ¢2)de = dt ; we derive from it
t = tan(x + C),
and the general integral of the given equation is therefore
y =38tan(z + C) + 3tan® (¢ + C).

Ezample 3. Let B (y) be a polynomial of the third or of the fourth degree,
prime to its derivative ; let us consider the differential equation

(38) y?=R(y).

We have seen in § 78, Part I, that we can satisfy this equation of deficiency
one by putting y =f(v), ¥ =S'(v), where f(u) is an elliptic function of the
second order. The condition dy = y’de becomes du = dr ; the general integral
of the equation (88) is theretore an elliptic function y = f(£ 4 C).

1f the polynomial R (y) is of lower degree than the third, or if the polyno-
mial, although of the third or of the fourth degree, is not prime to its derivative,
the relation (38) is of deficiency zero. We can express y and ¢’ by rational func-
tions of a parameter u, and, by applying the preceding method, we easily show
that the general integral is a rational fanction of x or a rational function of es=,

12. Integrating factors. The method of integration by the separa-
tion of the variables was generalized by Euler. The reasoning of §2
applies really to every equation of the first order

(39) P(x, y)de +Q(x, y)dy =0,
where the coefficients 7> and Q contain both z and y, provided that
we have 91°/0y = 0Q/éx. This condition is necessary and sufficient
in order that Pdz + Qdy shall be the total differential of a funetion
U (x, y), and the function (" (r, %) is obtained by quadratures, as we
have seen (I, § 151). The equation (39) is then identical with the
equation ¢ = 0, and the most gendral solution is given by a rela-
tion of the form " (r, y)= (" between x and y. The equation (39) is
therefore integrable by quadratures whenever the coefficients P and
Q satisfy the condition 0 /0y = 0Q/0x.
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In order that the preceding method may be applied, it is not
necessary that we have 9P/dy = 0Q/o0x ; it suffices to know an inte-
grating factor, that is, a factor u(z, y) such that the product

— 1 (@ 9)[Pdz + Qdy]

satisfies the integrability condition @(uP)/dy = @(uQ)/ox, or, after
developing, ) , ) )
(ad [ P 0Q\_

(40) Pa‘I;—QE’; f-/t(z/'—'a—x)—o

The investigation of the integrating factors is thus reduced to the
integration of the preceding equation, which is a partial differential
equation of the first order. It seems that in proceeding in this way
we have made the integration of equation (39) depend on an appar-
ently more difticult problem, but it is to be noticed that it suffices
to know one particular solution of the equation (40) in order to apply
the method, and in many cases we can find a particular integral of
the equation (40) by more or less direct processes. Let us see, for
example, in what case the equation (39) has an integrating factor
depending only on w. If we suppose du/dy = 0, the equation (40)

becomes ou o 2Q

Qo™ “(‘a‘fﬂ)’
and the expression [0/°/0y — 6Q/0x]/Q must be independent of y;
if it is, we obtain an integrating factor u by a quadrature. Let us
suppose in addition that Q =1; then //dy must be a function X
of the variable @, and the equation (39) is a linear equation,

(399 dy +(Xy + X)dx =0,

where X and X, denote functions of x alone. In this case, the equa-
tion (40) is satisfied by

*Xdx
'u, = ev%
and it is eaéy to show that if we multiply the equation (39') by this
factor, we have on the left an exact differential

cj;o.\'d.t(dy + ‘\'!/dl' + ‘Yldz) = d<yef-:x1z +f Xle z,,-\'dzdit): 0.
To

The calculations which have to be made for the integration are
exactly the same as in the first method (§ 4).

We shall show farther on that the equation (40) has an infinite
number of integrals under very general conditions, which are always
satisfied in the cases in which we are interested. If we know one
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integrating factor u,, we can obtain all others in the following way:
Putting p = p, the equation (40) becomes

)av ov

4 —_— —_—=
(40" re— Qg

0.

Now we know one function satisfying this relation: it is the fune-
tion, U (a, y), whose total differential is w, (P dr + Qdy), since the
partial derivatives 9U /ox, 0U /9y are equal to u I’ and to p, Q. We
have, then, also (dv/0y) (9U /ox) — (9v/0x) (U /dy) = 0, which proves
that » is of the form ¢ (U) and that the general expression for the
integrating factors is u = p,¢(U), where ¢ is an arbitrary function
of . It is easy to show that u is really an integrating factor, for

from the identity
#,(Pde + Qdy)=dU

we derive, by multiplying by ¢ (U),
H b (UY[P(x, y)dxe + Q(x, y)dy]= S (I7)dU,
and the right-hand side is the exact differential of the function

F(U)=f¢(U)dU.

We deduce from this an interesting consequence: if p and p, are
two integrating factors, the ratio u,/u, is a function of (7. If this
quotient u,/u, is not constant, the general integral of the ditferential
equation can then be written in the form u,/u, = constant.

The preceding theorem is sometimes helpful in finding an inte-
grating factor. Let us consider the differential equation

(41) Pdx+ Qdy + P de + Qdy = 0,

where P, P}, @, Q, are functions of x, y, and let us suppose that we
know how to find an integrating factor for cach of the expressions
Pdr 4+ Qdy, P,dr 4 Qdy. The general expression for the integrat-
ing factors of I’dr 4 Qdyis p¢(U), where u is the known factor, 17
a function of r and y which we obtain by quadratures, and ¢ an
arbitrary function. Similarly, the general expression for the inte-
grating factors of P dx + Qdy is w,y(U)), where p, and U, are
definite functions and ¢ an arbitrary function. If we can choose the
functions ¢ and ¢ in such a way that we have

pe(U)= my (U)),

we shall have an integrating factor for the given equation (41).
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Let us take, for example, the equation
axdy + bydz + zmy(azdy + By dx) =0,
where a, b, «, B are constants. Every integrating factor of ardy + bydr is of
the form ¢ (zty%)/zy, and, similarly, every integrating factor of the second

part is of the form y (z8y=)/zm+1yn+1, In order to have a common integrating
factor, it will suffice to find two exponents, p and ¢, such that we have

amyn (@b ye)r = (zBy=)1,
which leads to the conditions
pa—qa+n=0, pb—¢f4+m=0.

These conditions are compatible if ag — ba is not zero, and determine an inte-
grating factor of the form z#y¥. Multiplying by this integrating factor, the
equation takes the form v»—1dv 4 v{—1dv, = 0, where we have put v = zb y=,
v, =xBye; and this equation is immediately integrable.

In the particular case where ag — b = 0, we obtain from it a/a = 8/b =k,
and the equation can be written in the form (ardy + bydz) (14 kzmyr) = 0.

Note. If we know the general integral of a differential cquation of the first
order, it is quite easy to obtain an integrating factor. For let f(z, v) = C be
the general integral of the equation (39). The differential equation of the curves
represented by that relation is also (8f/oc)dx + (2f/oy)dy = 0; in order that it
be identical with the equation (80), we must have

o o
a2,
P Q

and the common value of the two preceding ratios is evidently an integrating
factor for Pdr + Qdy. Every other integrating factor is equal to this one
multiplied by an arbitrary function of f(z, y).

13. Application to conformal representation. The theory of integrat-
ing factors finds an important application in the problem of conformal
representation. Let

ds? =Edu®+ 2 Fdudv 4+ Gd?
be a quadratic form in dw, dv whose coefticients F, F, ¢ are ana/ytic

Sunctions of » and » such that £G — I? is not zero. We can also
write ds? in the form
ds® = (adu + bdv) (a,du + b dv),

where a, b, a,, b, are also analytic functions of » and v. Aeccording
to a result which will be rigorously proved later, each of the expres-
sions adu + bdv, a,dv + b dr has an infinite number of integrating
factors, which are themselves analytic functions. If u, u, are two
such factors, we have the identities

p(adu + bdv)=dU, p(n,du + b dv)=dU,
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and therefore
pp,ds* = dUdU, ;
whence, substituting

U=X+Yi, U=X=Yi pu=3%

we obtain
Edi® + 2 Fdudo 4 Gdo? = N(dX? 4+ dY?).

Every analytic surface can therefore be represented on a plane
conformly ; that is, without alteration of the angles between pairs of
curves. If the surface is real, we may suppose that the real points
of the surface correspond to real values of the variables u, v; the
coefticients 72, I, ¢/ are real, while « and a, are conjugate imaginaries,
as also & and 4. We can also take for w and p,, and therefore for i/
and U,, conjugate imaginaries, so that to real values of «, v corre-
spond real values of .\ and of 1. To real points of the surface
correspond therefore real points of the plane.

Sinece it is possible to represent every analytic surface on a plane
conformly, we conclude that any analytic surface can be represented
conformly on any other analytic surface.

14. Euler's equation. A great many devices have been invented for
the integration of differential cquations of special forms. A cele-
brated example, due to Euler and now known by his name, is the
equation

dx dy
LY~

) vitvrT

where X and 1" are two polynomials of the fourth degree in z and y
respectively, having the same coeflicients:

g ot 3 2 ,
X=aa* 4 a0’ +an® +apr + a,,
- 4 3 P
Y=ay' '+ y+ a,f + gy + a,

The variables being separated, we obtain the general integral of
equation (42) by two quadratures, which introduce two transcen-
dental functions depending respectively upon « and y. Euler’s fun-
damental discovery, which was the starting point of the theory of
elliptic functions, consisted in showing that that relation between
the variables  and y which in appearance is transcendental is in
reality algebraic.

Let us first consider the case where X is a polynomial of the sec-
ond degree, not a perfect sauare. A linear substitution enables us tc
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bring it to the form X =. (2* — 1), and in this particular case the
equation (42) becomes

(43) dx dy

+ : =0
Vi—2 Vi-—g
Clearing of fractions, we can write this in the form
V1= Yide + V1 —aldy = d(x'\/l -+ ;1/'\/1 —zg)

dx dy
+ : =0,
1—a* '\/1—3/") ’

+ a3
Y (v
which shows that we have identically
d@V1— 2+ yV1—2)

T TN d)
=[vVl=a)1—, —:m( dz + 4 )
Va-a0-A-wl( gty
The expression V(1 —a*) (1 — 4?) — oy is therefore an integrating
faetor for the equation (43), and the general integral is given by the
relation

€%)) aV1i—y+yVi—a®=c,
or by the relation
(45) VI-) I —y)—ay=C',

since the equation (43) has the two integrating factors, 1 and the
expression on the left-hand side of (45). It is also very easy te
verify that the two expressions (44) and (45) are equivalent by
meszns of the identity

(= Vi— ptyvVi—a? )2 + [V A-2A—yH— a'_z/]z =1.

Rationalizing the expression (45), we can write the general integral
of the equation (43) in the form

(46) 2+ +2C2y+C"—-1=0,
where (' denotes an arbitrary constant, and this equation represents
the conics tangent to the four straight linese=+1, y =+ 1.

By a bold induction Euler was led to a more general formula of
the same kind, which corresponds to the case where X is any poly-
nomial of the third or of the fourth degree (Institutiones calewli
tntegralis, Vol. T, chaps. v, vi).

Let F(x, ) be a polynomial of the second degree in each of the
variables 2 and y and symmetrical with respect to these two variables:

4" F(x, y)=A,22y* + A, zy (x + y)
+4,@+¥) + A2y +A(z + y) + 4
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This polynomial depends upon six arbitrary coefficients .1 p g Ay
Ay Ay oy, and the relation F'(x, y):== 0 can be written in two
equivalent forms:

48 Fa,y)=M P+ N y+1 =0,

( ) ; 2 \‘

F(ax, yy=2M 2" + Nx + 1, =0,

where M, N, P are three polynomials of the second degree in x:
M =AI:E2 +A4,x + 4, N=Az;r"' +A a4+, P =.13:r’ + A 44,

and where A, N, P, are the polynomials obtained by replacing z by y
in M, N, . From the relation ¥ (r, )= 0 we derive I/ dr 4 F,dy =0,
or, after replacing F; and F;, by their values,

(49) @CMzx+ N)dr +(2My 4 N)dy = 0.
We derive, moreover, from the relations (48),
2My+N=+VN—4MP, 2Mue4N,=EVNi—4MP,
and the preceding equation (49) may be written in the form

le dy
(50) VAN*—4MP T VNI — 4 M,

This relation will be identical with the given equation (42) if we
have N?— 4 MP =X, which necessarily carries with it the other
equality N} — 43, =Y. Now, since M, N, P> are of the second
degree, N2 — 4 MP is of the fourth degree, and the preceding condi-
tion is an identity between two polynomials of the fourth degree,
which requires only five conditions. Since we have six coefficients
A; at our disposal, we see that one of these coefficients will remain
arbitrary. There are therefore an infinite number of polynomials
F(w, y) of the form (47), depending upon an arbitrary constant ¢
and such that the relation

(51) F(z, y)=0,

between the variables x and 7, leads to the relation (42). Hence the re-
lation (51) represents the general integral of the proposed equation.

The actual determination of the polynomial F(z, ) requires a calculation by
equating coeflicients which can be simplified by means of a geometric repre-
sentation due to Jacobi. Let us consider, in order to take the general case, a
polynomial of the fourth degree R(t) prime to its derivative, and let ¢,, ¢,,¢,, ¢,
be the roots of R(t) = 0. On the other hand, let £ be any conic the codrdinates
of any point of which are rationa) functions of the second degree of the varia-
ble parameter ¢, so that to a point (£, y) corresponds a single value of ¢; let us
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call m,, my, mg, m, the points of £ which correspond to the values?,, ¢,, &, £,
of the parameter. Finally, let =’ be a second conic passing through the four
points m,, m,, mg, m,. Every straight line tangent to 2’ meets = in two points
M and M’; if ¢ and t’ are the corresponding values of the parameter, the rela-
tion between ¢ and ¢’ is the one desired. It is evident, in fact, that that relation
is symmetric in ¢ and ¢/, and that it is of the second degree in each of the varia-
bles, for through a point M’ we can draw two tangents to 2’, and so to each
value of ¢’ correspond only two values of ¢,
Let

(62) Ftt)=0
be that relation. We can derive from it, as we have just seen, a relation
between the differentials dt, dt’, of the form

__dt_ ] dat
VP VP(E)

(53)

where P (t) is a polynomial of the fourth degree. This polynomial P (t) iz iden-
tical eroept for a constant factor with R(f); for, according to the preceding
method for obtaining the polynomial P (¢) from F(t, ¢') = 0, the roots of P(t) =0
are the values of ¢ for which the two values of ¢’ coincide. Now the geometric
significance of the relation (52) shows immediately that this can only occur if
the two tangents from M to 2’ coincide ; that is, if the point M is one of the
points m,, m,, mg, my. We are thus led to the following method, which requires
only rational calculations, for obtaining the general integral of the equation

dt dar -0
VE@ VE@®)

where R (t) = ayt* + a,t® + a,t* + agt + a,. This equation differs only in nota-
tion from the proposed equation (42). We begin by forming the general
equation of the conics 2’ passing through the four points m, m,, my, m, of =;
that equation is of the form f(z, ) + C¢ (z, ¥)= 0, where C is an arbitrary con-
stant. We then write the condition that the straight line joining the two points
M and M’ of =, which correspond to the values ¢, ¢’ of the parameter, shall be
tangent to 2’. The resulting relation, which contains the arbitrary constant C,
represents the general integral of Euler's equation.

To carry out the calculations, let us take for = the parabola y2? =z, and let
us put z = t3, y = t. The conic 2’ given by the equation

(54)

(66) A+ AP+ 2B ay+ 2Bz + 2By + 47 =0

cuts 2 in four points, given by the equation of the fourth degree in ¢ which is
obtained by replacing by ¢2 and y by ¢. In order that that eqyation shall be
identical with R ) = 0, it is sufficient that

(66) A=a, A +2B=q, 2B"=a, 2B=q;, A”=aq,.
The coeflicient B’ remaining arbitrary, we shall put B’ = C, which gives

4'=a,—2C.
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Let us recall now that the tangential equation of 2, that is, the condition that
the straight line @z + By + ¥ = 0 shall be tungent to that conic, is given by the

equatlon A B B a
B” 4 B 8
57 =0.
( ) B’ B ‘1 7 7 0
ax B vy 0

The straight line joining the two points (2, £) and (&3, t') of = has for its
equation T—(L4t)y 4t =0.
We can therefore take
a=1, =—(¢+ 1), y=u.
Substituting the values obtained for A, B, 4%, B’, A”, B”, «, B, v in the con-
dition (567), and replacing ¢ and ¢’ by £ and y respectively, we arrive at the gen-
eral integral of Euler’s equation in the following form, which is due to Stieltjes:

M

Ay ) C 1
a a.
5 Q5= 2C 73' - (z+
(58) 9 2 P ( II) =0.
c f
—2~ ﬂ‘ xy
1 —(@+v) 0

This equation represents a family of curves of the fourth degree, having two
double points at infinity on Oz and Oy respectively. The equation being of the
second degree with respect to the constant C, through each point of the plane
there pass two curves of the family, as we might have foreseen, since the given
differential equation gives two equal values, but with opposite signs, for the
derivative y” at each point. These two values of y* become equal only if the
point (z, y) belongs tc the curve XY = 0, which is composed of four straight
lines Dy, D,, D, D, parallel to the axis Oy, and of four straight lines 4,, 4,, 44,4,
parallel to the axis Or. Let us write Euler’s equation in the rational form
Ydx? — X dy? = 0, and let us take a point M (z, ¥) on one of these straight lines,
A, for example, not belonging to any one of the I lines. For the codrdinates
of the point M we have ¥ = 0, X' 0, and Euler’s equation gives for 3’ a double
value, y” = 0. Hence the straight line A, itself is an integral curve through M.
But it can be verified that the curves represented by the equation (58) have as
their envelope the set of eight straight lines given by the equation XY = 0.
Hence there is a new integral curve tangent to the first one at M. Thus the
eight straight lines D,, A, are singular integral curves, for they are not included
among the curves represented by the general integral.

Note. We have supposed, in order to arrive at the equation (58), that the
polynomial R (z) was one of the fourth degree and prime to its derivative; but
it is clear that the result can be verified directly without the hypothesis that
R (x) is prime to its derivative. We could, for example, form the differential
equation of the curves represented by the equation (568) by applying the general
method of § 1, and the equation obtained would necessarily be identical with
Euler's equation, whatever may be the values of the coefficients a,, a,, a,, a,, a,,
since we reach this result when the coefficients do not satisfy any particular
relation. The equation (58) therefore applies to all cases.
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15. A method deduced from Abel’s theorem. We can also very easily deduce the
general integral of Euler’s equation from Abel’s theorem. Let us now denote
by R (z) a polynomial of the third or of the fourth degree, prime to its deriva-
tive, and let us consider the curve C which has for its equation y? = R(x).
If a variable algebraic curve C’ meets the curve C in three variable points
only, M,, M,, My, we have shown (Part I, § 103) that the codrdinates (zy, ,),
(3, ¥a), (£g, ¥g) of these three variable points satisfy the relation

(59) dz, + dzy + dzy =

i Y Vs

If the variable curve C’ depends upon two variable parameters which we
can select in such a way that two of the points of intersection, (z,, ¥,), (5, ¥5),
can be brought to coincide with any two points of the curve C given in advance,
the covrdinates of the third point of intersection, (z,, ¥3), are functions of the
codrdinates (Z, ¥,; Z,, ¥) of the first two, and satisfy the relation (59). The equa-
tion di, /y, + dx,/y, =0 is therefore equivalent to the equation dir,/y; = 0, whose
general integral is z, = constant. Now, since the points (£, ,), (%, ¥,) are on the
curve C, we have y? = R (z,), ¥3 = R(x,), and the equation dz,/y, + dx,/y, = 0,
which may be written in the form

G 9
VER(z) VIE(z,)
is identical with Euler’s except in notation. In the expression which gives the
general integral

0.

(80)

(61) 25 = F(zy, ¥;; T, Y,) = const.

we should replace ¥, and y, by VE(x,) and VE(z;) respectively, the deter-
minations of the two radicals being the same in the two expressions (60)
and (61). We thus obtain for the general integral an expression containing
radicals, while the result (58) is rational. But the irrational form is in certain
cases the more advantageous.

Let us carry out the calculations, supposing the polynomial R (r) reduced to
the normal form of Legendre, R (r) = (1 — z2) (1 — ¥%z%), where k2 is different
from zero and from unity. The parabola C’,

(62) y=ax+bec+1,
meets the curve C represented by the equation y2 = R(z) in the point (z = 0,
y =1) and in three variable points whose abscissas &, &, ¥; are roots of the
equation

(63) (a® — k) x8 + 2abz? + (®+ 2a+ K2+ 1)z + 20 =0,

which is obtained by eliminating ¥ and suppressing the factor z.
We derive from this equation the relations

2ab ¥+2a+k2+1
3l+z’+zs=m) Zlﬁz-l'xﬂa-l'zlla:——a}—:-l;a———’
20
T1Tp¥g = Ea—_—a;)
whence

(64) z, + z; + 25 = ax,z2,.
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The condition that the parabola C’ passes through the two points (3 ¥
(£4, ¥3), enables us to determine @ and b. We have in particular
ar,r, =1+ UZs =Ygty
z, — T,

Substituting this value of a in the preceding expression, we obtain finally the
expression for &, in terms of x, y,, ,, v, :

B el B
Lol — Ty Yg
The general integral of Euler’s equation,
.__d't‘_,_ + _%
\/m VR (z,)

is therefore represented by the expression

(65) =0

£} — a2

66 Ly = ——= -z ———=0C.
0 £, VER(r)— 2, VR (L)

16. Darboux’s theorems. Let us consider a differential equation of the torm
(67) — Ldy + Mde + N (tdy — ydr) =0,
where L, M, N are three polynomials in z, ¥ of at most the mth degree, and
where at least one of them is actually of the mth degree. In order that the
relation u (x, ¥) = constant shall represent the general integral, it is necessary
and sufticient that the equation (67) be identical with the equation

o ou
md.c + Eydy =0,
which requires that we have
(68) L-a“+Ma“-N(La_"+ya_“)_—.o.
or cy oL oy

This condition assumes a more symmetric form if we replace by x/z and y
Ly y/z, where z is a fictitions variable which we shall always suppose equal to
unity after the indicated operations have been performed. Then u(e, y)
changes into a homogeneous function of degree zero, and we have
cu ou ou
Yy -+z--=0.
or v ] 0z
The condition (08) takes now the form
ou ou ou
69 L “+M- -4+N—-—=A4@u)=0.
09) oz oy oz )

Conversely, if we have obtained a homogeneous function of degree zero,
u(x, ¥, 2), which satisties the relation (69), u(z, y, 1) = constant represents the
general integral of the equation (67).

Darboux* has shown that we could form a function u (z, y, z) satisfying
these conditions if we knew a certain number of algebraic integrals of the

* Sur les équations différentielles olgébriques du premier ordre et du premier
degré (Bulletin des Sciences mathématiques, 1878).
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equation (67). Suppose that the equation (67) has an algebraic integral defined
by the relation f(z, y) = 0, where the polynomial f(z, y) is irreducible and of
degree h. Repeating the previous work, we find that the relation

of o of 2
(10) La—;+Mﬁ—N(z-—+yf)

must be a consequence of the equation f(z, ) = 0. If we again replace z by
z/z, and y by y/z, and then multiply by 2%, f(z, y) becomes a homogeneous
function of z, y, 2, of degree %, satisfying the relation

f f
az'*'yay = I,

and the condition (70) becomes

(M) an=t¥

+M”+N” NHf.
This condition is not satisfied identically, but by reason of the relation

S(x, v, 2) =0. Since the last relation is irreducible by hypothesis, it is neces-
sary that we have identically

(72) A(f) = Kf,
where K denotes a polynomial in z, y, z which is necessarily of degree m — 1,
for if f is of degree h, A(f) is of degree m + h— 1.

Let us now suppose that we have found p algebraic solutions of the equa-
tion (67), defined by the p following equations:

fl(lv ZI):O fz(‘q y)= ARAE fp('cv y)=
where f,, fy, -+, f, are irreducible polynomials of the degrees hyy hyyony by,
This requires that we have p identities of the following form :
(13)  A(f)=Kf, A(fy) = Ky fy, ceey A(fp) = Kply,

where the polynomials K, K,, ..., K, are all of degree m — 1.

Let us observe that the symbolic operator A(f) has properties analogous to
those of a derivative. In particular, we can apply to it the rule for the deriva-
tive of a function of functions: if F(u, v, w) is any function of , v, w, we have

AP =340 + L aw) + L a).

Consequently, if we put u = f Jyreen f:P, where a,, a,, - -+, @, are any con-
stants, we have
AW = a fi1 co S A+ agf St TP A(S) + ey

or, by (73),
AW= (K + ay K, + -+ + ap Kp)u.

The function u (z, y, z) is a homogeneous function of degree
’
ahy + aghyt -+ aphy.

It we can dispose of the constants @, -+ ap in such a way that we have

ayhy + e+ aphy =0,
(74) {“1K1+"'+“PKP=0’
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the equation u (z, ¥, z) = constant will furnish the general integral of the given
equation, by what we have established above.

The equations (74) form a system of m(m + 1)/2 + 1 homogeneous equa-
tions in a,, «,, -+, a,, since the polynomials K; of degree m — 1 contain
m(m + 1)/2 terms. We shall surely be able to satisfy all these equations by
values of a, not all zero, and therefore to complete the integration, whenever
there are more unknowns than equations ; that is, whenever we have

(75) p= ’"—(m}il—) +2.
This is Darbouz’s first theorem. 1f the equations (74) are not independent,
we can find the solutions without requiring p to reach the preceding limit
m(m + 1)/2 + 2. A large number of examples in which this is the case will
be found in Darboux’s paper.

If we know only p =m (m 4 1)/2 + 1 particular algebraic integrals, we can,
in general, dispose of the p constants a, in such a way as to satisfy the conditions

_ . _ oL oM oN
(76) K+ aKy+ -+ Kp=—— — —— -,

ahy+ Ghy+ oo by =—m—2,

which are equivalent to a system of m(m + 1)/2 4 1 linear non-homogeneous
equations. The function u thus obtained satisfies the two equations,

ou ou ou oL oM ¢@N

L—a;+ﬂ[a—l/-+Naz-+u(éz+-a';+~a;)—0,
on ou ou .
;,E+y5—£;+1—&-+(m+2)“—°y

whence we derive, by eliminating ¢u/0z and replacing z by 1,

oL oM aN>=0.

ou ou ou ou
1’%E+315§_N[(m+2)u+z5i+yaz}]+u(5+_@'+“ﬁ

But; since the function N has been made homogeneous by substituting z/z for z
and y/z for y, and then multiplying by 2m, we also have, after making z =1,

50 that the preceding relation may be written also in the form
ou ou
—(L—Nz)+ — (M- N
(M) (L= No)4 S0~ )

oL oM _oN oN )
— 4=z -=—y—=—=2N)=0.
+“(a.c+ ay Tz Uy

It is easily seen that this last condition expresses the fact that u is an integrat-
ing factor for the equation (67), and we obtain thus Darbouz’s second theorem :

If m(m + 1)/2 + 1 particular algebraic integrals of the equation (67) are known,
an integrating factor can be determined.

The proof of this last theorem is not complete in the particular case where
the determinant of the coefficients of the unknowns a; in the m(m + 1)/2 + 1
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equations deduced from the relations (76) turns out to be zero. But we can then
satisfy the m (m + 1)/2 + 1 homogeneous equations, obtained by suppressing the
right-hand sides, by values of the a; not all zero, and therefore obtain the
general integral by the first theorem.

Ezample. Let us consider in particular Jacobi’s equation (§0); the num-
ber m is here equal to 1. Let us look first for the linear integrals of the form
ux 4 vy + wz = 0. By the general method we must have identically

u(bz + b’z + by) + v(cz + ¢’z + ¢y)
+ w(az + a’z + a”y) = X\ (ur + vy + wz),

where \ is a constant factor. This leads to the three conditions

ub 4+ ve + w(a—\) =0, u(® —\) + v’ + wa’ = 0,
ub” + v(c” —\) + wa” =0,
and, after eliminating u, v, w, we find again the equation in \ obtained by the
first method (p. 12).

Let us limit ourselves to the case in which the equation in X\ has three dis-
tinct roots A, N,, A;. Each of these roots furnishes a linear integral, and we
therefore have three linear functions, X, Y, Z, giving the three identities

A(X) =21, A(Y)=)\,7Y, A(Z) = N2,

By the general theory we can deduce from them the general integral, since
in this case m = 1. For this purpose it is necessary to determine three numbers
a, B, v satisfying the relations

a+B+v=0, an + B\ + N =0,
We may take @ =\, — Ay, B = A3 — \;, ¥ = A\; — A, and the general integral of

Jacobi’s equation is therefore

X2~ A3Y A~ MZA — A = const.

17. Applications. When we seek to determine a plane curve by a
given relation F(z, y, m)= 0 between the coordinates (x, y) of a
point on the curve and the slope m of the tangent at this point, the
curves desired are evidently obtained by the integration of the differ-
ential equation of the first order F(x, y, y')= 0, which we obtain
from the given relation by replacing in it m by y'. If this equation
is of the gth degree in y', there pass in general ¢ such curves through
each point of the plane, as will be proved farther on. Let us con-
sider, for example, a family of curves (', represented by the equation
®(z, y, @)= 0, depending upon an arbitrary parameter, and let us
try to find their orthogonal trajectories, that is, the curves C' which
cut orthogonally in each of their points a curve C passing through
the same point. Let m, m' be the slopes of the tangents to the two
orthogonal curves C, C' passing through the same point (x, y). Then
m and m' must satisfy the relation 1+ m'm=0. On the other hand,
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let F(x, 5, ¥") = 0 be the differential equation of the given curves C.
Then we have F'(r, y, m) = 0, since m is the slope of the tangent to
a curve C passing through the point (z, y). It follows that

. 1
1'('7'7 Y _7";1)=0

Moreover, m' is also the slope of the tangent to a curve €' passing
through the point (z, y); hence the curve ¢ satisfies the equation

. . 1
@ #(o = 5) =0,

and we obtain the differential equation of the orthogonal trajectories
of the curces C by replacing y' by —1/y' in the differential equation
of the curves C.

In order to obtain the differential equation of the curves €, we must
eliminate a between the two equations @ = 0, (09 /0x) + (0@ /0y) y' = 0.
Therefore, in order to obtwin the differential equation of the orthogonal
trajectories, it will suffice to eliminate a between the two rvelations
& =0, (0@/exr)y' —(0d/0y)= 0.

Let us take, for example, the conics represented by the equation

VP+30—2ax=0,

where ¢ is a variable parameter. The application of the preceding
method leads to the homogeneous differential equation

(= BaNy' + 22y =0,
which becomes, after putting y = wr and separating the variables,

dr  3du du du
—m-+_u_—n+1—u-—-1_o'

Solving this equation, we find
= C(F—1), or P=C —2).

The orthogonal trajectories are therefore cubics with the origin as a
double point.

Let us consider in a more general manner a surface S the coordi-
nates «, y, z of any point of which are expressed as functions of
two parameters u, »:

xz = f(u, v), y = ¢(u, ), z=y(u, v).
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We derive from these expressions

ww=Lau+La, ay=2a+%a, =P+l
ou ov ov ov

To every value of the ratio dv/du corresponds a tangent to the sur-

face passing through the point (u, v). If we wish to determine the

curves of that surface such that the tangent to one of these curves in

any point depends only on the position of that point on the surface,

we are again led to integrate a differential equation of the first order:

d
9 F (u, v, d—::) = 0.

Conversely, every equation of this form establishes a relatior between
a point of a curve lying on the surface S and the tangent at that point.

Let us, for example, try to find the trajectories at a constant
angle V to a family of given curves lying upon the surface. Given
two curves, C, C', passing through a point (%, v) and cutting at an
angle V, we have the general formula (II, Part I, § 20)

Edudu + F(dudv + dvdu) + (idrdv

80) cos V =
(80) c VEdu? + 2 Fdudv + Gdv* VE§2 +ZF8:18"+(,80

where E, F, G have the usual meanings, where du and d» denote
the differentials relative to a displacement on C, and where 8« and &»
denote the differentials relative to a displacement on (. The curves
C' being given, 8v/8« is a known function of v and v, 8»/8n = 7 (u, v).
Replacing 8v/8u by 7 (, v) in the preceding relation (80), the result-
ing relation F(u, »,dv/du) = 0 is the desired differential equation of
the trajectories.

Let us consider in particular the trajectories at a constant angle
to the meridians of the surface of revolution,

& = p COS w, ¥ = psin v, z=f(p)-
We have here

u=p, vV =w, E =1+ f%p), F=0, G=p, S=0;
hence the equation (80) becomes

V1+ /7 (p)dp .
' V1 +%(p)]dp* + p*du?
Solving for dw, we find

o — tan VMM_

whence o can be obtained by a quadrature.

cos V=
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III. EQUATIONS OF HIGHER ORDER

18. Integration of the equation d"y/dx" = f(x). Given a differen-

tial equation of the nth order,
n

(81) % =F@y Y,y y""),
where y® = dfy/da’, this equation and those which are obtained from
it by repeated differentiation enable us to express all the derivatives,
beginning with y™, in terms of r, y, y', y", + - -, y*~V. If, then, for a
particular value «, of the independent variable we are given the cor-
cesponding values y;, g9, « + -, &'V of the unknown function y and of
its » —1 first derivatives, we can caleulate the values of all the
derivatives of y for the value ., of x, and form a power series,

—_— "

(82) 3/0+(‘n_“'0).’/u+£_7;|- U+"'+g£ﬁ)_yf;)+"”
whose value represents the integral in question, provided that inte-
gral can be developed by Taylor’s series. Up to the time of Cauchy’s
work the convergence of this series had been assumed without
proof.* We shall see later that the series does converge under cer-
tain conditions which will be stated precisely. We shall indicate
here only some simple types of differential equations of the nth
order whose integration can be reduced to quadratures or to the
integration of an equation of lower order than z.

The differential equation
In
(83) L =)

dr®

constitutes the simplest possible type of differential equation of the
nth order. It can be integrated by means of n successive quadra-
tures ; for, indicating by x, any arbitrary constant, we have

dn— 1 '
dxn— ’{ f Fydr+
"%y .

‘dx"" =f (Irf Sf@)de + C(x —2)+ C),

I«Irf dr... f Sf(x)dx

n—1 — n -2
+_;L(:" :o))' + (J‘ 30))' 4o 4Cyy,

o ey

* See, for example, the Traité by Lacroix.
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where C,_,, C,_,, - - -, C, are n arbitrary constants which are equal
respectively to the values of the integral and of its first (n —1)
derivatives for z = .

We can replace the expression

=f (lzf de - f S(x)dz,
%o %o %o

which contains n successive signs of integration, by an expression
containing only a single quadrature, to be carried out on a function
in which the variable « appears only as a parameter. It is easy to
verify this fact, which will appear later as a special case of a general
theory (§ 39). For if we put

1 x
84 Y, = (—n—_ﬁf (x — 2"~ f(2)dz,

we obtain successively, by the application of known rules,

iy ety
(((‘l'x-—-(.l_l:—'— -))1f (l — )t f( Yelzy ooy L - ‘ f f(’)dz’

and, finally, ¢*¥, /dam = f(r). The function 1| is therefore an inte-
gral of the equation (83). Besides, the two functions ¥ and ¥, vanish,
as do also their first (n — 1) derivatives, for o = .. Their differ-
ence, which is a polynomial of degree equal to » — 1 at most, cannot
be divisible by (» — )" unless it is identically zero. We have
therefore ¥, = Y.

19. Various cases of depression. The most usual cases in which the
order of the equation can be depressed are the following:

1) The equation does not contain the unknown function. An equa-
tion of the form

A dry ditly d"y
(85) #(a G St S =0 (A=k=n)
reduces immediately to one of order n — & by taking u = d* y/dx* as
a new unknown function. If the auxiliary equation in « can be inte-
grated, we shall then obtain y by quadratures, as has just been
explained.

It sometimes happens that we can express r and « = d* y/dx* in
terms of an auxiliary parameter ¢,

dty

e=f(t), E=¢®
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where the functions f and ¢ contain also the arbitrary constants
introduced by the integration of the equation in n. We can then
express y in terms of ¢ also by quadratures. We have first

=1 = (1) dx = (1) (1),

whence we derive y* -1, Continuing in this way, we caleulate suc-
cessively y*=2, ... 4" up to y.

2) The equation does not contain the independent variable. Given
an equation of the form

. (il/ ":2,/ d"y

(86) F ('/ de’d’ 4_/1'7> =0
we can reduce it to the preceding form by taking » for the independ-
ent variable and a for the unknown function. Then the new equa-
tion does not contain &, and, taking da/dy for the new unknown, we
are led to an equation of order » — 1. But we ean carry out theso
two transformations simultancously by taking y for the independent
variable and p = dy/dr for the dependent variable. This gives

&? Y :l]: rlp dy - :I,;
dad T dr  dy dr = ¥ 11:/

dal/ d dp\ _d dp\ _ (dp 4 ll‘p
da® ll.l‘< rl//>—(l!/<l dy r=r dy + :I:/

and so on. In general, o’ y/da’ can be expressed in terms of poand
of its first »r — 1 derivatives with respeet to 4. The resulting differ-
ential equation is of order 2 — 1.

Let us suppose that we have integrated this auxiliary equation of
order n — 1, and for the sake of generality let us suppose that y and
p are expressed in terms of a variable parameter £, which may be one
of the variables themselves. Then we shall have y = £(2), p = ¢(?),
where the functions f and ¢ depend also on arbitrary constants.
From the relation dy = pdr we devive f'(1)dt = ¢ (f)dr, 0 that z in
turn is obtained by a quadrature,

=[5
Q)
This method is especially useful for the equation of the second order,

FGny',y")=0
which is thus reduced to an equation of the first order,

d
F (3/’ PP 25) =0.
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Let p = ¢(y, C) be the general integral of this equation of the first
order. From the relation dy/dx = ¢ (y, (') we obtain x by a quadrature,

rEE +f¢(./:()

If the general integral of the equation in p is solved for y and
appears in the form y = f(p, C), we have, in the same way,

S(p)dp=pdx
’
— +fL(M,
])

The cobrdinates of a point of an integral curve are thus expressed
in terms of an auxiliary variable p which represents the slope of the
tangent to the curve.

3) The equation is homogencous in y, y', y", - - -, y™. If the degree
of homogeneity is m, the equation is of the form

and therefore

! (n)
87 g ’ZL_,,,L)___O,
0 Y <J ¥y oy y

and we see that, if y, is a particular integral, Ay, is also an integral
for any value of the constant X. The order of this equation is
lowered by unity by putting
_ Juax

y=e

This substitution gives
yl =1u (:f'“'r, !,n = (lt' + “2) ‘,fu:h, o

and, in general, y® is equal to the product of I and a polynomial
in w, 1!y w"y oo oy 0D, Substituting these values in the given equa-
tion, we obtain an equation of order n — 1.

4) The equation is homogeneous in &, y, dr, dy, d*y, -+, d"y. In
this case the equation is not changed by substituting ('r for x, and
Cy for y, where ('is any constant. Let us now take a new dependent
variable « = y/r and a new independent variable ¢ = Log.r. The
new differential equation does not change if we replace ¢ by ¢ 4 Log (",
leaving « unchanged ; hence it does not contain explicitly the vari-
able #. This is readily verified, for it is easy to see that the given
equation must be of the form

/
F(:‘ll" ¥y, B2y .., 'r'—‘-’lm) =0.
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If we put y = wux, we have, as a general expression,
!/(p) = ru'm + putr-

and the quantities y', xy", 224", . . . are expressible in terms of u, ru',
ate"y oo ™™, 50 that the transformed equation takes the form

®(u, ru'y 22u"y ™) = 0.

If we now put r = ¢/, we have successively for the produets xu',
"y o« - cortain functions of du/dt, d*ufdt?, - . and we are led to
an equation which does not contain the variable ¢.*

Note. In the various cases of reduction which precede, it may
happen that we can obtain certain integrals of the auxiliary equation
without bring able to determine the general integral. The preced
ing methads are still applicable and enable us to obtain by quadra
tures integrals of the given equation containng less than 2 arbitrary
constants.

20. Applications. 1) Equations of the form y” = f(y) come under the preced-
ing types. We can integrate them diveetly without any transformation, for if we
multiply the two sides by 2y, we deduce from the result, by a fivst integration,

t N Y
yEi=C +f 2fw)dy = Fy) + C,
"y

and we have next, by a quadrature,

___f L
\/I"(I/) + C

Let us consider, for example, the equation
Y’ =gt ot ayy + ag,

where one at least of the coeflicients a,, a, is not zero, Multiplylng the two
sides by 2 y” and integrating, we find
M 2, 2 C

vis b g + a4+ 24, + C.
The general integral of this new equation is an elliptie function (§ 11), which
may in special cases reduce to simply periodic functions, or even rational func-
tions, if the constant (! has been so chosen that the polynomial on the right has
a factor in common with its derivative,

* We may proceed inanother way by taking u and v- ru’ for the variables. This
gives dv/de = w’ + e, and therefore s = (dv fdu) w'e — 2’y or

dn»

72 -y
du

”.

Continuing in this way, we are led to a differential equation of order (n-1) in
u and v.
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2) It may happen that we can apply successively several of the methods of
reduction to the same equation. Let us take, for example, the equation of the
fourth order 5y”2 — 3y”yv = 0. If we first put y” = u, we derive from it an
equation of the second order, 5 u"2 — 8 uu” = 0, which is homogeneous in u, w’, u”.

Let us put = fwl::.

the equation becomes 3v' = 2v2, or v"/v? = 2/3, from which we obtain
3 1
T 2r+d

where « is an arbitrary constant. Hence we have

u=y"=b@+a~}

y=—2b(+ a)'i +ec,

y=—4b(c+ a)l + cx 4+ d,
where ), ¢, d are three new constants. We find, therefore, that the general
integral represents a system of parabolas (§1).

3) Let it be required to determine the plane cnrves whose radii of curvature
are proportional to the portion of the normal included between the foot M and
the point of intersection N of that normal with a fixed straight line. Taking
the fixed straight line for the c-axis, the differential equation of the problem is

(88) 14 y2 + wyy” =0,
where the coefficient u is equal to the ratio of the radius of curvature to the
length MN, preceded with the sign + or —, according as the direction from M
to the center of curvature coincides with the direction MV or with the opposite
direction. In order to integrate this differential equation (88), let us put
Yy =p; it becomes

1p
14 p2 + uyp b =0,
dy .

which can be written in the form
dy , w 2pdp _
v 2l4ptT

from which we derive, by a tirst integration,

_k
u=0C0+p* 2,

where C is an arbitrary constant. The relation dy = pdr gives us next
g

I
g |
—uCp(1+p?%) 2 dp =pdx,
or
®

r=ur,— u('f(l +p?) 2 qdp.

Let us put p = tanc; all the curves obtained by varying C and z, resuit
from a translation and an expansion about the origin of the curve I' represented
by the equations

a
() r=—u f cos* ada, Y = coskta.
o

It is easy to get an idea of the form of the curve from these equations, what-
ever miy be the value of u. If u is an integer, we can carry out the integration.
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If u is a positive integer, the curve has no infinite branches, but it may have
two forms that are very different in appearance according to the character of u.
If uis an odd integer, £ is a periodic function (Part 1, § 16), and the curve
I' is an algebraic closed comvex curve. If g is even, £ increases by & constant
quantity different from zero when a increases by 2, ¥ is always positive,
We have a periodic curve with an intimte number of cusps on the r-axis. The
appearance of the curve is that of a eyclod, it isa eyelod for p - 2.

Note. In the examples which we have just studied we alw ays try to reduce
the integration of a differential equation to the integration of an equation of
lower order. However singular it may appear at first sight, the reverse provess
may sometimes suceeed. Given, for example, an equation ot the first order
S, gy ¥') = 0, by combiing with 1t a second equation obtained from it by
differentiation, we obtain an infinite number of equations of the seeond ovder
which are satisfied by all the integrals of the ongmal equation. Suppose that
we can find thus an equation of the second order wineh s mtegrable, and let
y = ¢(r, €', () be the general integral -~ All the integrals of the onginal equa-
tion of the first order are ineluded m this expression, at stnee they depend
upon only a single arbitrary constant, there muast be arelation between the
constants (', (. In order to obtain it, it suftices to wnite the condition that the
function ¢ (r, (', (") satisties the original equation of the first order | we are
thus led to a certain number of 1elations between the constants €, ¢ and thess
relations should reduce to a single one,

A most interesting example ot this deviee 1s due to Monge, who made use of
it to find the lines of curvature of an ellipsoid. Let 2a, 20, 2¢ be the thies
axes; the projections of the hnes of curvature on the plane of the major axis
and the intermediate axis are determined by the differential equation

deyy? 4+ (2= Ay =DByy' —ry 0.
(89) A- a? (b — r?) s w?(a? — bty

Nz (02— r?) ' et~ d
Differentiating the equation (89), and then elimmating the expression
£t Ayt — B,

we obtain the differential equation of the second ovder,
o1
, t — - -t U;

whence we derive first yy’ = Cr, then g2 - Cr? 4 (7,

The general integral of the equation (89) will be obtained by establishing
between C and € the relation AC(Y 4 (7 4+ BC = 0, as is seen by replacing gy
by Cs2 4 C’ on the right-hand side *

* The equation (89) can also be easily integrated by the elassic processes. It suffices,
in fact, to put 2. X, 4% - Y, after having multiphied all the terms by ryds2, in order
to transform it into the Clairaut form.

Lagrange and Darboux have employed similar devices to integrate Euler's equation
(see J BERTRAND, Traite de ('aleul uégral, pp. 569 572). We can also regard a cer-
tain theorem of Appell’s as an illustration of the same procedure (Comples rendus,
Nov. 12, 1888).
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EXERCISES

1. Find the differential equation of all conics by starting from the general
unsolved equation and eliminating the coefficients between it and the rela-
tions obtained by five successive differentiations.

2. Integrate the differential equations

==y +v)* v1+2y)+2 =0,

A+ vy’ =@y2—1)y? P+ — Wity + 2y —y=0,
22y 4+ 2xy(y—2d)y — 242 (¥ —2ad) =0, Yy’ +xy?—yy =0,
v+ 3yt +y°—4=0.

3. Apply the general methods of depression to the integration of the differ-
ential equation of conies.

4. Find the integrals of the equation y” = 2y2(y — 1) which are rational
functions or simply periodic functions of the variable.

[Licence, Paris, 1899.]

6. Given a triangle A BC and a curve T in its plane, let g, b, ¢ be the points
of intersection of the sides of the triangle with the tangent at m to the curve I'.
Find the curves I' for which the anharmonic ratio of the four points m, a, b, ¢
is constant when the point m moves on one of them.

The anharmonie ratio of the tangent at m and the straight lines m4, mB, mC
is also constant.

6. Given a point O and a straight line D, find a curve such that the portion
of the tangent MN included between the point of contact M and the point of
intersection N of the tangent and the line I subtends a constant angle at O.

[Licence, Besangon, 1885.]

7. Find the projections on the xy-plane of the curves lying on the paraboloid

2 az = mr? 4+ y?, whose tangents make a given constant angle y with the axis 0z.
[Licence, Paris, 1879.]

8. Find the orthogonal trajectories of each of the families of curves repre-

sented by one of the following equations :

Y2 —r) =8, Y24+ mr2—2ar =0,

2+ y)2=atry, z+y*=da?log (g)
where « is the variable parameter.

9. In order that the equation @ (r, ¥) = C shall represent a family of parallel
curves, it is necessary and sufticient that we have

@)+ () =s0r

where ¢ () is any function of 4.

[Write the condition that the orthogonal trajectories are straight lines.]

10. Find the necessary and sufficient condition that the integral curves of
the equation 3’ = f(x, y) form a family of parallel curves, and show that the
integration can be carried out by a quadrature. .
[Licence, Paris, 1898.]

11*, Form the general equation of the conics which cut a given conic C
orthogonally at the four common points. These conics form, in general, several
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distinct families. Find the orthogonal trajectories of each of these families.
Hence derive all the orthogonal systems of which the two families are made up
of conics. [If f=0, ¢ = 0are the equations of two conies cutting each other

orthogonally at each of their four common points, we have an identity of the
form

aof e
o 2o of o0

=\
rer oy oy S+ uey

where A and u are two constant coeflicients.]

12. Find the condition that the integral curves of the differentinl equation
v’ =J(x, y) form a family of isothermal curves, and show that an integrating
factor can be found.

[Sornus Lik.]

13. Let y,, ¥, be two particular integrals of Riceati’s equation 20) (§ 7).
Show that the substitution (y — y,)/(y — ;) = z reduces the equation to the
linear equation

X —u)z=0.

14. Find a plane curve (7 such that the triangle formed by any point M of
the curve, the corresponding center of curvature, and the foot of the ordinate
of the point M, has a constant area. Show that one of the coordinates can be
expressed as a function of the other by a quadrature, and that we can obtain a
knowledge of the form of the curve without haviug the definite equation. [The
axes of coordinates are supposed to be rectangular.]

[Licence, Paris, 1877,

15. Given a plane curve C, let M be any point of that curve, I? the coenter of
curvature of the curve at the point, and M7T the tangent. Through the point
T where the tangent cuts the axis of ., draw a straight line parallel to the axis
of y, meeting the normal M’ in a point N. Determine the eurve ¢ so that the
ratio of MP to MN is constant.

[ Licenre, Toulouse, 1884, ]

16. Determine the surfaces of revolution such that in each of their points
the radii of curvature of the principal sections are direeted in the same senso
and have a constant sum «. Sketeh a figure of a meridian of the surface,

[ Licence, "Toulouse, 1878,

17*. Show that the general integral of Euler's equation can be written in

the form SV
(___‘ - Y) —ay(e+ y)r—ay(r+ y)—a,= C,
L=y
where X = agzt + a2® + agz? 4+ agr + ag and where ¥ has an analogous

meaning. [LacraNGE.]

[It suffices to solve the equation (58) (§14) with respect to the constant,
After a few transformations we obtain Lagrange's form. ]

18. The asymptotic lines of the surface represented by the equations
z=A@u—u)m(v— aym,
y= Bu— bm(@®— by,
z=Cu—cym(v—rc)*
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are obtained by the integration of Euler’s equation when we have m = n or
m+ n=1. Deduce from this result the asymptotic lines of the tetrahedral

surface (2>m+ (g)"' + (Z)”‘: 1

19. How can we determine whether a differential equation
dy —f(z, y)dz =0

has an integrating £actor of the form XYY, where .X depends only upon z, and
Y depends only upon y, and find this integrating factor when it exists ?
[ Licence, Paris, October, 1902.]

20%. Given a plane curve (', the middle point m is taken of the cord MM’
which joins any two points M, M’ of that curve. The point M remaining fixed,
if the point M’ describes the curve €, the point m describes a similar curve c.
Prove that the curves ¢ satisfy a differential equation of the first order, which is
integrated, like Clairaut’s equation, by replacing ¥’ in it by an arbitrary con-
stant, (Bulletin de le Soriété mathématique, Vol. XXIII, p. 88.)

21. Integrate the differential equation

oA 0o, , s 2,
F(y’,y—xy’,y—xy +§y’)=0.

We observe that y” appears as a factor in the derivative of the left-hand
side. There exist equations of an analogous form and of any order (see Dixon,
Philosophical Transactions, Vol. CLXXXVI, Part I; Rirry, Bulletin de la
Soriété mathématique, Vol. XXV, p. 71; Bounirzky, Bulletin des Sciences
mathématiques, Vol. XXXI, 2d series, p. 260).



CHAPTER II

EXISTENCE THEOREMS

The first rigorous investigations to establish the existence of the
integrals of a system of ordinary differential equations or of partial
differential equations are due to Cauchy. That illustrious mathe-
matician gave for analytic equations a type of demonstration hased
on a method of comparison to which he gave the name of “ealeulus
of limits” (caleul des limites). We owe to him also another method
which does not assume the functions to be analytic, and which we
shall discuss later.

I. CALCULUS OF LIMITS

21. Introduction. The fundamental idea of the caleulus of limits
consists in the use of dominant functions. The reasoning is quite
analogous to that which has already been used to establish the
existence of implicit functions (I, § 193, 2d ed.; § 187, 1st ed).
Since every analytic funetion has an infinite number of dominant
functions, we see that the method ean be varied in a great many
ways. The simplicity of the demonstrations depends largely on the
choice of the dominant functions. Since the work of Cauchy, his
proofs have been perfected and extended to more general cases by
Briot and Bouquet, Weierstrass, Darboux, Méray, Riquier, Madame
Kovalevsky, and many others. Even to-day we mike use of this
same method constantly to treat analogous questions relative to par-
tial differential equations with various imtial conditions.

7 92. Existence of the integrals of a system of differential equations.
Let us consider first a single equation,

dy
@ L= f ),

the right-hand side of which, f(r, ), is an analytic function in the
neighborhood of a system of values x, y,. We propose to prove that
this equation has an integral y(r) analytic in the neighborhood of the

point x, and reducing to y, for x = z,.
46
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Let us suppose for the sake of brevity that x, =y, = 0, which
amounts simply to writing = and y in place of z — «, and y — y,.
If the given equation has an integral which is analytic in the neigh-
borhood of the point z = 0, and which vanishes with «, and if we
can calculate the values of all the successive derivatives of that
integral for = 0, we can write the development of that integral in
a power series.

The equation (1) gives us first of all (dy/dx), = f(0, 0). On tho
other hand, the e¢quations which we derive from it by repeated dif-
ferentiations enable us to calculate the value of a derivative of any
order in terms of w, y and of derivatives of lower order,

*y _ 0 f of dy dy
dat = oy da’
(2) d*y _ _ajf 9. * &f dy f((l?/) of 11“1/

da® 0x? dxdy dr ' @ 2 \dx oy y dat’
Setting in these relations o = y = 0, we caleulate step by step the
initial values (@ y/da®), (Py/de®), - - -, (d*y/dx*),, - - - of the succes-
sive derivatives of che desired integral in terms of the coefficients
of the development of f(x, ) in a power series in » and y. Until
Cauchy’s work appeared, mathematicians had assumed without proof
that the power series thus obtained,

o v=(D 1+ @5+ (R
C) y—<d.r01+ dx? 2'+ -t d.c"on1+ o

was convergent for values of « near zero.

To establish rigorously this essential point, let us observe that the
operations by which we caleulate the coefficients of the series (3)
reduce precisely to additions and multiplications alone, so that the
value obtained for (¢"y/duem), can be written in the form

d"y ,
(4) (1‘1'" 0= ]"("007 (101’ alo) tt ('On’ A a’nD)’

where P2, is o polynomial with positive integral coefficients, and where
a ;. is the coefticient of 2%4 in the development of f(x, y). If, then, we
replace the funetion f(x, y) by a dominant function ¢(z, ), and if
we seck to determine an analytic integral of the auxiliary equation

) dy = )

dr
vanishing with «, the coefficients of the series obtained for the devel-
opment of }” will be positive numbers greater than the absolute value
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of the corresponding coeflicients of the same rank in the series (3).
If the series obtained for ¥ is convergent in a certain neighborhood,
the same must be true a fortiori of the series (3)- Now the series
obtained for ¥ will certainly be convergent if the auxiliary (‘(lll.ltlon
has an analytic integral vanishing for .= = 0.

Let us suppose that the function f(r, ) is analytic when the varin
bles @ and y remain in the circles ', (" of radii « and & deseribed in
the planes of the two variables about the two origins as centers, and
that it is continuous on the circumferences, and let M be the upper
limit of | f'(«, ¥)| in this neighborhood. We can take for the domi-

nant function v
4)(,)" )') = —‘_T,

(1=2)(-3)

and, multiplying the two sides by (1— Y/b), we may writo the
auxiliary equation (5) in the form

o s

We can show directly that this equation has an analytie integral
which vanishes for .r = 0. In fact, separating the variables, we obtain
the integral of that equation in the form

-3

} x
) Y — 0= aM Log (1 - '—’>

-

The constant which must be added to the right-hand side to
express the general integral of the equation (6) is here zero if we
adopt for the determination of the logarithm the one which is zero
for z = 0. Solving equation (7) for ¥, we get

M r
(8) }=b—7)¢1+2a—b—LOg(1—;>-

If we take for the radical the determination which reduces to 1
for z = 0, the result (8) represents precisely an integral of the
equation (6) which i3 zero for z = 0. This function ¥ is also ana-
lytic in the neighborhood of the origin, for the function under
the radical is analytic in the interior of the circle ¢ of radius «,
and is zero for

»
(9) r==p= a(l — e_““'>.
When the variable = remains in the interior of the circle €, of
radius p described about the origin as center, the absolute value
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of (2aM/b)Log(1 — z/a) remains less than unity,* and the radical
is an analytic function of x in this circle. The series obtained for
the development of ¥ is therefore convergent in the circle of radius p,
and the same is true a fortiori of the series (3) first obtained.

It is easily seen from the formula (8) that all the coefficients of
the development of ¥ are real and positive, a fact which is evident
also a priori. If we give to = any value whose absolute value is less
than p, the absolute value of ¥ will be less than the value obtained
by replacing x by p. We have, then, for every point in the circle
Cpy |¥| <, and therefore |y| < 4. If we replace y in f(, y) by the
sum of the series (3), the result of the substitution is therefore an
analytic function ®(x) in the circle of radius p. From the manner
in which we have obtained the coefficients of the series (3), the two
functions & (x) and dy/dx are equal, as well as all their successive
derivatives for » = 0. Hence they are identical, and the analytic
function y satisties all the given conditions.

In order to calculate the coefficients of the series (3), we can substi-
tute directly for y in the equation (1) a power series y=0ur+Cx4...
and write the conditions that the two sides are identical. The coeffi-
cient of «"~1in dy/dr is n(',, while the coeflicient of "~ on the right
depends evidently only on €', €, ..., ", _, and the coeflicients a,,.
It is easily seen that the coefficients ¢*, are calenlated in this way
by the use of the operations of addition and multiplication alone,

The method can be extended without difficulty to a system of any
number of differential equations of the first order. Let

Ay . ‘
10) dr =L Yy Y+ o5 Yn) (t=1,2...,n)

be a system of differential equations in which the functions £, are
analytie in the neighborhood of the values 20 (1o + s M)y These
equations have a system of integrals analytic in the neighborhood of
the point xy and taking on the values (y)g, (4y)y * * +y (Un), respectively
Jor x =a,,

The proof of this theorem can be made to depend on the fact
that the system of auxiliary equations

dr, _dy, dy, A

an dr ~— dr dr x Y, Y,
1—I)(1=-2) ... (1—=2=

a b b

*In fact, all the coeflicients of the development of that function in powers of x
are real and negative. The absolute value of the preceding expression for |r;j < p is
therefore less than its absolute value when z = p, that is, less than unity.
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has a system of integrals which are analytic in the neighborhood
of the origin, and which vanish for .« = 0. The functions J, are sup-
posed to be analytic as long as we have o —x = a, |y — (), S,
and M denotes again the maximum absolute value of the functions
Ji in this neighborhood. These integrals, having their derivatives
equal and all vanishing for .- = 0, must be identical, and it suffices
to consider the single equation

dY M

dx & AN

(1-2)0-3)

in which we can again separate the variables. This equation has
the integral

ntl
Y=0—10 ]_-i-u_—ML()g(l—ﬁ)l
[ a

which is analytic in the cirele with the radius

)
p= n(] — pnt 1».v..)’

and which is zero for r = 0. Hence the system (10) has a system
of integrals that are analytic in the same circle,
A single equation of the ath order,

12 dy (, S f_"j_‘_’.'/>’
12) den T\ Y

can be replaced by an equivalent system formed of 2 equations of
the first order,

dy_, dn_
(13) = e T
' 1Yo .
(_{_‘1{/';?'!=.1/n—1) t—'l/zr—'l:I'(J‘, Y, .’/p"';.’/n-l))

by introducing as auxiliary dependent functions the successive
derivatives of y up to the (n — 1)th order. We deduce from the
general theorem, then, the proposition that the equation (12) has an
analytic inteqral in the neighhorhood of the point v and such that
that function and its first n — 1 devivatives take on for ¢ = o the
values Y, Yo, - -+ Yo~V given in adrvance, provided that the function
' ’
F is analytic in the neighborhood of the system of values «, y,, ¥,
(n —1)

vy YR .
From the demonstration it results that there cannot be more than
one analytic integral of the equation (1) taking on for x = », the
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value y,. But nothing enables us to say up to this point that there
do not exist non-analytic functions satisfying the same conditions.*
This is a point which will be rigorously established farther on
(§ 26).

23. Systems of linear equations. We shall find farther on, by another
method, a larger value for a lower bound of the radius of convergence
of the series which represents the integrals (§ 29). If the functions
Ji have special formns, we can sometimes employ more advantageous
dominant functions, still making use of the method of the calculus
of limits.

In particular, this is what happens in the very important case of
linear equations. Let

W) © Lttt =12 )
be a system of linear equations in which the functions ¢,, and &, are
functions of the single variable , analytic in the circle (' of radius 2
about the point » as center. These equations have a system. of inte-
grals analytic in the circle ' and reducing respectively to (y,), (¥)y
coey () Jor r =

We may suppose in the proof that

#o=Wo="+-=()y=0,

for if we change y, into (4,), + 4., the system (14) does not change
in form, and the new coetlicients are again analytic in the circle ¢,
Let M be the maximum value of the absolute values of all the

* The following is the reasoning used by Briot and Bouquet to treat this matter.
Lt yy be an analytic integral of the equation (1) taking on the value y, for z==z,.
Putting y =y, + 2, the equation (1) takes the form

, 1z
(l) ;';-zW(rrz)v
where ¥ (r, 2) is analytic for 2= r,, 2=0. Let us suppose that this equation has an
integral, other than z =0, approaching zero when the variable z describes a curve C
ending in the point 2,. Lat 2,, 23 be two points of this curve to which correspond the
two values z; and 23 of 2. We obtain from the equation (1°)

f hdz_ (e, nde.
o N

It xy approaches r,, 2, approaches zero, and the absolute value of the left-hand side of

this equality becomes infinite, while the absolute value of the right-hand side remains

finite; there cannot be, then, an integral approaching zero different from z=0. But

the reasoning supposes that the point » approaches ro along a curve C of finite length.
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functions a,, b; in a circle ("' with the center x,and the radius » < R.
The function

A+ 1+ 4+ 41

£ — 0,

1-

»
is a dominant function for all the functions a,,y, + « -« 4 a,y, + b,
and we are led to consider the auxiliary system

dY, dY, dy, M

(L+ ¥, 4+ Y, 447
1L
,

Since the functions Y, ¥, ..., ¥, are required to be zero for
x =z, and since thair derivatives are equal, they are identical, and
the system (15) can be replaced by the single equation

. dy M .

(16) de = TR (T,
1" T
»
which can be integrated by separating the variables. The integral
which is zero for w =, has the form

— e \-nWr
Y = 1 (1 _ 'r,, "'IJ) | I,
n r

and it is analytic in the cirele ¢, The same thing is therefore tene
of the integrals of the system (11), and, since the number » may
be taken as near 22 as we wish, it follows that these integrals are
analytic in the circle ¢,

24. Total differential equations. Let x,, ry, - -+, 2y he o gystem of x independ-

ent variables, let z be an unknown function of these variables, and lev £y, £,

- - fa be n given functions of 2,, £,, - -+, £a, 2. A total differentinl equation is
a relation of the form

an dz = fide, + fydz, + -+ + fultn;
it is really equivalent to n distinct equations:

0z dz _ . fz -
(18) 5;" —'!p 'az: '—fgv 0 or. fn-

Let us suppose that there exists a function z of z,, sy, ---, 7» satisfylng
these n relations. We can calculate the second derivative 83z/erir, (i # k) In
two different ways. Writing the results obtained as identical, we obtain thus
n(n — 1)/2! relations of the form

2 e, é
?I! + _f_‘, = _f + Afk

* ' k=12 ..-,n
oz | ezt ok azf‘ & ')

(19)
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and the function z can only be taken from among those functions which satisfy
these relations. We are going to consider only the very important case, in
which these relations are satisfied identically. The equation (17) or the equiva-
lent system (18) is then said to be completely integrable.

Given a completely integrable total differential equation in which the functions f,
are analytic in the neighborhood of the system of values (2,)q, (Z3)0) * * *» (Tn)gy Zgs
this equation has an analytic integral in the neighborhood of the system of values
(£1)gs * * *y (£n)gs whick reduces to z, when T, = (£y)gy + ++y Tn = (Zn)o-

The equations (18) and those which are derived from them by successive
differentiations enable us to express all the partial derivatives of the unknown
Function z in terms of 2, x,, x,, .-+, r,; hence we can obtain the values of the
coefficients of the development of the analytic integral, if it exists. But, while
it is evident that we can caleulate such derivatives as 9”z/0x? in only one way,
it requires a little more care to assure ourselves that we shall always obtain the
same expression for a derivative of any order, such as o7 +7z/2r? oxf, which can
be calculated in several different ways. This will be the case for the deriva-
tives of the second order, if the conditions (19) are identically satisfied. In
order to show that the same property is true in general, it suffices to show that,
if it is true up to the partial derivatives of order p, it will also be true for the
partial derivatives of order p + 1. We shall base the proof on the following
fact: Let U(x,, 2,, - -+, £y, 2) be any function of x,, s, - - -, Z,, 2, and let us put

dU_a»U_*_aU av _d (dU)
dr,  or,  az’" de,dey — deg \de,
From the conditions (19) it follows immediately that we have for any function U
the relation

(i7k=15 25"‘1"’)

@ au
de;drr ~ drpdr

Let now u and v be two partial derivatives of the pth order differing only in
the fact that a differentiation with respect to r, in one has been replaced by a
differentiation with respect to xx in the other. The proof depends on showing

that we have ) ,
u ou v 0V
ory, + azf" Tox; oz
or that du/dry = dv/dr,. But u and v have been obtained by taking the partial
derivatives of a partial derivative w of order p — 1 with respect to the variables
x, and x; respectively. We have therefore u = dw/dr,, v = dw/drg, and the
equality to be established reduces to d?w/dz,dr; = d*w/dx;dx,, an equality which
has already been proved.

To prove the convergence of the series thus obtained, we can therefore replace
the functions f, by dominant functions ¢,, provided that we choose these func-
tions ¢, so that the.resulting auxiliary total differential equation shall itself be com-
pletely integrable. For simplicity let us put (£,), = (€;)g= -+ = (Ta)g =2, =0;
we can take for the dominant function of all the functions f; an expression of
the form

. M

RIS AV Y
‘ P
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and the auxiliary equation

(20) dZ = M(dzy + dzg + - - - + dz,,)

"(1_21+-v,+---+z,.)(1_§)
r 3

is completely integrable from the symmetry of the right-hand side relative to
the n variables r,. In order to obtain an analytic integral that vanishes with
these variables, we need only seek an integral which is a function of the single
variable X =, + , + -« - + r,. This leads to an ordinary differential equation
of the form (6)

(1—E)dz =X
P 1-X
=

Since the integrai of this equation is represented by a development in a con-
vergent series the coefficient of any term x{1 .. . z:" of which is real and positive,
the development obtained for z is a fortiori convergent in the same neighborhood.

The theorem can be extended without difficulty to systems of total differential
equations in n independent variables x,, Z,, - - -, ¥, and m dependent variables
21y %9y %y Zm:

h=1 2’...
@1) dzn = f1adty+ -+« + fndti + -+« + fundtn, (.~ : ’"‘)
i=1,2.., n

By calculating in two different ways the derivatives of the form 02z;/dx, 0x;
we are led to the conditions

afin +2 ofin

0, 0,
22) oL ful fin afu

“f'” * ot

f + ﬁm ./;7"

The system (21) is said to be mmplotc]y mtegmble if these conditions (22) are
satisfied identically, and we have the following theorem which is demonstrated
like the preceding :

Every completely integrable system in which the functions f, are analytic in the
neighborhood of a system of values (Z,)q, (L5)gy s (Tn)gs (21)gs =+ s (2m)o has @
system of integrals analytic in the neiyhborhood of the point (x,)g, « * +y (¥n), and tak-
ing on respectively the values (z,)g, (25)gs * * *y (Zm)o When T, = (2,)g, * + <y Ta == (Fn)o-

25. Application of the method of the calculus of limits to partial differ-
ential equations. The calculus of limits enables us also to prove the
existence of integrals of a system of partial differential equations.
Let us consider first an equation of the first order,

o0z 0z 0z 0z
(23) aml—f(;rl,:r "T"’Z’E’T%""’EZ)’

in which the right-hand side does not contain the derivative 0z/0x,.
This equation and those obtained from it by successive differentia-
tion enable us to express all the partial derivatives of z in terms of
X, @, + -+, &,, 2, and of the partial derivatives of z taken with respect
to the variables «,, z,, - - -, x, alone. This property is evident for the
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derivatives of the form 0%* -+ +1y /oy drsr ... 0x2, as is seen by
differentiating the two sides of the equation (23) a, times with
respect to x,, - - -, and then a, times with respect to x,. If we differen-
tiate the two sides of the equation (23) once with respect to z,, and
any number of times with respect to the other variables ,, «, - - -, z,,
and if we then replace in the right-hand side of the result the par-
tial derivatives which involve just one differentiation with respect
to the variable x, by the expressions already obtained, we shall obtain
also the derivatives 0%+ +n+2z /0x20rg . . . Qre" expressed in the
manner stated above, and it is clear that we can continue to apply
the same process indefinitely.

Let us now suppose that the function f is analytic in the neigh-
borhood of a system of values (&), -+, ()5 2 (P =+ *s ( Pa)os
and let ¢ (x,, a,, -+, @,) be a function of the (n — 1) variables
Ty Ty -+ ¥, analytic in the neighborhood of the point* (x

2/0?
(@g> * +*» (4), and such that we have for these particular values

W= ()= ()= o (FD)=Ga

If these conditions are satisfied, the equation (23) has ‘an integral
which is regular in the neighborhood of the point (x,),, - - -, (r,), and
which reduces to ¢(xy, ay, - - -, a,) for @ =(r),.

By hypothesis, the function ¢(r,, oy, - - -, 2,) can be developed in
a series of positive powers of the variables x, —(x;),, and the coeffi-
cients are, except for certain numerical factors, the values of the
partial derivatives of that function at the point (), (), - - -, (@4),
Since the function #, the existence of which we wish to prove, must
reduce to ¢(r,, ,, - -+, x,) for x, =(x,), we know from that fact
alone the values at the point (z,),, (x,),, - - -, (+,), of all the partial
derivatives of the function # which involve no differentiation with
respect to the variable #. We have just seen how all the other partial
derivatives of z can be expressed in terms of these. We can there-
fore calculate, step by step, all the coefficients of the development of z
according to powers of a; —(x,), in terms of the coefficients of the
two developments of the function f and of the function ¢, and the
calculation involves the operations of addition and multiplication
alone. We can therefore employ again dominant functions to prove
convergence : if the series obtained by replacing, in the preceding

* For the sake of brevity we shall designate as a point every system of particular
values, real or imaginary, assigned to the variables appearing in the discussion.
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calculation, f by a dominant function F, and ¢ by another dominant
function @, is convergent, the same thing must necessarily be true of
the series obtained for z.

We can, first of all, replace the given initial conditions by other
simpler conditions by means of a succession of easy transformations.
We may suppose (x ), =(x,), = - - - =(&,), = 0, for that amounts to
writing «, in place of x; —(x;),. If we also put

= 4’(‘7’27 Tyy* ooy w,,) +u,

the new unknown function # must reduce to zero for x, = 0. We
may suppose also that after these transformations the right-hand
side of the equation, when developed, does not contain a constant
term, for if the development commenced with a constant term «
different from zero, it would suffice to put « = ar, + ¢ in order to
make it disappear. Having made these transformations, if we now
replace the right-hand side by a suitable dominant function, the
demonstration of the theorem reduces to showing that the equation

oz M
@D~ 2
<1_:r,+:1'.1+--~+:r,,+2><1_3.r2 34',,)
r P

where M, r, p are determined positive numbers, has an integral which
is analytic in the neighborhood of the origin and which reduces to
zero for «; = 0. 1f we replace z, on the right-hand side by r /e,
where « is a positive number less than unity, we increase the coefli-
cients, and the theorem will be established a fortiori if we prove
the proposition for the new equation

25) %ZZ = M —
1

£ ; oz .. L 0%
<1_a+%+"'+xn+d><1_3xz+ .'+6J'n)

r P

Indeed, it is sufficient to show that this equation has a regular
invegral, represented by a power series whose coefficients are all real
and positive; for the coefficients of this third development are at
ieast equal to those of the series obtained by supposing that Z van-
ishes when a, = 0, since the coefficients are all obtained by means
of additions and multiplications of the coefficients of the terms inde-
pendent of x,. In order to establish this last point, let us try to
satisfy the equation (25) by taking for Z a function of the single
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variable X =z, /a + 2,4+ -+ 4 x,. We are thus led to the differen-
tial equation of the first order,

1 n-1 dZ n—1/(dz\? M
o (="M= T (%) x¥z "

r

Let us suppose that @ has been chosen so small that the coefficient
of dZ/dX on the left is positive. For X = Z = 0 the equation (26)
has two distinct roots, one of which is equal to zero. That equation
has therefore an analytic integral in the neighborhood of the origin,
which, together with its first derivative, is zero for X = 0. It is easy
to show directly that all the coefficients of the development of this
integral are positive; for the equation (26) may be written in the
form
dZ dZ\? .
dx N (H’) + (Y, Z),
where A is positive and where ®(.X, Z) denotes a series whose coefti-
cients are all positive. After a first differentiation we find

d*zZ _ dz {lz_Z §d> @ M
dx? dX dX? " oX " 6% dX

For X =0, Z and dZ /d X are zero; hence d*Z/dX? is positive. The
verification for the following derivatives is similar.

The series obtained for the development of the desired integral z
is therefore convergent as long as the absolute values of the differ-
ences x, —(x,), remain less than a positive number ». The value of
that series is an analytic function in the neighborhood of the point
(£)gy (@) == +5 (a), and reduces to ¢(z,, xy, - - -, x,) for z, = (),
That function satisties the given equation ; for if we replace in f the
variables z, 0z/0x,, - - -, 0z/0x, by the preceding function and by its
partial derivatives, the result is a function y(z, z,,- - -, «,) which
is regular in the neighborhood of the point (x)),, (2,), - - -, (%),
and, from the manner in which we have obtained the coefficients
of the series z, the two functions y and 9z/0r, are equal, as well as
all their partial derivatives, at the point (z),, (2,), - - -, (#..), They
are therefore identical.

The proof is the same for a simultaneous system of equations of
the first order,

0z , 0z oz
@n 52‘ =fo 5:?=f“" cee, bf:f;,
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whose right-hand sides contain only the variables ,, x,, . - -, «,, the
functions z,, z,, - - -, #,, and the partial derivatives of the first order
except those with respect to 2. Supposing the right-hand sides ana-
lytic in the neighborhood of a system of particular values (), (21),
(2%)yy assigned to all the variables which appear in the function f,
these equations have a system of integrals which are analytic in the
neighborhood of the point (x),, -+, (&), and which reduce for
x, = (,), to p given functions ¢, ¢,, « -+, ¢, of the (n — 1) variables
Xyy Tyy + o oy Xy Which ave analytic in the neighborhood of the point
(£0)gr (@p)gs =+ +y (), und are such that the values of ¢y and of ogy, /o,
at that point are precisely (z), and (pf), (k=1, 2,..., p; i=2,
<oy M)

26. The general integral of a system of differential equations. The
preceding theorem enables us to complete the theory of differential
equations on several important points. Thus, the existence of an
infinite number of integrating factors for an expression of the form
P(x, y)dr + Q(x, y)dy is an immediate consequence of it if 7> and
Q are analytic functions of the variables z and y (§ 12).

Let us consider again the equation of the first order y' = f(r, ¥),
and let («, y,) be a pair of values for which the function f(z, »)
is regular. The analytic integral the existence of which has been
established, which takes on the value y, for « =2, may be con-
sidered as a function of three independent variables «, x, y,; it is
from this point of view that we are going to study it. For definite-
ness let us suppose that the function f(r, y) is regular in the
neighborhood of a point (x =, y = B). We can evidently consider
the given equation as a partial differential equation,

(28) ag 2= ),

which defines a function y of the three variables x, x,, 7,, and we
propose to determine an integral of that equation which is analytic
in the neighborhood of the point # = «, x, = «, y, = and which
reduces to y, for w=.r,. This last condition is not in the same
form as that of the preceding paragraph, but it suffices, in order
to overcome the difficulty, to take instead of = and of z, two
new independent variables w =. 4 »; and v =z —x, Then the
equation (28) becomes

(29) "'/+?’1_f(”+" ,),
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and we are led to seek an integral of this new equation which is
analytic in the neighborhood of the values « =2a, v =0, y, =8
and which reduces to y, for v = 0. By the general theorem, there
exists an analytic integral, and only one, which satisfies these
conditions ; we shall denote it by ¢(r, 2, y,), supposing that we
have replaced « and v by their values in terms of « and y. Let D
be a region defined by the conditions |m —a|=r |r,—a|=7
|¥o— B| =p, in which the function ¢(x, x,, y,) is regular. The
function ¢ has the following properties in this region. In the first
place, from the very way in which we have obtained it, if x  and y,
are constants, it represents the integral of the differential equation
y' = f(x, y), which takes on the value y, for «x =.. This integral
is surcly analytic whenever | — a| is less than », for sny point
(£ ¥,) in the region D,
The development of ¢(x, x, y,) is of the form

Y=, + (‘r' - :I'o) I’(.I‘, Loy .[/o),

where P also denotes a regular function. By the general theory
of implicit functions, we can solve the above relation, obtaining
Y, = ¥ (&, 7, %), in which the right-hand side is also a power series.
The function ¢ (r, 2, y) is identical with ¢ (x, x, y). In fact, let x,
and «; be two values of 2 in the region /); then the integral which
is equal to y, for # = x, takes on at the point x a certain value y,
and we have y, = qs(rl, x, ¥,)- But it is evident that the relation
between the two pairs of values (x, ), (x, #,) is a reciprocal one;
hence we have also y, = ¢ (x, x,, ).

Let x§ be any value of x such that we have |x§ — «|< r. Every
analytic integral of the equation (28), passing through any point
(rp ¥,) of the region D, satisfies a relation of the form

(30) 4’(“67 £, Y) =

For, let us consider the analytic integral equal to y, for r ==,
That integral takes on a value y; when « has the value xj, and we
have, from the definition of the function ¢, ¢ (wg, o, y)=7;. et x
be another value of the variable in the same region and y the corre-
sponding value of the integral. We have also ¢ (uy, =, y) = y;, and
therefore the analytic integral considered does satisfy a relation of
the form (30). By differentiating it with respect to .« and replac-
ing ' by its value f(x y) we find that the function ¢ («;, z, y)
satisfies the relation

(31) 2 a"’f( z,9)=0.
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This relation reduces necessarily to an identity, for it must be true
for x =, y = y,, and the point (x, y,) is any point of the region D.

This enables us to answer a question left undecided in § 22.
In the plane of the variable « let any curve I approach the point r,
as a limit. We shall say that a function y of the variable « which
can be continued analytically along the whole length of I' approaches
¥, as « approaches x, on I' if for every positive number ¢ we can tind
a corresponding positive number 5 such that |y — y | remains less
than e for all the values of « lying on I' in the interior of a circle
with a radius » and with the center »,.

The reasoning of Briot and Bouquet does not prove that there do
not exist other integrals than the analytic integral, approaching y,
as . approaches x, in the manner which has just been defined. This,
however, is the fact. For let us consider a definite point (o, y,)
of the region D, and let us take for the new dependent variable in
the equation (28) the function Y= ¢ (r,, r, y) detined above. Then
we have '

av_og 09 dy

dr ~ @ oy de’

and, by the relation (31), the given differential equation reduces to
dY/dr = 0. 1f, now, y approaches y, when  approaches ,, the same
thing is true of ¥, and the only integral of the new equation d ¥/dr =0
which satisties this condition is evidently ¥'= y,. The integral sought
must therefore satisfy the relation

¢(:1‘°, ry .7/>= Yo
or

32 yo=y+ (&—x)l(r, y, ),

and, by the theorem on implicit functions (T, § 193, 2d ed.; § 187,
15t ed.), there is only one root of the equation (32) approaching y,
as x approaches r, and that root is an analytic function.*

It follows that every integral of the equation (28) which passes
through a point of the region D satisfies a relation of the form (30).
On that account we say that that equation represents the general
integral of the differential equation in this region. The number '
is the constaut of integration which remains arbitrary at least be-
tween certain limits. We have seen that we could also put the
equation (30) in the equivalent form y = ¢(x, 7, ¥;), where the
constant of integration is y;.

*PICARD, Traité &’ Analyse, Vol. 11, pp. 315-317. PAINLEVE, Lecons de Stockholm,
p. 3%4.
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All these properties can be extended to a system of differential
equations of the form

d7/2

=fp o ——f..

dx

d3
(33) =h =f1('r, Yo Up Yn)s
dx

Let us suppose that the right-hand sides are analytic in the neigh-
borhood of the system x=«, y, =8, -+ -, y,= B,. We may again
regard the preceding equations as a system of partial differential
equations involving the » dependent variables y, y,, ---, y, and
the n + 2 independent variables @, @, (4,)p ()0 ** *» (Yu)yr and we
may seek the integrals of this system which are regular in tho
neighborhood of the values » =, =a, (1,),= B, -+ s (4u)y = B
and which reduce to (y),, (), *++, (4.), respectively for x =z,

Let
(34) {./1 = ¢1 ["'; Ty (.’/l)m tey (.’/n)o]a Yy = ¢‘2’ Ty

Yn = $ulry 25 (9159 * =5 (n)o]

be the n functions thus defined, which we suppose to be analytic
in the region D defined by the conditions |r—a|=r, |r,—a|=0r,
|(#.)o —B| =p. From the equations (34) we derive, conversely,

(35) (.'/1)0 = 4’1 (:I'o, Ly WYy ?/n); ) (?/n)o = ¢n(‘ro’ LyYppo o yn))

and each of these functions ¢, satisfies, for any value of x,, the
relation
(36) BAaRf 450

We prove this just as before by observiug that the analytic
integrals which take the values (y), -+, (%), for = =, satisfy
the relations (35), and therefore the relations (36), which we deduce
from them by differentiating with respect to the independent
variable  and by replacing the derivative dy,/dr by f.. These
relations (36) must reduce to identities; for if x, is supposed fixed,
we can show as above that we can choose (i), - -+, (), in such a
way that the integral curve * passes through any given point of the
region D. The left-hand side of the equation (36) must therefore
be zero for’the coordinates of any point whatever of this region.

If in the equations (33) we take for new dependent variables
the n functions ¥,=¢, (2, #, 3, - - -, #,), Where z, is constant, these

* As a generalization we shall say that every system of integrals of the equations
(33) defines an integral curve.
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equations become, by the conditions (36),
(37)

It follows that all the integrals of the system (33) satisfy relations
of the form (35), where (y,),, - - -, (#.), are constants —at least all
of those integrals which have a point in the interior of the region
D where the functions ¢ are regular. We shall say, then, that the
equations (35) represent the general integral of the system (33) in
this region.

From these equations it follows also that there are no other
systems of integrals than the analytic integrals which approach
WDe ** » W)y When o approaches «,. We have, in fact,

¢l = .'/t + ("' - ”.U) ],1(".0! 'T’ :’/1? Tt Y !/n)’

and the Jacobian D(, &, -+, 6,)/D(Y, 4, -+, ¥,) reduces to
unity for » = .. According to the general theory of implicit fune-
tions, the equations (35) have only a single system of solutions for
Yo Yus + + 5 Yy Which approach (g),, -+ +, (1), when & approaches
and these solutions are analytie.

To sum up, through every point of the region 1) there passes an
integral curve, and only one, represented by n equations y; = ¢, (),
where the functions ¢, are analytic so long as |+ — «|=r.

=0’ ceey d)":_—_o_

dr

de ~ dx

1I. THE METHOD OF SUCCESSIVE APPROXIMATIONS. THE
CAUCHY-LIPSCilITZ METIIOD

27. Successive approximations. The method of successive approximations has
been applied with success by E. Picard to ordinary differential equations and
to a great number of cases of partial differential equations. We shall apply it
to the treatment of differential equations with an important addition due to
Ernst Lindelof.

Let y(r) be an integral of the differential equation dy/dr = f(z, y) taking
on the value y, for & = ;. The function y () satisfies the relation

(38) v@) =+ [l vl

and conversely. The equation (38) is an integral equation which is equivalent
10 the two conditions y (£) = f[z, ¥ (£)], ¥ (r,) = ¥, and which lends itself readily
to the method of successive approximations. We shall develop the method on
a system of two equations of the first order

dy

d
"=f(1:9 yvz)o a“;:‘#('t,yvz)v

(39) o
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supposing first that the variables are real. We shall assume that the two func-
tions f and ¢ are continuous when z varies from z, to z,+ a and when y and z
vary respectively between the limits (y,— b, y, + b) and (2, — ¢, 2, + c); that
the absolute value of each of these functions f and ¢ remains less than a posi-
tive number M when the variables &, y, 2 remain within the preceding limits;
and, finally, that there exist two positive numbers 4 and B such that we have

(40) /(@)= F@ v, 2)|<A|ly—y|+Blz—7|,
l¢(x, v, 2)— (@, ¥, 2) |< Ay —y' |+ Blz— 2|

for any positions of the points (z, y, 2) and (z, ¥/, 2’) in the preceding region.

Let us suppose, for ease in the reasoning, >0, and let & be the smallest of
the three positive numbers a, /M, ¢/M. We shall prove that the equations (39)
have a system of integrals which wre continuous in the interval (g, T+ k) and
which take on the values y, and z, for £ =x,. For this purpose we shall write the
equations (39) in the form of integral equations :

T &£
1) w@)=yo+ j: Sty (t), z(t)]4de, 2(x) =25+ f olL, v (t), ()] dt,

0 o
and we shall solve these equations by successive approximations in the same way
as for a system of simultaneous equations (I, § 34, 2d ed.; § 25 ftn., 1st ed.),

taking for the first approximation values the initial values ¥, and z, themselves.
We aré thus led to write

x
y](I) =Y +f f(tu Yoy zo)dt7
‘o

a@ =2+ [ 9 vor 2) &,
‘o

A

(42) x
wal) =vo + [ S1L 10 ;014
2,() = 2, + L "Bt vy(0), 2, ()] dt
and, in general, )

Un(X) =y, + f lf[t» Yn—1(t), 2n—1(t)] 4,
(43) 1

n@ =2+ [ ¢l va-100), 2a-1()] .

Let us prove first that this process of approximation can be continued indefi-
nitely if r is contained in the interval (&, £, + k). We have, in the first place,
if « is within that interval,

(¥ — ¥ol < Mh < b,

and, similarly, |z, — z,|<ec. If we replace y and 2z by y, and z; in the functions
S and ¢, the functions of r thus obtained are therefore continuous between z,
and x, + &, and their absolute values remain less than M. For the same reason
as before, y, and z, are continuous functions of ¢ in the interval (x,, z, + &),
and we have in this interval |y, — y,|<b, |2, — 25| <c. The reasoning can be
continued indefinitely ; all the functions y, and 2, are continuous between z, and
Zy + h, and we always have in this interval |y, — y,|<b, |2n — 24| <c.
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In order to prove that y, and z, approach limits when n becomes infinite, let
us notice that we derive first, from the first of the relations (42),

(44) (11 (2) — Yol < M (x — 2), [2, (@) = 25| < M (2 — 2,),

where z is any value whatever except z, in the interval (r,, £, + 1). We have next
¥2(%) — ¥, (x) =J;: {716 ¥ (1), 2(0] = S, w4y 20)} e,
and, by taking account of the first of the inequalities (40),
|7a() — ¥,(2) | <£:A [y, () — yoldt + -/:BIZ'(L)— zodt;

and therefore, by the inequalities (44),

[¥s(e) — vy (@) [ < (4 + B) M (i.;. '%)f_

We have an analogous result for |z, (r) — z,(x)|, and, continuing in this way,
we see that we have in general
(r—za )
|Ua@) = Yn-1@) | < M (A 4 Byr-1 =TT,
|2n(X) — 2p—1(1) | < M (A + ll)n—l—’.—10—~.
n

The two series

(46) Yo+ (y]_yo)+(y2"y1)+ coo + (Yn— !/n—l)"‘ ct ity
ot @ —2z)+ (2, —2)+ -+ (@ —2u-1)+ -0y

whose terms are all continuous functions of  in the interval (r,, r, + ), are
therefore uniformly convergent in that interval. The values of these two series,
Y (r) and Z (x), are consequently continuous functions of x between g and z, + h.
As the number n becomes infinite, the relations (43) become, at the limit,

Y (@)= yo-l-fjlf[t, Y(), Z@))dt, Z)= z0+fr"¢ It, Y ¢), Z()]dt.

For we have just seen that the differences Y (£) — yn—1(£), Z(X) — 2n-1(x)
approach zero uniformly in the interval (zy, £, 4+ &), and therefore, by virtue of
the relations (40), the integrals

LU, YO, 201 71t 110, a1,
L0l Y0 201- 91t 1a 10, 2aoaO])

approach zero when n becomes infinite. The functions Y (x) and Z (z) therefore
satisfy all the given conditions.

The preceding method is evidently applicable, whatever may be the number
of the equations in the system. The inequalities (40), which play an essential
part in the demonstration, are certainly satisfied for suitable values of A and I3
whenever the functions f and ¢ have continuous partial derivatives with respect
to y and z within the limits indicated for the variables; this is an easy conse-
quence of the law of the mean (I, § 20, 2d ed.; § 11, 1st ed.). Let us also notice
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that if the functions f and ¢ rcmain continuous when  varies between z, — a
and xz, 4+ a, and the variables y and z between the same limits as above, the same
reasoning proves the existence of a system of integrals, Y (x) and Z (), which
take on the values y, and z, for ¢ = r; and are continuous in the interval (z,— A,
z, + h), where A has the same meaning as before,

There are no other systems of integrals thun Y (&) and Z (z) taking on the values
Y, and zy for & = &,. The reasoning being alwayssthe same, let us take for sim-
plicity a single equation dy/de = f(z, ), and let us put, as before,

x z
Y=Y + ‘/‘; f(ty yo)dt’ cty Yn=1Y +‘/; f[’ﬁ yn-—l(t)]dt'
[ 0

Let Y, (x) be an integral of that equation which takes on the value y, forz =,
and which is continuous in the interval (x,, x, + @), where @ is less than the
smaller of the numbers ¢ and b/M and such that we have | Y, (£) — y,| <b in this
interval. Since Y satisfies the given equation, we can write

Yi(#) -y, =.fl Flt, Yi(0)]dt,
and, consequently, °

T
Y@ — a@) = [ 1Tt Y101 = STt va-a(]} .
o
Let us put successively in that relation n =1, 2, 3, ...; we have first

[ ¥1(2) — vy (r) | < Ab(2 — 7),
then .
1Y, () — 5(0) | <Af Ab(t —ag)dt = A'zb(”"'Tz"),
and, in general, ’ )

[ ¥ile) = wale) | < amp S0,

The right-hand side of that inequality approaches zero when n becomes
infinite ; the integral Y, is therefore identical with the limit of y,, that is,
with Y'*,

28, The case of linear equations. The general reasoning proves that the integrals
are certainly continuous in the interval (r,, z, + %) defined above; but in quite
a number of cases we can state the existence of a more extended interval
in which the integrals are continuous. If, in fact, we go over the proof again,
we see that the conditions A< b/M, h <c/M are needed only to make sure that
the intermediate functions y,, 2, ¥,, 2,,+-+ do not get out of the intervalg
Wo—0b, ¥o + 1), (2p— ¢, 2, + ¢), so that the functions f(z, i, 2.), ¢ (&, ¥, 2)
shall be continuous functions of z between rx, and z, + A. If the functions
J(x, y, 2), ¢(x, ¥, 2) remain continuous when z varies from r, to x, + a, and
when y and z vary from — o to 4 o, it is unnecessary to make these require-
ments. All thd functions y, and z; are continuous in the interval (z,, 2, + a).

* Regarding questions concerning the approximate intecration of differential
equations, the reader is referred to the articles of E. Cotton (Acta mathematica,
Vol. XXXI; Bulletin de la Société mathématique de France, Vols. XXXVI, XXXVII,
and XXXVIII; Annales de I’ Université de (renoble, Vol. XXI).
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Again, in order to prove the convergence of the two series (46) it is sufficient
that there exist two positive numbers 4 and B such that the two inequalities (40)
are satisfied for any values of y, ', z, 2’ if  remains in the interval (z,, z,+a).
We recognize, in fact, on going over the calculations made above, that the in-
equalities (46) still hold, provided that we indicate by M an upper bound of
|/ (=, Yos 2o)| and of | @ (x, Yy, 2o)| in the interval (zy, £, + a).

These conditions are satisfied, according to the law of the mean, if the
functions f(r, ¥, 2), ¢(z, ¥, z) have partial derivatives with respect to the
variables y and z which remain finite for all values of y and z when z varies
from z, to , + a. Such, for example, is the case for the equation

?zg =z +siny;
the right-hand side is a continuous function, whatever z and y may be, and
the partial derivative é&f/ey is at most equal to unity in absolute value.
All the integrals of that equation are therefore continuous functions when z
varies from — o to + o0.*

The preceding conclusions apply in particular to systems of linear equations

d ,
47) _dg' =day + CGalrt oo F UaVnF by, (=1,2,-- 1)

where the coefficients ay, 5; are functions of @. If all these functions are
continuous in an interval (ry, £,), all the integrals of this system are likewise
continuous in this interval ; if the coefficients are polynomials, all the integrals
are then continuous when z varies from — o to + .

Limiting ourselves to real variables, we see that the integrals of lincar equa-
tions can have no other singular points than those of the coefficients. This very
important property cannot be extended to many other equations, even though
they are apparently just as simple — for example, to the equation y” = 2.

Note. We often have occasion to study systems of linear equations whose
coefficients are analytic functions of certain parameters. Let us suppose, for
definiteness, that the coefficients a; and b, of the equations (47) are continuous
functions of z in an interval (a, b), and that they depend also upon a parameter X
of which they are analytic functions in a region D,

The integrals of this system which take on given initial values for a value x,
of £ included between @ and b are represented in the whole interval (a, b) by
uniformly convergent series, and from the very manner in which we obtain
them it is clear that all the terms of this series are analytic functions of the

*We can deduce an analogous theorem from the calenlus of limits. Let f(z, y) be
a function which is real for every system of real values of z and y and analytic in
their neighborhood. Suppose, besides, that | f(r, )| remains less than a fixed num-
ber M when we have respectively | R(x/i)| =« and |R(y/))|=0b. If z,, y, are a pair
of any real values of « and v, the function f (», ») is analytic in the region defined by
the inequalities [z—2¢|=a, |y -,/ =), and its ahsolute value is less than M.
Then, by the calculus of limits, the integral of the equation y’=f(z, y), which is
equal to y, for x =, is surely analytic in a circle (/ whose radius r is independent
of 2, ¥o. We can follow the analytic extension of that integral along the real axis
by means of circles of radius r, and we see that it is analytic in the interior of the
strip bounded by two parallels to the real axis at a distance r from it.
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parameter A in D. These integrals are therefore themselves analytic functions of A
in the region D (Part I, § 89).

Most frequently the coefficients a, and b; are integral functions of the
parameter \; the integrals are therefore themselves integral functions of .
We can obtain directly the developments, according to powers of A\, of the
integrals which take on given initial values, by first substituting in the two
sides of the equations (47) developments of the form

Yi=Uo+ U+ -+ UpA? + -0y (i=1,2,.--, )
where the variables uy; are functions of z, and by then equating coefficients.
The functions u,, must take on the given initial values for & = r,, while the
other functions u,, where k=1, must be zero for £ = z,.

Proceeding in this way, we find, step by step, systems of linear differential
equations for determining these coefficients, We shall return to this subject
later.

29, Extension to analytic functions. The method can be extended to complex
variables. To do so it suffices to ohserve that we have for analytic functions
of one or se¥eral variables inequalities analogous to the inequalities (40). First,
let f(z) be an analytic function of a complex variable z, in a region bounded
by a convex curve C and also on the boundary, and let A4 be the maximum
value of | f(z)| in this region. The difference f(r,) — f(z,), where x; and r, are
any two points of that region, is equal to the definite integral [f’(z)de taken
along the straight line joining these two points. We have, therefore,

[f @) —F @) | < Alxs— 2]

Similarly, let f(z, ¥) be an analytic function of the two variables z and y
when these variables remain respectively in two regions @ and €’ bounded by
two closed convex curves C and C’, and let A and B be the maximum values
of | f;| and of | f;| in this region. If #, and r, are any two values of z in @, and
¥, and y, any two values of y in @, we can writo

f(zm ya) —f('rp 1/1) = [f(-tm yg) _f(xn yg)] + [f(-rn yz) —f(zu yl)]v

and, consequently, from what we have just shown, we have

[f(xs ¥o) =F (2 ¥1) | < Al2g— 21|+ Blya — 94
The proof is the same whatever the number of the independent variables.
Having seen this, let us limit ourselves, for simplicity, to the case of a single
equation,

d
(48) d_: =@, U
the right-hand side of which we shall suppose to be analytic in the region defined
by the inequalities |2 — zy|=a, |y — ¥o|=0b. Let M be the maximum value
of |f(z, )| in this region, and & the smaller of the two numbers a and b/M.

In the plane of the variable z let us describe a circle C; of radius & about the
point z, as center, and let us put, as above,

W=t [ SGWE =t [ SLnO1E o

=v+ [ Flt Va1 (O] &,



11, § 20] SUCCESSIVE APPROXIMATIONS 67

where the upper limit z is a point within C4. We prove first, step by step, that
we have

Y1 — vl <Y, [¥2 — ¥o| <D, ceey [ — Yol <b,

All the functions y,, ¥, ++, ¥n, - - - are therefore analytic functions of z in the
circle Cy, and the process can be continued indefinitely. Moreover, we have

@ n@-ta@ = (It ¥aer O] = Tt va-2 (O]} 2,

where the integral is taken along the straight line joining the two points z,, z.
Let A be the maximum value of [9f/dy | in the region |x —zy|=h, |y — y,|=0:
then, according to the observations made just above, we have always

[ STl ¥ )] =St ¥n—2 ()] | < A|Yn-1(t) — Yn—-2(8) .
In order to prove that we have an inequality analogous to the inequalities (45),
let us suppose that we have

—_ -1
|y"_l (L) -— yn-—?(t)l < MAn-2 L_z_o‘n__.

n—1)!

which is evidently the case for n = 2. Let z =z, + ref*; the changs of variable
t — z, = pef* reduces the integral (49) to an integral taken along the real axis
from 0 to r, and we have (Part I, § 44)

™”m
lyn(x)—y,._l(x)|<f MAn- l(y—f—)-dp Mana

or
[¥n () — Yn-1(2) | < MA»— 112 n;’"'"

The proof can be completed as before. The series whose general term is

— Yn—1 is uniformly convergent in the circle Cp, and, since all the terms
are analytic functions, the sum of that series is an analytic function in the
sdme circle (Part I, §89), which satisties the cquation (48) and which takes
on the value y, for £ =ur,. The development in power series of this integral
is necessarily identical with that furnished by the calculus of limits, but the
limit obtained for the radius of convergence is greater than that given by the
first method.

The remark relative to linear equations applies also to analytic functions.
Let us suppose that the coefficients a,: and b; of the equations (47) are analytic
functions of the complex variable . Let us mark in the plane the singular
points of these functions, and let us suppose that from each of these singular
points a ray is drawn following the prolongation of the segments from z, to the
singular point. The set of points of the plane which are not situated upon any
of the preceding lines is called the star corresponding to the system of singular
points. The straight line which joins the point z, to a point z of the star does
not pass through any of the singular points, and the method of § 28 proves
that all the integrals of the system (47) are analytic functions along that straight
line. The point z being any point of the star, it follows that all the integrals of
the linear system (47) are analytic functions in the whole star —a result which
will be estallished later in another manner (§ 37).

The method of successive approximations enables us also to obtan for the
integrals developments in series converging in the whole star. Let A4 be a region
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of the plane bounded by a closed curve C lying entirely in the star; the series
furnished by the method of successive approximations are uniformly convergent
in A. The remaining details of the proof are left to the reader, since they do
not differ essentially from the details of the proof given before.

80. The Cauchy-Lipschitz method. The first proof given by Cauchy of the
existence of integrals of a system of differential equations has been preserved
in the lectures by Moigno published in 1844. It was considerably simplified by
Lipschitz, who made clear just what hypotheses were necessary for the validity
of the proof.

In order to gain a clear grasp of the whole process, let us take the simple
equation Eg ~ /).
de

We have shown (I, § 78,2d ed.; § 76, 1st ed.) that the integral of this equa-
tion which takes on the value y, for z = x, is the limit of the sum

(50)  yo + S (g} (£, — Tp) + S (@) By — 1) + + -+ + f(&a=1) (£ — Tu—1)y

where z,, ,, -+ -, T, 1 are n — 1 points of the interval (z,, r), as the number n
becomes infinite in such a way that all the intervals (r, — r,_;) approach zero.
It is this process, suitably generalized, which leads to Cauchy’s first method.
In order to simplify the exposition, we shall take the case of a single equation,

dy
b1 padt A
(61) P
We shall suppose that the function f(«, ) of the real variables z, y is continuous
when & varies from r; to x;, + « and when y varies from y, — b to y, + b, and
that there exists a positive number K such that

(52) lf(‘zv y’)—f(.t, y)i<Kl?/'—'.t/|,
where ¥ and y” are any two numbers included between y, — b and y, + b, and
where z lies between r, and x, + a.

This condition, the importance of which was brought out by Lipschitz, will
be called, for brevity, the Lipschitz condition. 1t has already been used in the
method of successive approximations (§ 27; and I, § 34, 2d ed. ; § 25 ftn., 1sted.).

Let M be the upper limit of | f(z, )| in the preceding region, and A the smaller
of the two numbers a and b/M (we suppose a >0, b>0). In order to prove that
the equation (51) has an integral which takes on the value y, for £ =z, and
which is continuous in the interval (x,, x, + &), we shall imitate so far as pos-
sible the procedure followed in establishing the existence of a primitive function
for f(x). Let x be a value of the variable belonging to the interval. Let us take
between z, and z a certain number of intermediate values, x,, r,, - -, €i—1, Zi,
+++y &y -1, Proceeding in increasing order from z, to z. We shall put successively

(63) vy = Yy + S (Lo, Yg) (X — o), Yo =¥ + S (@ ¥y) (13 — Zy)s cey
and, in general,

(54) h=viar+S(@i-1, Vi) (@ —2im)). (=1,2..,n=1)

The sum

Un = Yo+ S (Zgs Yo) (B, — Zo) + F(Ty, ) @g —Z) + - -+
(65) { o+f(1:—1?ya11)(30“ 3‘-1; e

S(x, v).
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presents an evident analogy with the sum (50), to which it reduces when the
function f (2, y) does not depend upon y. We ate thusled to investigate whether
or not that sum approaches a limit when the number n becomes infinite. We
shall generalize the question by defining first two sums analogous to the quan-
tities S and s (I, § 72, 2d ed.; § 71, 1st ed.).

Let us consider the triangle ABC formed by the straight lines defined by
the equations

X=2y+h Y=y +MX=2), Y=y,—MX=-z).

From the way in which we have defined %, the function f(z, y) is continuous
when the point (r, y) remains in the interior or on the sides of this triangle,
and its absolute value is at most equal to M.

The parallels to the y-axis, X=z,, X=ur,---, X =z, divide the triangle
ABC into a cersin number of isosceles trapezoids of which the first reduces

<

b
bt—l /
1Q. I
P Rb
Cl
Amd
P.-,-:—:pc
7 in,
X Zo+h
Ciei

Fic. 1 \C

N

to a triangle. Let M; and m, denote respectively the maximum and mini-
mum values of f(x, y) in the triangle Ab,c,; then we have — M=m, <M, =M.
Through the point A let usdraw the straight lines with slopes equal to M, and m,,
meeting the straight line X = r, in two points, I, and p,, whose ordinates are
respectively Y, = y, + M, (2, — z,) and y, =y, + m,(x, — £y). The letter y; no
longer denotes the same thing as in the expressions (563) to (55). These points,
P, and p,, are evidently in the interior of the triangle A BC or on its sides, and
we have Y, >y,. Through the point P, let us draw the straight line with the
slope M up to its intersection with the straight line b,r, in @,, and through p,
let us draw, similarly, the straight line with slope — M up to its intersection ¢,



70 EXISTENCE THEOREMS (11, § 30

with the same straight line b,¢,. Let M, and m, be the maximum and minimum
values of f(z, ) in the trapezoid P Q,qu,, the straight line with the slope 3f,
drawn through P; meets the stra.xght line b,¢, in a point P, whose ordinate is

Y, =Y, + My (z, - ),

and the straight line with the slope m, drawn through p, meets b ,Cq in a point
P, with the ordinate y, =y, + m,(x, — z,). We have evidently Y, >y, and
Y, — ¥, =Y, — y,, the equality holding only if the function f (x, ¥) is constant
in the trapezmd P,Q,q,p,. This process can be continued. Having obtained two
points, P,_; and p, _j, on the straight line ¢; _1b; _;, let us draw through P; _; a
parallel to AB, and through p;_; a parallel to AC. We thus form an isosceles
trapezoid P;_1Q;q,pi—1. Let M, be the maximum value of f (x, ¥) in this trape-
zoid, and m; the minimum value ; the straight line with the slope M; drawn
through P;_; meets the straight line ¢,b; in a point P;, and the straight line
with the slope m; drawn through p;_; meets ¢,b, in a point p.’. We thus form
two broken lines starting from the point 4, namely, AP, P, ... P,_,D,-

or L, and Ap; py+++ D1 D+ -+ Pu, OF L, ending in the two points P, and p, of
the straight line X =z. From the manner in which these two lines were con-
structed it is evident that they both lie in the triangle 4 BC, that the line L is
never below [, and that the distance between these two lines, measured on a
parallel to the axis Oy, cannot diminish when the abscissa increases from z, to z.
The ordinates Y, and y, of the two extreme points are entircly analogous to the
sums S and s (I, § 72, 2d ed.; § 71, 1st ed.). We shall put S = Y, 8 = y,.

To each method of subdivision of the interval (r,, «) corresponds a sum S
and a sum 8. 1f we subdivide each of the partial intervals (z,. 3, ,) into still
smaller intervals in an arbitrary manner, the preceding geometric construction
shows immediately that the line L’ corresponding to this new division is never
above L, and the line I’ is never below . We have, therefore, 8’ = S, 8’ = 3,
where the accented letters denote the sums relative to the second division. We
conclude from this (as in § 72, 2d ed.; § 71, 1st ed.) that if S, s, S, 8, represent
respectively the sums relative to any two methods of division wiatever of the
interval (z,, x), we have s = S|, s, = 8. Indicating by I the lower limit of the
sums S, and by I’ the upper limit of the sums s, we have, therefore, I' = I.

In order that the sums S and s shall have a common limit when the maximum
length of the partial intervals approaches zero, it is necessary and sufficient that
S — s approach zero. In fact, we may writo

S—8=8S~I+I—T 4TI —s,

and the difference S — s cannot be less than a number e unless each of the num-
bers § — I, I—1’, I’ — s (no one of which can be negative) is itself less than e.
Since e is an arbitrary positive number, this cannot happen unless we have
I’ = I, and it is, morcover, necessary that S and s shall have the same limit I.
In order to prove that S — s has zero for its limit, it is not sufficient to suppose
that the function f' (x, ¥) is continuous, and it is here that the Lipschitz condition
plays a part.

Let Y; and y; be the ordinates of the points P; and p;, and §; the differ-
ence Y;— y;. Since the function f(z, %) is continuous in the triangle 4BC,
corresponding to every positive number A we can find another positive number

~ such that
f@ v) =F &, v)| <\
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provided that the distance between the two points (x, y) and (&', ') of the tri-
angle A BC is less than ¢. We shall suppose that all the differences z; — ;_,
are less than ¢. From the construction by which the points P, p; are obtained
from the points P;_;, p; 1, we have

8 = 8i—1 + (M; — m,) (& — T;—1).
On the other hand, we can write

My—my = £}, ) = F (), v))
:f('t;1 y;) A AR &, v) ~ Sz, ¥l

where (rf, ¥7) and (2], y)') are the codrdinates of two points of the trapezoid
P _1Q.qip. 1. We have, therefore, by the condition (62),

M,—m, <N+ K|y —y]|.

But the difference |y, — y;| is at most equal to §,_; + 2 M(z; — xi—;), and we
have

M, —m <N+ 2MK (r,— z;_1) + K& _1.
Tf we take all the intervals so small that each of the products 2 MK (r; — x,_)
is less than A, the difference M, — m, will be less than 2\ + K3,_, and conse-
quently we shall have the inequality

(56) 8 <81 [14 K (&i—dic1)] + 2N (ri— Xi—),

which can be written in the form
PN 2\ -
5+ K< (5.'.-1 + -K) [14+ K (r; — xi-1)].

We have, therefore, a fortiori,

2N\ 2\
3, - eKG,—q_»(§:_ .

t K < ( i-1+ K)
Putting { =1, 2, --., n successively in this last inequality and multiplying the
two sides of the inequalities obtained, we find

2N 2) .
o+ w < K ek Gr—rp,

or

S—8=208,< ? [eXK(e=a — 1],

Since it is pogsible to take the positive number X as small as we wish, prov.ded
that all the partial intervals are themselves less than another suitably ~hosen
positive number, we sce that the sums S and 8 have the same limit, That nmit is
a function of r, say F(r), defined in the interval (¢, z, + #). We shall now show
that this function F(z) is an integral of the given equation (51), and that it
reduces to y, for £ = z,. In showing this we shall continue to make use of the
geometric representation,

1f all the partial intervals approach zero, not only the extremities of the two
broken lines L and ! approach a limit point, but the lines themselves approach
a limiting curve. Any straight line parallel to BC meets the line L in a point P,
and the line ! in a point p, and the distance Pp is less than S —s. From the
properties of these broken lines, all the points P have their ordinates greater
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than the ordinates of the corresponding points p; and since the distance Pp
approaches zero, it follows that the points P and p approach a single limit point =
lying on the line considered. The locus of these points, =, is evidently a curve C
lying between the two broken lines L and ! and passing through the point 4.
The ordinate of a point of that curve with the abscissa r is equal to the func-
tion F(x) just defined, for in order to obtain the position of the point 7 on the
line X = &, we make use of only the portions of the broken lines which are on
the left of that line. Let us suppose the two broken lines L and ! produced up
to the side BC, all the partial intervals being less than the smaller of the two
numbers ¢, /(2 MK), and let P(x) and @ (x) be two continuous functions which
represent the ordinates of a point of the line L and of the line l in the interval
(%o, €, + k). The difference P (r) — Q(r) is less than 2\ (e5* — 1)/K, and each
of the functions P (), Q(r) differs from F(r) by a still smaller quantity. Since
can be made as small as we wish, we sec that we can construct & uniformly
convergent series of continuous functions in the interval (r,, z, 4+ &) which has
F(z) for its sum ; this function is therefore itself continuous (see Vol. T, § 31,
2d ed.; §173, 1st ed.).

Every broken line included between L and [ has evidently the same curve ¢
for itg limit. Such would be the broken line A, whose successive vertices have
the covrdinates obtained by the recurrent formula

z=zi1+f(ri-1, 2e-1) (&0 — T 1),
the first vertex being the point (z,, y,). Thus we find again the expressions (54)
which served as our starting point. Let us notice also that if we apply the
construction starting with a point M’(z’, ") on the curve C, we obtain two
broken lines I’ and !’ lying between L and !, which also approach more and
more the portion of C included between M’ and the straight line BC. TLet now
M (&, y) and M” (z”, y”) be two neighboring points of C (£ > x’). The slope
of the straight line M’M” lies between the maximum and minimum values of
f(x,y) when the point (z, ¥) moves over the triangle formed by the straight lines

X=z, Y—y=MX-x), Y—y=xMX-ur);

if the difference #”” — 2’ is less than a suitably chosen positive number, these
two values of f(x, ) will differ from f(z’, ¥) and from f(£”, y”) by as little as
we wish. If one of the two points, M’ for example, approaches the first one as
a limit, the slope of M’M” will therefore have for its limit f(z’, ). The func-
tion F (£) consequently satisfies the given differential equation (51). It is, more-
over, evident that the curve C passes through the point 4, that is, that we have
F(zo) = y- )

The curve C is the only solution of the problem. If there existed a second
solution C’, this curve C’ could not be at the same time below all the lines L
and above all the lines [, since these lines approach the curve C. We can there-
fore find a line — for example, L — which will be cut by this curve C’. Since ¢’
is below the line L in the neighborhood of the point A, let us suppose that it
passes above L, crossing that line in a point n; of the side P, P,, and let m; 1
be the point of C” with the abscissa z;_1. The slope of the chord m, _1n; is equal,
by the law of the mean, to the value of the function f(z, ) at a point of the arc
m;_1 n;; hence this slope cannot be greater than the slope of the side P;_, P;,
since the arc m,.1n; is in the trapezoid P;_1Q,q:p.~1. But the figure shows
that the slope of the chord must be the greater.
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Cauchy’s first method and that of the successive approximations give, as
we see, the same limit for the interval in which the integral surely exists. But
from a theoretical point of view Cauchy’s method is unquestionably superior :
we shall show, in fact, that this method enables us to find the integral in every
finite interval in which the integral is continuous. More precisely, let us sup-
pose that the equation (51) has an integral y = F(z) continuous in the interval
(£y, Ty + 1), that the function f(z, ) is itself continuous in the region (E) of the
zy-plane bounded by the two straight lines ¢ = x,, £ = 2, + ! and by the two
curves Y = F(z) + », where 5 is a positive number taken at pleasure, and that
f(x, v) satisfies the condition (52) in this region. Let us suppose that we divide
the interval (z,, z, + !) into smaller partial intervals and that we construct
the broken line A by the method which has just been explained, relative to
this manner of division and starting from the point (£y, ¥,). If all the partial
intervals are less than a suitable positive number o, this broken line will lie entirely
in the region (E), and the difference of the ordinates of two points having the sume
abscissa, taken on the integral curve C and on the line A, will be less than any positive
~umber e given in advance.

Let g, &y, &gy ey Tyo1y L=+, Ln—1, Lo+ | be the abscissas of the points of
division, let y,, y,, - -+, ¥ be the corresponding ordinates of the enrve C, and let
Yor Z1s 2y ** *5 Zuy * * +y Zn e the ordinates of the vertices of the line A. Let us
first suppose that all the vertices to the left of the vertex (r,. z,) are in the
region (EJ, and let us consider the problem of calculating an upper bound
for the difference d, =|2z, — yi.

We have, on the one hand, from the very definition of A,

z =21+ f(Xi-1, 2i-1) (20— i)
On the other hand, from the law of the mean, we have also
Yi=Y%-1 +f(-‘5:y '_U:) (T, — 71 -1),

where (2, y)) are the codrdinates of a point of €, and where z; lies between
z,_1 and x,. We derive from these equations

(B7) zi—yi=2-1—th-1+ @ —i1) [f@-1, 2-1)—FE, ¥)];
and the coefficient of (z, — ¢;—1) can be written in the form

[f(@im1, 2im1) = F@iz1, $i-1)] + [S(E=y 1) —F (@5 )]

The absolute value of the first difference is, by the condition (62), less than
Kd, _1. On the other hand, since the function f(z, y) is continuous in the region
(E), it is a continuous function of z along C, and we can find a positive number o
s0 small that | f(z, ¥) — f (&', )| is less than a given positive number 2 X for any
two points of the curve C, provided that | £ — 2’| is less than ¢. Having chosen
the number ¢ in this way, we have -

(68) di<di1+ @i—1,-1)2N+ Kd;_,),

a relation which is very similar to the relation (56), and from which we obtain,
as before, the inequality 2
[eK == —1].

di('k—
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Let us suppose that the number A is so small that we have 2\ (eX! — 1) < K7.
We may then establish, step by step, that each of the differences dyydy, ooy dyis
less than . All the vertices of the broken line A are therefore in the region (E).
Let P(x) be the ordinate of a point of the line A; similarly, let Q(z) be the
ordinate of a point of the auxiliary broken line A’ obtained by joining the
points of C having the abscissas z,, &, T4, +++, £a—1, &, + . Then we have

P(x) - F(z) =P(x) - Q@) + Q) — F(x).

If the oscillation of the function F(r) in each of the partial intervals is less
than /2, we have always |Q(zx) — F(z)| <e/2 (see Vol. I, § 206, 2d ed.; § 199,
1st ed.). If also the number y is less than e/2, we have | P () — Q(z) | <e/2, and
therefore | P(z) — F(z)| <e. Then the continuous function P (z) represents the
function F(z) with an error less than ¢ in the whole interval (zy, z, + ).

The Cauchy-Lipschitz method can be extended to systems of differential
equations without any other difficulty than some complications in the formul.
It applies also to complex variables. The investigations of E. Picard and of
Painlevé have shown that the method leads to developments of the integrals in
convergent series in the whole region of their existence if the right-hand sides
of the given equations remain analytic in this region.

III. FIRST INTEGRALS. MULTIPLIERS !

31. First integrals. Given a system of n — 1 analytic differential
cquations of the first order, we shall write these equations in the
symmetric form

dzx da dx
5 '_1 = —2 —2 N n
(59) X, X, x,’

where the denominators X, X, - . ., X, are functions of the n variables
x,, &y -+, 7,. This form of the equations does not involve a choice
of the independent variable, which may be any one of the variables
or may be chosen arbitrarily. We have seen above that, under
certain conditions which have been defined, all the integrals of this
system which pass through any point of a region D are represented
by a system of equations of the form

(60) {fl(wv Ty * vy x,,) = Cv fa(‘”v Loy ey x,,) = Ca’ )
f;n—l(zp zg) M) xn) = Cn—l)

where f,, f,, « + +, f,-1 are (n — 1) functions analytic in D, and where
C,, C,y «+ -, C,_, are constants which may be arbitrarily chosen, at least
within certain’ limits (§ 26). The formule (60) represent the general
integral of the system (59) in the region D; but there may be other
values of the variables also, for which (60) represents the solution.
It may happen that we obtain several different systems of formula
representing the general integral in different regions. It is also clear
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that, in the same region D, the system of equations (60) is not the
only possible representation. We can replace the (» — 1) functions
/i by (n — 1) functions F, which depend only upon the functions f;,
provided that these (» — 1) functions F, are independent functions
of the variables f;.

However the functions f, have been taken, if the formule (60)
represent the general integral of the system (59), the functions f,
satisfy the same partial differential equation of the first order. For,
let us suppose the codrdinates of a point x, x,, - - -, x, of an integral
curve expressed as functions of a variable parameter. If we replace
the coordinates x, x,, - - -, r, in f; by their expressions as functions
of this parameter, the result reduces to a constant. We have, there-
fore, df; = 0, and, replacing the differentials dw, dx,, - - - in df, by

the proportional quantities X, X, - -+, we find that 7, satisfies the
relation
' f __ X
) X()=Yig+Xg t Vg =0

n

This relation must reduce to an identity, when £ is replaced by f,,
since we can choose the constants C'; in such a way that.the integral
curve passes through any point of D. The (n —1) functions £, £,,

-y fu_y are thercfore (n — 1) integrals of the equation X(f)=0
Every function II(f,, f « * » fu—1) 18 also an integral of the same
equation, whatever may be the function II, by the relation

o1l

af;_-——l X (fn—l)’

on on .
xX(m = 'azx(fl) +5EX(J‘2) +--+
which is easily verified.
Conversely, we obtain in this way all the integrals of the equation
X(f)=0. For, eliminating the coeflicients .X; from the z relations

X(f)=0, X(fH)=0 -+ X(faii)=0,
we obtain

D(f;fnfm" )ﬁu)_o
D(w sy T)

which shows that fis a function lI( So o+ s Sfu-1) of the (n —1) par-
ticular integrals f,, fy, + + -, fu—1 (I, § 55, 2d ed.; § 28, 1st ed) We
can also verify this by a change of variables. Let us suppose, in fact,
that we take a new system of independent variables ,, 7,, - - «, ¥a»
where the » — 1 variables y,, y,, - - -, ¥, are precisely the functions
Sy Jfar*+*» fuo1 themselves, and where the variable 7, is chosen in
such a way as to form with 3, y,, - - -, 4, @ system of n independent
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functions of the original variables «,, x,, - « -, «,. Then the equation
X(f)=0is replaced by an equation of the same form

2 2 2
62  r(H)= 15;—J’j+y,%;+...+yna_y.{=o,

which must have the (n — 1) particular integrals

S=9p Tt S = Y1
We have, therefore,
Y,=Y,=...=Y,_,=0,
and the equation (62) reduces to ¢f/dy, = 0. The general integral is
therefore an arbitrary function of v, ,, .- -, y,_1.*

The integration of the partial differential equation X(f)=0is
therefore reduced to the integration of the proposed system of dif-
ferential equations (59). Conversely, let us suppose that we have
obtained an integral f of the equation .X(f)=0 in any manner
whatever. 1f we replace x, «,, - - -, x, in that function by the coor-
dinates of a point of an integral curve, supposed to be expressed as
functions of a variable parameter which may be one of the coordi-
nates themselves, the result obtained reduces to a constant. In fact, if
we suppose that r, 2., .-, x, are functions of a variable parameter
satisfying the relations (59), the total differential df of the preced-
ing function reduces to KX (f), where K denotes the common value
of the ratios dr,/X,. The equation f = (" is therefore a consequence
of the given system of differential equations. For this reason we say
that the function fis a first integral of that system.t

If we know n — 1 independent first integrals, we can write im-
mediately the general integral of the system (59); if we know only
p independent first integrals (p < n —1), we can reduce the integra-
tion of the given system to the integration of a system of n —p —1
differential equations. For, let £, f;, - - -, £, be these p first integrals.
From the p relations

fi=C /=0y o S=0

* The two modes of reasoning do not require that the function f should be analytic.
The only necessary conditions are those which are required in order that we may
apply the formulm for change of variables, that is, the existence and the continuity of
the partial derivatfves of the desired function /.

t The reasoning would no longer apply if the factor K were infinite for all the
points of the integral curve, which would be the case if the coirdinates of all the
points of that curve were to make the n functions X; vanish. It is also necessary
to make an exception of the integrals which are such that at least one of the functions
X, Xa, -+, Xa is not analytic in the neighborhood of any point of that curve. This
case arises when there are singular integrals.
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we can obtain p of the variables Xy Tyt oy Ty for example, x, «,,

.y ,, as functions of the lemfumng n— p variables a, ,y, -+,
x, and the p arbitrary constants ', C,, ..., €",. It will suﬂwc, then,
to determine x,,, 2,5, 7, a8 functions of a single independent
variable. If we denote by .\p b ‘\,, 2+ X, the new functions
resulting from X, ., X, ., .-, X, after we have replaced -
x, in them by their expressions, it will suffice, therefore, to integrate
the new system,

(63) Aoy _ 4%y _dn
Xp +1 Yp+2 ‘\

in which the new denominators depend upon p arbitrary constants.

We can also reason in another way. If we take a new system of
independent variables, y,, y,, - - -, y,, where the p variables y, y,, - - -,
Yp are identical with the p known first integrals f,, £, - -, £, the
equation X' (f)=0 is replaced by an equation of the same form,
Y (f)=0, which must have for integrals f=y,..-, f=y, That
equation is therefore of the form

. of L Of _
}z;+|m+ +)na—‘ )

and its integration reduces to that of a system of n — p —1 differ-
ential equations of the first order,

Wprr _ | W,
Y, Y,

We see from this the importance of looking for first integrals.
In each particular case the discovery of a new first integral con-
stitutes a step farther toward the complete solution. Tt would not
be possible to give a very definite rule of procedure for this purpose.
Let us merely notice that the problem amounts to forming an inte-
grable combination of the equations (59), that is, to determining n
factors, p,, p,, - -+, ,, s that

e N+ g, X, =0,
and that
pdr + podr, 4 - oo 4 pdr,

is an exact differential d¢. For it is clear that we can deduce from
the equations (59) a new ratio equal to the first

day _pudry - -+ podr,

‘YI /“1‘\'1 +-.--+ F’n“’n ’
hence the relation
d¢ = pdr, + -« 4 p,dr,=0
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is a consequence of the equations (59) if

X+ + 4, X, = 0.
It follows that we can find a first integral by quadratures if we
know the factors u;. This is the case in particular whenever we

can find n factors, w,, m,, - - -, p,, such that the factor u; depends
only upon the variable z,, and such that

Su;X;=0.

Let us also observe that, if we have obtained p first integrals of
the system (59), it may happen that the new system (63) can be
integrated completely for particular numerical values of the con-
stants €', C,, « -+, (", while the actual integration is impossible for
arbitrary values of these constants.

Ezample 1. Let it be required to integrate the system

du dv dw
64 — = vw, — = wu — =uo.
(04) T=w,  Cew,
We easily see two integrable combinations udu = vdv = wdw. We have, there-
fore, two first integrals, u? — v2 = C,, u? — w? = C,. Hence, putting the values
of v and of w obtained from these re]amons in the first of the equations (64),
we have for the determination of u the differential equation

(65) e V= C) (@ = Cy),

the general integral of which is an elliptic function (§ 11), reducing in special
cases to a simply periodic function or even to a rational function. Since the
given system is symmetric in u, v, w, we conclude that v and w are also elliptic
functions.
zample 2. Let us consider the system

gﬁ—r'o—qw Ei—tz--pw—-ru dw _ U — PV

T - ] dI - b dx - q p k]

where p, g, r are given functions of . We have again an integrable combination,
udu + vdv + wdw = 0, from which we derive the first integral, u? 4+ v? + w2 = C.
Discarding the case where C is zero, we may suppose C = 1, for the system (86)
is not changed by multiplying u, v, w by the same constant factor. Instead of
solving the relation u2? 4 v2 4+ w* =1 for one of the unknowns, we can proceed
in a more symmetric manner by considering u, v, w as the codrdinates of a
point of a sphere of radius unity and expressing them as functions of two varia-
ble parameters .— for example, in terms of the parameters which determine the
rectilinear generators of the sphere. Let us put for that purpose

(86)

y+w 1+w_ utiv_l1—w
1—w u—iv = 14+w u—iv

==K

which gives
=l_)\“) v=i1+)\“' w=)‘————-+“-

N—p N—u A—p
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Substituting these values of u, v, w in the system (66), we find after some

easy calculations that X and s must satisfy the same Riccati equation,
do q—ip g+ip

67 —=—ire+ —= 4+ 1% 42,

(67) T e
Hence the integration of the given system is reduced to the integration of a
Riccati equation.*

Ezample 8. Let us consider the equation integrated by Liouville,

V+te@r+r@yr=0.
Putting ¢’ = 2, we may replaco the given equation by the system
dr _dy _ —dz
1 z eWz+fw)zt

from which we derive the integrable combination dz/z 4+ ¢ (z)dr + f(y)dy = 0.
The given equation of the second order has therefore the first integral,

v
d ]
Y’ e’xo $@ refy"f(y/)« L C,

which we could also have obtained directly by dividing all the terms of the
equation of the second order by y’. ‘The preceding equation of the first order
is of the form = CXY ; hence, by separating the variables, the integration
may be completed by two quadratures.

Note 1. We sometimes replace the system (59) by the system

dry dr, _ _dry
©8) X, X, X,

=dt,

where ¢ is an auxiliary variable which is introduced in many cases only for the
sake of greater symmetry in the reasoning. If the original system (59) has
been integrated, we can obtain ¢ by a quadrature, for if we replace ry, z,, .-+,
z,, for example, by their expressions in terms of z, and of the constants ',
Cyy ++ -y Cn—1in X, we are led to a relation,

dt =P(x,, Cy, Csy+++, Cu_1)dzy,

from which we can find ¢ by a quadrature. It follows from this that the gen-
eral integral of the new system (68) will be represented by the n equations of
the form

(69) {fl=01’ Ja= Gy, cory Sam1=Chony

fn(zp Tgy oy In) =t— tov

where fy, f;, +-+, Ja-1 are (n—1) independent integrals of X' (f) =0, and
where t, is a new arbitrary constant.

Conversely, in order to obtain the integral curve of the system (50) that
passes through the given point a}, x3, - - -, z, we can look for the integrals of

* See DARBOUX, Théorie des surfaces, Vol. I, chap. ii.
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the system (68), where ¢ is considered as the independent variable, which for
t = 0 take on the values z3, 23, - - -, 22 respectively. Let

(70) {zl =¢.(t; 2}y -+ 20), T, =¢a(t; 2, -+, 20), Ty
Tn = ¢n(t; I‘}, tey 73?.)

be these integrals ; it is clear that the preceding expressions represent the inte-
gral curve sought. We should have to make an exception only if all the func-
tions X; were zero for the initial values z? and analytic in the neighborhood.
In this case the expressions (70) should reduce to r, = z). But, since the ratios
dzy/de,, -+ -, dty/dr, appear in an indeterminate form, nothing justifies us so
far in saying that there is no integral curve passing through the given point.
This is a case which will be examined later (§ 75).

Note 2. The relation which exists between the system of differential equa-
tions (69) and the linear equation (61) proves that X'(f) is a covariant of the
system (59). The meaning of this statement is as follows : Let us suppose that
we take a new system of independent variables, y,, y,, - - -, ¥a, connected with
the variables z,, z,, - - -, Z, by the relations

(711) T = @i (Yys Ygs***y Yn)- (i=1,2,.--yn)
By the formul® for change of variables, ¢f/ar, is a linear homogeneous func-
tion of the derivatives @f/0y;, and X (f) changes into an expression of the
same form,

of of

72 Yf)=Y,---+Y,—+ ...+ 7%, =0

( ) (f) 1 ayl 2 ayz n ayn ’
where Y, Y,, .- -, ¥, are functions of y,, y,, - - -, ¥a. This being true, we may
now assert that the same change of variables applied to the system (59) leads
to the new system of differential equations,

dy dy2 dyn

78 I A L

() Y, Y, Y.
We could establish this by a direct calculation, but it results also from the
preceding properties. In fact, let

dy, _dy, _  _dy»
(14) Zl_Zz__..._Z
be the system to which we are led by applying to the original system (59) the
change of variables (71) ; it suffices to show that Z,, Z,, ..., Z, are proportional
to Y, Yy, .+, ¥Ya. Now let f(x,, 75, -, £) be a first integral of the system
(569) and
F(yn Yoy Yn)

the function derived from f(z,, Z,, -+, ¥») by the change of variables. Since
we have X (f) =0, we have also Y (F) = 0. Besides, F(y,, ¥, -+, ¥n) i8 evi-
dently a first integral of the new system (74), that is, an integral of the linear
equation
oF oF
Z(FY=Z,— 4+ ¢+ + Z,—=0.

F)=2, o, "o
Since the linear equations Y (F) = 0, Z(F) = 0 have the same integrals, their
coefficients are proportional, which proves the theorem.
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This last point in the proof results from the fact that a linear equation
X (f) = 0 is completely determined, except for a factor, when we know (n — 1)
independent integrals, fy, f,, -+, fa_y, of it. In fact, the (n — 1) equations,
X (£) = 0, linear and homogeneous in . 11 Xgy + - -y Xy, determine the ratios of
these coeflicients as unknowns, for the determinants of order (n—1) formed
from the partial derivatives of the functions 7; cannot all be zero at the same
time (I, § 56, 2d ed.; § 28, 1st ed.). It may be noticed that the most general
linear equation having the (n — 1) integrals f; can be written in the form

I (), 2gy « -+, Zn) M:_v !':_Q =0,

Doy, gy 00y Ta) ’

where 11 (x,, r,, - - -, &) is an arbitrary function.

32. Multipliers. The theory of integrating factors has been extended by
Jacobi to simultancous differential equations. Let f,, f,, - -+, fu—1 be independ-
ent first integrals of the system (59). The equation .V (f) = 0 is, as we have
already remarked, identical with the equation

A= ﬂf_‘vfquzs ctty n;l) = 0.

Dy, gy eeyxn)

Writing the condition that the coefficients of the derivatives &f/ar, in the two
equations are proportional, we are led to n relations which may be written in
the form

(75) A = MX,, (i=1,2+.,n)

where A, denotes the coefficient of 8f/ar, in the determinant A. This factor M
is called a multipher.

Whatever the first integrals f, f,, -« -, fu =1 may be, this function M satistics
the linear partial differential equation

(76) ﬂ(%ll'_l)_*_a(MXz)_'_ +a(MX,.)=0.

ory or, or,

Substituting for each of the products M.X; = A, its equivalent expression as
a determinant of order n—1, and carrying out the indicated differentiations,
cach term of the left-hand side is, in fact, the product of a derivative of the
second order, such as 9%f,/ar;oxe (i # k), and (n — 2) partial derivatives of the
first order. To prove that the result is zero, it suffices to show that it does not
contain any derivatives of the second order. Let us take, for example, the
derivative 9%, /or ar,. This derivative appears in two terms; in one it is mu}
tiplied by D(fy, f3,+«*y fa=1)/D (g, T4, - -+, T), and in the other by the same
coefficient but with the opposite sign. The sum of these two terms is therefore
zero, and similarly for all the others.

If M, is a particular integral of the equation (76), the substitution M = M, x
reduces that equation to the form X (u) = 0. If we know a multiplier M of the
system (59), the general integral of the equation (76) is accordingly MII(f,, f,,
--+y fa—1), where II is an arbitrary function. Every function of this form is
also a multiplier ; in other words, there exist (n — 1) first integrals F,, ..., F, _;,
such that MII(f;, /3, - -+, fa—1) can be deduced from F,, F,,-.., F,_, in the
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same way that M was deduced from f,, f,,---, f,_1. For this purpose it is
sufficient that we have, supposing .X'; # 0,

1 DF,Fyy ey Fast) _ 1 D(Fy Fyyoooy Fact) D(fy for o fas) _ g
‘Yl D(‘”m zav Tty 371) -"1 'l)(f19f29 M) fn—l) D(’-p M) 11;) !

or

D(Fy, Fy, -2y Fay) _
v s B CC O

This condition can be satisfied in an infinite number of ways. Indeed, n — 2
of the first integrals F; may be assigned arbitrarily in advance.

Let us consider the system
dr, dr, de,

= " eee = - ’"zdt,

n X, X, X,

with the auxiliary variable t. This system can be reduced to the simple form
(78) dy, =dy, = -+ =dyn—1 =0, dy, =dt

by taking for the variables the n —1 first integrals f}, f,, -+, fu—1 and the
function f,, which appears in the preceding formulie (69). It is easy to obtain
the general expression for the multipliers in terms of the variables y,, for
every multiplier is of the form )

1 B_(‘yl' ygw ) ?/n—l)

M= _
X, D(xy, X300y Tn)

I (.7/1, Yoy ooy yn—l)-

On the other hand, we have
=t e on
V7 ode T oy, dt tyn At~ 2y,

From the relations y; = f,, -« -, ¥» = fa, Which define the change of the variables,
we derive, by differentiating with respeet to y, and solving,
D(.’/n_y:_n Ty .{{n_—l)_

D(Ly, ryy e e ey X0)
—_—n e,

D@y v -0 va)

D("’u EPTRRRR L)

ar _

(—1)n-1
24 )

and the general expression for the multiplier can be written in the form

D@y, 1)
M ])(yu Ygs** s Un)
where @ is an arbitrary function of y,, vy, - -+, yu_1.

Let us suppose, now, that after carrying out any change of variables affecting
only the z;'s without changing the variable {, we have reduced the system (77)
to the form

(79) q’(yv ZTRARE) .'/n—l)y

% ar|  dr a, _ .
’ = = .r:"':'—r=(
(80) =T =i

where the X7's are functions of the new variables », independent of ¢. If M”is
a multiplier of this new system, we have
1 — D('t;v 'T;! ) I;)

—_—— e 0 -1).
(Bl) )7l D(ylv !/m e yﬂ) (ylv Yoy sy Un 1)
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Taking the same function ¢ in the two expressions, we derive from them, by
dividing their corresponding sides, the relation

(82) = p DT T,
])(‘rly P STIRAE] ‘rn)

Hence, {f we know a multiplier M for the system (77), we can derive from it a
multiplier M’ for the transformed system.

This property explains the practical importance of multipliers. Let us sup-
pose that we know n — 2 first integrals of the system (69), and also a multiplier.
We can then reduce this system to the form

g"i:...:‘l‘r._':_j_—_gi::_l:—_g;_::dt
0 0 "n—l ‘\n

by a change of variables, and we can then find a multiplier M’ for this new
system, that is, a solution of the equation
POIN, ) 20PN

r, i

’

s and the

It follows that M’ is an integrating factor for X, dr,_, — X, _ dr,
integration can be finished by quadratures,

A particular case which presents itself frequently in mechanies is the one
for which we have 2¢.V,/¢r, = 0. 'The equation (76) reduces then to X (M) =0,
and we know at once a multiplier W — 1.,

This remark applies also to the equation of the second order, y” = f(«, v), the

integration of which leads to that of the system

de _dy _ dy
Ly Jenwy

If we know a first integral of it, ¢ (x, ¥, ¥") = C, we can, from what precedes,
finish the integration by quadratures. ‘This is easily verified as follows: Let us

suppose that the equation y (r, y, ") = C has been solved for y”:

¥y =0 0).
Since all the integrals of this equation of the first order must satisfy the equation
y” = f (£, ¥), whatever may be the constant €, we mnust have 0¢/00 + (0¢/0y)p =1,
Hence, since f does not contain €,
2y e 2008
c'er

¢ oy dyoC ™~

which states that ¢/2C is an integrating factor for dy — ¢dz.
33. Invariant integrals. The invariant property of the multipliers relative to

every change of variables ean be brought into relation with the general theory
of invariant inteyrals, due to Poincaré,* and about which we shall say a few

* Les méthodes nouvelles de la Mécanique céleste, Vol. 111, chap. xxii, and the
following chapters. See also Goursat, Sur les invariants intégrauz, in Journal
de Mathématiques, 6th series, Vol. IV.
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words. Let us consider in particular a system of three differential equations,

(83) & __%_,
X Y Z

where X, Y, Z are functions of z, ¥, z. In order to simplify the statements, we
shall regard these equations as defining the movement of a particle in space,
where the variable ¢ represents the time. The particle which, at the time ¢t = 0,
is at a point M, (ry, ¥, 2,) has arrived at the time ¢ at a point M, whose codrdi-
nates are (r, ¥, 2). If the point M, describes a certain region D, of space, the
point M, describes a corresponding region D,. Now let M (x, y, ) be a function
ot the variables z, y, z; we shall say that the triple integral

szffd\l(x, v, Z)ydedydz

s an invariant integral of the system (83) if the value of that triple integral,

S I fb M(z, y, z)dedydz,
¢

extended over the region I, is independent of ¢ and equal to the same inte-
gral extended over the region D,. For example, if the equations (83) define
the movement of an incompressible fluid, the volume of the region D, is constant
and the integral fff dedydz is an invariant integral.

Invariant line and surface integrals are defined in a similar way. If the
point M, describes a curve L, or a surface 3, the point M, describes a curve
Le or a surface 3. A line integral

fad.c + Bdy + vydz

15 an invariant integral if the value of that integral along the curve L, is inde-
pendent of ¢ and equal to the same line integral taken along L,. Similarly, a
surface integral

ffpdydz + Qdzdz + Rdzdy

is an invariant integral if the value of that integral extended over the surface 3,
is independent of ¢.

These notions can be extended without difficulty to the most general systems
of differential equations of the form (68). For such a system there are n classes
of invariant integrals, of the 1st order, of the 2d order, - .., of the nth order,
according to the order of multiplicity of the integral considered. The conditions
that a multiple integral of order p shall be an invariant integral are easily ob-
tained by means of the formulie for the change of variables in multiple integrals.
We shall develop the calculations for a multiple integral of order n. Let

I(t)=ff---j;hM(zl,m._.,---,z,.)dzlttzg---dz..

be a multiple integral of order n extended over the region D, which corresponds
to a definite region D, in the manner just explained. This integral will be an
invariant integral if itis independent of ¢; that is, if we have I’ () = 0. In order
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to calculate that derivative, we shall give to ¢ an increment 4, and we shall cal-
culate the coefficient of A in the development of I(¢ + k). Let z, be the value to
which &, changes when we change ¢ to t + h; wo have

T+ 0= [ f Mgy @) defdry o da

where the new integral is extended over the region D}, which corresponds point
for point to D,. Then we may write

’ jg(.tl, a:,, 7")
It+h)= o | M(x3y ey a2y = - deyday - - diy.
+n ﬂ ‘/;)l (Ix ’ D(-El’ Tgy e xn) ! o

On the other hand, omitting the terms in k of degree higher than the first,
we have
T =a,+hX 4+ -,

;o , . oM oM
j[(a;“‘(m...,_zn):}[(‘c“1,2,...,1,,)+h(.\‘a— +...+,\"\ )+ .
z, orp
. . 5\
1+h2“‘- h%"’ h'—_‘"
D(I,,:r.z,- ‘1) Y.l:1 z.rz‘ Cly
- = 0. oX
Dz, &y & h-"2 14+ h—2
(l’ 29 y ﬂ) atl + a‘rs

LI S S T T Y

X o,
=1+h(a__‘.+ ...+_7)+ cee,
ar,
and

D(xy, Tgy+ -y Ty)
Mz, 23 - -

n) D(J;p Tgy**y Tn)

X, X, 4 oM ¢ o
+h[M(_M 3 >+“?w oot

= J’[(le Tyy ooy In)

The derivative dI/dt has therefore the value

ar _ 2(MX,) o (MX) ] '
di _ﬂ“'ﬁ oz, e de, dz, -« -y

In order that I be an invariant integral, it is necessary and sufficient that d/ /dt
be identically zero, whatever may be the region D, and therefore that we have
(MY, (MY,
_(._.l_)+ ...+__(_-A_")

=0.
ox, oLy

®4)

This condition is identical with the equation (76), and we obtain Poincaré’s
theorem : In order that the multiple integral

S foaz, ... e

shall be an invariant integral, it is necessary and syfficient that M be a multiplier,
It follows that if we make any change of variables,

Zi = i(Yys Ygs s Yn)y (t=1,2,---,m)
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in the equations (77), we obtain a new system,

dy dy dy
biid jald T k.4 Y 2 =dt;
am Y, Y, Y, ’

and if M is a multiplier of the system (77), the n-fold integral

ff"fMd’:ld%“'dIn

is an invariant integral of that system, and the n-fold integral which is obtained
from it by the same transformation,

D(J‘l, Ty v v ey Ly)
JJofuenn Dty vy -y ) V1 W0

is evidently also an invariant integral of the transformed system (77°). Thercfore
the expression
= M P Ty ey 1)

l)(I/p Ygs =y Yn)

is a multiplier of the new equations (77°), as we have demonstrated dircctly.

Ezample. In order that the volume shall be an invariant integral of the
equations (83), M =1 must be a multiplier, which requires that we have

oX oY oZ
(85) wtay e
This is the condition for the incompressility of a tluid for which the equa-

tions (83) define a stationary tlow.

IV. INFINITESIMAL TRANSFORMATIONS

34. One-parameter groups. * Every set of an infinite number of transformations,
of any nature whatever, affecting the n variables r, &, «« -, &, form a group if
the transformation obtained by carrying out any two transformations of this set
in succession belongs to the set. For definiteness let us consider two variables
z, y, and let T be the transformation defined by the equations

(86) ¥=f(,y; ), y=¢vy;a),

where a denotes an arbitrary parameter. If we regard z and y as the coordi-
nates of a point M in a plane, and ” and y” as the coordinates of another point M,
the preceding equations define a point transformation. To each value of the
parameter a corresponds thus a definite transformation. Varying this param-
eter, we obtain an infinite number of different transformations. Let us suppose
that we carry out in succession two different transformations of this set, corre-
sponding to any two values @ and b of the parameter. The first transformation
will carry the pair of values (x, ») over into the pair of values (&’, ¥’) given

*'The theory of continuous groups of transformations was developed by Sophus Lie
ina great number of papers and in his treatise, Theorie der Transforinationgruppen.
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by the equations (86). The second transformation will then carry the pair of
values (', y°) over into a third pair («£”, y”’) such that we have

(87 =@,y ), v =,y b).

Let us replace £’ and y” in these last two equations by their values (86). The
resulting equations,

(88) ' =F(r,y; a,b), Y =%, y; a,b),

again define a point transformation depending upon the two parameters a and b,
We shall say that the set of transformations (86) form a continuous one-parameter
group if the new transformation (88) belongs to this set. 1t is necessary and
sufticient for this that the equations (88) be of the form

(89) 2=f s 0) Y=o v o),
where ¢ is a value of the parameter depending only upon @ and upon b ; that is,
¢ =y (a, b). The preceding definition evidently applies whatever may be the
number of variables, in particular if there is only a single variable.

The relation &£’ = & + «, or, any one of the pairs of relations

o =r+a Y =y+2a;
T =Tcosd— ysing, y =uxsina + ycosa;
& = ax, v =ay

represents a one-parameter group, On the contrary, the transformationsz’=z+«a,
¥ =y + a2 do not form a group, for the transformation resulting from two suc-
cessive transformations, &” ==& 4+ « 4+ b, y” = y + a2 4 12, do not belong to the set.

If in the equations (86), which define a group of transformations, we put
a = II (), where « is a new parameter, it is clear that the relations obtained
again define a group. The same thing is true also if we make a change of vari-
ables, as we easily convince ourselves a priori. In fact, if a set of point trans-
formations in a plane is such that the transformation resulting from two
successive transformations belongs to the set, it is clear that this property is
independent of the choice of the coordinates by means of which we fix the
position of a point in the plane. It is easy to verify this directly. Let us
suppose that we put £ = 1I(x, v), y = I, (v, v), and let the inverse relations
be u = Y, y), v =71, ¥), so that we have identically

= H[II'I(J‘, ¥)s nl_l(f9 1, y= "11"—1(-"1 ¥), "i-l(-"y v)].

By hypothesis, the transformations considered form a group, and the equa-
tions (89), where ¢ = y (g, b), are a consequence of the equations (86) and (87).
Let (u, v), (W, v'), (&, v"") be the pairs of values of the new variables which
correspond respectively to the pairs (¢, y), (&, ¥'), (7, ¥”’). We have

w =", y) =11 fIII(w v), 11, (u,v), a], ¢ [ (u,v), I (4, v); a]}
(90) = F(u,v; a),

v = 7N, y) = 1,7V F I (4, ), 11, (4, v); @], ¢ [TT(u, v), I, (x, v); a]}
=®(u, v; d);

and everything depends on showing that the equations (80) also define a group
of transformations. Now we have, for example, v = F(w’, v’; b), or

w’ =WV FII(Y, v), 11,00, v); b], ¢ LI (W, '), T, (&, v'); B]}.
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Since the equations (86) define a group, this value of u” is equal to
@, v 0), 0@ 5 O] =T71[f(2, 95 ©), 6, ¥; O)];
that is, to
=1, f [ (u, v), I, (4, v); c], ¢ [T (u, v), ,(y, v); c]}=F(u, v; c).

Similarly, we should find that v’ = & (u, v; ¢). Two groups of transformations
which are carried over one into the other by a change of variables are said to
be similar. For example, the two groups £ = ax, v’ = u + b are similar, for we
pass from one to the other by putting u = logx, b = loga.

We shall now determine all possible one-parameter groups, supposing that
the functions f and ¢ are analytic, and supposing also that the group contains the
identical transformation, that is, that for a particular value a, of the parameter
we have f(£, y; ay) = &, ¢(, ¥; &) =y, whatever z and y may be.

In the equations of condition

(1) Sy )= @ y5¢0), o, Y;b)=9(y;c)

we can consider £, y, a, ¢ as independent variables, and b as a function of a
and ¢ defined by the relation ¢ =y (q, 0); ¥’ and y° are functions of z, y,
and a defined by the equations (86). Taking derivatives with respect to a, we
derive from the relations (91)

s ey dw_

o o o b _ ooy 2 _
or’ ea oy ¢cau &b oa

092 =
©2) or’ oca oy oa  ¢ob ca

But db/da is given by the relation ay/éa + (ey/ob) (9b/ea) = 0, and therefore
depends only upon « and b, Solving the preceding equations (92) for ax’/du,
oy’/oua, we obtain, therefore, relations of the form

or’ . o i

— = \(a, b)) §(*, ¥, V), — =\ (a, b)) n(z’, ¥, b).

ca oa
Now &’ and y’ do not depend upon b; the same thing is therefore true of \, £, 9
if they have been properly chosen Therefore £” and y’ are integrals of the
system of differential equations,

d‘C, _ dyl
£, y) 2@, y)
which for @ = a, take on respectively the values z and y. Conversely, whatever
the functions £(z, y), 9 (r, ¥) may be, the equations &’ = f(x, y, a), ¥’ = ¢ (, 9, a),
which represent the integrals of the preceding system which reduce respectively
to r and to y for a particular value ¢, of the parameter, define a continuous group

of transformations. In the first place, it will be simpler to introduce a new
parameter,

(93) = \(a)da,

a
t=x A (a)da,

)
which enables us to write the differential equations (93) in the abridged form
dz’ dy’

94 —_— = =
®4) §@,v) 2@, y)
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The general integral of this system can be written, as we have seen above (§ 31),
in the form

Q@ y)=C, QR ¥)=t+0C,y,
where @, and @, are definite functions of x’, y’, and where C,, C, are two arbi-
trary constants. The soluuions which take on the values  and y for ¢t = 0 are
given by the system of equations

(95) 0, Y)=0(x9), R, Y)=0 )+t

The preceding expressions, indeed, define a continuous group, for if we carry
out in succession the two transformations which correspond to the values ¢,
and ¢, of the parameter, the resulting transformation corresponds to the value
t, +t, of the parameter. The two transformations which correspond to the
values ¢ and — ¢ are the inverses of each other. If we have

. r=rfxy;t), v=¢v;)
we may write also
:C:f(.l)', y,; ""t)v y=¢(1§l, 1/’; -t)'
If we take for the new variables
u =2z, ¥), v = 0,(2, ¥),

the equations (95) become

(96) w=u, v=v4+1L;
and we say that the group is transformed to the reduced form. Every con-
tinuous one-parameter group is therefore similar to a group of translations.

Let us take, for example, the group £’ = ux, y’ = a?y. Applying the general

method, we have , , ,
ox’ z oy Y
—_——r =, —=2ay = 2.
oa a oa a

The differential equations (93) are in this case
& _d _da_ g,
© 2y a

where t = log a. The finite equations of the group can be written in the form

’

y :—!, logz’ =logz 4+,
z? g

and they will be brought to the reduced form by taking for the new variables
log x and y/x2.

35. Application to differential equations. Let us consider a given differential

equation P e
) y
@ F(z’ o @ a.c")=0’

and a known one-parameter group of transformations of the form (86). Let us
suppose that the equation (97) is identical with the equation obtained by carry-
ing out on it the change of its variables z and y defined by the relations (86),
whatever may be the numerical value of the parameter a. If this is the case,
we shall say that the differential equation (97) admits the group of transforma-
tions (86). We can make use of this property to simplify the integration. In
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fact, let us suppose that we carry out a change of variables such that the equa-
tions which define the group in question are brought to the simple form u’ = u,
v’ =v + a. The same change of variables, applied to the proposed differential
equation, leads to a new differential equ;ation of the nth order,

dv d?v dny

(98) ¢<u, v, a;:v a&ay"',a;;):(),
which does not change if we replace in it v by v 4+ ¢, whatever may be the
numerical value of the constant a. This can happen only if the left-hand side
@ does not contain the variable v, 1f the equation is of the first order, we obtain
the general integral by a quadrature. If n > 1, we can lower the order of the
equation by unity by taking dv/du for the new unknown dependent variable,

Let us consider, for example, the homogeneous equation of the first order,

o)

This equation does not ehange if we replace » and y by az and ay respectively,
whatever may be the constant «. Now the formule &’ = wr, ¥’ — ay define a
group of transformations, which can also be written in the form

’

Y

,:%, logy =logy + L.
Hence if we put y/x = u,logy = v, we arc led to an equation that is integrable
by a quadrature (see § 3).

Let us now consider linear equations of the tirst order, and first of all the
homogeneous equation dy/dr + Py = 0. Since this equation does not change
when we replace in it ¥ by ay, whatever may be the constant «, we say that
it admits the group of transformations &’ =, y’ = ay. Hence it will be inte-
grable by a quadrature if we take log y for the dependent variable.

Next, let

dy
e P Q=0
(99) Fis ¥+ Q

be the general linear equation of the first order, and let y, be a particular
integral, not zero, of the cquation dy/dr + Py = 0. 1t is easily verified that
the equation (99) does not change if we replace y by y + ay,. Hence it admits
the group of transformations defined by the equations
= z, 1/_’ = l
Y1 %
Taking for the new dependent variable y/y,, the equation must reduce to an
equation integrable by a quadrature. We are led to precisely the calculations
of § 4, and it is ensy to see in a similar manner that the different cases of reduction
of the order of the equation which have been indicated in § 19, for equations of
higher order, are essentially only particular eases of the preceding method.
These different methods, which appear at first sight as so many different
devices for solution, having no relation one to another, can thus he considered
from a common point of view by means of the theory of groups of transforma-
tions. To every continuous one-parameter group of transformations on the
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two variables z and y we can make correspond in this way an infinite number
of equations of the first order which can be*integrated by a quadrature, and
equations of higher order whose order can be depressed by unity.

This fact may be of practical importance in the setting up of the equations
in certain problems. Suppose that it is a question of finding the plane curves
which possess a certain property, and that we know a priori a one-parameter
group (G) of transformations such that, if we apply any transformation of (@)
to a curve having the given property, the new curve also has the same prop-
erty. It is clear that the differential equation of these curves will admit the
given group of transformations. 1f, then, we choose a system of codrdinates
(1, v) such that the equations of the group (@) shall become @' = u, v =v + «a,
the differential equation of the curves sought in this system of coordinates will
contain only u, dv/du, d?s/du?, . ... For example, suppose that we wish to obtain
the projections on the ry-plane of the asymptotic lines or the lines of curvature
of a helicoid, the axis 0z being the axis of helicoidal movement in the sliding
of the surface upon itself. It is clear that if a curve € of the ry-plane is a
solution of the problem, then all the curves which we obtain by making ¢ turn
through any angle about the origin are also solutiong, The differential equation
of these curves admits, then, the group formed by the rotations about the origin ;
the equations of this group in polar coodinates are p’ == p, 0" = w + a. With
the system of variables p, w, the differential equation will contain, therefore,
only p and dw/dp (see I, § 243, 24 ed.; § 242, 1st ed.).

So far we have supposed the group ¢ known, We are now led to examine
the following problem: A differential cquation being given, to recognize whether
or not it admits one or more one-parameter continuous groups of trangformations,
and to determine these groups. This is a very iinportant question, which cannot
be developed here in detail. We shall limit ourselves to a few particulars.

36. Infinitesimal transformations. Given a system of transformations on n vari-
ables, defined by the equations

(100) L= [y (0 Fay vy Tuy @), (E=1,2,+--,m),

where the functions f, depend upon an arbitrary parameter a, we say again that
these transformations form a group if the transformation resulting from any
two transformations of the system ecarried out in succession itself helongs to
the system. As above, a group is said to contain the identical transformation
if, for some value a, of the parameter, we have

fl(znlm"', Tpi ) = Jy t=1,2,.., n),

for all values of 2, ,, + + -, X». It may be shown, as above, that such a group is
obtained by integrating a system of differential equations

dry dr; dr,
(101) = == =l
§1(®y, Tgy ooy X)) Eoay, gy ey 1) Ea(ryy ey gy)
Let
(102) z:=¢i(1|7121"'97n; t)v (i=1721"‘y7")s

be the integrals of this system which reduce to x,, ,,---, &, respectively
for t = 0. The relations (102) definc a continuous one-parameter group, the
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variable ¢ playing the part of the parameter. Indeed, we have seen (§31)
that the general integral of thi% system can be written in the form

’ ’ 2
Qy(2y Zgy+ e+ 2) =Cpy 001y
’ ’ ’ ’ ’ 2
@y —1(2f, 23,000y 2,) = Oy, Qu(2yy T3y o+ +y 2,) =t + Ca,

where @, @, - -, Q, are n functions of the variables z;, which we have defined
exactly. The integrals which for ¢t =0 take on the values z,, z,,-:-, z, are
furnished, therefore, by the equations

Ql(‘tis Tty 11:)=nt'(xu ceey Zn)y (i=12..,n— 1),

103 ’ P
( ) n,.(.zl,---,z,‘)=D,.(z,,---,:c,,)+t,

which are equivalent to the relations (102). In this new form we see immediately
that these transformations form a group.

Let F(z,, %,, ¢+, T,) be a function of the n variables z,; if we replace the
variables r, in it by the functions «] given by the relations (102), the result
F(ry, g+, ;) 18 a function of xz,, @,, -+, &a, ¢, which for ¢ = 0 reduces to
F(r,, «,, -+, *,). Let us consider the problem of developing this function
according to increasing powers of t. We shall denote by F’ the result of
replacing x; by z; in F(z,, z,, --+, ,), and we shall put

A
ox,

where f is any function of z,, 7;, .., z,. Similarly, replacing the variables z;
by x,, we shall put

+---4+ En('nu Loy oy Tn)a'{’

X(F)=§(®yy Tgy++ =y ) Py

’ 2 ’ ’ 7 a ’ ’, ’ 7 a,f’
X (f)= El(lu Loy oy zn)l}. + 0 4 En(-tu Loy vy 35")-—;-
or; or,

With these preliminary definitions, we have, by the differential equations (101),

dF’ ’ n OF’ ’ N OF’ o
_dt-:fl(_rl‘...,zn)_a_l_;._{.... + &2y, ooy zn)&z—;zX (F’).

Likewise we have

a@aF _d
—— =X (F)V=X'TX’'(F’
= = [T (F)] = X[ X (F)],
and in general
d,,p‘l

= X’(o)(F”
= X,

where X “(») (F’) denotes the result of the operation X’ carried out p times in
succession. Since, for t =0, zj, x;, -+, ¥, reduce to I;, T, -+, T, it follows
that (d» F’/dtr), . is equal to X(» (F), and the development of F’ is given by
the formula

Fr(tg, ooy )= F (), +, 20) + LX(F)

2
(104) + 2."_‘3'(2)(1:).; et %’%x(m(lv’) FI

If we assume that the function F is regular in the neighborhood of the values
Ty Xqy - -+ &n, the series on the right is convergent as long as [¢| is sufficiently
small. We have, in particular,

, t 1 PA
= - —_ _— @ cee,
(105) x r;+1£.+2!X(E,)+3!X &)+



11, § 36] INFINITESIMAL TRANSFORMATIONS 93

Let us give to ¢ an infinitesimal value 3t. Putting dr, = 1} — x;, and neglect-
ing infinitesimals of higher order than the first with respect to 3t, the preceding
formul® can be written in the form

(106) 3T, = £, Br,=£,8, .., 85, = EdL

We say that these relations define an infinitesimai transformation and that X (028
or 3¢, (8f/2x,), is the symbol of this infinitesimal transformation. To every one-
parameter group corresponds an infinitesimal transformation, and conversely.
If we choose at pleasure n functions, £, &,, -« -, &, of £, Lyy o v ey Ly, the result-
ing expression X (f) is the symbol of an infinitesimal transformation that
detines a continuous group whose finite equations would be obtained by inte-
grating the system of differential equations (101).

The introduction of infinitesimal transformations has made it possible to
apply the methods of the differential calculus to the theory of groups. Besides,
in many questions concerning groups it is the infinitesimal transformation
which is concerned, as we shall see from a few examples.

Let us consider r,, z,,---, £, as the coordinates of a point in space of
n dimensions, and ¢t as an independent variable which denotes the time. If ¢
varies, the point with the coordinates rj, «j,-+-, X, describes in a space of
n dimensions a curve, or trajectory, starting from the pomt (), €,, - -+, £,). The
space of n dimensions, or at least a region of that space, is thus decomposed
into an infinite number of one-dimensional manifolds, and each point of the
given region belongs to a single one-dimensional manifold. We say that a
function F(ry, ..., «,) is an invariant of the group considered if we have

F(""{v sy L) = F(ey, -, L),

whatever may be the value of £. It is easy to obtain all the invariants of a
group. In fact, dividing the two sides of the equation (104) by ¢, and suppusing
F’ = F, we obtain the relation

-1
X(F)+ %on)(p) 4+ .0 4 %..l_x(m(p) +.00=0.

Since this equality must hold whatever ¢ may be, it is necessary in particular
that we have X (F) = 0. We say, in this case, that the function F admits the
infinitesimal transformation of the group. This condition is, moreover, suffi-
cient ; for if we have X (F)= 0, we also have X[X(F)] =0, -- -, and therefore
X (F) =0, whatever p may be. The only invariunts of the one-parameter group
are therefore the integrals of the equation X (f) = 0.

Let us notice that if two groups have for infinitesimal transformations X (f)
and ILX(f) respectively, where Il (sr,, x,, -+, ¥,) is any function whatever,
these two groups have the same invariants, even though they are not identical.
If we apply to the same point the transformations of the two groups, this point
will indeed describe the same path, but with different velocities. Conversely,
if two groups have the same invariants, the two infinitesimal transformations
X (f) and Y (f) can differ only by a factor Il (z,, Z,, -+, ,) which depends
only upon z,, &,, - - -, ¥, for the two equations .X (f) = 0, Y (f) = 0 must have
the same integrals.

We shall now introduce another important concept. Let

(107) n=f(z,¥y;a), vy,=¢(v;a)
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be a continuous group in two variables. If we apply a transformation of this
group to all the points of a plane curve C, we obtain another plane curve C,.
Let v’y y”, -+, y™® be the successive derivatives of y with respect to =z and
Y1 Y1y« -, ¥ the successive derivatives of y; with vespect to £, ; we have seen
(I, § 61, 2d ed.; § 35, 1st ed.) how to calculate these last successive derivatives
in terms of z, y, ¥, - - -, y®. These calculations lead to formulz of the form

=@y v a),
(108) Ux —\h(!, vV, Y7 a),

. e e e e e ey

u‘") = \Pu (Jt, Yy ¥y e ey Y05 a).

The relations (107) and (108) define also a group of transformations in n + 2
variables, &, y, v/, - -, ¥y, which is called the ertended group of the first. We
shall assume this fact, the proof of which presents no other difficulties than the
writing of rather long expressions. We shall merely show how the infinitesimal
transformation of the extended group can be obtained. Let

2, of
£(x, y)% + 7(2, ¥) ‘-5;

be the infinitesimal transformation of the given group. We can write the
equations of this group in the form

¢
Ly =0+ :(r,‘/)-{— <5E+na$)+_“,

1 ay
(109) : on o
!/1=£/+'i7l(-l'q y)+;3_'(5?.i+nﬁy>+ ceey

and from them we derive
dy + E( - at + —-d./>+
,_dy, 1\¢

oL
de + (‘de+-afdy)+

= de,

The coefficient of ¢ on the right, after expunsion in a single power series, is the
only thing we need to know. It is obtained by a division and is cqual to

o, (o0 28) v _ (28) (d0):

oL oy ox/ dx oy/ \dc

The symbol of the infinitesimal transformation of the extended group is, there-
fore, forn =1,

of A L
S(I’y)az+"(r"'/)ﬁy+[ax+ P )y Vi

ox cy cy
The method isfa general one. If the coefficient of ¢ in the development of y{* ~V

is w (&, ¥, ¥’ -+ -, ¥ D), we have for y{"

ot

dy(n-l) dy®=b + _d#+
yg"’: 1 ’
dey d.t+1((£d.:+ >+
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and the coefticient of ¢ on the right-hand side is

T _ (az )
de 81/ )

Henee we can calculate step by step, to any desired value of n, the infinitesimal
transformations of the extended groups which are obtained from the given group.
We say that a system of differential equations

(110) dn _dr_ oo
X, X,

admits the one-parameter group of transformations G defined by the equations
(100) if it changes iuto a system of the same form,

dr] dr, de,
(1) Th_ T _ =22,
X X

when we take for new vatiables oy, £}, -+, ., instead of z, ,, -+, Zn, and if
this is true whatever the value of the parameter ¢« may be. Here and below,
the symbol A, denotes the same function of the variables £f that X, is of the
variables r,. In order that this be tiue, it follows from the relation which has
been estabhished between the system (110) and the partial differential equation

(112) X(f) =2, f(+ X, ‘Lf R A
“c

Ly

that it is necessary and buﬂwwnl, that every transformation of the group G shall
carry the equation N
XY =Nt 1)
=1 F.l:'
over into a linear equation equivalent to X (f)=0 for every value of the
parameter . If f(z, Ty, -, 7, is an integral of X (f) =0, f/(x5, 23,4+, z;)
is also an integral of X’(f7) = 0, hence, if we replace &g, -, 7, by their values
given by the expressions (100), f7(rj, - - -, 1) must also be an integral of X (f)=0.
It follows that the necessary and suffictent condition that the system of differ-
ential equations (110) admit the group of transformations (7 is that every trans-
formation of that group shall change an integral of the equation X (f) = 0 into
an integral of the same equation.
Lt of f ef
C, 4 g
(113) T(f)—f; (,,.rl'*‘ _’l_ J e +£";"In
be the infinitesimal transformation of the croup 7. Replacing the parameter a
by the parameter ¢ defined above, we may w rite

t, 2
f(x,',:.;,---,.r,;):f(.t,,.r,_!,u v[u)+ r(/ r[T(f)]"l'
If f(£,, -+ &,) is any integral of the wlnutiun (112), the same thing must be
true of f(x{, - , &), and consequently of

f('ol’,"'v I::)_‘f(-’n ] :l:,,),
or of

() + , TITA]+ -+
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whatever the value of { may be. In particular, T'(f) must be an integral of the
equation (112). This condition is sufficient. For, let f,, f,, « -+, fa—1 be a system
of n — 1 independent integrals. If T(f,), T(f,), -+ T(fa-1) are also integrals,
the same thing must be true of T'(f), where f is any other integral. For we
have f = IL(f}, f3 -« *» fa—1), and therefore

oIl
afn-l

Since T'(f) is an integral, the same thing is true of T[T (f)], and so on; the
same is therefore true of f(zy, 3, « -, Z,,)-

Hence, in order that the system (110) admit the group G of transformations,
it 18 necessary and sufficient that, if f is an integral of X (f) =0, T (f) shall also
be an integral. We say for brevity that the equation X (f)=0 admits the
infinitesimal transformation T'(f).

Let us now take a differential equation of the first order,

dr _dy
A B

T(f) = g}: T+ -+ 2 T(fuy).

(114)

In order that the equation X (f)=Aéf/ox + Bof/oy =0 admit the infini-
tesimal transformation & éf/or 4+ » 8f/dy, it is necessary that we have
O0w 0w ow ow
A--+ B—=0 e —=1I
wtly=h fxtrg=te
where w(z, ¥) denotes an integral (other than a constant) of X (f)=0, and
where 1I(w) denotes an undetermined function of w. We derive from these

relations
ow BII (w) ow Al (w)

or An— B’ oy An— BE

whence,
dw _ Bdr— Ady
M(w) Bi—An

It follows that 1/(Bt — An) is an integrating factor for Bde — Ady. Conversely,
let ¢ (z, ¥) be a function such that its total differential is

Bdx — Ady
dp = ———-——=.
?= B4y
Then we have, simultaneously,

3 , 0 6, .
X(¢)—Aaz+Bay_o' T(¢)=¢ +"ay_1'
hence T'(¢) is also an integral of the equation X (¢)=0. We can state this
result as follows:

In order that the differential equation (114) admit the group of trangforma-
tions derived from the infinitesimal transformation £of/ox 4+ naf/dy, it is necessary
and syfficient that 1/(B§ — An) shall be an integrating factor for Bdz — A dy.

This new method requires only the knowledge of the infinitesimal transfor-
mation of the group. As there exist an infinite number of integrating fac-
tors, we see that every equation of the first order admits an infinite number
of infinitesimal transformations.



11, § 36] INFINITESIMAL TRANSFORMATIONS 97

Let us return to the general case of the system (110). Let .X'(f) =0 be
the corresponding linear equation and T(f) the symbol of an infinitesimal
transformation. Let us consider the equation

(115) ZN=X[TN)-T[X(N]=0,

where .Y [ T'(f)] represents the result of the operation X ( ) applied to T(f),
and where T[.X(f)] has an analogous meaning; Z(f) is still a linear homo-
geneous function in the derivatives of the first order &f/ér,, and it does not
contain any derivatives of the second order. To show this, it suftices to prove
that the coefticients of a derivative of the second order are the same in
X[T(f)] and T[X(f)]. Now the coeflicient of 82f/ar? is .Y, and that of
o¥f/ox;exy is Xibx + Xi&i in T[X(S)], and it is obvious that these coeffi-
cients are the same in X[T(f)]. The equation Z(f)=0 is therefore an
equation of the same type as the equation X' (f) =0, which can be written
in a form exhibiting the coefficients explicitly :

W16 Z()=[XE) = TEN Y + o X - TEN L 4o =0,

If now T(f) is an integral of the equation X'(f) = 0, whenever fis an inte-
gral of the same equation, every integral of .X'(f)= 0 evidently satisfies the
linear equation Z(f)=0; we must have, therefore (§ 31),

1 X[T(N]— TIX ()] =Py Tgye- o Tn) X (),
where p is an undetermined function of x,, ,, -« +, ru. Conversely, if we have
an identity of this form, every integral of the equation X (f) = 0 satisfies also
the equation X [T(f)] = 0, and therefore T'(f) is also an integral of the equa-
tion X (f)=0. The necessary and sufficient condilion that the linear equation
X (f) = 0 admit the infinitesimal transformation T (f) is erpressed by the relation
(117), where p is any function of &,,&,,+++,Zy. That relation is equivalent to
the (n — 1) distinct relations

)= T(X) _ X&)~ T(X) _ | _ X&) = T(H),
X, - X, Xa

Given a differential equation of the nth order,
dn dy d?y dn-1y
(118) i’ .,,( V... )

Yoe a2 am-1)

in order to determine whether it admits the group of transformations deduced
from the infinitesimal transformation £ (z, ¥) &f/ex + » (£, y) &f/@y, we need only
replace the equation (118) by a system of n differential equations of the first
order, taking for the auxiliary dependent variables the first (n —1) deriva-
tives ¥, ¥”,+++, ¥®—D, and then determine whether this system admits the
infinitesimal transformation of the extended group of G.

Let us consider, for example, the equation of the second order y” = ¢ (z, ¥, ¥'),
which may be replaced by the system

giz dy iy

1 v ¢@uny)

or by the linear equation
x\N= —+-— ’+—¢( s U V)
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It will be necessary to determine whether this equation admits the infinitesimal
transformation
of of [ [on  (em o8\ , o8¢ ,]of

£(x, U)BE'I' n(z, U)aj‘*‘ [6—.c+(67/——6::)y - byyz} v
On carrying through the calculations, we find a condition which contains x, ¥,
and y’, and which must be verified for all values of these variables. ‘The equa-
tion of the second order being given, if we wish to find the infinitesimal trans-
formations which it admits, we have at our disposal the unknown functions
£(£, ¥), n(x, ), which do not contain y’. Writing the condition that the preced-
ing relation is independent of 3, we may have, according to the given function
¢ (x, ¥, ¥’), a limited or unlimited number of equations which must be satisfied
by the functions £ (z, %) and g (r, y). In general these equations will be incom-
patible, and we see that an equation of the second order, taken arbitrarily,
does not admit any infinitesimal transformation. The same thing is true of
equations of higher order, and it is seen from this how Sophus Lie was able to
classify differential equations according to the number of independent infini-
tesimal transformations which they admit.

EXERCISES

1% Let M, be the greatest absolute value of f(z, y,) when « varies from z,
to r, + a. If the letters a, b, K, x,, 7, have the same meaning as in § 30, the
integral of the equation y” = f(x, y) which takes on the value y, for & = ry is
continuous in the interval (£,, £, + p), where p is the smaller of the two numbers
a and log (1 + Kb/My)/K.

[E. LinveLor, Journal de Mathématiques, 1894.]

[The inequalities

. £ — )
lyn — ¥Yn-1 I < Mol\"~1 (- .- -0)—
n!
are established step by step, as in § 27, and y, will remain between y,— b and
Yo + b, provided that wo have ¢KC—+9 <14 bK/M,.]

2. Find two first integrals of the simultaneous systems of difterential
equations

@ Froor-ver=o Liv@urtsm:=o

—gty_ —pdz
8) E=v? =% -9 itk
o) dy dz o —de
ve+y) (E—y@r+2y+2) 2@ +y)
3. The expression 1/[y — af (y/x)] is an integrating factor for dy — f(y/r)dr.
4. The gerteral form of the differential equations of the first order which
admit the infinitesimal transformation yaf/ox — zéf/ey is

zy’ —¥_
z+yy

# (2 + 7).

Deduce from this an integrating factor.
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8. Find the general form of the differential equations of the first order which
admit the infinitesimal transformation éf/éx + x (¢f/cy); the infinitesimal trans-

formation & (f/er) + ay (&f/cy).
6. Find a group of transformations for the differential equation

dy
i =¢(r + ay),

where a is constant, and deduce from it an integrating factor.
7%, The differential equations of the elastic space curve,
ylzlr — Z'!/” = 6."’ —_ éﬁy,
e’ — .l"Z”_-———‘ ay/_ 5#‘,
ey -y =8 — a,
where a, B8, § are constants, possess the two first integrals 22 4 y2 4 22 = C,
B(r2 + y?)— 42/ = (. We then obtain £ and y by the integration of a differ-
ential equation of the second order.
| Hermrre, Sur quelques applications des fouctions elliptiques (p. 93). ]



CHAPTER III

LINEAR DIFFERENTIAL EQUATIONS
I. GENERAL PROPERTIES. FUNDAMENTAL SYSTEMS

Linear differential equations have been studied more thoroughly
than any other class. They possess a group of characteristic proper-
ties which distinguish them sharply and at the same time simplify
their study. Moreover, they appear in a great number of important
applications of Analysis, and a preliminary study of them is very
useful before undertaking the study of differential equations of the
most general form. Except when otherwise expressly stuted, we
shall study here only those equations whose coefficients are analytic
functions of the independent variable.

37. Singular points of a linear differential equation. A linear differ-
ential equation of the nth order is of the form

d*y a1 1/
(1) ({.l:{'+ (1 - +"n ld +"ul’/+“n+1—0

@, @, -+, @, being functions of the single variable z. Its inte-
gration is equivalent to that of the system

q

(l/,, 1+01J" et a gy +a =0,
(2) d/ dy, dy,_,

dr = v Zx_lﬂ’ Tt Tdz  I-v

obtained by taking for auxiliary dependent variables the first n —1
derivatives of y. Let us suppose that the coefficients @, are analytic
in a circle ¢, with the radius R and with its center at the point z,
and let y,, o, Yo, ¥~ be a system of n arbitrary constants.
Applying to the equations (2) a general result established above
(§ 23), we see that the equation (1) has an integral analytic in the
circle C,, takmg on the value y, for :z_xo, while its first n —1
derivatives take on respectively the values yg, Yo, +++, Y&~V forx =x,.
We know also, from the general theory, that it is the only integra.l
of the equation (1) satisfying these initial conditions; we shall say
for brevity that it is defined by the initial conditions (z,, ¥,, %o ¥o»
100
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co oy y&~D). Let us now suppose at first, for definiteness, that the
coefficients a; are single-valued functions of x, having in the whole
plane only isolated singular points. Let L be a path joining two
non-singular points x, and X, and not passing through any singular
point; the integral which is defined by the initial conditions (x,, ¥,,
Yoy * + -y Y& ~P) is represented by a power series I’(z — x,) convergent
in the circle C, with the center x; and passing through the nearest
singular point to x,. We can follow, by means of this series, the
variation of the integral along the path L as long as the path does
not go out of the circle ", If the path Z leaves the circle C, at a
point «, let us take a point », on the path within the circle C, and near
enough to @ so that the circle (" with the center x, passing through
the nearest singular point does not lie entirely within the circle (..
From the series I’(» — ) and from those which we obtain by suc-
cessive differentiations, we can derive the values of the integral and
of its first n — 1 derivatives at the point 2. Let y, y{,--, %"~ be
these values; the integral of the equation (1), which is defined by
the initial conditions (x,, y,, 1, « - -, "~ P), is represented by a power
series I’ (¢ — ) convergent in the circle (", The values of the two
series P(x — x,) and P (r — x)) are equal in the part common to the
two cireles (", and (', since they each represent an integral of the
equation (1) satisfying the same initial conditions. It follows that
the series P,(x — r)) represents the analytic extension in the circle
', of the analytic function defined in the circle ¢/, by the series
P(r —a). If all of the portion of L ineluded between x, and .X
does not lie in the circle (', we shall take a new point z, on the path
within €', and so on as before.

At the end of a finite number of operations we shall certainly arrive
at a circle containing the point X. In fact, let S be the length of
the path 7 and & the lower limit of the distance of any point of L
to the singular points. The radii of the successive circles used are
at least equal to 8, and we can choose the centers of these circles in
such a way that the distance between two successive centers is greater
than §/2. After p operations the length of ‘the broken line obtained
by joining these successive centers will be equal to at least p§/2.
If we have p§/2 > S, the length of the broken line will be greater
than the length of L. Hence, after at most (p — 1) operations, we
shall have arrived at a circle containing all of the portion of L included
between the center of that circle and the point X.

Recapitulating, we see that we can continue the analytic exten-
sion of the integral as long as the path described by the variable
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does not pass through any of the singular points of the coeflicients «,.
We know, therefore, a priori, what are the only points which can be
singular points for the integrals of a linear equation. 1t may, how-
ever, happen that a point « is a singular point for some of the coeffi-
cients «; without heing a singular point for all the integrals. In the
particular case where the coeflicients are all polynomials or integral
functions, all the integrals are analytic functions in the whole plane;
that is, they are integral functions and they may reduce to polynomials.

The reasoning may be extended also to the case where the coefficients a, have
any singularities whatever, it being possible for these functions to be multiple-
valued. If we start from a point x,, where these coefficients are analytic, and if
we cause the variable x to describe a path I, along the whole length of which
we can continue the analytic extension of the coefticients «,, we can like-
wise continue the analytic extension of the integrals along this path. The power
series which represent the integrals are convergent in the same circles as the
series which represent the coefficients.

These results are entirely in accord with those which we have deduced from
the method of successive approximations (§ 28).

38. Fundamental systems. Let us consider a linear equation which
is also homogeneous, that is, not containing a term independent of y,

o % g1n—|7/

N Yy ... dy _
('3) E (1/> - ™ “ drn—1 + L) dre + Y = 07

where I°(y) denotes no longer a function of the variable y but the
result of an operation carried out on a function y of the variable ..
I'rom the definition of this symbol of operation it is clear that, if
Yo Yy + > Yy are any p functions of x, and €', (..., ", any con-
stants, we have the relation

F(Cy+ Cop+ - + Colifp)= ('11"(.'/1) + C,F(y) 4 - +C,Fy).

If y, g - + - ¥p ave integrals of the equation (3), then '\ y 4 ¢,y +
«++ 4 (', y, is also an integral, whatever the numerical values of the
constants (; may be. If we know z particular integrals y, 4, - -, ¥,
of the equation, we can therefore deduce from them an integral

C) y=Cuy+ Cypa+ -+ Colfy

in the expression of which appear » arbitrary constants ", €, - . -, (.
We cannot conclude from this that the expression (4) really rep-
resents the general integral of the equation (3); we must first assure
ourselves that we can dispose of the constants ¢, C,, - - -, C, in such
a way that, for a particular value «, of #, different from a singular
point, y and its first n — 1 derivatives take on any values given in
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advance. For the suke of brevity, let us indicate by (¥, the value
which the pth derivative of the particulu integral y, takes on at the
point z. Setting the values of the integral y, and of its first n — 1
derivatives at the point ., equal to these arbitrary quantities, we
obtain a system of n linear equations to determine the constants .
Cy - o+ Cye The determinant of the coeflicients of these unknowns
must be different from zero. We shall denote by AWy Yp* Yn)
the determinant whose clements are the functions Yo Yar** %y Y
and their derivatives up to those of the (» — 1)th order:

2 Yo ottt U
woooowmo e
G AWy u)=|" T

(n—1) afn—1) (n—1)
h Y2 rec W

If this determinant, which is an analytic funetion of r in the whole
region in which the coefticients o, are analytic, is not identically
zero, let us choose for ) a point where this determinant is not zero.
We can then determine the constants ¢, so that y and its first 2 — 1
derivatives take on any initial values whatever for . Every inte-
gral of the equation (3) is therefore included in the formula (1).
We say, for brevity, that this formula represents the general inte-
gral of the equation (3). The integrals y, v, -« -, ¥, such that
the determinant A(y, 4, -+, #,) is different from zero, form a
Sundamental system.

If this determinant is identically zero, some of the integrals y,, ,,
<oy 4y, can be deduced from the others. We shall say, in general,
that » functions y,, y,, - - -, #, of the variable x are not linearly
independent if there exists between these # functions an identity of
the form

(6) Cop+Cy e + .y, =0,

where €', C,, « « -, (", are constants not all of which are zero. Tn order
that n functions i, fyy «+ <5 Yo shall not be linearly independent, it
is mecessary and sufficient that the determinant Ay, 4,y -+ 1,) be
tdentically zero.

The condition is first necessary. For from the relation (6) we
obtain the 2 — 1 relations of the same form,

(7) « (m+(',/(,p)+ 40 fl')— ) (])=1,2,---,n—1)

between the derivatives of the first order, of the second order, ete.,
of the functions y;. Since the coefticients ¢, are not all zero by
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hypothesis, the equations (6) and (7) cannot be consistent unless
the determinant A(y,, ¥,, ~- -, ¥.) is identically zero.

Conversely, suppose that A = 0, and suppose first that all the
first minors of A relative to the elements of the last row are not
identically zero, for example, that the cofactor of y-?,

% Y Y
s=|Y W Y

(n—2 (n—2 (n—2
P oyrtP e yina®

is different from zero. Let A be a region of the plane of the variable «
where the functions y, are analytic and where this determinant &
does not vanish. Let us put

Yo =Ky, +EKy, -+ K1Y
(®) yr’. =K "/; + K‘z?/-; +-+ I‘n )Jn 1
./u'l D= 1‘ ./(n 8 + K 7 » + + l\n 1./5." 12)-,
These n — 1 equations determine K, K, - - -, K,_, as analytic fune-
tions of « in the region A, since K; is the quotient of an analytic
function divided by the minor § which is not zero in 4. These func-
tions K, - - -, K,_, satisfy also the relation

9) YV =EKT+ Ky e+ Ky,
since A (Y, ¥y - -y ¥a) i8 zero at every point of 4. Differentiating

once each of the equations (8), and taking account of these same
relations and of the relation (9), we find

I‘"’/1+ +I\,. 1Yu1=0,
ey
K J""" T 1\,._1Jf."‘1° =0,

and consequently K{= K;=... =K,_,=0. The functions K, - - -,
K, _, are therefore constants, and we have indeed a relation of the
form (6) between the n functions y,, y,, - - -, ¥,, where all the coeffi-
cients are constants and the coefficient ¢, is different from zero.
Since this relation has been established in the region 4, it follows,
by analytjc extension, that it holds in any region in which the func-

tions y,, y,, - - -, ¥, exist and are analytic.

It will be noticed that the minor § is precisely equal to

A(yp yz) R} ?/u—l)'
If this minor 8 is identically zero without A(y,, ¥,, - - -, ¥a—4) being
also zero, a similar argument would show that the functions y,, y,,
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*+ ) Yo satisfy a relation of the form (6), where (", =0,C,_, # 0
Continuing in this way, we shall theref.ne surely arrive at a relation
of the form (6), in which some of the coefficients may be zero. If,
therefore, we know # integrals of the equation (3) such that A (y,, ¥,
-+, #,) = 0, one at least of these integrals is a lincar combination
with constant coefficients of the other integrals. It may also happen
that these n integrals reduce in reality to p independent integrals
[ <n—1] Inorder that this may be the case, it is necessary and
sufficient that all the determinants analogous to A which can be
formed with p + 1 of these integrals shall be zero, one at least of
the determinants formed with p integrals being different from zero.
The same lemma enables us also to prove that the general integral
of the equation (3) is represented by an expression of the form (4).
For, let (4, ¥, -+ +» ) be a fundamental system of integrals, and y
any other integral. From the (n 4 1) equations

F(y)=0, Fiy)=0, .. F(y)=20

we derive, by elimination of the coeflicients «, a,, - - -, a,, an equation
of condition which is no other than

(10) AW Yy Yp - Y) =0

We have, therefore, between these n 4+ 1 integrals, a relation of the
form C.’/ + ('l-l/l +-+ ('nyu = 07

where €, C,, C,, .-+, C, are constants not all of which are zero.
Finally, C, the coefficient of y, is certainly different from zero, since
the integrals y,, y,, - - -, ¥, are linearly independent.

Every linear equation of the nth order has an infinite number of funda-
mental systems of integrals. In order to obtain such a system, we need only
take n integrals such that the determinant formed from the initial values of
these n integrals and their first m — 1 derivatives for a non-singular point
z,, is not zero. If (y;, Ya, -y Un) is a first fundamental system, the n integrals
Yy, Y, -+, Ya, given by the equations

Yi=cani+ cava+ -+ + Cin¥ny (i=17 2"“1 n)

where the coefficients ¢, are constants, form a fundamental system, provided
that the determinant I) formed by the n? coefficients ¢, is different from zero
We have, in fact, by the rule for the multiplication of determinants,

A(Yn ng AT Yu) =D. A(yu Yar*°*y Yn)-

It follows from this relation that the quotient [dA(y,, - - -, ¥»)/dz]/A is the
same whatever may be the fundamental system. We shall verify this by cal-
culating this quotient. For this purpose let us observe that the derivative of a
function F(z) is equal to the coeflicient of & in the development of F(z + k) in
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powers of h. If we give to  an increment k, and if we replace each elemen
of the determinant A by its development, retaining only the terms of the first
degree in h, we obtain the determinant

v + hyy Vot hy .- Yo+ by,
7

y; + ’Ly’l, y; + hy:!, e yn + hyn

cee cee cae “ee

YU BT A e gD 4

The coefficient of & is the sum of n determinants which are obtained by tak-
ing the coefficients of & in any row and the terms independent of & in the other
rows; n— 1 of these determinants, having two rows identical, are zero, and
there remains

Y Ys e UYn
dA(Mlﬁ_?/zv'_l?!")_
d.c - y(l"_2) y(u—2) v yf‘n—2)
y(ln) y(n) cee 1 fln)

This result is true, whatever the functions y,, .-, y, may be; if these func-
tions are mtegrals of the equation (3), we can replace ¥ in the last row by
- ul//‘,"“" — +er = duify, and similarly for the others. There remains, after
developing with respeet to the elements of the last row and taking account
of the determinants which have two rows identical,

dA
an "

The gquotient which we wish to calculate is therefore equal to — a,, and we
derive also from the preceding result the value of the determinant
T
A= Aob‘_‘f'oullh

where A, denotes the value of A for & = r,. This expression for A shows that
this determinant is different from zero at every non-singular point, if it is not
identically zero — a result which we could also have obtained from the preceding
properties,

1t should be noticed that every linear equation of which a fundamental
system of integrals is (uy, ¥s,+++, yu) can be written in the form (10)

Ay, Yis Yoy v oy yn) = 0,

the cocfficients containing only the integrals y; and their derivatives. This
shows that any n linearly independent functions y,, y,, -+, ¥, can always be
regarded as forming a fundamental system of integrals of a linear equation.

39. The general linear equation. A non-homogeneous linear equation
B/ . g
can be written in the form

dy dr=1 dy
(ll)) F'( /) _,{ + (1'1 ]x,,_{ + .4 L 1 + ay =f(:l‘))

where the term indopondeut of y has been isolated on the right-hand
side. We shall also consider the equation formed by replacing f(x)
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by zero; the resulting equation, 1'(y) = 0, is ealled the corresponding
homogeneous equation. If we know a particular iutegral } of the
equation (12), the substitution y = ¥ 4 = reduces the integration
of that equation to that of the homogeneous equation ()= 0 by
the identity F(Y 4 z)= I"(Y)+ I’(z). The general integral of the
non-homogencous equation is therefore represented by the expression

(13) !/ = )' + ('l!jl + ('2.'/} + ( n. ny

where ¥,, ¥,y « + +, ¥, are a fundamental system of » particular inte-
grals of the homogencous equation, and where €', €, ..., €', are

n arbitrary constants. It often happens in practice that we can
Laslly obtain a particular integral of a linear non-homogeneous equa-
tion, and in this case we are led to the integration of the homogeneous
equation. The search for a particular integral is facilitated by the
following remark, which we need only state: If £(r) is the sum of
p functions f,(x), f,(r),  « -, £, (), such that we know how to find a
particular integral of each of the equations

Fiy=r),  Fy=rte) o FO)=60)
the sum ¥V, 4+ ¥V, +---+ 1, of these p particular integrals is an
integral of the equation F(y)= f(r).

In general, if we know the general integral of the homogeneous
equation, we can aliways obtain by quadratures the general integral
of the non-homogencous equation (supposing, of course, that the
left-hand side is the same for the two equations).

The following process, due to Lagrange, is called the method
of the variation of constants. Lt (4, 4y« - 7)) be a fundamental
system of integrals of the equation I'(y)= 0. Imitating as much
as possible the process employed for a linear equation of the fivst
order, we shall seek to satisfy the equation (12) by taking for y an
expression of the form

(14) y=Cy+ oyt + Cud

where C,, C,, -+, (', denote n functions of . We can evidently
cstabhsh betweon tlwsc n functions n — 1 relations chosen at pleas-
ure, provided that they are not inconsistent with the equation (12)
I1f we put

7/1('; + Y '; + .- + 1/'1(" = O

Af+ﬁ” ~+%"—0

. )

ST I e fe =0,

(15)
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the successive derivatives of y up to the (» — 1)th derivative have

the values Py -
Y=Cuy+Cyi+ -+ Coyy,y
(16) Y= Gyl + G+ 4 Gy

. . o« .

YU =Cot TV Copt TV A Cuy
The first of the relations (15) has been chosen in such a way that
the first derivative »' has the same expression as if ', ¢',,..., C,
were constants, and similarly for those that follow. The derivative
of the nth order has a less simple form:

¥ = ("l .’/(l") + (‘-'2?/‘(2") + et + ('n! fl")
+ R TCTH Y TIC TR
Substituting the preceding values of v, ¥/, y", - - -, 4 in the left-hand
side of the equation (12), the coefficients of ', (', ..., (', are re-
spectively F(y,), F(y,), * « - '(¥.), and we are led to the new relation

(15" WL+ V0 + -+ YV =S (),

which, together with the relations (15), enables us to determine
Ci -+ Cipo We can therefore find ', ), .-, (", by quadratures.

We can also make use of the following method, due to Cauchy.

Let (¥, ¥gy -+, ¥») be a fundamental system of integrals of the equation
F(y)=0. Let us determine the constants C\, C,, - -+, C, so that the integral
C,9, + + -+ + Cuyn and its first n — 2 derivatives all vanish, while the (n — 1)th
derivative reduces to unity for a value « of . The integral ¢ (z, «) thus obtained
depends, of course, upon the variable z and also upon the initial value «, and
satisfies the n conditions

(17 ¢(aq,a)=0, ¢ (x,)=0, ¢"(q,@)=0, -+, ¢ D(a, @) =1,

where ¢ (P («, ) denotes the pth derivative of ¢ (£, @) with respect to x for the
value £ = a. 1f we replace « by z in the preceding relations, which amounts
to a simple change of notation, they can also be written in the form

(17’) ¢(3, 1)=0, ¢,(31 z) =0, crey ¢("_2)(Iv 2:):0, ¢("_”('t1 ) =1,

where ¢(») (x, ) denotes now the pth derivative of ¢ (z, @) with respect to z, in
which we have replaced « by x after the differentiation. With this under-
standing let us consider the function represented by the definite integral

(18) Y= j; "o (z, a)f (@) da

with an arbi‘trarily fixed lower limit x,. Applying the general formula for
differentiation, and taking account of the conditions (17”), we find successively

&= f ¢ af@da == f,}‘n-v(x, a)f(a) dz,
‘%z_i = f; ™ (2, a)f(a)da + f(2).
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Substituting these values of Y, Y, ..., Y® in F(Y), we find
x
FY)=7@) + [ [6"@ @)+ ;-0 @) + -+ + 28z, )] S(@)de
%o

The function under the integral sign on the right is identically zero, since ¢ (z, a)
is an integral of corresponding homogeneous equation, whatever may be the
value of the parameter . From this it follows that the function Y represented
by the definite integral (18) is a particular integral of the non-homogeneous
linear equation. It will be noticed that this integral, as well as its first (n — 1)
derivatives, is zero for the lower limit x,, which is supposed different from a
singular point.*

The application of this method to the equation dry/den = f(x) leads to
precisely the result obtained above (§18).

40. Depression of the order of a linear equation. If we know a certain
number of particular integrals of a linear equation, we can make use
of them to diminish the order of the equation. Let us consider first a
homogeneous equation of the nth order, and let y,, y,, < - -, y,, (p < n)
be linearly independent integrals of that equation. The substitution
y = y,#, where z indicates the new dependent variable, reduces the
proposed equation 1(y)= 0 to a new equation of the same type in
2, for the expression for any one of the derivatives d*y/dx” is itself
linear with respect to z and to its derivatives. If y, is an integral
of the equation F(y)=0, the new equation in z must have z =1
for a solution, which requires that the coefticient of = shall be zero;
this fact is verified at once by calculation, for the coefficient of z is
precisely F(y,). The equation in z is therefore of the form

(A dr 1z dz

d
(19) y‘(lg-'—b‘ (if"—i+ ...+b”-l;1.l;=0’

* It is easy to verify that the method of the variation of constants and Cauchy’s
method lead to the same calculations. In fact, the function ¢ (x, @) of Cauchy is of

the form 5, @)= By (O 7y (@) + o @ U (D) + -+ + D (O Yn (@),

where the functions ¢, (@) are determined by the conditions
¢l ((‘l’) ?I] (“) teee b ¢n ((l) ‘_lln ((X) = 0,
(4) ¢1 @ y‘"‘” @ bt P u‘""’ (@=0,
B (@YD @)+ F da (@ V(@) =1,

and the particular integral (18) has the value
Y=y, () f1¢1 (@ f(@)da+-- -+ (?')f n (@) f(Q) da.

But if we compare the conditions (4) with the relations (15) and (15’) which deter-
mine the C' in the method of the variation of constants, we see at once that we have
Ci ()= (2)f (x), and therefore the first method gives us a narticular integral by
the same quadratures.
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where 4, 4, .-+, b,_, are functions of x. This equation reduces to
a linear equation of order n — 1,

\ "1y dr=2u
(‘30) yl?l.;;l:—r+h1(_1.l_’:s "'+l'u—ln=0’

by putting w =dz/dr. 1f y, y,, - -+, y, are p integrals of the equa-
tion from which we started, the equation (19) has the p — 1 integrals
Yo/ Yo+ * *s Yu/Yys and therefore the equation (20) has the integrals

& fy, d -'/1'\
" T G &
dr\y, de\y,;

These p —1 integrals are linearly independent; otherwise there
would exist a relation of the form

d (y, ,od _
s ()t g () =0

where.C,, C,, ..., (', are constants not all of which are zero, and we
could conclude from it, by integration, the existence of a relation of
the same form, 'y, 4+ -+ 4 €y, + €y, = 0, where €| is a new con-
stant. 1If p > 1, the application of the same process leads from the
equation (20) to a new linear equation of order n — 2, and so on.
The integration of @ linear homogencous equation of which p inde-
pendent particular integrals ave known reduces, therefore, to the inte-
gration of @ linear homogeneous equation of order n— p, followed by
quadratures. When p =n —1, the last equation will also be inte-
grable by a quadrature.

Similarly, if we know p integrals, y,, y,, - - -, ,, of a non-homoge-
neous equation, such that the p — 1 functions

Yo=Yy oy Yp— U
are linearly independent, the substitution y = y, + z leads to a homo-
geneous cquation having the p —1 integrals y, — gy, -+, y, — »,
It is therefore possible to reduce this equation to a linear homogene-
ous equation of order n — p + 1.
Consider, for example, the linear equation of the second order,

12 {
ey . FO=gEr ey =0,
and let y, be a particular integral of this equation. If we put y =y,
we find
(l{/ dz = dy, dy d*z dy, dz

d? d’y
oGP e haE it
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and, substituting in the equation (21), we find, since the coefficient
of z is zero,

. dy dz
@ a2+ )i =0
Putting dz/dx = u, this equation can be written in the form

oy (297 4 ) - = 05

" dr i

whence, by integration,

,
Log « 4+ f pdr 4 Log i = Log ',

Lo
or

= p—f " “

'/1

A sceond quadrature will give z and consequently y. We see that
the equation (21) has the integral y, given hy the expression

o "dar —L'prlx
(2.3) !/2 = 'I/‘f — e o ,
W N

which is independent of y. The general integral of « linear homo-
geneous equation of the second order is therefore obtained by tio quad-
raturves when we know a particular integral *

This property is a mark of similarity between the linear oqlntmn
of the second order and Riceati’s equation (§ 7). There exists, i
fact, a very close relation between these two kinds of diﬁ'cr(-ntiu]
equations. If we depress the order of the homogeneous equation (21)
by the process of § 19, by substituting

fIx

y=rc
we are led to a Riccati equation,
(24) 42+ pz4q=0.

* We can derive from these results a very simple proof of an important theorem
of Sturm. Let us suppose that the coefticients p and g are continuous real functions
of the real variable z in the interval (a, b), and let r,, ry be two consecutive zeros of
a particular integral y;(x) in the interval (a, b). If y3(r) is another particular inte-
gral independent of y,(x), the formula which gives u can be written

a fug\ (' __f p:l.r
dr \in ’/l

which shows that the quotient ¥,/ varies always in the same sense when r incereases
from r, to z,. Now this quotient is infinite for # = »j and for r - r¢; hence it constantly
increases from - to + % or decreases from +x to —~x. The equation ya(r)=0 hus
therefore one and only one root in the interval (2o, ®y).
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Conversely, any Riccati equation
(25) w4 a4+ bu4c¢=0,

where a, b, ¢ are functions of x(« # 0), may be reduced to the
form (24) by putting « = z/«, which transforms (25) to an equation
of the form (24),

2 !
242 +(b - —)z + ac=0.
a
It follows that the general integral of the equation (25) is
(26) n =
where y, and y, are two independent integrals of the linear equation
!
y"+<b —%)y'-{-acy:O.

This expression really contains only a single arbitrary constant, that
is, the quotient C,/(’,, which appears in it to the first degree.*

Ezample. Legendre's polynomial X, (I, § 90, 2d ed.; § 88, 1st ed.) satisfies
the differential equation

a2y  dy
27 . (l—zz)d—ﬁ—lz[u+n(n+l)y=0.

* It would seem that a quadrature might be necessary to derive the general
integral of the linear equation (21) from the general integral of Riccati’s equation
(24). In reality this is not the care, or, rather, the quadrature reduces to the calcula-
tion of f pdz. In general, let z=¢ (x, (') be the general integral of a differential
equation of the first order, dz/dx=f(x, 2). From the relation

o .
5§=J (z, 9)

we derive, by differentiating with respect to the constant C,

229 of 8¢ of _ @ X
aor oot 7 oo a_x(""“EF)'

From the last equation we find f (8f/0¢) dx = Log (0¢/0('), where, of course, the
same value of the constant C is to be understood in the two sides of the equation.
Applying this to Riccati’s equation (24), if z=¢ (£, C) is the general integral of that
equation, we conclude that

. 2fzdr+fpdx+h>g(§%)=o,

If 2,, 25, 23 are three integrals of the equation (24), on carrying out the calculation
(see §7) we find that the general integral of the linear equation (21) has the form
=e"*f""’ Ci(zg— 1) + (5 (23— 29)

Yy
V(21 - 23) (22— 25) (23— 21)
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To prove this it suffices to notice that, by putting u = (#2 — 1), we have the
relation (22 — 1)u’ = 2nzu, and by taking the (n + 1)th derivative of the two
sides we have an equation which is identical with the equation (27) when we
replace dsu/den in it by y. In order to obtain a second particular integral of
the equation (27), we shall apply the general formula (23) with p equal to
2x/(x? —1)=1/(x + 1) + 1/(x — 1); this gives

s =X, dz
L "f(ﬂ —1)X2

It might seem necessary to know the n roots, «,, g, + + -, @, of the polynomial
Xa in order to calculate this integral, but this is not the case. For, let us write

the integrand in a form which exhibits the simple fractions which come from
the roots + 1 and — 1 of the denominator :

1 1 < 1 1 ) P
- = e +,_'_,
@-1Hx: 2\—1 =z+1/ i}
where P, is a polynomial of degrec 2n — 2, the guotient obtained by dividing
1— X2 by 22 — 1. It follows that

1 r—1 Y N
1/2=§“11L”g(£+1)+“"f‘\zd‘t

This last integral is a rational function, for if it contained a logarithmic term
such as Log(x — «,), the point a;, would be a singular point for y,, and the inte-
grals of the equation (27) can have no other singular points than £ =4 1 (§ 87).
We can therefore calculate this integral by rational operations (I, § 104, 2d ed. ;
§ 109, 1st ed.). Since the integral must be of the form Q,_;/.Xy, where @,y
may be taken as a polynomial of degree not greater than n — 1, we can deter-
mine the coefficients of this polynomial, for example, by the condition

Qr’n—l‘rn_ Qu—l“": = Pn‘

Having once obtained the polynomial @, _j, we may write the general integral
of the equation (27) in the form

-1
v=0,Xu+ G Qo+ jXuTog (2)]

41, Analogies with algebraic equations. The preceding properties establish an
evident analogy between the theory of linear differential equations and the
theory of algebraic equations. This analogy persists in a large number of
questions. As an example of this we shall show how we can extend to linear
equations the theory of the greatest common divisor. In general, let

dn—1
_.aotihu_*_ o - ly
be a symbolic polynomial where Gy, Uyy e+ oy @y ATE ;;ivvn functions of z. If a,
is not zero, we shall say for brevity that ¥ (y) is of the nth order. If G (y) is a
symbolic polynomial of the same nature and of the pth order, it is clear that
G [F(y)) is again a symbolic polynomial of the same kind and of the (n 4 p)th
order. Let now

) =t 5t 0,5

F(y) L +u..-1 +a.,1/

m—ly

d
e R e
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be another polynomial of order m(m=n). We can find a third polynomial G ()
of order n — m such that F(y) — G[F,(y)] is at most of order m — 1 (a poly-
nomial of order zero is of the form ay, where a is a function of z). Let us put

dn— dn—m-— 11/

G(y) = )\0 (LE" + >\| d‘zn—m—l

-+ )‘n-my-

The coefficient of d"y/der in G[F,(y)] is N\yb,, and if we take N\, = a,/h,, the
difference F(y) — Nyd»—m[F,(y)]/de»—™ will be at most of order n — 1. Let a;
be the coefficient of d»—1y/den—1 in this difference. If we take A\; = u;/b,, the

difference
dan-

dgn—m

F@) =N [Fin)] = [ 1)1

(IL""‘""'"
will be at most of order n — 2. Continuing in this way, we see that we can
determine, step by step, the coefticients Ay, Nj, ++ -, A, —m in such a way as to
obtain an identity of the form

(28) Fy)— GIF ()] = Fy (),
where F,(y) is at most of order m — 1. 'This operation is entirely analogous to
the division of one algebraie polynomial by another.

Now suppose that we wish to obtain the integrals common to two lincar
equations

(29) F@py =0, Fu=0

The identity (28) shows that these integrals are the same as the integrals
common to the two equations Fy(y) = 0, Fy(y) = 0. If F,(y) is not identically
zero, the same operations can be repeated on Fi(y) and F,(y), and so on
until we arrive at two consecutive polynomials, FL_, (v) and Iq (y), such that
Fi_1(¥) = Ge<1[Fi(v)]. This last symbolic polynomial Fy(y) is the analogue
of the algebraic greatest common divisor: all the integrals common to the two
equations (29) satisfy the linear equation Fy (y) = 0, and conversely. 1f Fy (y) is
of the degree zero, the two equations have no other common integral than the
trivial solution y = 0.

1f in the relation (28) F,(y) is identically zero, the equation F(y) = 0 has
all the integrals of F, (y) = 0 Conversely, in order that F(y) = 0 shall have all
the integrals of Fl(y) =0, it is necessary that F,(y) be identically zero, for a
linear equation of order not greater than m — 1 cannot have all the integrals
of a linear equation of the mth order. Hence in this case we have identically

F(y)= G[F, ()],

and if we put F,(y) = 2, the integration of F(y) = 0 is reduced to the successive
integration of the two linear equations

G@)=0, F@y=z

of orders n.— m and m, of which only the second is non-homogeneous.

We can deduce from this observation another solution of a problem already
treated. Suppose that we know p independent integrals y,, y,, -+, ¥, (p <n)
of F(y) =0. We can form a linear equation of the pth order having these p
integrals (§ 88). Let F,(y) = 0 be this equation of the pth order; then we have
wentically F(y) = G[Fy(y)], and if the equation G (z) = 0 of order n — p has
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been integrated, we can integrate F,(y)=z by quadratures alone, since we
know the general integral of F (y) = 0. "The reduction is the same as by the
first method, but the new process is more symmetric.

Appel, Laguerre, Halphen, E. Picard, and many others after them have ex-
tended to linear equations the theory of symmetric functions of the roots, the
theory of invariants, and the very fundamental work of Galois relative to
the group of an algebraic equation. The theory of invariants is founded on the
easily verified fact that a linear homogeneous equation is changed into a new
equation of the same kind by every transformation of the type

z=f(@), y=z¢(),

where ¢ is the new independent variable and z the new dependent variable,
whatever the functions f(f) and ¢ ({) may be.

We can sometimes make use of this transformation to simplify a lincar equa-
tion. For example, if we wish to make the coeflicient of the derivative of
order n — 1 disappear, we find that it suffices to put

1
y = ZP—;‘ f”l'l'

retaining the variable r. Since we have two arbitrary functions f and ¢ at our
disposal, it would scem that we could take advantage of them to make two
coeflicients disappear ; but this reduction, although theorvetically possible, is
illusory in most ecases. For example, we can always choose the functions f/ and
¢ so as to reduce any linear equation of the second order to the simple form
2’ = 0, but the actual determination of these funetions presents the same difhi-
culties as the problem of integrating the original equation.

b

42, The adjoint equation. Lagrange extended the theory of integrating factors
to lincar equations in the following way. Let F(y) be a linear function of y
and of its first n derivatives,

Fy) = ay™ + ayy®=D 4+ «oo + ty1y + @y,

where «,, @, -+, @, are any functions of z, and where ¢/ y”y -, y™ denote
the suceesstve derivatives of y. Let us try to find a function z of r such that
the product zF (y) shall be the derivative with respect to o of another funetion
linear in y and in its derivatives up to those of order n - 1. The general for-
mula for integration by parts (I, § 87, 2d ed.; § 85, Ist ed.), applied to each of
the terms of the product 2F (y), gives us

2F(y)= :I [uozw"“ b—- ;Zr (@) =D+ 1 y'—lud_;,,('_"iz)-]
+.....................................-.........
+E‘i-[u,._lzyj+z/("(2),
where we have put .
@) G =P BNy D S g,



116 LINEAR DIFFERENTIAL EQUATIONS [, § 42

If we denote by ¥ (y, ) the expression which appears on the right-hand side
of the equation (30) which is bilinear with respect to y and z and to their
derivatives, we can write that equation in the abridged form

5 F@) - 16 @) = 3. [¥ (b 9]

so that for all the possible forms of the functions y and z the binomial
zF(y) — yG (2) is the derivative of ¥ (y, 2). 1f we now take for z an integral of
the equation G(z) = 0, the product 2F (y) is the derivative of an expression of
the same form, linear with respect to y, 3, .-+, y®—1,; and the equation
F(y) = 0 is equivalent to a linear equation of order n — 1,

(33) ¥ (y,2) = C,

which we obtain by replacing in ¥ the function z by the integral in question.
Now the equation (}(z) = 0 is likewise a linear equation of the nth order; it
is called the adjoint equation of F(y) =0, and the symbolic polynomial G (z) is
called the adjoint polynomial of F(y).

We sec, then, that if we know an integral of the adjoint equation, the inte-
gration of the given equation is reduced to the integration of a linear equation
of order n — 1 whose right-hand side is an arbitrary constant. If we know p
independent integrals, z,, 2,, .-+, z,, of the adjoint equation, every integral of
the given equation satisties p relations of the form

(34) \l’([/, Zl) = ('lv \l'(!/, Z._,) = C‘za MR ] \I’(yv zP) = CP?
where ('), ('), ..., (", denote p constants. Eliminating the derivatives yr-1),
ym=2 oo yin=p b from these p equations, we obtain a linear equation of
order n — p whose right-hand side depends upon the p arbitrary constants C,,
Cy, -+, Cp. Inparticular, if p = n (that is, if we know the general integral of
the adjoint equation), we can solve the n equations (34) for y, ¢, - - -, y» =1, and
we can obtain the general integral of the given equation without any quadrature.

There exist between the integrals of the two equations F(y) =0, ((2) =0
some remarkable relations, which we cannot develop here.* We shall only show
that there exists o reciprocal relution between these two equations. More pre
cisely, if G (z) is the adjoint polynomial of F(y), then, conversely, F(y) is the
adjoint polynomial of 7 (2). Forif F,(y) denotes the adjoint polynomial of G (2),
we have a relation between F(y) and @G (z) of the same form as the relation (32),

, d
(32) ve@ -z =, @, 2]
Adding the relations (82) and (32°), we find R
d
2[F) = F)]= - [¥ 0, 9 + ¥, 2]

If F(y) — Fy(y) were not zero, the product z[ F(y) — F,(y)] would be the deriva-
tive of a function containing z and some of its derivatives. Now the derivative
of a function containing 2z, 2/, ..., 2(» contains at least one derivative of z,
namely, z(p+1D, The preceding relation is therefore possible only if Fy(y) is
identical with F(y).

* See DARBOUX, Théori» des surfuces, Vol. 11, Bk. 1V, chap. v. See also Exercise
17, p. 171, at the end of thi chapter.
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II. THE STUDY OF SOME PARTICULAR EQUATIONS

43. Equations with constant coefficients. Linear differential equa-
tions with constant coeflicients were integrated Ly Fuler. Consider
first a homogeneous equation

(35) ].v(!/) — :,/(n) + a‘!/(n—l) NS ""_l!/r +ay= 0,
where a,, a,, - - -, @, are any constants. By the general theory (§ 37)
none of the integrals of this equation have a singular point in the
finite plane; that is, they are intfegral functions of . Let

x x? rm

(36) -’/="0+011+"2-‘2—!+..'+"m: +"

m!
be the development in series of an integral. The series which repre-
sent the successive derivatives have an analogous form. Replacing y
and its successive derivatives by their developents in series in the
left-hand side of the equation (35), and equating to zero the coeflicient
of any power of x, say 7, we obtain the following relation between
n + 1 consecutive coeflicients :

D 14
('5‘) Cy +p '1 "1"1»4-);—1 + llz('n+]1—2+ et + "u-—lpp+l + ”u"y = 0'

If we substitute in it successively p = 0, 1, 2, ..., we can calculate,
step by step, all the coefficients ¢, ¢, , - - -, in terms of the 2 first
coefficients ¢,, ¢,, - -+, ¢,_;, which may be taken arbitrarily. The
series (36) thus obtained is convergent in the whole plane and repre-
gents the integral which for = 0 is equal to ¢, while the first 2 —1
derivatives take on respectively the values ¢, ¢,, -+, ¢, _; for v =0.
We shall show that this integral can be expressed in terms of expo-
nential functions when it does not reduce to a polynomial.

The equation (37) is a recurrent formula with constant coefticients
which connects the z 4+ 1 consecutive coefficients. Now it is easy to
find particular solutions of that equation. For this purpose, let us
consider the algebraic equation

38) fM=r+ar+arr 2+ ta, yrta,= 0,

which, for the sake of brevity, we shall call the awriliary equation,
the left-hand side f(») being the awriliary polynomial. If r is a root
of this equation, it is clear that the relation (37) is satisfied, what-
ever may be the value of the integer p, by putting ¢, =" The
particular integral thus obtained is equal to ¢'7, and we sce that ¢
is a particular integral of the equation (35) if r is a root of the
auxiliary equation f(r) = 0. The verification is immediate, for if we
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replace y by ¢ in the left-hand side of the equation (35), the result
of the substitution is ¢~ f(r).

If the equation (38) has n distinct roots », r,, - - -, r,, we know n
particular integrals ¢n?, e727, .« ., ¢™n®, and therefore an integral
(3‘.)) Y= ('] et 4 ('2(‘,’11 + .-+ (_'"(',"n',
the expression for which contains » arbitrary constants ¢, ¢'), -+, €.
This cexprossion represents the general integral, for the determinant
APy ey - ooy emnt) can be written in the form

. & a1
1 ) R &
1 r, ” A
A=¢ritrt: tinz 2 2 2 ,
. 2 =1
1 ry - 4

and the determinant on the right is, except for sign, the product of
the differences », — »y.

Before studying the case in which the auxiliary equation has
multiple roots, we shall prove a lemma. Let us make the substi-
tution y = ¢*'z in the equation (35), where « is any constant and z
the new dependent variable; by Leibnitz’s formula we have

' = e (az 4 2",
e e

(")) !/(1') — {,nJ-(ul»’.., + 4 (t"‘l l+ ]'(/' . ) ull—‘.’.'.'.” + e + z(p)),

Substituting these values of y, 4 4", ..+ in the left-hand side of
the equation (35), =" appears as a factor, and we have

F(etr2) = e*' (i (2),
where (/(z) is a linear expression in z, 2/, ..., 2™ with constant
coeflicients,  In order to caleulate the coeflicients of (/(z), let us
observe that it we replace in 27(#) the indices which indicate differ-
entiation by exponents, and g itself by »° = 1, the result obtained is
identical with £(). If we carry out the same transformation with
the function #, the formule (40) may be written symbolically

yr = e""(a 4 2)";
henee (7(2) can also be written, in the same symbolic notation,

F(a 4+ 2), and, replacing the exponents of z by the indices which

mdl(- ite differentiation, we see that the new equation in =z is

) (,,
(41) I'V(l.u::) = ‘,nrl-j-(('):_"_.fq(a)zl f:)(:') ~n R -r_nii). :(u)] =0
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Now let » be a p-fold root of the auxiliary equation ; if we replace a
by that root » in the equation (41), the coeficients of z, 2!, » 2. e
in this equation are zero, and we obtain an integral by taking for » a
function whose pth derivative is zero, that is, an arbitravy polynomial
of degree p — 1. Consequently, {f r is a p=fold root of the a wriliary
equation, to that root corresponds p particular independent integrals of
the linear equation (35), ' et oo aP=1er,

Let the X distinet voots of f(r)= 0 be Py Py v e ey 1y, and let their
respective orders of multiplicity be denoted by w, gy, + -+, sy (Sp, = n).
From these roots we can form n particular integrals of the linear
equation. These n integrals are independent, for any linear relation
with constant coeficients between these a integrals would lead to an
identity of the form

)+ () Or ()= 0,
where ¢, ¢,, -+, ¢, denote polynomials not all of which vanish
identically. Such a relation is impossible if the 2 numbers », r, - -+,
ry are distinet. For, let n, ny, -+, ng be the respective degrees of
these polynomials. Tt is understood that any term in the identity
is simply omitted 1f the correspondimg polynommnial is zero. Dividing
by em', we can again write this relation in the form
b, () G () e gy () = 0,
Differentiating both sides of this equation, we have
¢;(I) 4 ol [4);(1)—}— ("-.7 — rl) 4,:(:)] -
The degree of the polynomial which multiplies ¢¢:=27 ig again
equal to 2,, and the polynomial does not vanish; and similarly for
the others. After having differentinted (o, 4 1) times, we shall have,
therefore, a relation of the same form as the relation from which
we started, but. with one term less,
',12:‘#2(.,.)_*_ l,-’r¢a('l.)+ e + """,’A (.l')——‘- 0’
where the & — 1 numbers s, - -+, 5 are different, and where ¢, ¢,
< +y Y are polynomials of degrees n,, n,, - - -, 2, vrespectively. Continu-
ing in this way, we arrive finally at a relation of the form ¢ () =0,
where () is a polynomial not identically zero. But this is evidently
absurd. The general integral of the lincar equation (35) is therefore
represented by the expression
(42) y= er‘r])“'_l + "r'r])#,—l + cer + e l,ﬂn—l;
where P, _y, .-+, P, _, are polynomials with arbitrary coeflicients,
of degrees equal to their subscripts.
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If the auxiliary equation has imaginary roots, the general integral
(42) containsg imaginary symbols, but we can make these imaginaries
disappear if the coeflicients «,, a,, - - -, a, are real. For in this case,
if the equation f(») = 0 has the root « 4 B¢ of multiplicity p, « — B¢
is also a root of the same degree of multiplicity. The sum of the two
termns of the formula (42) coming from these two roots can be written

e [(cos Br 4 i sin Br) & (>) + (cos Br — isin Br) ¥ (x)],
where ®(r) and ¥(r) are two polynomials of degree p —1 with
arbitrary coefficients, or in the equivalent form

eI [cos Brd (x) + sin B ()],

where &, and ¥, are also two arbitrary polynomials of degree p — 1.

Note. In order to express the general integral of the equation (35) in terms
of exponential functions, we observe that it is first necessary to solve the equa-
tion f(r) = 0. If this equation is not solved, the recurrent relations (37) enable
us always to calculate, step by step, as many as we wish of the coefticients of the
power series which represents the intecral corresponding to the given initial
conditions,

We can determine in advance the number of coefficients which it suffices to
calculate in order to obtain the value of the integral with a certain degree of
approximation. Let A be the largest of the numbers 1,|a,|, -+ -, |a,], and B the
largest of the numbers [eyl, ||, -+, [ea_1]|. It is easy to prove, step by step,
that we have |e, 4, | < B(An)P t1, The absolute value of the remainder of the
series which represents the integral, commencing with the term in z8 +», is there-
fore less than the value of the series

"[(An)pnpnstp (An)p+2pn+p+1 ]
(n+p)! (n+p+1)! '
where p = ||, and consequently less than

B(A")"“p"“’e.‘”

!

Consider now a non-homogeneous linear equation with constant
coefficients. We can avoid the use of the general method and find
a particular integral directly if the right-hand side, ¢ (), is a poly-
nomial. For if the coefficient «, of y in the equation

d*y d"=ty dy n .—
1 = +...+(l,_,ﬁ;+aly=box + ot

do* Va1

is not zero, we can tind another polynomial of degree m,
y=y@)=cu™4eam-t4 ...,

which, substituted for y in the left-hand side of the preceding

equation, gives a result identical with ¢ (r). The m + 1 coefficients
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Gy Cpy Cgy = * * Cp are determined, step by step, by the relations

a,e, =0, a,ei+ ma, ye =10,
eyt (m— D, e+ m(m —)a,_,e =1, ce ey

where a, is different from zero by hypothesis. This computation is
not applicable when a, = 0. More generally, suppose that the deriva-
tive of the lowest order which appears in the left-hand side is the
derivative of the pth order. Taking for the dependent variable
z = dPy/du?, the given equation is transformed into a linear equation
of order n — p, where the coefficient of = is not zero. According to
the case which has just been treated, this equation in z has a poly-
nomial of the mth degree for a particular integral. Hence one par-
ticular integral of the equation in y itself is a polynomial of degree
m + p. The coeflicients of this polynomial can again be determined
by a direet substitution. It should be noticed that the coefficients of
ap=1ogr=20 oo and the constant term are arbitrary.

If the right-hand side ¢ () is of the form e 7’ (), where « is con-
stant and 72(r) denotes a polynomial, we reduce this case to the
preceding by putting y = ¢®'z, which leads to the equation
(43) JO() dvz + JED() dn

. dz R
wlde Ty a1 T RS (@7 = D).
This equation has for a particular integral, as we have just seen, a
polynomial whose degree we can determine a priori; the equation
in y has therefore o particular integral of the form ¢=*Q(x), where
«(r) also is a polynomial. Suppose in particular that P (r) reduces
to a constant factor (. If @ i3 not o root of the auxiliary equation,
the equation (13) has the particular integral z = ' /f(«), and the equa-
tion in y has the particular integral e« /f(a). 1f @ is a multiple
root of multiplicity p of the auxiliary equation, the equation (43) is
satistied by putting I
S () ;7;; =plc,
'y

WA

and consequently the equation in y has the particular integral
CzP e [P (a). By virtue of a general remark (§ 38) we can there-
fore find a particular integral directly whenever the right-hand side
is the sum of products of exponentials and polynomials. This is the
case in particular if the right-hand side is of the form P (x) cos ax
or P(r) sinar, for we need only express cos ar and sin az in terns
of ¢ and of e~~. Having once recognized by the preceding

or

z
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considerations the form of a particular integral, it is not necessary
to pass through all the indicated transformations in order to calculate
the coefticients upon which it depends; it is often preferable to
substitute directly in the left-hand side of the given equation.

Ecample. Let it be required to find the general integral of the equation
4

(44) F(y):3!—:—y:ae‘+be“+csinz+gcns2.r,
r

where a, b, ¢, g are constants. The auxiliary equation 7 — 1 = 0 has the sim-
ple roots 1, — 1, 4+ i, — i; the general integral of the homogeneous equation is
therefore

(45) y =0 e+ Cae=* 4 Cycosx 4+ C pinz.
We must next find a particular integral of each of the four equations obtained
by taking successively for right-hand sides «er, he27, e sin x, g cos 2. Since unity
isasimple root of f(r) =r*— 1 =0, the first of these equations has the particular
intearal e /f7(1) = arer/4. Since 2 is not a root of the equation f(r) = 0, the
second equation has the particular integral bezs /f(2) = be2 /15,

[n the third equation, F(y) = ¢ sinr, we can replace sin £ by (et — e— 1)/21,
and we have to seek a particular integral of each of the two equations

F) = {—1 ey, Fy)=-— {—l e

Now, since 4+ i and — 4 are simple roots of f(r) = 0, we know, a priori, that they
have respectively two particular integrals of the form Meer, Nree= i, 'The sum
of these two integrals is of the form z(m cose + nsinr), and we can determine
the coetlicients m and n by substituting in F(y) and equating the result identi-
cally to e sine. This method avoids the use of the symbol i. Tt turns out that it
is necessary to take m=ec¢/4, n = 0. We find similarly that the last equation
F(y) =g cos2.r has the particular integral g cos2r/15. Adding all these par-
ticular integrals to the right-hand side of the equation (45), we obtain the general
integral of the given equation (44).

44. D'Alembert’s method. A lirge number of methods have been
devised for the integration of linear equations with constant coethi-
cients, particularly in the case where the auxiliary equation has mul-
tiple roots. One of the most interesting, which is applicable to many
questions of the same kind, consists in considering a linear equation,
in which £(») = 0 has multiple roots, as the limit of a linear equation
in which all the roots of f(r) = 0 are distinet. In general, let

d -ty d

D r)=Y 4 a T 4y -
(“’) ] (y)_ (II" + al d.rn—l v + an—l (l.[ +an?/ - 0

be a linear equation, where the coeflicients «, a,, - - -, @, are functions

of # which depend also upon certain variable parameters e, a,, - -, «,.
Suppose that there exists a funetion f(x, r) having the following prop-

erty : for ¢ values of r, depending upon the parameters a,, a,, - - -, a,,,
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and in general distinct, the function f(«, r) of x is an integral of the
equation (46). Let », r,,-- ., r, be these q values of r such that the

functions
S, 7)), S (s 1), H) f(r, )
form ¢ independent particular integrals of the equation (46), whatever
the values of the parameters e, a,, - - -, @, may be. If for certain par-
ticular values of these parameters the ¢ values r, r,, - -, r, are not
distinct, the number of the known integrals is diminished. Suppose,
for example, that », becomes equal to r. If r, is different from »,
the equation has the two integrals f(r, »), £ (s, 1), and consequently
Sy )= f(ry 1)
a1
is also an integral. Now, if », approaches », the preceding function
has for its limit the derivative [ £/ (s, 0], . 1 a third root ry becomes
equal to r, we take, similarly, supposing first that »; differs o little
from r, the integral
Sy 1) f(r,')—-(t ~I)[f(r,l)]
' ( s 7 )
and this 1ntegml has for its limit [ f72(r, #)], /2 when oy approaches »,.
This reasoning is perfectly general: ify for certain vuhu-q of the par-
ameters a,, - - -, «,, kb of the roots are "‘1"-‘1 to r,, the corresponding
equation (46) has the & particular integrals

s (R GO e (G0

In the case of a linear equation with constant coeflicients the
parameters @, a,, ---, a, are the coeflicients themselves, and the
function f(r, #) is ', This leads again to the results which we

obtained before directly.

45. Euler's linear equation. The linear equation

dr-1y dy

:i];,‘;‘f+ +1n llT-+l'/—(’

"

(17) o i_'f + .4 a1
where .1, .1, -, .1, are constants, reduces to the preceding by the
change of variable* x = ¢'. Since dt/d.c =1/r, we have

d dy _ dydt _1d dy, d’___l/ 1 (n” y d ]/)

de dtds _x dt’ de? dt* T dt

* The general theory (§ 37) tells us that the integrals of the equation (47) can have
no other singular point than »=0. Now of cannot be 7ero for any value of 1. The
integrals obtained by the change of variable x = ¢f must therefore be integral functions.
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and we easily verify, step by step, that the product x”[dry/dx?] is
a linear expression with constant coefficients in dy/dt, d?y/d¢?
.«+, dPy/dtP. The given linear equation is therefore transformed by
this change of variable into an equation with constant coetlicients.

To obtain the general integral of the equation (47), it is not
necessary to carry out the calculations of this change of variable,
for we know that the transformed equation has integrals of the
form e The given equation has therefore a certain number of
integrals of the form (¢)" = a”. Replacing y by " in the left-hand
side of the equation (47), the result of the substitution is 27f(r),
where

f@)=r@—1). - (r—n+1)
+ A r(r— Do o (r=n+2)+..-.+4,_ v+ 4,

If the equation f(»)= 0, which here plays the same role as the
auxiliary equation, has n distinet roots », 7, -- -, 7,, the general
integral is

Yy = Cla"l + Cax"! + ..+ an"n_

If » is a multiple root of multiplicity p of f(r)=0, to that root
corresponds, by D’Alembert’s method, the u particular integrals
3'4_11"'

—a—'ﬁ = o (Logx)* -1

The general integral of the equation (47) is therefore in all cases
(48) y=ax"P, (Logz)+ .-« + 2% Py, _1(Logx),

where 7, 7,, - - -, 7, are the & distinct roots of f(»)= 0, where u,, u,,
-+« i are their orders of multiplicity, and where P, _; (Log ) is
a polynomial in Log « with arbitrary cocflicients of degree pu; — 1.

If, in the equation (47), we replace the right-hand side by an
expression of the form x™Q(Log x), where Q denotes a polynomial,
it can be shown, as in the case of the equations with constant coefti-
cients, that the new equation thus obtained has as a particular inte-
gral an expression of the same form, whose unknown coefficients
can be calculated by a substitution.

0
x, Pw ()= 2" Log z, ceey

46. Laplace’s equation. We can sometimes represent the integrals of a linear
equation by detinite integrals in which the independent variable appears as a
parameter under the integral sign. One of the most important applications of
this method is due to Laplace and affects the equation

dn—ly

o ot (@t )y =0,

#9) F) = (@ + 52) 2L + (0 +5,2)
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whose coefficients are at most of the first degree. Let us try to find a solution
of this equation by taking for y an expression of the form

(60) y=| Zexde,
(95}
where Z is a function of the variable z and where L is a definite path of inte-

gration independent of . We have, in general,

dry
T —ﬁL)Zzpﬁrdz,

and, replacing y and its derivatives in the left-hand side of the equation (49) by
the preceding expressions, we find
(51) Fo)=[ Zer(P + Qodz,
¢2)
where we have set, for brevity,

P=ayz*+ 2"~ 1+ -oo + ty_12 + @,
Q=020 + bzl 4 oo by_12 + Uy.

The function under the integral sign in the expression (61) is the derivative
with respect to z of Zez' @, provided that we have

dz

We derive from this condition

‘ azQ) _, d =P
(52) —_— = /4P, or dz [LOg (ZQ)] - Q

zp
1 —dz
Z=——ef=uQ y

where the lower limit z, does not cause Q(z) to vanish. The function Z having
thus been determined, the definite integral (51) is equal to the variation of the
anxiliary function

2P
V= e"ZQ — ez:+j;oad=

along the path L. It will suffice, therefore, in order to obtain an integral of
the given equation (49), to choose the path of integration L in such a way that
the function V takes on the same value at the end as at the beginning, and so
that the integral (50) has a finite value different from zero.

Let a, b, c, - - -, I be the roots of the equation Q(z) = 0. The auxiliary func-
tion V is of the form

(63) V=extR@(z —a)s(z—b)B...(z— A,

where R (z) is a rational function whose denominator has no other roots than
the roots «, b, ¢, - -+, L of Q(z), and of a multiplicity one unit less. Let 4, B,
C, --- denote loops described about a, b, ¢, ..., in the positive sense, starting
from an arbitrary initial point, and let 4_,, B_1, C—1, + - - denote the same loops
described in the opposite sense. The function ¥ is multiplied by e?m« when z
describes the loop 4, and by e-2m« when 2z describes the loop A_1, and simi-
larly for the others. It follows that if we make the variable z describe the
loops A, B, A1, B-1 in succession, the function V takes on again its initial
value. The definite integral (50), taken over this path ABA-1B-1, is not, in
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general, zero. It gives a particular integral of the given equation. By associat-
ing the p points a, b, ¢, - - -, I in pairs in all possible ways, we obtain p(p —1)/2
integrals, which in reality reduce to p — 1 independent integrals.

We do not find n particular integrals in this way. In order to obtain others,
we may look for the paths L having their extremities at certain of the singular
points a, b, ¢, - - -, I and such that the function ¥ vanishes at the two extremities.
If a is a simple root of @ (z) = 0, the function Z contains the factor (z — a)=—1,
and it will be possible for the integral (50) to have a finite value when one of the
extremities of the path L is at the point a only if the real part of « is positive,
and in this case V' does approach zero at the same time as [z — «|. If ¢ is an
m-fold root of Q(z) =0, the rational function R (2) contains a term of the form
Ap_1/(z — a)m»=1, In order to determine the behavior of the absolute value of
¥ in the neighborhood of the point z = a, we need only study the absolute value

of the following important factor : P
n—

—_— )@ eF—ayn—1
Setting (z—a)%e :
z—a=p(cosgp+ising), A,_1=A(cosy +isiny), o= + a”i,
we may write the absolute value of this factor in the form
e—a’d Pc’ L:Ap""" cos[y —(m—1)],

In order that 1 shall approach zero with |z — «/|, it will suffice to make z de-
scribe a curve such that the angle ¢ which the tangent makes with the real
axis satisfies the condition cos [y — (in — 1) ¢] < 0. For example, we may take
¢ =[y+@2k+1)7]/(n—1). 1If the angle ¢ has been taken in this way, the
product Zezt also approaches zero with |z — a|. Proceeding in the same way
with the other points b, ¢, - ., I, we see that we can determine new paths L,
closed or not, giving other particular integrals.

Finally, we can also take, for the paths of integration, curves going off to in-
finity. We are again led to determine a path L having an infinite branch such
that the function 17 approaches zero when the point z goes off indefinitely on
this branch. If, for example, the rational function K (2) is zero, and if the angle
of z lies between 0 and 7/2, it will suftice to make z describe an infinite branch
asymptotic to a line that makes an angle of 3 w/4 with the real axis.

Leaving these general considerations,* let us consider in particular Bessel’s
equation, .

(64) z‘(il;;+(2n+l)%+zy=0,
where n is a given constant. We have here

P=@2n+1)z, Q=1+22
and consequently

1 1
Z=(1+2%)""%, V=ex(1+29)" 32,
The definite ntegral
1
55 = ex(1+ 23" 2dz
(55) v= [ e+ e

-

* See an important paper by Poincaré in the American Journal of Mathematyss,
Vol. VII.
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is therefore a particular integral of the equation (54) if the function

1
ex(1+22)" '3

takes on the same values at the extremities of the path of integration. We can
first take a succession of two loops described, the first in the positive sense
about the point z =+ ¢, the second in the reverse sense about the point z = — i.
For the second path of integration we can take next a curve surrounding one
of the singular points & { and having two infinite branches with an asymptotic
direction such that the real part of zr approaches — .

The real part of the constant n may be supposed positive or zero, for if we
put y = 2~ 2n2, the equation in z does not differ from the equation (54) except
in the change from n to — n. When this is the case, we can also take for the
path of integration the straight line joining the two points + i and — i. More-
over, the integral thus obtained is identical with the first except for a constant
factor. In order to reduce this integral to the usual form, let us put z = it. It
then takes the form

+1 nl
y=f] ert(1—12) 24,
or

+1 -1
(66) y =f coszt(1l— 12)" 2dt.
-1

The remarkable particular case in which n is half an odd number deserves
mention. If n is positive, the integral (56) always exists and can even be cal-
culated explicitly, since n— 172 is a positive integer. But if the path L is a
closed curve, the definite integral (55) is always zero. It scems, then, that in this
case the application of the general method gives only one particular integral.
However, in this apparently unfavorable case we can express the general inte-
gral in terms of elementary functions. For, let us make the inverse transfor-
mation to the preceding, so that n shall be half of a negative odd number. Then
n —1/2 is a negative integer, and the definite integral (55), taken along any
closed curve, is a particular integral of the linear equation (54). Taking for the
path L a circle having one of the points + i for center, we see that the residue

of the function X

e=(1+ 22)”_5

with respect to each of these poles is an integral of the linear equation. Now,
it is clear that the residue with respect to the pole z = + i is the product of ¢+
and a polynomial, and, similarly, that the residue with respect to the pole z =— i
is the product of e—* and a polynomial. These two particular integrals are
independent, for their quotient is equal to the product of e2** and a rational
function. It is clear that their sum is a real integral, as is also the product of
their difference and i.

Note. The linear equation with constant coefficients is a particular case of
Laplace’s equation, which is obtained by supposing all the coefficients b, zero,
If we suppose also a, =1, we have Q(z) =0, while P (z) reduces to the auxil-
iary polynomial f(2). The general method appears to fail, since the expression
for Z becomes illusory. But it requires only a little care to recognize how the
method rust be modified. In fact, the reasoning proves that the definite integral
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_[E D Zerrdz is a particular integral of the linear equation, provided that the defi-
nite integral _]}L) Zf (z) e#*dz, taken along the same path L, is zero. Now, if we
take for L a closed curve, it is sufficient that the product Zf(z) be an analytic
function of z in the interior of this curve. If, therefore, II(z) denotes any
analytic function in a region R of the plane, the definite integral

_ (IR ..
‘avm”

taken along any closed curve L lying in this region, is a particular integral of
the linear equation with constant coefficients. We see how this result, due to
Cauchy, is thus easily brought into close relation with Laplace’s method.

As a verification, it is easy to find the known particular integrals. Letz =a
be a p-fold root of the auxiliary equation f(z) = 0. Let us take for the path of
integration a circle about a as center not containing any other roots of f(z)=0,
and let I (z) be an analytic function in this circle. The residue of the function
I (z) e¢*/f (2) or IL(z)e=/[(z — a)Pf, (2)] is equal to the coefficient of A2 ~1 in the
development of the product .

et
II(a + h)e —
@t ne Si(@+ k)

dz,

according to powers of k. If we have
I(a + &)
Sfil@+h)
the coefficients 4, 4,,-+-, A, _; are arbitrary, since the function II (2) is any

function analytic in the neighborhood of the point a. The residue sought is
therefore equal to

zp -1 zp—3
er| A +4 +--4 4 _].
[ ‘=11 “(p—2)1 Pt

that is, to the product of the exponential e+ and an arbitrary polynomial of
degree p — 1. This agrees with the result already known.

=A,+ Ah+ oo+ A, _hr-14 ...,

III. REGULAR INTEGRALS. EQUATIONS WITH
PERIODIC COEFFICIENTS

Aside from the very elementary cases which we have just treated, it is, in
general, impossible to determine, simply from the form of a linear equation,
whether the general integral is algebraic or whether it can be expressed in terms
of the classic transcendentals. Mathematicians have therefore been led to study
the properties of these integrals directly from the equation itself, instead of
trying to express them (somewhat at random) as combinations of a finite num-
ber of known functions. We have already seen (Chap. 111, Part I) that the
nature of tHe singular points of an analytic function is an essential element
enabling us in certain cases to characterize these functions completely. We
know a priori (§ 87) the singular points of the integrals of a linear equation.
We shall now show how we can make a complete study of the integrals in the
neighborhood of a singular point in a special case, which is nevertheless rather
general and very important.
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47. Permutation of the integrals around a critical point. Let a be an isolated
singular point of some of the coefficients p,, p,, - « -, Pa of the linear equation

57) F@) -—+ ¢y W 4 pay=0

( v) = Pt d Pacig Py =0.

We shall suppose also that the coefficients are single-valued in the neighborhood
of a. Let C be a circle with the center a in the interior of which p,, py, -« -, Ps
have no other singular point than ¢ and are otherwise analytic. Let x, be a
point within C near a. All the integrals are analytic in the neighborhood of the
point x,,. Let y,, ¥,, -+, ¥» be n particular integrals of a fundamental system.
If the variable z describes in the positive sense a circle passing through the
point z, about a as center, we can follow the analytic extension of the integrals
U1s Ygy * * *» Ya along the whole of this path, and we return to the point r, with
n functions Y, Y,,---, Y, which are again integrals of the equation (567),
where Y, indicates the function into which y; passes after a circuit around
the point @ in the positive sense. We have, therefore, since Y;, Y,,-+:, Y,
are integrals of the equation (57), n relations of the form

Yi=a,y,+ ¢y + -+ + din¥n,y
(58) Y = a21y1 + agg?/z cro+ @anYn,

o e e . . L Y

Y, —”nlyl+an2y2+ ++ AnnYn,y

where the coefficients a,; are constants which of course depend upon the fun-
damental system chosen. It is easy to obtain the value of the determinant D
formed by these n? coefficients. For we have, by § 38,

z
- d
A(ylv Ygs* yn) = Ce J;"pl J'

If z describes the circle 4 with the center a in the positive sense, y; changes
into Y,; hence we have

pd.r
AY, Y, oo, Yu) =AYy gy o+ vy Un) € f !

But the quotient of the two Wronskians is equal to D (§ 38), so that D = e—2mR,
where R indicates the residue of p, with respect to the point a. This determi-
nant is therefore never zero.

Since the coefficients in the equations (58) depend upon the fundamental
system chosen, it is natural to seck a particular system of integrals such that
these expressions are as simple as possible. Let us seek first to determine a
particular integral u =\ ¥, + A\ ¥, + -+ - + M ¥n, such that a circuit around the
point a reproduces that integral multiplied by a constant factor. It is necessary
for this that we have U = su, where U is the value of u after the circuit, and
where s is a constant factor, that is,

M@y +apy,+ oo+ dia¥a) + -
+ M@V + Qo2 + oo+ GuaYn) —SMY1+ <o+ M¥n) =0

Such a relation cannot exist between the n integrals unless the coefficients
of ¥, ¥z +++, Un all vanish scparately. The n + 1 unknown coefficients
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Ap Agy + « -5 An, 8 must satisfy the n conditions

M(ay — 8) + Nay + oo 4 Mty =0,
(59) My, F A0~ ) + -+ Mattag =0,

e e e e . .o . .
Main + Naaga + oo+ M(Ana—3) = 0.

Since the quantities A, \,, <+, N\, cannot all be zero at the same time with-
out having u = 0, we see that s must be a root of the equation of the nth degree,

11— 8 [L23% oo (178
a g — 8 “es a
(60) Fe=| . o )
(57N dan o Upn — 8

which we shall call the characteristic equation ; according to a remark made a
moment ago, this equation cannot have the root 8 = 0, for the determinant 1)
of the n2 coefficients a,;; would be zero.

Conversely, let 8 be a root of this equation; the relations (59) determine
values for the coefficients \; not all zero, and the integral u =Xy, + - - + \¥n
is multiplied by s after the circuit around the point a. This being the case, let
us suppose first that the characteristic equation has n distinct roots s,, 8,, - - -, 8.
We shall have n particular integrals u,, u,, - - -, u, such that, after the circuit in
the direct sense around the point a, we have

(61) Uy=suy  Up=su, vy Un= sy,

where U; denotes the final value of u, after the circuit. These n integrals u,, u,,
ooy Uy Jorm a fundamental system. For, suppose that we have a relation of
the form

(62) Cytty + Cyttg + -+ + Cotty =0,

where the constant coefficients C,, C,, .- -, (', are not all zero. After one, two,
«++, (n — 1) circuits, we should have the relations of the same form,

Cisiuy  +Csuy,  + oot Cusyun =0,
C,fu;, +Cpsdu, +.oo4 Coslu, =0,

e & e s s 8 s s e s s s s 8 s s s e s

1)

Cisi~luy + Cpsiluy + - o 4 Ca8y " U, = 0.

(83)

The linear relations (62) and (63) can be satisfied only if we have at the same
time Cyu, =0,-.+, Chu, =0, since the corresponding determinant is different
from zero.

It is easy to form an analytic function which is multiplied by a constant
factor 8 different from zero after a circuit around the point a. In fact, the func-
tion (£ — a)" or e"Log(—a) ig multiplied by e27ir after such a circuit, and if we
determine r by the condition r = Log (8)/2 wi, this function (z — «)" is indeed
multiplied by 8 after a circuit around a. Every other function w having the
same property is of the form (£ — a)” ¢ (x — a), where the function ¢ (£ — a) is
single-valued in the neighborhood of the point a, since the product u (e — a)—"
comes back to its initial value after a circuit around the point a. The integral
uy, is therefore of the form

we = (& — a)rr(z — a),
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where 7. = Log(sx)/2 i and where the functions ¢ are single-valued in the
neighborhood of the point a. In a circle C with the radius R about the point a
as center and in which the coefficients p,, - -+, pa are analytic except at the
point a, the integral u; cannot have any other singular point than a. The same
thing is therefore true of the function ¢ (z — a), and the point a is an ordinary
point or an isolated singular point for that function. We can dismiss the possi-
bility that a is a pole. In fact, if the point @ were a pole of order m, since the
exponent 7y is determined except for an integer, we can write

wp = (2 — Q)= [ — aymga(z — )],

and the product (z — a)™¢z(z — a) is analytic for £ = a. If the point a is not
an essentially singular point for ¢x(x — @), we say that the integral is regular for
z=a. We can then suppose that the function ¢x(z — a) has a finite value,
different from zero, for z = a.

48, Examination of the general case. It remains to examine the case where the
characteristic equation has multiple roots., We shall show that we can always
find n integrals forming a fundamental system and breaking up into a certain
number of groups such that if y,, y,, -+ -, ¥p denote the p integrals of the same
group, we have, after a circuit in the positive sense around the point a, '

(64) Yl=3y1! Y2=s(y1+y2), ct Y, =8@Wp-1+¥p).

The different values of s are the roots of the characteristic equation, and to the
same root may correspond several different groups. If the n roots are distinct,
which is the case we have just examined, each group is composed of a single
integral,

The problem reduces in reality to showing that we can reduce the linear sub-
stitutions defined by the equations (568) to a canonical form such as we have
just indicated by replacing ¥, ¥y, - - +, ¥ by suitably chosen linear combinations
of these variables. Assuming that the theorem has been proved for the case of
n — 1 variables, we shall show that it is also true for n variables.

From what has been shown in the preceding paragraph, we can always find
a particular integral u such that we have U = uu. Replacing one of the inte-
grals, y, lor example, by this integral u, the expressions (68) take the form

U = pu,
(65) Y, =byu+byuy,+ «oo+ ban¥n,

e e s e e s s s e ey

Y, =bau+ bnzyg"l' «oo % Dan¥n.

If in the last n — 1 expressions we neglect the terms b, u, - -+, byu, these equa-
tions define a linear substitution carried out on the n — 1 variables y,, ¥g, + + *, Un.
The determinant I’ of this substitution in n — 1 variables is not zero, for the
determinant D of the linear substitution in n variables is equal to u’ and can-
not be zero. Since the theorem is assumed to hold for n — 1 variables, we may
suppose this auxiliary substitution reduced to the canonical form. This amounts
to replacing y,, ¥3, +++, ¥n by n — 1 linearly independent combinations z,, z,,
«++, Zn—~1 such that the equations which define the linear substitution

Yl=b|'21/g+"'+binyn (i=2931"'9n)
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are replaced by a certain number of groups of equations such as
Z, =32, Z, =3(2 + 2,), ceey Z, =3(zp—1+ 2p).

If we carry out the same transformations on the equations (85), it will be
necessary to add to the right-hand side of the preceding relations terms con-
taining u as a factor. In other words, we can find n — 1 integrals that form withu
a fundamental system, and that separate into a certain number of groups such
that we have for tho integrals z,, z,, - - -, z, of a single group

66) Z,=sz, + Kyu, Z,=8(z,+2)+Ku, -+, Zpy=8(2p-1+2)+Kyu,

where K, K,,--., K, are constants. We shall first try to make as many as
possible of these coefficients disappear. For this purpose let us put

U =2, + Ny, Uy = 2y + AU, LR Up = 2p + NpU,

where A, \,, - <+, \p are p constant coeflicients. An easy calculation shows that
we have for these new integrals

87 U1=8u1+[Kl+(;l.—-8)Xl]u,
S U, = 8(t—1 + ) + [K, + (& — $)N\ — s\ 1] 0. (i>1)

If 4 — 8 is not zero, we can choose A\, \,, « -+, A, in such a way that the coeffi-
cients of u on the right are zero, and we have for the new integrals u,

U, = suy, Uy=8(uy+u)y, ooy Up=3(up-1+1up).

The substitution to which this group of integrals is subjected after a circuit
around a is of the canonical form. If u=s, since s cannot be zero, we can
choose Aj, A,y -+ -y Ap—1 in such a way as to make the coefficients of u in the
expressions for U, Uy, -+, Up disappear. But we may have several groups of
variables z, subjected to a transformation of the canonical form for which the
value of s is equal to . Suppose, for definiteness, that there are two such
groups, containing respectively p and g variables. After the preceding change
of variables the substitutions which these two groups undergo are of the form

(I) U; =su, + Kju, Uy=s(us+u), --- Up=38(up + up_1),
) Ui=suj+ Kju, Up=s(u+w), - Ug=s(g+uy._,).

1f K; = K, =0, we have three groups of integrals, u, (u;, g, -+, up)y (U], ug,
-+, u,), subjected to a substitution of the canonical form. If we suppose that
p= q, and if K, is not zero, by putting v, = u; — Kju,/K; the second group
of integrals is replaced by a group of ¢ integrals », which undergo a substitution
of the canonical form. Next, putting u, = K, u/s, the (p + 1) integrals u,, u,,
«++, U, form a single group which undergoes a transformation of the canonical
form. If K, = 0, while K7 is not zero, putting u; = K;u/s, we have two groups
of integrass, (uy, uy, - - -, Up), (U5, Uy, « - +, U,), Which undergo a substitution of the
canonical form. Theg theorem stated is therefore true in general.*

*For a full treatment of the application of Weierstrass’s theory of elementary
divisors to linear differential equations the paper by L. Sauvage (4nnales de I Ecols
Normale supérieure, 1891, p. 285) may be consulted.
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49, Formal expressions for the integrals. It remains for us to find a formal
expression which will show clearly the law of permutation of the integrals of
the same group after a circuit around the point a. Let Y1) Y30+ *, Yp be a group
of integrals which undergo the permutations (64). Let us put yz = (z — a)r 2,
where r is equal to Logs/2wi. The p functions Zyy 29y, 2p Must be such
that we have

L=ty Zy=ztz, - =%+
Hence the function 2z, must be a single-valued function ¢,(x — @) in the neigh-
borhood of the point a. As to the function z,, we derive from the preceding

equalities Z,/Z, = z,/z, + 1; hence the difference 2,/2, — Log(xz — a)/27i is a
single-valued function y,(x — a), and we have also

1
2, =2_,;5L°g(“" a)p,(r — a) + ¢, (z — a),

where ¢, (z — @) is another single-valued function. Letusputt = Log(z— a)/2 mi
and consider the general case. When & describes a loop in the positive sense
around the point a, ¢ increases by unity, and z,, 2, -- -, zp, considered as func-
tions of £, must satisfy the relations

(68) 2 (t+ 1) = 2,(t), 2y(t + 1) = 2, () + 2(2), sty
zp(t + 1) = 25(t) + zp-1(})-

In order to find the most general solution of the equations (68), we may
remark that these relations can be satistied Ly taking z, =1, z, = ¢, and by
choosing for z,(t) a polynomial of degree ¢ — 1 in ¢ whose coeflicients are deter-
mined step by step. The calculation is facilitated by observing that the relation

z(t+ 1) —2,(t) = z1-1(t) (i=3)
is satisfied for t =0, 1, 2, ..., i— 3 if we take for z,(t) a polynomial of the
form K ¢(¢ —1)-.-(t — i + 2). In order that it may be satisfied identically, it
will suffice if it is satisfied by another value of ¢, for example, by t = i — 2, since
the two sides are polynomials of degree i — 2 in £. We thus find the condition
((—1)K,=K,_1, whence we derive K; =1/(i —1)!. We therefore obtain a
particular solution of the equations (68) by putting
tE—=1)---(t—i+2)

E—1)!

In order to obtain the general solution, let us indicate by ¢x(f) functions such
that ¢x(t + 1) = ¢r(f). The first of the cquations (68) shows that z,(?) is a func-
tion of this kind, say ¢,(t). The second shows, similarly, that the difference
2,(t) — 6,(t) z,(t) does not change when we change ¢ to ¢ + 1; hence z,(t) is of
the form z,(f) = ¢,(t) + 6,¢,(t). We can continue the reasoning step by step.
Suppose that we have shown that z; _1(t) is of the form

Z-10) = dp—10) + O, k—2(t) + -+ + Or-16,(0).  (=8,4,..+,9)
The general relation z,(t + 1) — 2¢(¢) = 2;—1(t) shows that the difference
2e(t) — Oai—1(t) — Ospi—2(t) — « - - — Gigps(t)
does not change when ¢ changes to ¢ + 1 ; hence the function z;(t) is of the form

zi(t) = ¢i(t) + O3 —1(1) + -+ + Gy (t).

01=li 6.(t) = (i=2,3,.--,p)
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Combining these results, the general solution of the equations (68) is given by
the relations
2,(t) = ¢,(t),
2(t) = 0,0, (1) + ¢4(0),
(69) 23(t) = G5 01() + O5945(t) + D5(),
2p(t) = Op1(t) + 6p—105() + « - + O30 1(8) + $5(1),
where the functions ¢,, ¢,, « -+, ¢ do not change when ¢ is changed to ¢ + 1.
Let us return now to the variable z, and let us indicate by ©,[Log (z — a)]
the polynomial in Log (z — a) obtained by replacing ¢ by Log(x — a)/2 i in
6.(t). We see that the p integrals y,, ¥,, - -+, ¥, Of the group under considera-
tion, which undergo the substitution (64) after a circuit in the positive sense
around the point a, are represented by formal expressions of the following type:

1/1 (z - ll)"@l(z - (l),
0¥ = (x — a) [8,{Log (z — a)}'i’x(z = a) + &,(z— a)],
Up = (@—a) [0y {Log(e—0) | &, (@ a) + 8 —1(Log(e— @) | &,z —a) + - ],

where ¢,(z — a), ®,(z — a), -+, ®,(x — a) are single-valued functions in the
neighborhood of the point a.

It will be observed that all the integrals of this group can be deduced from
‘the last of them, y,, which is of the form

Yp= (&~ )" [yo(z — @) + yy(@ — a) Log(z — @) + - -~
+ ¥p-1(@ — @) {Log(z — a)}r=1],
where ¥, ¥4, -+ +, ¥p —1 are single-valued functions in the neighborhood of the
point a, the last of which, ¥, _1, is different from zero. From the relations (64)
we have

Y,
Yp-1= ?"1 - Yp»

and consequently y,_1 is the product of (x— a)” and a polynomial of degree
p — 2 in Log (z — @), the coefticients of which are single-valued functions in
the neighborhood of the point @. In the same way we derive y,,_ g from y,,_1,
and so on.

If the point a is not an essentially singular point for any of the functions
&, ®,,---, B, all the integrals of the group considered (70) are said to be
regular for z = a. By the remark made on page 131, we can then suppose that
all the functions ®;(z — a) are analytic for ¢ = a, replacing r, if necessary, by
another exponent which differs from it only by an integer.

50. Fuchs’ theorem. The determination of the numbers s,, s,, « « +, 3,, or, what
amounts to the same thing, the corresponding exponents r;, 75, «++, 7, i8 in
general a vefy difficult problem. We can obtain these exponents r; by algebraic
calculations whenever all the integrals of the equation considered are regular
in the neighborhood of the point @. This results from an important theorem due
to Fuchs : In order that the equation (57) shall have n independent integrals, regular
in the neighborhood of the point a, it i8 necessary and syfficient that the cogfficient
p; of dn—sy/dxr—% in this equation be of the form (x — a)—¢Pi(z), where the func-
tion Py(z) is analytic in the neighborhood of the point a.
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If P(a) is not zero, the point a is a pole of order i for p, ; but if P,(a) =0,
the point a is a pole of order less than i. It may even happen that the point @
is an ordinary point for some of the coefticients p,. The preceding conditions
may be restated as follows: The linear equation must be of the form

dn dn—1
€ —orE+ @— a1 Py Y

+@=-aPa@ X+ Py =0,

+ .-
(™)

where Py, Py, .-, P, are analytic functions in the neighborhood of the point a.

We shall develop the proof only for the case of an equation of the second
order, and we shall suppose, for simplicity, that @ = 0. In this particular case
the first part of Fuchs' theorem may be stated as follows: Every equation of
the second order, which has two independent and regular integrals in the neighbor-
hood of the origin, is of the form

(72) a2y’ + 2P )y + Q@)Y =0,
where P (z) and Q(c) are analytic in this neighborhood.

If the corresponding equation in s (60) has two distinct roots s, s,, the equa-
tion (72) has two regular integrals of the form

(I Y = «"19,(2), Yy = T2y (),

where the exponents r;, r, are different and where ¢, (z), ¢,(z) are two analytic
functions which are not zero for x = 0. If the equation in s has a double root,
withont causing the appearance of logarithmic terms in the expression for the
general integral, we have again two particular integrals of the preceding form,
where the difference r, — r; is an integer. We can always suppose that that
difference is not zero; for if we had r, =, we could replace y, by the com-
bination ¢,(0) y, — #,(0) ¥, , Which is divisible by z"1 + 1. Finally, if the expression
for the integral contains a logarithmic term in the neighborhood of the origin,
we can take a fundamental system of the form

(I1) Yy =21y(x), Y, =2"1[oy(&) Log () + ¥, ()]

where ¢, (r) is an analytic function which is not zero for z = 0, and where y,(z)
is a single-valued function in the neighborhood of the origin, which may have
the point z = 0 for a pole. We have to show that every equation which has two
independent integrals of the form (I) or of the form (II) in the neighborhood
of the origin belongs to the Fuchs type. The direct verification does not offer
any difficulty, but we can abridge the work as follows : If we put y = z"1¢1(z) u,
the linear equation in u obtained by this transformation has a general integral
of one of the forms

u= C, + C,2*r(z), u=C, + C,[Log(z) + w(2)],
where 7 (r) is analytic for'z = 0 or has this point for a pole. This equation is
of the form (72), for the derivative u’ is of the form
u = Cyz*$(2),
where {(z) is an analytic function which is not zero for £ =0. The linear
equation in u is therefore v P@)

z" §(@)

v
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which is of the Fuchs type. Now it is easy to see that this type is preserved
after a transformation such as y = zn¢,()u. The first part of the proposition
is therefore established.

In order to prove the converse, let us substitute for y on the left-hand side
of the equation (72) a development of the form

(73) Y=cCpx"cartlg coippartng .. (co #0)

and let
P@=ay+az+---, QL) =1by+ bz + ---

be the developments of the functions P and . The coefticient of z" in the
resulting equation is
[r(r—=1) + ayr + by]c,.

Since, by hypothesis, the first coefficient ¢, is not zero, we must take for r one
of the roots of the equation of the second degree

(74) Dry=r(r—1)+ ayr + b, = 0.
Having taken a root of this equation for r, we can choose ¢, arbitrarily, Let

us take, for example, ¢, =1. Similarly, the coefticient of £ +» after the sub-
stitution is

Gl +2)(r+P—1)+ a(r + ) + 4] + F=c,D(r+ p) + F,

where F is a polynomial with integral coefficients in ¢y, ¢}y +++, Cp—1, ay, dg, -+,
ap, by, by, - -+, by. Putting successively p =1, 2, 8, ..., we shall be able to cal-
culate, step by step, the successive coefficients c¢,, ¢,, ++ +, ¢,, unless D(r + p) is
zero for a positive value of the integer p, that is, unless the equation (74) has a
second root 7 equal to the first r increased by a positive integer. Discarding
this case for the moment, we shall obtain a particular integral represented by a
series of the form (73), the convergence of which will be demonstrated later.
If the equation D(r) = 0 has two distinet roots r, v/, whose difference is not an
integer, the preceding method enables us to obtain two independent integrals,
and the general integral is represented in the neighborhood of the origin by the
expression

(75) v =029 (2) + Coxry (x),
where ¢(z) and y (z) are two analytic functions which do not vanish for z = 0.

This is no longer the case if the two roots of the equation (74) are equal or
if their difference is an integer. Let r and r — p be these two roots, where p is
a positive integer or zero. We can always obtain a first integral of the form
¥ =2"¢(z). A second integral y, is given by the general formula (28), which
becomes here

Y
- 2t+a +u,:r+-~-)d1'
=z f (x 1
Yo =T (T )f$,,[¢(1)]2

The sum of the roots of the equation (74), or 1— a,, is equal in this case to
27 —p; hence ay =p + 1— 27, and accordingly

G raraz i _ Zir=(P+hS(z),

where S(z) is a regular function in the neighborhood of the origin, which is not
zero for ¢ = 0. The second integral y, can therefore be written in the form
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n=re@ [TOF,

where T'(z) is an analytic function which is not zero for z = 0.

If A is the coefficient of z» in T'(z), we see that the integral y, is of the form

Yo =279 (2) [A Logz + %—(;l] =a"—?y (z) + Az" ¢ (z) Logz,

where y (r) denotes a new analytic function in the neighborhood of the origin.
This result agrees precisely with the general theory. As a particular case, it
may happen that we have A = 0; the general integral does not then contain
logarithms in the neighborhood of the origin. But since TI'(0) is not zero, it is
to be noticed that this case never arises when p = 0, that is, when the equation
(74) has a double root.*

To complete the demonstration, it remains only to prove the convergence of
the series (78) obtained by taking for r a root of the equation (74) such that the
second root r’ is not equal to r increased by a positive integer. To simplify the
proof, we may suppose that » = 0 and that the second root ¢ is not equal to a
positive integer; for if we put y = z*z, the equation analogous to .D(r) = 0 for
the linear equation in z has the roots of the equation (74) reduced by x. We shalk
suppose, therefore, that such a transformation has already been made, so that the
equation (74) has the root » = 0 and that the second root is not a positive inte-
ger. For this it is necessary that b, be zero. Modifying the notation somewhat,
and dividing all the terms by z, we shall write the equation (72) in the form

(76) oy’ +ay =zy(a + az+ o)+ YO+ b+ o),

where the coefficients a;, b,, a,, - - - are not the same as before. We are to prove
that this equation (76) has an analytic integral in the neighborhood of the origin,
which does not vanish for ¢ = 0, provided that 1 — @, is not a positive integer.
Now, if we try to satisfy this equation formally by a series of the form

(W)} y=1l4c¢ e+ ---tcp"+ ..o,
we obtain successively relations between the coefficients of the form

(78) {nc,.{n ~14 ag} =Palay, @y, vy byybyyeovy bay € Cgy 00 vy a1y
(n:l, 2,n.)

where P, is a polynomial whose coefficients are all real positive numbers. By
hypothesis, the coefficient n — 1 + a, does not vanish for any positive integral

*Let us slippose that the functions P () and Q(z) in the equation (72) are even
functions of z, and that the difference between the roots of D (r) =0 is an odd integer
2n+1. In this case the logarithmic term always disappears in the integral y;3. In
fact, if we take for the independent variable =22, the equation (72) is replaced by
an equation of the same form,

12) 4:2‘—:?’{+2¢[1+P(\/2)]‘;—i’+O(W)y-o.

and the roots of the equation analogous to D (r) =0 are, as is easily verified, half of
the roots of I (r)=0. Since their difference is not an integer, it follows that the
general integral of the equation (72") does not contain any logarithmic term in the
neighborhood of the origin. The same thing is therefore true of the equation (72).
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value of n. We can therefore determine a positive number x such that we have,
for every positive integral value of n, |n — 14 ¢4| > u(n + 1), since the quotient
(n — 14 az)/(n + 1) approaches unity as n becomes infinite. Let us replace, on
the other hand, the coeflicients of £y’ and y on the right-hand side of the equa~
tion (76) by dominant functions, and let us consider the auxiliary equation

(19)  w@Y”+2Y)=2Y (A1 + 4,24 =)+ Y (B, + Bz + --).

If we attempt to satisfy this new equation by « series of the form

(80) Y=14+Cc4.--+Cpxn 4 ..,
we are led to the relations analogous to the relations (78),
(81) nuCu(n+ 1) = Py(Ay, Ayyo oy By By, - oo, Cpy e ooy Cpy).

If we compare the expressions which give the values of the coeflicients ¢, and Cy,
Py gy - ey byy byy ey €y ey Cum) Cp = Pu(dy, Agy ooy Cuzy)
nn—1+ay) np(n + 1)
the conditions 4, = |q,|, B.=|b,|,|n — 1+ «¢,| = u(n + 1) show successively that
l"1I<Cp l"2|<("27 Tty l"n]<Cn;
hence it will suffice to show the convergence of the auxiliary series or to show
that the equation (79) has an analytic integral, in the neighborhood of the origin,

not vanishing for @ = 0. 1f we take for the dominant functions an expression
of the form M/(1 — «/r), the auxiliary equation (79) can be written

Y’ +2Y M 1
Y +Y T u 1%

r
whence we derive, by a first integration,
Mr
LY — AN
Y +Y=0C(1—
T

and then
~Mr
x T "
Y=cC 1— e+ C.
av=0f(1-7) *a+

We have only to take ¢’ = 0, C =1 in order to have an analytic integral, in the
neighborhood of the origin, not vanishing for z = 0.

Ertension to the yeneral case. The proof of Fuchs’ theorem for the general
case can be based on the same principles by showing that if it is true for an
equation of order (n — 1), it is also true for an equation of order n.

1f the equation (57) has n particular integrals separating into a certain num-
ber of groups of the form (70), it has at least one particular integral of the form
(x — a)" ¢ (£ — a), where ¢ (r — a) is an analytic function in the neighborhood
of the point a, which does not vanish for £ = a. The substitution

. y=(x—aye(—a)u
will lead to a linear equation in u which has the particular integral u=1;
hence the derivative u’ satisfies a linear homogeneous equation of order n —1,
The theorem being supposed true for a linear equation of order m — 1, this

equation in u’ is of the Fuchs form; the same thing is evidently true of the
equation in v and therefore of the equation in y.
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Conversely, let us consider an equation of the form (71), in which a = 0.
This equation is formally satistied by a series of the form

y:(‘o.ﬂ"+cllr"l+"'y (CO¢O)
where r denoteg a root of the fundamental characteristic equation

©2) {D(r):r(r—l)---(r—n+1)
+P,O)r@r—=1)---(r—n+2)+---+D(0)=0

such that no other root of this same equation is equal to r increased by a posi-
tive integer. In order to establish the convergence of this series, it is easy to
show, by an artifice analogous to the one employed for n = 2, that it suffices to
prove that a linear equation of the form

M dn-1 .

[ — (_tn -1y} )

1_.5(1_57!—1
r

dr
(l:” (w"_l Y) =

has an analytic integral in the neighborhood of the origin not vanishing for
« = 0. Now this equation has the particular integral (§§ 18 and 39)

1 T ) A
Y= il (z—t)n—Z(l—r.> @,

which actually satisfies the preceding condition. If the equation (82) has n
distinet roots, r;, 7y, - + -, 7a, Such that none of the differences r, — ry is equal to
an integer, the general integral of the iinear equation is of the forn:

y=C2n¢, (x) + Cox2¢y () + - -+ + Cranu (1),
where ¢, ¢,, -+, ¢, are analytic in the neighborhood of the origin. If the
equation (82) has equal roots or, more generally, roots such that some of the
differcnces r, — rx are integers, these roots separate into a certain number of
groups, the difference between two roots of the same group being an integer,
while the difference between two roots of different groups is never an integer.
Let r be the jargest root of one of these groups. We have just seen that tho
equation (71) has a particular integral of the form rr¢(r), where ¢ (x) is an
analytic function_in the neighborhood of the origin and such that ¢ (0) is not
zero. By putting y = a7 ¢ (z) u, then du/de = v, we are led to a linear differ-
ential equation of order n —1 in v, which is again of the Fuchs form. The
theorem being supposed true for an cquation of order n — 1, that equation in v
has n — 1 particular independent integrals of the form

v =22 [ (%) + ¥, @) Logz + - - - + ¥, (1) (Logx)7],
where ¥, ¥, - -+, ¥, are analytic functions for £ = 0. If « is not an integer,
we easily see, by a succession of integrations by parts, that Jvde is an expres-
sion of the same kind as v. If @ is an integer, fvde contains also a logarithmic
term

C (Logz)1t1,

where C is a constant coefficient. Fuchs’ theorem is therefore true for an
equation of the nth order.*

* For greater detail see the“paper by Fuchs in Crelle’s Journal or the thesis of
Jules Tannery (Annales de I' Ecole Normale, 2d series, Vol. 1V, 1875).
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51, Gauss’s equation. Let us apply the general method to the equation

(83) z(l—2)y"+[vy—(x+B+1)2]y — afy =0,
where a, 8, v are constants. The singular points in the finite plane are z = 0
and ¢ = 1. The characteristic equation for the pointz =0isr(r + y—1) =0,
and its roots are r =0, r =1—+. If ¥ is not zero nor equal to a negative
integer, it follows from the preceding theory that the equation has an analytic
integral in the neighborhood of the origin corresponding to the root r = 0. In
order to determine this integral, let us substitute in the equation the series

y=¢cog+cz+ o Fcpx®+ ---
and equate to zero the coefficient of z*—1. This gives a recurrent relation
between any two consecutive coefficients
ny+n—ca=(@a+n—1)B+n—1)c,-1;
heice the analytic integral is the series
.8 a(e+1)gE+1)
F(a, B, v, =1+‘—vz+——~——
(@ B, 7, ) 1.y 1.2.9y(v+1)
which is called the hypergeometric series. This series is convergent in the circle I'y
with unit radius about the origin as center. In order to obtain a second integral,

let us make the transformation y = z1—vz, This leads to an equation of the

same form,
(84) {z(l—z)z”+[2—-y—(a+ﬁ+3—27)3:]:’

224 ..,

—(@+1-7)B+1-7)2=0,
which differs from the first only in the substitutionof a4+ 1 —v,8+ 1 —v,2—«
for a, B, v respectively. If 2 — v is not zero nor equal to a negative integer,
the equation (83) has therefore the second integral z!1-YF(a+ 1—+v,8+1—49,
2 — v, ) ; and if v is not an integer, the general integral is represented in the
circle T'y by the expression

(85) 1/=CxF(aqpu v, Z) + ngl-yF(a'*'l—'fq B+1—v2—7,2).
If v is an integer, the difference between two roots of the characteristic
equation is zero or equal to an integer, and the integral contains in general

a logarithmic term in the neighborhood of the origin. We shall study only the
case where ¥y =1. The two integrals

F(a, B, v, 2), gl-YFa+1—-v,8+1—7,2—17,2)
reduce in this case to the single integral F(a, 8, 1, 7).

In order to find a second integral, let us first suppose that y differs but little
from unity, say ¥ =1 — &, where % is very small ; then the equation (83) has the
two integrals

F(a, By 1= b, 2), F(a+ h B+ h, 14k 2),
and consequently the quotient '
22 F(a+ h, B+ h, 1+ h,2)— F(a, B, 1— k, 2)

R h
is also an integral. As h approaches zero, this quotient approaches as a limit the
derivative of the numerator with respect to & at the point A = 0. The deriva-
tive of the factor z* gives us a logarithmic term which, for 4 = 0, reduces to
F(a, B, 1, z) Logz. To find the derivative with respect to i of any coefficient
in the two series, such as the coefficient
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(@+h(@+hr+)..-(@+h+n—DNB+HBE+r+1])..-(B+h+n—1)
nl (L+h)@+h)...(n+ h) '

it is convenient to calculate first the logarithmic derivative. We find thus a
new integral which has the form

¥1(®) = F(a, B, 1, z) Logz

(86) +EA"“(“+1)--~(a+n—(1)|l)92(ﬁ+l)---(ﬁ+n—l)z,.,
n!
where we put
1 1 1 1 1
Ay == S —
a+a+l+ +a+n—l+ﬁ+ +ﬁ+n—l

YIS )

2 n,

We might study in the same way the integrals of Gauss’s equation in the
neighborhood of the point z =1, but it suffices simply to notice that if we
replace z by 1— z, the equation does not change in form, but v is replaced by
a+ B+ 1—1~. The general integral is therefore represented in the circle I',
with unit radius about the point ¢ =1 as center by the expression

y:C’xF(a,ﬂ,a+ﬁ+l-—7,1—-z)
+C,(1—2)y-*-BF(y—a,y—Bv+1—a—g1-2),

provided that y — a — B8 is not an integer.

In order to study the integrals for values of z of very large absolute value,
we put « =1/¢, and we are then led to study the integrals of a new linear
equation in the neighborhood of the origin. The integrals of this equation
are likewise regular in the neighborhood of the origin, and the roots of the
characteristic equation are precisely « and g. If we substitute simultaneously
z =1/t, y = tez, the equation obtained is again of the form (83), but g is
replaced by a +1— 1, and ¥ by a +1— 8. Gauss’s equation has therefore
the integral

z-“F(“s a+1l—y, a+1—ﬁ,%)-
By symmetry it has also the integral obtained from this one by interchanging

« and B, and therefore the general integral is represented in the region exterior
to the circle I'y by the expression

1 1
y=01:t"F(a, a+l—y, a+ 1-—B.;)+ C’,.z-PF(B+ 1—-9,88+ l—a,;)'
provided that @ — g8 is not an integer.
Note. Every linear equation of the form

(87) @—a)z-by" +(z+m)y +ny=0,

where a, b, I, m, n are any constants (a # b), reduces to Gauss's equation by the
change of variable z = a + (b — a)t. For, to identify the resulting equation

d?y la 4+ m )d]/ _
(88) t(l-t)w—(b_a+lt =0

with the equation (83), we need only put y =— (la + m)/(b — a), and then
determine « and g by the two conditions @« + g+ 1=1[, af=n.
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53. Bessel’s equation. Let us consider in particular the equation
(89) z(1—kr)y” + (c—bx)y’ —ay =0,

which has the two singular points z = 0, x = 1/k, and which can be reduced to
Gauss’s equation by the change of variable kxz = ¢. If we make the parameter k
approach zero while a, b, ¢ approach finite limits A4, B, C, the singular poiut
x = 1/k goes off to infinity, and we obtain at the limit the linear equation

(90) ©zy” 4+ (C— Br)y'— Ay =0,

whose only singular point at a finite distance is the point £ = 0. If B is not
zero, replacing Br by £ we are led to an equation of the same form, where
B =1. Likewise, if B =0 and 4 is different from zero, we can suppose 4 =1.
Finally, disregarding the trivial case A = I3 =0, the equation (90) can be
replaced by one of the two forms

(91) '+ (=) — ay =0,
(92) Yy’ +vy —y=0.

Studying the integrals of these two equations in the neighborhood of the
origin, as we have done for Gauss's equation, we are led to introduce the two

series
+1)
Ga,v,£)=1+- -r_ a(a+: I
@9 AT L2y +T)
1
J(y, =1+ g E S—; - TP
%) 246+ T

which may be considered as degenerate cases of the hypergeometric series. If
we replace in F(a, B, v, ) the variable by kx and g by 1/k, the coefficient
of «» in F(a, 1/k, v, kx) approaches the coefficient of 1 in G («, v, z) as &
approaches zero. Similarly, the coefficient of x» in ¥ (1/k, 1/k, v, k%) approaches
the coefficient of z» in .J (v, r) as k approaches zero.

If v is not an integer, the general integral of the equation (91) is given by
the expression

(93) y=0,G(a,v,2)+ C,xl - 7G(a+1—7,2—7,2).
Likewise, the general integral of the equation (92) is
(04) v =0 J(y, £) + Cyet =7 (2 — 7, 2).

These formule are valid in the whole plane.

If v is an integer, the general integral of the equation (92) always contains a
logarithmic term. For example, if y =1, we obtain an integral different from
J (1, z) by finding the limit for A = 0 of the quotient

zrJ (14 by 2)—J(1— h, 2)
h ’

14
which gives for the general integral

i 1 1\ z»
V=070, 9+ G0, 9Togz—2 3, (14 14 -+ ) 2],

We can reduce to the form (92) a certain linear equation which appears
in a large number of questions of mathematical physics. Let us put in the
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equation (92) z =— t2/4; replacing y by n + 1, the equation obtained is iden-
tical with the equation already studied (§ 48),

(l
(95) n;’ +@n+ 1) + ty =0.
If, in this last equation, we put y = {—»2, we obtain a new form of Bessel’s
equation,
d z
(96) ﬂ+t— +(2—n%z=0
(lt
The three equations (92), (95), (96), where vy = n + 1, are therefore absolutely
equivalent to one another. If n is not an integer, the preceding development
shows that the general integral of Bessel’s equation (90) is

12 2
z = (,'ltn,[(n +1, — z) + (}2t—",l <] -n, — Z).

We have shown above (§ 46) that if n is half an odd integer, the general integral
of the equation (95) can be expressed in terms of elementary transcendental
functions. Hence the transcendental function J (v, x) is expressible in terms of
exponential functions if v is half of an odd integer.

Note. The equation studied by Riccati,
(o) A | fy2 — Bam =0,
dr

where 4, B, m are given constants, can also be reduced to any one of the
eqmva.lent. equations (92), (95), (96). Indeed, we have seen (§ 40) that the gen-
eral integral of the equation (97) is 2’/4z, where z is the genceral integral of

the linear equation
d?z
08 — — ABgmz =0.
(98) e
1f we make the change of variable » = At#, where X and p are two undetermined

quantities, the last equation becomes

d2z dz
99 = — (u—1) = — ADBNn+2,2Hm+Hp =17 =0,
(99) Froil b %
In order to identify this equation with the equation (95), we need only take
= 2/(m + 2), and determine X\ by the condition ABNm+2,2 = — 1, The cor-

responding value of n is — u/2 or —1/(m + 2). We can therefore express the
general integral of Riceati’s equation (97) in finite terms whenever 1/(m + 2)
is half of a positive or negative odd integer 2i + 1, that is, whenever m is equal
to — 4i/(1 + 21i), where i denotes a positive or negative integer.

63. Picard’s equations. Given a linear differential equation with coefficients
analytic except for poles, we can determine by Fuchs' method whether the
general integral is itself an analytic funetion except for poles. For this it is
necessary and sufficient: (1) that the integrals shall be regular in the neigh-
borhood of each of the singular points; (2) that all the roots of the charac.
teristic equation, relative to each of these singular points, shall be integers;
finally, (3) that all the logarithmic terms shall disappear from the expression
for the general integral in the neighborhood of a singular point.
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Suppose that all these conditions are satisfied. The general integral is then
a single-valued analytic function except for poles in the whole plane. If the
coefficients of the equation are rational functions, there are only a finite num-
ber of singular points a,, a,, - -, ;. In order for the general integral to be a
rational function, it is sufficient that the equation obtained by putting z =1/¢
shall itself have all its integrals regular in the neighborhood of the point ¢ = 0,
since the general integral is single-valued and therefore cannot contain log-
arithmic terms nor fractional powers of ¢. If this last condition is satisfied, we
can obtain the general integral by equating coefficients according to the method
of undetermined coefficients. In fact, let — m; be the smallest root of the char-
acteristic equation relative to the point z = @;, and N the smallest root of the
characteristic equation relative to the point ¢ = 0 for the transformed equation.
It is clear that the product of any integral y and the expression

@ = a)m@— o)™ - (2 ~ aa)m

is a rational function having no poles in the finite portion of the plane. This
product is therefore a polynomial P (x), whose degree is at most equal to

my+my+ o4 my—N.

Since we know an upper bound for the degree of this polynomial, the coefficients
can be determined by replacing y by an expression of the form P(z) II (£ — a;)— ™,
where P(z) is the most general polynomial of this degree, in the left-hand side
of the given equation, and then equating the result identically to zero.

Picard has given another very important case where the general integral can
be expressed in terms of the classic transcendental functions. Given a linear
homogeneous differential equation, whose coefficients are elliptic functions of the
independent variable with identical periods, if its general integral is an analytic
JSunction except for poles, that integral can be expressed in terms of the standard
transcendental functions of the theory of elliptic functions.

For simplicity in writing, let us develop the proof for an equation of the
second order only. Let f,(z), f,(x) be two independent integrals of a linear
homogeneous equation ¥” + p (z) ¥’ + ¢ (z) ¥ = 0, where p (z) and g (z) are elliptic
functions with the periods 2 w and 2 w’. By hypothesis, f1(x) and f,(z) are single-
valued functions analytic except for poles. Since the given equation does not
change when we replace z by z + 2w, f;(z + 2w) and f(z + 2 w) are also inte-
grals, and we have the relations

(100) fl(z + 2"’) = Qfl(z) +bfg(z)v fg(z + 2 "’) = Cfl(l) + dfz(z)9

where a, b, ¢, d are constant coefficients whose determinant ad — be is not zero.
For if we had ad—bc=0, we could derive from (100) a relation between f;(z+2 w)
and f(z + 2 w) of the form C,f(x + 2 w) + Cpfy(x + 2w) =0, where C, and C,
are constants not both equal to zero. This is impossible, since f, and f, are two
independen't integrals. For the same reason, we have another system of relations

(101)  fiz +2u) =afy(2) + VSfy(2),  Si(@+ 20) =Yy (2) + dF3(2),

where o’, V', ¢/, d’ are constant coefficients, and a’d’ — b’¢’ is not zero. Let us try
to find, as in § 47, an integral ¢ (z) = N;(z) + ufy(x) such that ¢ (z + 2 w) = 8¢ (x).
‘We have for the determination of \, g, s the two equations

ANa~8)+ uc=0, AN+ud—3)=0;
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whence we derive the equation of the second degree for s,
F)=82—(a+d)s+ad—bc=0.

If this equation has two distinct roots s,, 8,, there exist two independent inte-
grals ¢,(x), ¢,(x) such that we have

(102) $1(2 + 2w) = 8,¢,(2), $9(2 + 2 w) = 3,¢,(2),
and the relations (101) can be replaced by the two relations of the same form

(103) " ¢, (@ + 20) =kpy (@) + lpo(),  $5(x + 20) = m;(2) + 9y (2).

By means of the relations (102) and (103), we can now obtain two different ex-
pressionsfor ¢, (z + 2w + 2 w’) and ¢,(z + 2 w + 2 w’). We have, on the one hand,

6@+ 20+ 20) = 8,¢,(Z + 20) = 8,k () + 3,p,(2).
On the other hand, proceeding in the inverse order, we may also write
o+ 2w+ 20) =koy (T + 2w) + gy (2 + 2w) = k3,0, () + 18,0,(2).

Since these two expressions must be identical, we have [ = 0, for s, — s, is not
zero. Similarly, by considering the two expressions for ¢,(z + 2w + 2w’), we
find m = 0. The integrals ¢,(z), ¢,(x) are therefore analytic functions except
for poles, which reproduce themselves multiplied by a constant factor when tho
variable & increases by a period ; these are called doubly periodic functions of the
second kind. Every function ¢ (x) analytic except for poles which possesses this
property can be expressed in terms of the transcendental functions p, ¢, o, since
the logarithmic derivative ¢’(z)/¢ (z) is an elliptic function, and we have seen
that the integration does not introduce any new transcendental (I, Part I, § 75).
Moreover, we can prove this without any integration. Let ¢ (z) be an analytic
function except for poles such that

pE+20)=wp(), @ +20)= W@

Consider the auxiliary function y (r) = ePo (x — a)/o (z), where a and p are
any two constants. From the properties of the function ¢ (see Vol. II, Part I,
§ 72) we have '

Y@+ 20)=aw-ey@),  y@+20)=dve-ivey ().
In order for the quotient ¢ (z)/y (z) to be an elliptic function, it is sufficient that
2wp — 2 an = Log u, 2wp — 2an’ = Log u'.

These relations determine p and a (II, Part I, p. 161). It should be noticed that
we can take a = 0 if Logx and Log u’ are proportional to the corresponding
periods 2 w, 2 w’.

Let us now turn to the case where the equation F'(s) = 0 has a double root s.
We can find (§ 48) two independent integrals ¢,(z), ¢,(z) such that

(10d) ¢, +20)=s8,(@), (e + 20) = 3,@) + Coy ).

If C =0, all the integrals of the equation, and in particular f,(z) and f,(z), are
multiplied by s when z is increased by 2 w. Assuming C = 0, let us try to find a
linear combination \f(x) + uf,(z) which reproduces itself multiplied by s’ when
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z increases by 2w’. Starting from the equations (103), we find two independ-
ent integrals ¢, (z), ¢,(r) such that either

¢+ 20) = 8141(2), Byl + 2) = ¥;8,(2)

@+ 20) = 59(2),  By(@ + 20) = 5B,(1) + C9y(2),

where C’ is not zero. In the first case the integrals ¢,(r), ¢.(r) are again
doubly periodic functions of the second kind. In the second case the integral
¢,(x) alone is a doubly periodic function of the second kind. As for the inte-
gral ¢,(r), the quotient ¢,(c)/¢,(r) increases by a constant " when « increases
by 2u’, and it does not change when & increases by 2w. Now the function
A (x) + Br, where A and B are two constant coefficients, possesses the same
property, provided that we have

2A74+2Bw =0, 249 + 2B’ = (V.

The difference ¢,/¢, — 1§ (r) — Bx is therefore an clliptic function.

If the coeflicient € isnot zevo in the equations (104), we have relations between
the integrals ¢,(r), ¢,(7), ¢,(£ + 2w"), ¢, (& + 2w’) of the form (103), and we
can again deduce from them two different expressions for ¢,(r + 2w + 20')
and ¢, (£ + 2w + 2w’). By writing that they are identical, we obtain the con-
ditions I = 0, k = n. The integral ¢,(x) is again a doubly periodic function of
the second kind, while the intogml ¢, (r) satisfies the two relations

¢,.(.r + 2w) .'pz(.r) + ¢2(.ri-_2 W) _ ¢y () m.

P (T +20) ¢, O L+ 20) ¢ ()

Let us determine just as before the two coefficients .1 and B in such a way
that 2 A 4+ 2 Bw = C/s, 24y + 2 Bw’ = m/k. Then the difference

or

22 _ g¢(e)— B
[ (l)
is again an elliptic function. We see, therefore, that the general integral is in
all cases expressible in terms of the single transcendentals ¢, p(r), ¢ (), o (z).
Let us consider, for example, Lamé’s equation

a2y
Az
where n is an integer and 4 is an arbitrary constant. The integration of this
equation by Hermite was the starting point for the preceding theory. The gen-
eral integral of this equation is a function analytic except for poles. In fact,
the only singular points are the origin and the points 2mw + 2m’w’. In the
neighborhood of the origin the integrals are regular, and the roots of the char-
acteristic equation are ¥ =—n, ¥” =n + 1. Their difference is an odd integer,
and the coefficient of y is an even function; therefore the expression for the
general intpgral does not contain any logarithmic term (see ftn., p. 137).

(105) — [ +1)p() +Aly =0,

54. Equations with periodic coefficients. In many important questions of
mechanics, linear equations with periodic coefticients occur. We shall indicate
rapidly their more important properties. Let

Ty, B

(106) an T Pigma t

“+ Py =0
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be a linear equation whose cocfficients are continuous functions of the real
variable ¢, having a period w, which we may always suppose positive. 1f the
integrals y,(t), ¥,(), -+, ¥u(t) form a fundamental system, it is clear that
Vil + w), Yt + w), -+, ¥u(t + w) are also integrals of the equation (100),
since that equation remains unchanged when we replace ¢ by ¢t + w. Hence
we have n relations of the form

(107)  w(+w)=dan) + Gy () + - + dnya®).  (E=1,2,---,0)

The determinant I of the coefticients «,; is different from zero. For, by
repeating the reasoning of page 129, we find that this determinant has the value

pr de
(108) H=¢ % ',

The equations (107) define a linear substitution with constant coefficients,
whose determinant is not zero. We are therefore led to a study entirely similar
to the one which has already been made in detail in §§ 48, 49. Instead of
making the complex valiable £ describe a circuit in the positive sense around a
singular point ¢, the variable ¢ deseribes a segment of the real axis of length w,
It follows from that study that we can always choose a fundamental system of
integrals such that the relations (107) reduce to a simple canonical form. The
actual formation of this system depends first of all on the solution of the
characteristic equation

a3 — 8 (GD) v ayn
y Uyy — 8 see gy
¢ — 2 2 —
(109) F(s)= . =0.
ny (D] ce Upp — 8

All the roots of this equation are different from zero, since their product is
equal to the determinant /1, whose value we have just written down. If the
n roots of that equation are distinet, there exists a fundamental system of
integrals such that the equations (107) take the form

(110) yl(t + “’) = slyl(t)v tecy Un (L + "") = snyn(t)-
If the cquation (109) has multiple roots, we can always find a fundamental

system of integrals which separate into a certain number of groups such that
the p integrals y, ¥y, - - -, ¥, of the same group satisfy relations of the form

Y1t + @) == 8y, (),
(L =8[y,( t
(111) Yy (L + w) [v2) + v, O],
Yp(t + @) =3[y, () + ¥p-1(0)]-

In order to find expressions for these integrals, let us seek first the general
form of a single-valued continuous function f(t) such that f(¢ + w) = sf(t),
where the factor 8 is not zero. Let @ be a determination of (1/w)Logs. Tt is
clear that the product f(t) e~ 2t has the period w; hence f(t) is of the form
S(t) = e=t ¢ (t), where ¢ (t) is a continuous function with the period w. Accord-
ingly, if 8; is a root of the characteristic equation, we shall put a; = (1/w) Log 8.
The constants «r;, which are determined except for multiples of 2rvV—1/w,
are called the characteristic exponents. The real parts of these exponents, which
are determined without ambignity, are called the characteristic numbers. If the
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equation (109) has n distinct roots s,, 8, « - +, 85, the equation (108) has then n
independent particular integrals of the form

(112) y; =ex'e, (), Yy =enigy (1), E) Yn = e®nioy(t),
where a,, a,, - - -, a, are the characteristic exponents, and where D1 Pgy v o0y Du
are continuous functions with the period w.

In the general case it is evidently sufficient to find expressions for the
integrals of a group which satisfy the relations (111). Now if we substitute in
these relations y; = etz;, where « is equal to (1/w)Log 8, they become

2 (t + w) =2,(0),
= t
r) 2z (¢ + w) =2, (1) + 2, (¢),
2p(t+ W) =2,() + 2p-1(0).
When ¢ increases by w, the variable 7 = t/w increases by unity. Taking r for a
new variable, the problem is reduced to one solved above (§ 49). If we set
(= w)eeo (t —iw + w)

wil

P{(t): (i=1a 2"“’p)

the general expressions for the functions y,, v,, .- -, y, are

Yy = e ,(t), Vg = e [P(t) ¢, (t) + ¢ (D)], teey
(118) 3 i) = e [Pios©,(0) + Pio2(®) 93 + -+ + Py $1-10) + (0],
(i= 11 2, "'1p)

where ¢,, ¢,, -+, ¢, are continuous functions with the period w, the first of
which, ¢,(t), is not zero. We see again here, as in § 49, that all these integrals
can be deduced from the last one of the group. For z,_;(t) is equal to the
difference 2z, (¢ + w) — 2, (), and, similarly, z, _»(t) = 2, —1(t + @) — 2, -1(¢), and
s0o on, We can therefore write the equations (113) in the form

() =ez(),
Yp-1(t) = e*tA(zp),
(114) Up-2(t) = e 4,(2p),

nt) =e*dp_a(z),
where A,(z,), A;(2p), + - - indicate the successive differences of z,(t) when we
change ¢ to ¢ 4+ w. Let us observe that z, (t) is a polynomial in ¢ of degree p—1,
whose coefficients are periodic functions of ¢. The successive differences A, (z,),
A, (zp), - « - are therefore polynomials of the same kind with decreasing degrees,
the pth difference being zero. Let us indicate by Dz,, D?z,,..., Diz, the suc-
cessive derivatives of z, taken with respect to ¢, considering the coefficients of
this polynomial as constants. From the theory of finite differences, we know
that the successive differences A,(2p), Ay(2,), -+ are linear combinations with
nmnerical.coeﬁcierws of the derivatives Dz,, D3z, .., Diz,, and conversely.*

* Without resorting to this theory, we may observe that Taylor’s formula gives us,
1
step by step, Ai(zp)=wiDizp4 -1 -,
where the terms not written contain only the derivatives Di+1,.... We can there-

fore express, conversely, the derivatives Dizp as linear functions of the differences
Aty Aty oo
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We can therefore replace the system of integrals (114) by the equivalent system

Yo(t) =erz(0),
Yp_1(!) = ed'Dz,,,
(115) Yp_3(l) = extDiz,,

. e e ey

Y,(t) =exDr-lz,

Note 1. The integrals of the group (118), corresponding to the characteristic
exponent a, approach zero when ¢ becomes infinite passing through positive
values, if and only if the real part of « is negative. In order that all the inte-
grals of the equation (108) shall approach zero as ¢t becomes infinite, it is there-
fore necessary and sufficient that all the characteristic numbers shall be negative,
or, what amounts to the same thing, that the absolute value of each of the roots
of the equation (109) is less than unity.

Note 2. If 8 is a real positive root of the equation (109), it is natural to
take for « the real determination of (1/w)logs. If the coefficients of the equa-
tion (106) are real, the same thing will evidently be truc in this case of the
integrals y,, ¥,,--+, ¥p of the group (118) and consequently of the periodic
functions ¢, (t), ¢,(f), -+ -.

Let s =X + pV—1 be a p-fold root of the equation (109), where u 3 0, and
let @ = &’ 4+ a” V' — 1 be a corresponding determination of the exponent «x. To
the group of integrals (113) we can adjoin a conjugate group obtained by replac-
ing & by @ — a” v/ — 1 and the functions ¢; (t) by the conjugate functions. It is
clear that by combining these 2 p integrals linearly in pairs we can derive from
them a system of 2p real integrals.

Finally, suppose that s is a real negative root. Then we can write the value
of a=a’ + (m/w) \/-_1, and to that root corresponds a particular integral of
the form

y= et (con ™ 4 V=TainT) (4 0+ V=19 0),

where the functions y, and y, are real and periodic. If the coefficients of (106)
are real, it is clear that the real part and the coefficient of V' — 1 must each
satisfy separately the linear equation. We would proceed similarly with the
other integrals of the group (118) if p is greater than unity.

Moreover, the case where s is real and negative reduces to the case where s
is real and positive by considering the period 2w instead of the period w. It is
clear, in fact, that if an integral is multiplied by s when we change ¢ to ¢ + w,
it will be multiplied by s2? when we change ¢ to ¢ + 2 w.

Note 8. When the coefficients p; are analytic functions of the complex vari-
ablet=t'+ 1’V :—i, analytic in the strip R included between the two parallels
to the real axis ¢ = + h, the integrals of the equation (106) are analytic func-
tions in the same strip. The reasoning used under the supposition that the
variable ¢ moves along the real axis applies without modification to the case
in which that variable moves in the strip R. It follows that the functions ¢;(t),
which appear in the expressions of (118), are periodic analytic functions in the
strip R. They can therefore be developed in series of sines and cosines of
multiples of the angle 2 wt/w (see Vol. 11, Part I, § 65).
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85, Characteristic exponents. The investigation of the characteristic exponents
is in general very difficult.* The solution of this problem evidently reduces to
the determination of the coefficients @, which appear in the equations (107),
which, in turn, is equivalent to the following: knowing the initial values, for
t = tg, of the n integrals yy, ¥, - - -, ¥» and their first n — 1 derivatives, to find
the values of these integrals and of their derivatives fort = ¢, + w. The coeffi-
cients a,; are then obtained by the solution of the n systems of linear equations

¥ (fo 4 ) = diyi(to) + aizyz(to) + « ++ + A ¥n(bo)
110) UP (o + w) = aayi” (o) + -+ - + amt” (k).
P=1,2....,0=1)) (G=1,2...,1)

We cannot in general solve this last problem except by the use of general
methods, for example, by successive approximations. Let us replace p, by Ap, in
the equation (106), where \ denotes a variable parameter, and then develop in
powers of X the integral of that equation which together with its first (n — 1)
derivatives takes on preassigned values independent of A for ¢ =,

117) y=LO+MEB+ - +Wa)+ -,

where f, (t) is a polynomial in ¢, of degree n —1 at most, which can be written
down immediately from the initial conditions. Substituting this value of y in
(106), we see that the other coefficients f (t),/; (2), - - - are determined, step by step,
by relations of the form

arf,

Sl _ e, £t 1), -

L S ACHAONERH
in which the right-hand sides depend only upon the functions fy, fy, -+ +, fi -1,
and upon their derivatives. Moreover, these coefficients, together with their first
n — 1 derivatives, must vanish for ¢ = t,. Hence these coefficients can be found
by quadratures. We have already noticed (§ 28) that the series obtained is con-
vergent for any value X. If we put X = 1 in the relation (117) and m all those
which we obtain from it by differentiation, we shall have the developments of
the integral under consideration and of its derivatives in series which are con-
vergent for all real values of ¢. Henee we can obtain in this way the quantitics
% (Lo + @), (™ ( + @) which appear in the equations (116), and consequently
we can determine the coefticients ay.t

Ezxample. Let us consider, for example, the equation
d?y
(118) =P Ow,

where p(t) is a continuous function of ¢ with the period «. The product of
the roots of the characteristic equation is here equal to one, by formula (108).

*\When the coefficients p: are analytic integral functions of the complex variable ¢,
the change of variable e27ti/@ = » replaces the given equation by a limear equation
whose coefficients are single-valued in the neighborhood of the origin, and we are led
to study the law of the permutation of the integrals when the variable * describes
a loop around the origin. But the equation thus obtained is not in general of the
Fuchs form.

+1f we allow the parameter A to have any value, it follows, from the process used
above, that the coefficients a:ux, and consequently the coeflicients of the characteristic
equation, are integral functions of this parameter.
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That equation is therefore of the form
(119) $2—As+1=0
In order to dotermme the coefficient A, let us denote by f(t) and ¢ (¢) the mte-

grals of the squation’ (118) which satisfy the initial conditions JO0)=1,1(0)=
¢(0) =0, ¢’ (0) = 1. From the relations

S+ o) =ayf )+ ape @),
B+ @)=ty f () + 1y (1),
F(t+ @)= ay ) + dyy ' (8),
we derive, by putting £ =0, ¢, = f(w), ¢y, = ¢’(w). The characteristic equation
in this special case is (tyy = 8) (tyy — %) — Ayt =0,
whence .1 = ), + ay, = f(w) + ¢'(w).
1f we now replace p(f) by Ap (2), we obtain the developments of the integrals
f(t), ¢(¢t) in the form
JO=THM O+ -+ W) + -,
‘ﬁ(t) =t+ )‘¢1(t) + o NPa(l) + -
where the functions f, and ¢,, together with £ and ¢, vanish for £ = 0. Substi-
tuting these developments in the two sides of the equation (118), after having
replaced p by Ap, we tind
L= Sl = POl
R =1 Jn—1¢)y 'E’z— p()"’n-—l )1
whence we derive the recurrent relations

t t - t t
Sulty = j; (nl[:’ PO 1A, Pu(l) = j; dt fo P (1) $n1(t) dt,

which enable us to caleulate step by step all these functions by starting with
So) =1, ¢y(t) =¢. Tt follows that we may write

+
(120) A=24 [fulw)+ $(@)].
n -1

If the function p (£) is never negative, we see at once that all the functions
fa(l)y du(l), o, (t) are positive for £ >0, It follows that A > 2, and the equa-
tion (119) has two real and positive roots, one greater and the other smaller
than unity. The conclusion is much less evident in the other cases. If p ()
never takes on a positive value, it follows from a thorough study made by
Liapunof * that the absolute value of 4 is less than 2, if the absolute value of

w
pdt
0

is less than or equal to 4. The equation (119) has in this case two conjugate
imaginary roots, the absolute value of each of which is unity.

*LIAPUNOF, Probléme général de la stabilité du mouvement {Annules de la
Faculté des Sciences de Toulouse, 2d series, Vol. X, p. 403). On the general theory
of linear equations with periodic coeflicients, in addition to the preceding paper, see
also Floquet’s Annales de PFeole Normale supérieure, 1883, and Poincaré’s Les Méthodes
nouvelles de lu Méchunique céleste (Vol. 1, chap. iv).
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IV. SYSTEMS OF LINEAR EQUATIONS

56. General properties. Most of the theorems established for a
linear equation can be extended without difficulty to systems of
linear equations in several dependent variables. We shall assume
in what follows, as we may without loss of generality, that these
equations are of the first order (§ 22). Let y, y,,:+, ¥, be the n
dependent functions, and « the independent variable. It follows
from a general theorem (§ 37) that the integrals have no other
singular points than those of the coefficients. If we assign the
initial values g3, 93, - « -, 94 for a point = x, which is not a singu-
lar point, we can follow the analytic extension of these integrals
along the whole of any path starting from x, and not passing through
any of these singular points, which are known in advance.

We shall suppose, only for simplification in writing, that we have
a system of three equations with three dependent variables. Let us
consider first the systemn of three homogeneous equations,

%+ag+bz+cu=0,
dz

121) Tn +ay+bz+cu=0,
d
T:+a2y+b2z +c,u =0,

where «, b, ¢, - - - are functions of the single variable z. If we know
a particular system of integrals (y,, #,, «,), the funetions (Cy,, Cz,, Cu,)
also form a system of integrals for any value of the constant (.
Similarly, if we know two particular systems of integrals, (y,, 2,, )
and (¥, #,, ,), we can derive from them a new system of integrals
depending upon two arbitrary constants,

Civ+ Coy Ciz + Czy, Cyuy + Couy
Finally, if we know three particular systems of integrals,

¥ 2p 1)), (s 20 1)y ¥y 249 %),
the equations
(122)

z=C? + Cr2,+ Cyzy,y

{y =Cyy, + Coyy + Cy¥y
u=C,u, + C,u, + Cyu,

represent also a system of integrals, where C,, C,, C, are arbitrary con-
stants. In order to assert that the expressions (122) represent the
general integral of the system (121), we must make sure that we can
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choose the constants C, €, C, in such a way that, for a given point
x = x, not a singular point, y, 2, « take on any preassigned values
Yo» Zgs U, Whatever. In order for this to be true, it is necessary and suf-
ficient that the determinant of the nine functions y,, 2,, «; ((=1,2,3),

Y 1 zl ul
A=y, 2 uy,
Y 8 zl ua

shall not vanish identically. If this is true, we shall say that the set
of three particular systems of integrals form a fundamentul system

If A vanishes identically, the three particular systems of integrals reduce to
two, or even to a single system. Suppose, first, that not all the first minois ¢f A
vanish simultaneously, for example, that the minor 8=y, z, — ¥, 2, is not identi-
cally zero. Let A be a region of the plane where § does not vanish. We shall
determine two auxiliary functions K, and K,, analytic in the region 4, such
that we have

(123) vs =Ky, + K9, 23 =K,z + K;2,,

and since the determinant A is zero, these functions K, and K, also satisfy
the relation

(124) ug =K uy + Kyu,.

If we replace g, 2, and u in the first two equations of the system (121) by the
preceding expressions for yg, 2y, ug, observing that (y,, 2,, ;) and (y,, 2, )
form two particular systems of integrals, we obtain, after simplification, the
cauations nk{+y,K;=0, 2K +zK;=0,

from which we derive K] = K; = 0. The functions K, and K, are therefore
constants, and the relations (123) and (124) remain true in the whole region
of existence of the functions y;, zi, ;. It follows that the system of integrals
(¥, 23, Ug) is a combination of the other two.

If all the first minors of A vanish identically, the three systems of integrals
reduce to a single system. Since the elements of A cannot all vanish simul-
taneously, let us suppose that y, is different from zero, and let us put y, = Kvy,.
From the relations y,2, — z,¥, = 0, ¥, %, — U, ¥, = 0 we derive also 2z, = Kz,
u, = Ku,. Replacing y, 2, u in the first of the equations (121) by Ky,, Kz, Ku,
respectively, there remains y, K’ = 0. Hence K is constant, and the system
(¥a» 25, W) differs from the system (y,, 2y, 4,) only by a constant factor. Simi.ary,
the third system of integrals is identical with the first. It should be obs=rved
that y,, ¥,, ¥; are not necessarily linearly independent; for example, one or
two of these functions may be zero, but not all three may be zero.

"The value of the determinant A may be calculated as follows. The derivat.ve &’
is the sum of the three determinants

’ ,
N 5 Y Vi 2 Y Yy %4 u

A=y 2 U|+|Ug 23 |ty %
Vs %5 Uy Vg %5 Uy (Vs %8

LWL S

&



154 LINEAR DIFFERENTIAL EQUATIONS [111, § 56

Replacing the derivatives y/, z;, u] by their values obtained from the equations
(121), these three determinants reduce, respectively, to — aA, — b A, — c,A.
We have, therefore, the relation A" =— (¢ + b, + ¢,) A, and consequently

r
(125) Ag) = A([o)e_-ﬁo (@b tepdr

When we know the general integral of the homogeneous system
(121), we can deduce from it by quadratures the general solution of
the non-homogeneous system

dy
o Fay bz 4 cu = f(r),
. {z
(126) (-7 Fay+ bz e = f(r),
—+(1 Y+ b+ e = fi(r).

Indeed, if we make the change of variables detfined by the equations
(122), ¢, €, ¢, being considered as new dependent variables, the

system (126) is replaced by the following system,

(7 (Y ac, dac,
+ /2 .l + /g {,l .fl(él'),
0 (1( e,y dey,
(1“7) ol ([I' + = ~2 l.l: Ptz f( )7
( , (
(1,+ ‘I(z+ (—]———f(r),
which is integrable by quadratures, for we derive from it
ac; . )
(la .\'. (I» = 1, 2, 05)

Let us also observe that this transformation is unnecessary whenever
we can determine directly a particular system of integrals (¥, 7, U)
of the equations (126). In order to obtain the general integral
of these equations, we need only add Y, Z, l7, respectively, to the
right-hand sides of the equations (122) which represent the general
integral of the homogeneous system (121).*

* A method analogous to that of Cauchy (§ 39) may also be employed. Let
y=i(r, @), z=vi(x, a), u=m(x, a) (i=1,2,3)

.
be three systems of integrals of the homogeneous equations (121), satisfying, respec-
tively, the initial condition

i, =1, Y(a,)=0, m(a, @)=0,

(@, )=0, Ysla, )=1, my(a, ®)=0,
¢s(a, a)=0, ys(a, a)=0, w3 (a, a)=1.
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When we know one or two particular systems of integrals of the
equations (121), we can lower the order of the system by one or two
units. Suppose, first, that we know a single system of integrals
(#p #p u), where the function y, is not zero. The change of
dependent variables

1

y=ub r=zV+ 7, w=uwY+U
leads to a linear system of the same form which must have the par-
tieular system of integrals V'=1, Z =0, =0. Therefore the
coeflicients of ¥ in these new equations must be zero. In fact, the
transformed system is

dy B
_l/l ';l.;' + A + ell = 0,

dZzZ dy .
- +.‘.’17ll—‘:-|-]!l/+l'117=0,

(128)

dli7 dy
— + I(l—(l; + 112Z + I‘2lf = 0,

If we replace dY/dr in the last two equations by its value derived
from the first, we obtain a system of two linear homogeneous equa-
tions in the #wo dependent variables Z and {'. After integrating
this system } can be obtained by a quadrature.

Suppose now that we know two independent systems of integrals,
W 25 )5 (Uy 25 1,). Since the three determinants

Yy — Yy YoMy — Yyilss zy — 20 R

do not vanish simultaneously, as we have shown above, let us sup-
pose that y =, — 9,2 is different from zero. The transformation

y=yY+yZ, #r=zY 427 w=uY+u,Z +U,

where ¥, Z, I7 are the new dependent variables, leads to a linear
system of the same form having the two particular systems of

It is easy to sce that the functions
Y= [ U@ d1(5, @410 2, ) +13 () 42z, )] de,
o
Z= [ /@41 (@ )+ /(@@ O 413 (@ @ a)]da,
U= oz[fl(a) T2, @) +/fp () 3 (2, @) + f3 () Wy (2, )] da
To

form a system of integrals of the non-homogeneous equations (126).
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integrals (¥, =1, 2, =U,=0), (¥,=0, Z,=1, U, =0). The coeffi-
cients of ¥ and Z in the equations of the new system must therefore
be zero, and this new systemn has the form

%—f+AU=O, C;—-f+AlU=0, %+A,U=0,
as is easily verified. It is clear that this system is integrable by
quadratures, since the last equation contains only .

The preceding methods may be extended to systems of » linear
equations with » dependent variables. In order to obtain the general
integral of such a homogeneous system, it is sufficient to know =
particular systems of integrals which form a fundamental system.
If we know p independent systems of integrals (p < n), the integra-
tion reduces to that of a system of the same form with n —p
dependent variables and to a number of quadratures. Finally, the
general integral of a non-homogeneous system can be obtained by
quadratures if we know the general integral of the corresponding
homogeneous system.

57. Adjoint systems. Given a linear homogeneous system with n dependent
variables,

dy; .
(120) Ey'=a.m+ coot @Yt oo F Gintny (B k=1, 2,000 n)
the linear system
dY;
(180) -;:-a,.-yl_ e — @ Y= oo = A Yy,

which is obtained from the first by replacing y; by Y3, and by changing the
rows into columns in the determinant of the coefficients a,, after having changed
the sign of each element, is called the adjoint of the first. It is evident from the
definition itself that this relation is a reciprocal one between the two systems.
The integration of one of the systems (129), (130) involves that of the other. In
fact, let (¥, ¥y, -+, ¥») and (Y, Y,, .-+, Y,) be any two particular systems of
integrals of the two adjoint systems. From the relations (129) and (130) we have

d—di(yl?ll'kygyz"' cee Ynyn) =2Y£(allyl + et @i+ oo+ Ann)
+2!/i(— GiY1— oo =i Yp— oo —ani Yy).
1]
If we permute the indices i and k in the second sum, we see immediately that
the coefficient of Y;y on the right-hand side is

G — A = 0,

and the right-hand side is identically zero. We have therefore the relation
between these two particular systems of integrals

(131) Y11/1+Yays+ cor 4 Yayn =G,
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where C denotes a constant. The knowledge of a particular system of integrals
(Y, Y, -+, Y3) of the equations (130) furnishes therefore a first integral of
the system (129), which is linear with respect to the dependent variables y,, y,,
*++y ¥n. If we know the general integral of the adjoint system (180), the gen-
eral integral of the given system (129) is represented by n relations of the form
(131), where we take successively, for Y, ¥,,..., Yy, a set of n independent
systems of integrals of the equations (180).

Particular attention has been paid to linear systems which are identical
with their adjoint. In order to have this case, it is necessary and sufficient
that the determinant of the a, be a skew symmetric determinant ; that is, that
we have ay + ai, = 0, whatever may be ¢ and k, and consequently a = 0. 1f
(Y15 Ygs * **y Yn) and (21, 2,, + + +, 2,) are two particular systems of integrals, the
velation (181) becomes

Y121 + Y325 + ++ - + Ya2n = const,;

and if the two systems are identical, we have also
¥+ yi+4 -0+ y2=const.

The integration of a linear system of the third order identical with its
adjoint leads to the integration of a Riccati equation (§ 31, Ex. 2). The inte-
gration of a system of the fourth order of that kind leads to the integration of
two Riccati equations (see Ex. 15, p. 170).

58. Linear systems with constant coefficients. 1f all the coefficients
da, b, ¢, - - - of the equations

d
a—g+ag/+ bz + cu =0,
dz

(132) T +ay+bz+cu=0,
du
J;-l-a,)y+biz+c“u=0

are constants, the general integral can be found by the solution of
an algebraic equation. For let us try to satisfy these equations by
taking for y, z, » expressions of the form

(133) Y = ae™, z = e, u = yer,

where a, B, y, » are unknown parameters. Substituting these func-
tions for #, 2, » in the left-hand sides of the equations (132), and
suppressing the common factor %, we find the conditions

(a+7r)a+bB+cy=0,
(134) {ala +Ob,+7)B+ey=0,

ag+bB+(c,+7)y=0,
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which must be satisfied by values of @, 8, y which do not all vanish.
For this it is necessary and sufficient that » shall be a root of the
equation of the third degree,

a+r b c
(135) F(=| « b +r o =0
a, b, e, +r

which is called the awriliary equation. Having taken for » a root of
this equation, the relations (134) are consistent and we can deduce
from them values for «, B, v, at least one of which is not zero.
To every root of the equation 1°(+) =0 corresponds therefore a
particular system of integrals of the form (133) ; there may even be
several, as we shall see presently. If the auxiliary equation has
three distinct roots »,, 7, 1, each one furnishes a particular system
of integrals. These three systems are independent, for, if they were
not, we could express ¢'s* as a linear combination with constant
coeflicients of ¢’ and of ¢»*, which would be absurd. We can there-
fore, in this case, obtain the general integral of the system (132)
after we have solved the equation 77(r) = 0.

It remains to treat the case in which the auxiliary equation has a
multiple root. Tet us denote by f(»), ¢ (r), ¢(r) the three cofac-
tors of the auxiliary determinant corresponding to the elements of
the same row, for example, the first. The last two equations of
the system (134) are always satisfied for any value of » by taking
for a, B, y quantities proportional to these cofactors; if » is a root
of F(r) = 0, these values of @, B, y also satisfy the first of the equa-
tions (134). It follows from this that if » is a voot of F(r)=0,
the functions

y=[(r)e, z=¢(r)e, w=y@)er
form a particular system of integrals. Now let us suppose first that
the equation #(») =0 has two roots, », and r,, whose difference is
very small. Each of them furnishes a system of integrals, and the
functions

Sy e =f (ry)en® , b (r) e — $(r)en” s Y(r) e — y(r)e™

o _ P
)2 'l 7'2 )l I1 l1

14
are also integrals. If we now let », approach » snd pass to the limit,
we may conclude that if » is a double root of F(r) =0, the two
groups of functions,

@ g=f)ee, 5 =e()eE  w = (),

1
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0 _ . 0
B=5.LrM" ], =500 o
an ;
=5 [y (™ (:"],=r1,

form two systems of integrals. Similarly (see § 44), if the equation
F () = 0 has a triple root r, we can add to the preceding two groups
the group of three functions,

o _ 2
U= i)y H=55080)¢" )ary
(LIT)

o
w, = 5 [y () (’"J’=’1’

which form a third system of integrals.

Let us now consider first the case where the equation F(r)=0
has a double root », and a simple root »,. If the double root », does
not cause all the first minors of the auxiliary determinant to vanish,
we may suppose that at least one of the cofactors f£(r), ¢ (), ¥ (r)
is not zero, for we can evidently replace, in the reasoning which pre-
cedes, the first row by the second or the third. Suppose, for example,
S(r) # 0. The two systems of integrals (I) and (IT) are independ-
ent, for y, is equal to the product of ¢+" and a binomial of the first
degree af (r)) + f'(r)- As for the simple root r,, it furnishes a third
system of integrals which, for the same reason as above, is not a
linear combination of the first two.

The reasoning fails if the double root » makes all the first minors
vanish, for the system (I) reduces to the trivial solution

But in this case the three equations (134) reduce to a single equa-
tion when we replace in it » by ». If, for example, ¢ is not zero,
they reduce to the single equation (@ 4 r)a + 68 + cy = 0, and we
can take the two constants @ and B arbitrarily. If we take, first,
(e =1, B=0), then (¢ =0, B=1), we obtain two independent
systems of integrals of the form (133). A double root of F(r)=0,
therefore, aliways furnishes two particulur independent systems of
integrals.

Suppose, finally, that 7(r)= 0 has the triple root » = ». If this
root 7, does not cause all the first minors of the determinant to
vanish, we may suppose, for example, that f(r) is not zero. The
three particular systems of integrals (I), (I1I), (11I) are independent,
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for the coefficients of ¢ in y,, y,, y, are respectively of degrees
0,1, 2in z

If the triple root r, causes all the first minors of the determinant
to vanish, we can determine first of all two independent systems of
integrals of the form (133), as we have just explained in regard to
the case of the double root, and we can then obtain the general
integral if we can find a third system independent of these two.
Developing the expressions in (III), and noting that

f('rl) =¢ (7'1) = 'P(r1)= o,

we find
= [2af ) H0)] = em[2280) +6"()],
Uy = e [Z2ay'(r) +¢"(r)],
and this system of integrals is certainly independent of the first
two unless we have at the same time f'(r) = ¢'(r,) = y'(»,) = 0.
Hence we obtain in this way a new system of integrals, unless the

triple root », also causes the derivatives of all the first minors to
vanish, Now this cannot happen, as we see at once, unless we have

b=6=all=cl=a2=bn=0, (l=lll=l'2=—rl,
and the system (132) reduces to three identical equations,

%— y=0, s—:—rlz=0, %—rﬂt:O.

In this case, which may be considered as a limiting case, the three
equations (134) are satisfied identically, when we replace » by r, in
the expressions of (133), for any values whatever of the parameters
@, B, y- Summing up, to a triple root of the auzxiliary equation there
always correspond three particular independent systems of integials.

Generalization. Similarly, a system of n linear equations with constant
coefficients

d
Td—z& + auv, + a;ﬂ/g'l" cord A1nYn =0,
(136) e e e,

d
7‘%'+anm+a-.zyz+---+a.w.=0,

,
may be integrated by finding particular systems of integrals of the form
(137) h= “le‘z, 7/2 = a,e'?‘, Sty Un = a’ueﬂv

where @, @y, -+, as, r are unknown constants whose values are to be deter-
mined. We are thus led to n equations of condition
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(@ + M+ aa, + -+ + aman =0,
(138) Oy @y + (Qgg + 1)y + oo Hlanta =0,
e ,

U1y + Gpa 2 + <+« + (un + r)a, = 0,
which give for the unknown quantity r the auxiliary equation

ay+r ay e Oin

(189) Fy=| " fmtT oo G

ny An2 s ppt 7T

If this equation has n distinct roots r,, r,, « - +, 7, We obtain by this method
n particular systems of integrals of the form (137) and, consequently, the gen-
eral integral. If there are multiple roots, the discussion is somewhat more
complicated. Let r; be a p-fold root; to obtain from this root particular sys-
tems of integrals of the equations (130), we may proceed in two ways. On the
one hand, applying d’Alembert’s method, as in the case of three equations, we
can obtain p systems of integrals corresponding to that root. These integrals
will be independent only if r, does not make all the first minors vanish. On the
other hand, if r, makes all the minors formed from n— q 41 rows of the deter-
minant vanish, without making all those of n — ¢ rows zero, that root furnishes
q systems of integrals of the form (1387), for the n equations (138) reduce to
n — ¢ independent equations when we replace r by r,. Combining these two
methods, we find that they always furnish p independent systems of integrals.

Practically we can obtain all these systems by equating coeflicients. In fact,
by the combination just mentioned we should obtain a system of integrals
depending upon p arbitrary constants, which is of the form

¥, = = Py(2), Yy = €T PY(T), o0y Yn=eN" P, (),

where P, P,, ..., P, are polynomials of degree p —1 or of lower degree. If
we leave the coefficients of these polynomials as unknown, and if we substitute
ih the given equations, we shall obtain a certain number of relations between
these coefficients, which enable us to express all of them in terms of p of them,
which may be taken as arbitrary constants.

59. Reduction to a canonmical form. Every linear system with constant coeffi-
cients can be reduced to a simple canonical form the integration of which is
immediate.

Let us write this system under a slightly different form,

l/;:aulﬁ"‘anye"‘"'+alullm
(140) Yy =0Qy ¥y + a5, + oo+ a2aYny
e e e e e e e e e e e ey

Vo= ¥y + Gnaly+ « -+ + Ana¥n

where y; denotes dy;/dr. If we take n dependent variables, Y,, Y,, - -+, Yy,
linear in terms of y,, ¥y, +, ¥n,

(141) Yc=’h11/;+ IR 3 bmyng (i=1, 2,---, n)
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where the coeflicients by are constants whose determinant is different from
zero, the system (140) is replaced by a system of the same form,

Yi=A, Y1+ A,Y, + -+ AT,
(142) Y;=A4,Y, +A.u)2+ vt Ay Y,

. o e o e e ey

= Aru) + AnpY, + «+ lpn Yy,
obtained by replacing the variables y,, ¥y, « -+, Un, in the expressions for Y7,

Y:= btll/; + -4 bm?/;; = b'l(a“lll + et apYn)F oo

+ l’m(”nl!/l + oo+ ”nn?/n)7
by their values given by the equations (141). If we consider the equations (140)
as a linear substitution carried out on the variables y, #,, ««+, yu, and Y, ¥,
..+, ¥, as n new variables, the preceding calculations are preeisely those which
we must make in order to find the new linear substitution on the variables
Y,, Y, -+, Yy, which corresponds to the lincar substitution (140). Now we
have seen that by suitably choosing the variables Y, (§ 48) we can reduce every
linear substitution to a simple canonical form.* In this canonical form the
variables separate into a certain number ot distinet groups, such that the
substitution which the p variables Y7, Y,, ..., Y}, of the same group undergo
is of the form

(143)  Y{=sY,, Yi=s(,+Y), -, V,=s(Tu1+ V).

We can therefore, by a suitable change of variables of the form (141), always
reduce the integration of the system (140) to the integration of a certain num-
ber of systems of the form (143), where Y, = dY,/dx.

The integration of this system is immediate, but it is preferable to employ a
somewhat different canonical form. For this purpose let us set Y, = s%2,(s # 0).
The system (143) becomes

dz,

dz, dz,
(144) (IL-_szl, d—f:szz+zl, cer, 2

de
This new canonical form is unchanged if we multiply all the dependent vari-
ables by a factor eAr, except for the change of s to s 4+ X\ ; and it is applicable
also to the case where the auxiliary equation has zero for a root.,

The general integral of the system (144) is represented by the equations

=8p+2)-1.

, &£ ri—2 , . .
ze—"’—C(L-‘W+(72(—i:2—)!+---+0._11+(,,- (t:l,},...,p)

or by equivalent equations obtained by solving for the constants C,

r2
(145) zje—=(y, (2, — zz,)e-": (72, (z.,— £z, + E_Z )c-" 0,

22
{z.—ue—1+ grh-z— +(— 1)'—l

])-‘ }c-": C. (G=1,2,+-+,p)

* We supposed before that the determinant of the substitution was not zero,
whereas the determinant formed by the coeflicients «u may be zero. But if we
change y. to eA* z, the coeflicients «;;, dgg, * * *, ann are diminished by A, while the
@k’s, where i # k&, do not change. We can therefore always choose A in such a way
that the determinant of the new coeflicients shall not be zero.
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60. Jacobi’s equation. Let us consider again a system of three
lincar equations with constant coefficients, which we shall write in
the form

dz
T + by + cz,
dy

(146) -(/'t-/ =awx+by+ez
dz
P =a .l'-l-bb/-l-(‘ =,

where # denotes the independent variable. TLet us add these three
equations, after having multiplied them respectively by ydz — zdy,
zde — wdz, ady — yde. The relation obtained is

(147) (ke + by + cx)(ydz — zdy) + (a2 + by + c,2) (2de — wdz)
+ (g + b,y 4 e,2) (aedy — ydr)=0

and it is homogeneous in @, y, z. Henee it can be replaced by a rela-
wion hetween a/z and y/z. Indeed, if we put * = Xz, y = ¥z, and
divide by 2% this relation takes the form

(148) {— (@X + bV +e)dY + (X + b, Y 4 ¢))dX
+ (@, X +6,Y 4+ ¢)(XdY — YdX)=0,

which is exactly Jacobi’s equation (pp. 11 and 32).

Let @ = f(#), y = ¢(t), = =y¢(¢) be a system of integrals of the
equations (146). As ¢ varies, the point whose homogeneous coordi-
nates are @, y, # (and whose Cartesian coordinates are X = .r/z,

Y =y/z) dvs« ‘ribes a plane curve T which is, by the preceding argu-
ment, an integral curve of Jacobi’s equation (148). The integration
of Jacobi’s cquation therefore reduces to the integration of the sys-
tem (1146), that is, to the solution of an algebraic equation of the
third degree, as we have already seen.

If the auxiliary equation has three distinct roots s, 5, 85, the general inte-
gral of the system (146) is, according to the preceding paragraph, of the form

I Pe—xt =C,, Qe—% =C,, Re=st = Cy,
where I, @, R are three linear homogeneous functions of r, y, z. It is easy to

derive from these equations a homogencous combination of degree zero which
does not contain the variable ¢,

((l) Pu—* in —8 R%e—# = }",
which is the same result that we obtained before by another method.

The case in which the auxiliary equation has a double or a triple root
can also be easily treated. The equations representing the general integral form
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either two groups or a single group. In the first case these equations are of
the form

(1) Pe-%t = C,, (Q—tP)e~ut=0C,, Re—*t = (4,
and in the second case, of the form
2
() Pe+t=C, (Q—tP)e-4 = C,, (R —tQ+ %P) et = Cj,
where P, @, R denote in each case three linear homogeneous functions of

z, ¥, 2. From (1I) we derive the following homogeneous combination of zero
degree, independent of ¢ :

—s99
® Ifz,e('l Wp = K,
and from (IIT) the combination
2 PR —
(7) '_In——Q—n = K .

The relations (@), (8), (v) represent the three forms possible for the general
integral of Jacobi’s equation.

61. Systems with periodic coefficients. Let us consider first, for simplicity, a
system of three equations of the form (146), whose coefficients a, b, ¢, - - - are
continuous functions of the variable ¢, each of which has the period w >0.

Let (£,, ¥y 21)y (£91 Yas Z3)s (T3, Y3y 25) De three independent systens of inte-
grals. Then the functions

Xi=nt+w), YiO)=vl+w), Zit)=zl+w)
also form a system of integrals, and we have consequently three groups of
relations of the form (§ 50),

Xi = a1 + 22Tz + aia2s,
(149) Y, =aay + azye + asys, (i=1,2,38)
Z, = ay 21 + a2z + 323,
where the a,'s are constant coefficients whose determinant H is not zero. We
have, in fact, the relation

X, Y, 7, SO TR
X, Y, Z,=H|z, y, 2,
X, Y; Z Ty Ys 2

or, by (125), reasoning as we have done several times (§§ 38, 56), we may write
the value of I in the form

w
(150) He oo @ttitepd
If the variable ¢ is increased by the period «, the three functions
. z, (), z, (1), z5 ()

undergo a linear transformation whose determinant is different from zero,
defined by the relations
(161) Xy = a5y 2y + A%y + 05575,

{Xl = 0y 2y + Qa8 + Gy Ty,
Xg = a3, 2; + 0g9Tg + G55 75y
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and the two other systems of functions, (y,, ¥,, ¥;), (2, 2, 2;), undergo the same
transformation. Now we know that it is possible to replace the three functions
Z,, Z,, T3 by three independent linear combinations with constant coefficients
such that the equations (1561), which define the new linear transformation, take
on a simple canonical form. Taking the same linear combinations of the func-
tions (y,, ¥,, ¥3) and of (z,, z,, 2;), we obtain three systems of functions which
are transformed by the same linear substitution of canonical form when ¢ is
changed to ¢ + w.

The reasoning is evidently general and applies to every linear homogeneous
system in n dependent variables with periodic coefficients. Let y,, ¥y, -+, ¥a
be these n dependent variables. We can determine n independent systems of
integrals (y1iy ¥2iy * * s ¥m) (¢ = 1, 2, - - -, n) such that the n functions

Y1y Yra, R Yin
undergo a linear substitution of canonical form when ¢ changes to ¢ 4+ w, this
linear substitution being the same for all the indices k. The consequences are
the same as those which have been developed above (§ 54). All the integrals
are expressible as the product of an exponential factor of the form est and
another factor which is either a periodic function of ¢ or a polynomial in ¢
whose coefficients are continuous periodic functions of . Lect

Yu= ed’zp Yo1 = eﬂzz’ ey Yn1 = €9tz
be a particular system of integrals, where z,, 2,,: -+, 2, are polynomials in ¢,
with periodic coefficients, of which at least one is of degree p — 1, and of which

none is of a degree greater than p — 1. From this system of integrals we can
derive (p — 1) other systems of the form

Yyp = €Dz, Yy = €t D2y, teey Yn2 = €3 Dz,
cee, ceey ceey ceey

y,,,,:c'"DP—lzl, 7/2.p=e¢'Dp—1zzy Ty yn.p=‘-'“'Dp_lzm
where the derivatives Diz; are taken regarding the periodic coefficients of the
powers of ¢ as constants (§ 54). All the systems of integrals of the given equa-
tions can thus be derived from a certain number of them. The actual formation
of these integrals, of which we know only the analytic form, depends, above all,
on the solution of an algebraic equation of the nth degree, which is called, as
before, the characteristic equation of the system. The coeflicients of this equa-
tion can be obtained in general only by approximations, as in the case of a
single differential equation of the nth order (§ 55).

82. Reducible systems. Let us consider a system of linear homogeneous equa-
tions of the form (140), whose coefficients are real, contimtous, and bounded
functions of the real variable ¢ for all the values of that variable greater than
a certain bound ¢, and let us suppose that we apply to this system a transfor-
mation of the form

(162) z=bayr + biaya + -+ + bin¥n, (i=1,2,---, 1)
where the coefficients by satisfy the following conditions:
1) They are real, continuous, and bounded functions of the variable ¢ for

t>1,;
2) They have derivatives satisfying the same condition ;
8) The reciprocal of the determinant of the by’s is bounded.
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If we take the functions z; for new dependent variables, it is clear that the
system (140) is replaced by a linear system of the same kind as the first. We
have, in fact, dz

E =bhn + b:l?/l +oeeey

or, replacing 1, ¥z, « + -, ¥, by their values obtained from the equations (140),

(_1;7‘ =cu¥1+ CaYs+ +++ + Cou¥n,

where the coefficients ¢, have the same properties as the coefficients a,;. We
have now ouly to replace yy, yg, - « -, ¥, in these last equations by their expres-
sions in terms of the new dependent variables 2y, 2y, - - -, 2, obtained from the
equations (152).

If it is possible to choose the coefficients b,y of the transformation in such a
way that the new system will be a system with constant cocfficients, the system is
said by Liapunof to be reducible. Sce page 242 of his paper cited in the footnote
on page 1561.

Every system whose coefficients are reul, continuous, and periodic functions, with
the sume period w, is reducible.

In fact, let us consider the adjoint system, which is also a system with
periodic coefficients. Let 8 be a root of the characteristic equation and « the
corresponding characteristic exponent. We shall suppose, in order to consider
the most general case, that to this exponent « corresponds a group of p par-
ticular systems of integrals of the form previously considered. This group will
therefore furnish (§ 57) p lincar first integrals of the given system, which will
be of the form

ey + 22¥2+ -+ 2ai) = Cyy
c"'(JxDZn + 1/-1)27 + ot I)z,.) = (/2,

0“'(!/11)”'1'14-1/"1)""12 +- +y,.l)" 1z,.) -6,,,

where 21, 22, « + +, z» are polynomials in ¢, of degree p — 1 at most, with periodic
coeflicients, and where the derivatives ¥ are taken regarding these coeflicients as
constants. Arranging these first integrals with respect to ¢, we may write them
in the form

tr—1 tp—2
at| _ Y, — Y. ‘e =C
¢ Lp—n!’ (w—z t in} b

(163 c‘”[ i L el R ]—n
) (p=p1 T oyt )T

e e e e s e s 4 s s s & e 2 e e e e

’
eat Yl = Cp,

where 17, Y3, « . -, Y, are independent linear combinations of y1, vz, - - «, ¥, With
periodic coeflicients. For if they were not independent, we could derive from
the equations (153; a relation between the arbitrary constants Cy, Cy, ..., C,
and the variable ¢. 1f we take the lincar combinations Y, Yg,.-., ¥, for
dependent variables, the relations (163) represent precisely the general integral
of the linear system of equations (§ 59),

ayy dY, dY,

(154) d_¢=_aY1’ —dt——-—-ayz-l-qu RN 7—-"“Y+Yp~l°
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Proceeding similarly with all the groups of first integrals furnished by the groups
of integrals of the adjoint system, we see that the given system is transformed
into a linear system with constant coefficients by means of a transformation of
the form

(156) Y, = Pyt + d2y2+ < + bu

where the coefficients ¢, are periodic functions with the period w.

The reciprocal of the determinant D of the ¢i's is bounded for ¢ > t,, for
we shall show that I) does not vanish for ¢ > ty. Indeed, if we consider n inde-
pendent systems of integrals (yyy, - - -, w) of the first system and the corre-
sponding n systems (Yq,, <« +, 15 of the transformed system, the determinant 1)
is equal to the quotient obtained by dividing the determinant of the Yi's by
the determinant of the yi,'s, and we know that these last two have finite values
different from zevo for all finite values of £. It follows that the absolute value
of D remains greater than a certain positive minimum for all values of ¢
between ¢, and ty+ w.

In order to complete the proof, we may suppose that the characteristic cqua-
tion of the adjoint system has no real negative roots ; for, hy § 54, any root iy
replaced by its square if we consider the period 2o instead of the period w.
If the characteristic eqnation has only real positive roots, we may evidently
suppose that all the functions ¢z which appear in the equations (155) are real.
Then that transformation actually satisfies all the required conditions. More-
over, all the characteristic exponents are real, and the transformed system has
real coefticients.  But if the characteristic equation of the adjoint system has
conjugate imaginary roots, to each group of p linear combinations, such as
Y, Yy,--4y Y, in which appear imaginaries we can associate the group
formed by the conjugate imaginaries. Ienee, combining them in conjugate
pairs, it is clear that we agam obtain a system with real constant coeflicients
by means of a transformation ot the desired form with real coefticients.

EXERCISES
1. Integrate the linear equations

Y — 2y 4 y = Aer 4 Be=+r 4 Csine + Deosr, YO+ Yy’ =z,
Y=y ¥y —y=2¢—4cosr,

Y’ =3y + 2y =(ar + b)er 4 ce=27,

a2y — Qry”’ + 9y’ =14 20 + 322 Log e,

=2y + 2y =0+ pr+y,

ady” — Buy” + Tay’ — 8y =ua3 — 20,

y © dr
zQy”—3r.l/’+4y=:‘+f- )
Jo V14 ot
Y — 9uy” + 3Tay’ — 64y = st [a + b Logz + c(Logz)?],
22y 4 2xy’ — 2y = x cosxr — sin &,
2y’ + 3xy’ +y =S(1).

If f(z) is analytic in the neighborhood of the origin, prove that this last equa-
tion has a particular integral analytic in the same neighborhood.
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2. Integrate the systems of linear equations

dy dz dz dz dr dy
—— =0, — - =0 _——— =0;
@ a @ t*=Y g atvEY goatcr=%
2 2
(8) %t-:-:+5z+y=cos2t, %—z+3y=0;
dZy dy  dz ,
= b=+ —+ 18 202z = e~
™ s d.c+dz+ y + 20z A
a2z dy  ,dz ..
;it—’+di+3di+2y+3z_et’
dx dy dz
) — —-2=0 = —2z=0 g —2=0:
(3) @ Tv—2=0 -2=0 S tz—2z ;
dr d dz
(¢) d¢-+w—u=0, —d’t{+y—42=0, ;1—t+4z—-z=0;
gi’—8y+8::—-4u=0, £+y—5z+2u=0,
de dr
®) i
d—‘n+3y—14z+6u=0;
V—-—AN+Dy—224+2(1—-Nu=0,
(n) Z4N+z+20—1u=0,
wWHMN+E@N=-1)u=0.

3. Find the general integral of the equation
@x4+1)y” +(@r—2)y —8y=(622+ z—8)e=
from the fact that the homogeneous equation has a particular integral of the
form emx, where m is a constant, [Licence, Caen, 1884.]

4. Prove that the differential equation
*2 =1y’ =nn+1)y,

where n is a positive integer, has a polynomial P (x) for integral. From this
prove that the same equation has a second integral
i o

where Q is also a polynomial. [Licence, Paris, 1890.]

6. The linear differential equation

Yy’ — @+ p+)y+uy=0,

where p and v are two positive integers, has a polynomial y, = P (z) a8 an inte-
gral. Hence prove that it has a second integral y, = erQ(z), where Q(z) is also
a polynomial. [Licence, Paris, 19083.]

6. Find the necessary and sufficient condition that the linear equation
¥” 4+ p¥’ + qy = 0 may have two independent integrals, y,, y,, which satisfy

the relation y1y2 = 1. Assuming that p = — 1/z, find the coefficient ¢ and the
general integral. [Licence, Paris, 1902.]

7. Derive the formula (23), p. 111, from the formula (11), p. 106, which
gives the value of the determinant A(yi, ¥z, +++, ¥a).
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8. Bessel’s equation,
zy'+2(m+ 1)y’ + 2y =0,
has as a particular integral the function represented by the definite integral

1
Y, = j; (1= 2Y)mcos zzdz,

provided that the real part of m is greater than — 1. If m is a positive integer,
that integral is of the form (see Vol. I, end of Chap. V, Ex. 20, 2d ed.; Ex. 21,
Ist ed.) 2.4.6...2m(Usinz + V cos),

where U and V are polynomials in 1/z whose coefticients are all integers, and
the general integral is

y=C(Usinz 4+ Vcosx) + C'(Vsinz — Ucosz).

. . [HerMITE.?
9. The integration of the system of linear equations

dy dz
d;+ay+bz=0, d—‘z+a‘y+blz=0,

where a, b, a;, b, are any functions of z, reduces, on putting y = tz, to the
integration of Riccati's equation,

gé+b+(a—bl)t—alt“=0,
and to the calculation of f(a + b,)dz (see ftn., p. 112).
10. The ratio z of two independent integrals of the linear equation
vty +ey=0

satisfies the differential equation of the third order,

v E 7\ 2
z——ﬁ(z—,> =2q—;p“—p’-

2 2\z
11. Given the differential equation
(E) s —v)—ay =0,

where a is constant, how must we choose the path of integration L so that the
function y (¢) represented by the definite integral

¥ (x) =j(‘L ez1za-1(z — 1)-2-1dz
)

shall be a particular integral of (E)? Show that the equation (E) has a par-
ticular integral, which can be expressed without any sign of quadrature, when
a is an integer. Deduce from it the general integral, and express it in terms
of the smallest possible number of transcendentals.
[Licence, Paris, July, 1908.]
12. Determine the two functions P(f) and @(t) so that the function y
represented by the expression

v=@-a [ 7OPO*+ @—b [ 70 Qo

shall be an integral of the differential equation y” = f(z) for all possible forms
of the function f(z). [Licence, Paris, October, 1907.]



170 LINEAR DIFFERENTIAL EQUATIONS - [111, Exs

13. The general integral of the linear equation
Yy’ + [n+xPx)]y + 20 t1Qx)y =0
where P () and @(z) are analytic in the neighborhood of the origin, is single-
valued in this neighborhood. The letter n denotes an integer greater than unity.
14 *, Every equation of the form

Lﬂ—p —+$""l"‘1Q\(L) +

+2Quo 1(I)>*—

partlall e ) ""‘+"'+Qn(‘)1l 0,

where @, Q,, -+ -, Q, are analytic functions in the neighborhood of the origin,
has an analytic integral in the same neighborhood ; and the value of the inte-
gral, as well as the values of its first p — 1 derivatives, may be arbitrarily chosen
for &£ = 0, provided the equation

r=p) = n At D QO D) (r—n+ 2+t Qup(0) =
has no integral root greater than p — 1,
[E. Goursar, Annales de I Ecole Normale, 1883, p. 265.]
Note. By an artifice analogous to the one which was used in § 50, we are led
to prove the proposition for an equation of the form
drvu M (dr-ly
do 2 ((lu'-l

ok G,

T

where we have put
p dnr -ry

den-»
16*, Let Z be a system of four linear equations identical with its adjoint
(p. 150)
o d . .
(E) :Lcyj =dia ¥ + i2¥y + ti3yY; + Aigy,. (i=1,2,3,4) apn+an=0

u=y+ay + ... fan-r

This system has the first integral y2 + y2 4 52 + y2 = C. If we suppose C =0,
the preceding relations are satisfied by putting
yl‘_’P(""E)v y'.'=P(1+E’7)9 ys=Pi(1"£"l)y 1/4=P5(17+E)-

Substituting these expressions for y,, y,, ¥, ¥, in the equations (E), we obtain
the system of three equations

2% = (a1 + itrw) (1 — §) + 2izn + (054 + iaaq) (n + §),
27" = (12 + aus) (1 + 9% + i(t13 + aze) (1 — n?) + 2i(ase + an) m,
28 =(an + aus) (1 + £2) + i(ag + az¢) (1 — £2) + 28 (as2 + an)é,
of which the last two are Riccati equations. Let 9 =f(z, C,), £ = ¢ (z, C,) be
the genelal integrals of these two equations; then the general integral of the
equation in p is given by the equation
2 of 09
ac ac

{E. Goursar, Comptes rendus, Vol. CVI, p. 187, and Vol. CXLVIII, p. 612.]

=G,
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16. Prove the relation

j;:nﬁ'(z)dzfr:‘p'(z)dzf...j:*w(f)uf;rf(x)dz
= oo @ - s,

in which the left-hand side contains n integral signs, by proving that the two
sides are particular integrals of a linear differential equation of the nth order
satisfying the same initial conditions.

17 *. Prove that the integral ¢ (£, ) of the linear equation F(y) = 0 (p. 108),
considererd as a function of the variable «, is an integral of the adjoint equation
G (z) = 0 after having replaced z by «.

Note. ,t is seen that the integral of the equation F(y) =0 which, with its
first (n — 1) derivatives, takes on the same values for £ = x; as a function  (z)
and its first (n — 1) derivatives, has the form

y=n@)- [ FE@ e qda,
where z = 7 (). The integral on the right must depend only upon w (£), w (r,),
w(Tp)y + -+, W=D (). Now we can also write (§ 42)

Jx _ x
[F@oe ada= vz ¢ 01117~ [ 2o e
Y i} r,
and it is clear that the preceding condition is not satisfied unless we have
G, @)] =0. It follows readily that the functions ¢, (r) defined hy the
equations (A) (ftn., p. 109) form a fundamental system of integrals of the
adjoint equation.



CHAPTER 1V
NON-LINEAR DIFFERENTIAL EQUATIONS
I. EXCEPTIONAL INITIAL VALUES

The proof which has been given for the existence of integrals
that take on given initial values really supposes that the right-hand
sides of the given system of equations are analytic in the neighbor-
hood of these initial values (§ 22). Restricting ourselves to the case
of a single equation, we shall examine some simple cases in which
that condition is not satisfied.

63. The case where the derivative becomes infinite. Let us consider
an equation of the first order,

1) =S )

where the right-hand side f(x, ) becomes infinite for the pair of
values x =&, y =y, in such a way tlmt its reciprocal

AnN=7 (w ¥)
is analytic in the neighborhood of this pair of values. We can write
the preceding equation in the form

. de 1
(2) _(17/' _f(-", !/) —'jl('r’ .’/))

d dy
de

regarding y as the independent variable and x as the dependent
variable. But since the right-hand side £,(«, ») is analytic by hypothe-
sis for 2 = x,, y = y,, Cauchy’s theorem applies to the equation (2
Hence there exists an integral, and only one, which approaches x,
as y approaches y, and that integral is analytic in the neighborhood
of the point y,. The development of x — x in a power series accord-
ing to powers of y — y, necessarily commences with a term which
is at least of the second degree, since dir/dy or f,(r, y) is zero for
x =, y =y, for otherwise f(x, y) itself would be analytic. Let
this development of x — x, be
(3) x_xo=Am(y_:'/o)m+"m+l(.’/—'.’/o)m+l+"'-

(m=2,4,+0)

172
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From the equation (3) we derive a development for y — y, according
to powers of (x — x ) (see II, Part I, § 99),

1 3
) Y= Y= (r —a)"+ ai(x —a )™+ .. (a, # 0)
It follows that the equation (1) itself has this one and only this one
integral of the form (1) which approaches y, as x approaches x,, and
the point x is an algebraic critical point for this integral *

64. Case where the derivative is indeterminate. The complete dis-
cussion of all the cases in which the derivative Lecomes indeter-
minate is8 much more complicated. Let us take first the equation
studied by Briot and Bouquet,t

®) xf—by=ax+ay?+agy+agf+---=¢(x, ),
where the right-hand side is analytie in the neighborhood of the
point £ = y = 0, and let us try to determine whether there exists an
analytic integral which vanishes with o For this purpose let us

substitute for y, in both sides of the equation (5), a power series
(6) y=cxrtoegt 4o rt e
After the substitution the coefficient of 2" on the left-hand side is
(n — b)e,, while the coefficient of o on the right is a polynomial,
I,n(”w! Moy =) Wons Cppt 0y 'ln—l)!
whose coefficients are all positive integers, and which contains only
the coefticients ¢, .- .. ¢,_,, and some but not necessarily all of the
coeficients «,, for which i 4+ 4 = n. We therefore obtain & recurrent

relation for the coefticients of the series (6):
) {(n — D)o, = P (g Ay oo vy Qo3 Oy Oy v = vy Cpo1)
n=12..)
This enables us to calculate these coefficients successively, provided
that b is not equal to a positice integer. Let us first set aside this
supposition. The relation (7) gives us

2
Ay o+ 1y 0 + @y
y = ——) vy

171 2 2—19

* In geometric language, we can also say that through the point (x, y,) there
passes one and only one integral curre, on which the point (2, 1/o) is an ordinary
point, and the tangent at this point is the straight line z = ry. In stating the theorem
we have tacitly assumed that the function fy(£, ) does not vanish for z =z, for all
values of y; for in this case the integral of the equation (2), which takes on the value
xo for y = y,, reduces to z=x,, and the equation (1) has no integral which approaches
Yo 88 z approaches ro.

t Journal de I' Ecole Polytechnique, Vol. XXI, 1856.
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and so on in this way. The value of the series (6) certainly repre-
sents an integral of the equation (5) vanishing with x, provided that
the series has a radius of convergence different from zero. In fact,
the operations by which we have obtained the coefficients of this
series are then valid (I, § 192, 2d ed.; § 186, 1st ed.).

In order to prove the convergence of this series, let us observe
first that if we give to z all the integral values 1, 2, .- ., to infinity,
the fraction 1/(n — &), which cannot become infinite, approaches
zero. The absolute value of that fraction has therefore a maximum
1/B, and we have for every value of the integer , [1/(n — b)|=1/h.

On the other hand, let

(2, ¥) = Ay + ., &Y AV L VL
be a dominant function for ¢(r, y), having no constant term nor any
term in ¥. We might take, for example, a function of the form

M Y
S, Y=o —— M — M —,

e

but it is really not necessary to specify it completely in order to
carry through the proof. The auxiliary equation

(8) RY =&(r, 1)

has, by the general theorem on implicit functions (I, § 193, 2d ed.:
§ 187, 1st ed.), an analytic root vanishing with . Let

9 Y=0Cuo4+Cprl4 .o Ot 4.0
be the development of this root in a power series. In order to cal-

culate the coeficients €}, we can substitute this development for ¥

in the two sides of the relation (8). This gives the recurrent relation
(10) Bcn = I’n(‘tlm -lmv M ) ‘ll)n; ('I’ ('21 tt ('n—l))

where P, denotes the polynomial which appears in the relation (7),

in which ay has been replaced by .1, and ¢, by ;.

But from the very way in which we have chosen the constant B
and the function ®(x, 1), we have the inequalities

1 1
. law|=Ay, | =7
It follows that if we have

. |°11<Cx’ |°2‘<Ca: ey 'Gn-1l<0u—n

we have also |¢,| < C,, since all the coefficients of the polynomial P,
are positive integers. Now we have |a,,| < A,,, and, consequently,



IV, § 64] EXCEPTIONAL INITIAL VALUES 175

|e,] < €, Reasoning step by step, we conclude that the series (9)
dominates the series (6). The latter is therefore convergent in the
neighborhood of the origin. Summing up, {f' the coefficient b of' y in
the equation (5) is not equal to a positive integer, that equation has
one and only one analytic integral that vanishes with x.

In order to finish the study of the analyti~ integrals which vanish with »r,
we must still examine the case where b is equal to a positive integer. Suppose
first b = 1; the first of the relations (7) reduces to «,, = 0. 1If a, is not zero,
ther there is no analytic integral fulfilling the condition. 1f ay is zero, setting
¥ = A, we are led to an equation,

(11) N =y @A) =ay+ a4 q N4 -,

where the function y (x, \) is analytic, provided that {x| <7, |[\|<A, r and A
being two suitably chosen positive numbers. Now this equation (11) has an
infinite number of integrals which are analytic in the neighborhood of the
origin, for we can choose arbitrarily the value X, of X for & = 0, provided that
we have [A;| < A. Hence in this case the equation (5) has an infinite number
of analytic integrals vanishing with r,

If b is equal to a positive integer greater than unity, the coefficient of & in
the development of an analytic integral vanishing for £ =0 must be equal
to a,,/(1—b), and the transformation y = a,,r/(1 — h) + M leads to an equation
of the same form in which the coefticient of X is equal to (1= 0):

IN = (=T =dpr + ayr? +ap Ae 4 ool

By a succession of similar transformations we reach the case which has just
heen treated. Consequently, if the coeflicient b is equal to a positive integer,
the equation (5) has no analytic integral vanishing with x, or it has an infinite
number of such integrals.

Briot and Bouquet also investigated whether there existed non-analytic inte-
grals approaching zero with r, and proved that the equation (5) has an infinite
number of such integrals when the real part of b is positive. We can casily
establish this theorem by means of the method of successive approximations.
Let us first point out that if the real part of b is positive, we may, without
lack of generality, suppose that the real part R () >1. In fact, if we make
the change of variable x = z’», where n is a positive integer, the equation (6)
is replaced by an equation of the same form in which b is replaced by nb.
We shall suppose, then, that we have R (0) > 1, and that b is not an integer.
As we have just seen, the equation (5) has an analytic integral y,, which
vanishes for z = 0. Hence, setting y =y, + u, the equation (5) becomes

oW —bu = ¢ (£, y1 + u) — ¢ (r, ¥1) = uy (s, u).

Since tha function ¢ (z, ) does not contain any term of the form a constant
times y, the function y (z, ¥) will not contain any constant term, and we can
write the preceding equation in the form

zw —bu=ulaz+ pu+ .-
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Let us now put u = A\xb, where A denotes the new dependent variable. The
equation takes the form

12) X':X[(t'{'ﬂm-l"' ...]:F(X, z,z"'l),

where F denotes a power series with respect to the three variables A, z, zb —1.
In the plane of the variable « let us draw through the origin two rays whose
inclinations are wy, and w,(w, < w; < wy + 27), and let us consider the circular
sector 4 limited by these two rays and an arc of a circle with the radius »
described with the origin as center. If z remains in the interior of 4, and
if [A| remains less than a positive number /, the function F(\, z, zb-1) will
be analytic,* provided that the two numbers r and ! are sufficiently small,
Let us connect the origin with any point z of the sector 4 by a straight line-
segment, and suppose that we take for the initial value of A an arbitrary value
A\, Whose absolute value is less than I. We can apply to the equation (12) the
method of successive approximations (§ 29), which consists in taking the
successive integrals

)‘1=7\0+sz0‘01 z, 2~ de, x,=x0+f”F(xl,;,zb—1)dz,
0 (]

and, in general, -
A=A +j; Fmo1, 2, 2= 1) de,

all of these integrals being taken along the straight line. The fundamental
hypotheses for the validity of the proof are satisfied. All the functions A(z),
A3(£), ¢« - are analytic in the interior of the sector 4, and the function A, (£)
approaches a limit A (x) if the radius r has been taken sufficiently small. Ience
the equation (12) has an integral which is analytic in the interior of the sector
4 and which approaches the value N\, as £ approaches zero. It follows that the
equation (6) has an infinite number of non-analytic integrals in the neighbor-
hood of the origin, each of which approaches zero as the point x approaches
the origin and depends upon an arbitrary parameter A,. This proves Briot and
Bouquet's theorem.

The condition that the real part of b — 1 be pusitive is essential. Indeed, if
z approaches the origin, remaining in the sector 4, its angle remains between w
and w,, and its absolute value approaches zero. Setting z = pet,b— 1= u + ¥,
we have

(13) b =1 = e+ ¥i)(logp + w) — grlogp—rwer (vlogp + ww),

As p approaches zero, w remaining included between the two limits w, and w,,
ulog p — vw becomes infinite in absolute value in remaining negative, and the
absolute value of z0 -1 approaches zero. On the contrary, if the real part of
b — 1 is negative, it is obvious that the absolute value of £t -1 becomes infinite
as z approaches zero, remaining in the sector 4. The function F(\, z, zb=1) is
not continuous at the origin, and the previous proof no longer applies.
According to Briot and Bouquet, if the real part of b is negative, the equa~
tion (6) has no other integral than the analytic integral vanishing for z = 0.

*If z approaches the origin, remaining always in the sector .1, the derivative of the
function F* with respect to * may become infinite if the real part of b — 2 is negative,
but that derivative does not appear in the method of successive approximations.
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But their proof, which is very similar to the one in the footnote on page 50, sup-
poses that the variable & approaches the origin along a path of finite length that
has a definite tangent at the origin, and thi~ condition should appear in the state-
ment of their theorem. In order to give some idea of the difficulty of the ques-
tion, let us consider the function £, supposing that the real part u of b is negative,
while the coeflicient v of i is different from zero. The absolute value of zb is equal
to erlogp—vw, If we make the variable z describe a curve that approaches the
origin indefinitely, ulog p does approach + o, but if we make the angle w in-
crease in absolute value at the same time in such a way that the difference
ulog p — vw remains negative and increases indefinitely in absolute value, the
absolute value of z* approaches zero at the same time as|z]. If »> 0, we need
only make the variable z describe the logarithmic spiral whose equation is
p = ev»/3k, for example ; for we then have |xb| = e-*»/2, and if the angle w
approaches + «, |.£| = p and |xb| approach zero simultancously.

If the real part of b is negative and the real part of b/i is not zero, it follows
from investigations of Picard and Poincaré that the equation (6) has an in-
finite number of non-analytic integrals that depend upon an arbitrary constant
and approach zero as the variable x describes a path such as the preceding, along
which |xb| approaches zero. The contradiction between this result and the
theorem of Briot and Bouquet is only apparent, since in the two cases entirely
different conditions are assumed. In particular let us notice that if the variable
z takes on only real values, it cannot turn an infinite number of times around
the origin ; consequently there will be no other integral which approaches zero
with z except the analytic integral, provided the real part of b is negative.

The results of this discussion are easy to verify with the elementary equation
zy’ = ar + by, whose general integral is y = ar/(1—b)+ Cr? if b—1 is not
zero,and y = ax Logz + Cz if b=1.

65. We shall limit ourselves to a few statements concerning the
general case of an equation of the form

14 dy  ax+by+ec® 4 2dry+ ey .. ____}_”
( ) de dx+ 0y 4+ 2dvy+ ey X

where X and Y are power series which converge when
| <r,  lyl<r
We are supposing, as we may without loss of generality, that it is

for # = y = 0 that dy/dx becomes indeterminate. Setting y = wx in
this equation, it becomes

15 Q_a,+bv—r(a'+b’n)+a'¢{:_7",_v_)’

(15) Tz~ a' 4 b'e 4 ry(n, )

where ¢ (r, v) and ¢ (x, v) are two power series which are convergent
whenever |r| < rand |er| < 7. If the equation (14) has an analytic
integral vanishing with x, the coefficient of # in the development-nf

that integral is necessarily a root of the equation
(16) a+bv—v(a40v)=0,




178 NON-LINEAR DIFFERENTIAL EQUATIONS [1v,§65

since the left-hand side of (15) is zero for = 0. Let v, be a root of
the equation (16). If we put v = v, 4 «, the two functions

¢ (x, v, + ), ¥ (x, v, + )
are still regular in the neighborhood of the values 2 = 0, % = 0, and
the equation (15) reduces to an equation of a form already studied,

AT

¢
an m—(zt-=Au+Bx+---,

provided that » = v, does not make «' 4+ 5'v vanish. Since the equa-
tion (16) is in general of the second degree, we see that we can
reduce the equation (14) to the form (5) in two different ways.
Hence there are in general two analytic integrals and only two van-
ishing for # = 0. But these conclusions are applicable only under
the most general conditions, where the coeflicients a, 0, a', ' do not
satisfy any special relation.

The general investigation of the integrals, analytic or not, of the
equation (14), which approach zero when @« approaches zero (X and
Y being two regular functions which vanish for » = y = 0), has been
the object, since the work of Briot and Bouquet, of a large number
of investigations. Although it has been possible to treat more and
more general cases, the question is still not exhausted. Let us notice
in particular just one remarkable circumstance which we have not
yet mentioned. Let us take the equation

(18) a? % — by = ax,
and let us try to find, as above, an analytic integral of this equation
which vanishes for x = 0. If we attempt to determine the coeffi-
cients of the series (6) so that on substituting it in the equation (18)
we arrive at an identity, we discover the relations

a+bcl=0, (‘1=bf‘2, 2c‘=bcs, ey n('”=[)p"+l,...’
from which we derive

a a 2a rle
t'l=—-b-; 4'2=—I7,’ s = 0 (RN cu+1=-Fi'
We thus obtain a unique value for each coefficient, but the series
which we obtuin is divergent except for r = 0. The origin is an essen-
tially singular poiné for all the integrals, as is verified by direct
integration. Similarly, the point x =0 is an essentially singular
point for all the integrals of the cquation xy' + = 0; and all these

integrals approach zero with ||
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If we assign only real values to the variables r and y, and wish to construct the
integral curves of the equation (14) (. and Y being, for example, two polyno-
mials in £ and y with real coefficients), it 1s very important to know the form of
these integral curves in the neighborhood of a point common to the two curves
X =0, Y=0. We shall study from this point of view the simple equation

dy dr+b
as) o=

dr  «'z+ 0y
which can be integrated by elementary methods (§ 3) by the substitution y = t.r.
We can integrate it in a more symmetric way by replacing the equation (19) by
the system :
dz d
(20) =,
x4y ar+bdy
where ¢ is an auxiliary variable introduced for the sake of symmetry. We have
seen above (§ 59) that this system can be reduced to a simple canonical form
by replacing £ and y by two linear homogencous combinations X and Y of these
variables. In this case the characteristic equation is

S2— (' +V)s+ ba" —al =0.
This equation cannot have zero for a root, since we suppose that ab’ —ba’ is
not zero. Several cases are now to be distinguished according to the nature of
the roots :
1) If the characteristic equation hos two real and distinet roots 8;, 82, we can
reduce the system (20) to the form
d\ _dYy
IS %

and the given equation consequently becomes

yd.x =" xav.
2
The general integral is given by the equation
]
Y=0CXx"
If 8; and s, have the same sign, ¥ approaches zero with .Y, and all the integral
curves pass through the origin, which is a node. If 5,/5 is negative, there exist
only two integral curves passing through the origin, the straight lines X =0,
Y = 0; hence the origin is a saddleback.
2) If the characteristic equation has two conjugate imaginary roots « + gi,
a — Bi(8 # 0), we can reduce the system (20) to the form

AX+Y) A=Y

(@+B) (X + ¥i) (a—B)(¥—=Yi)
where X and Y are linear homogencous combinations of £ and y with real
coefficients. We can then write these cquations in the form

ax _ay

aX_pY pX+a¥r

XdX + lfd): _ XdY - YdX
a(X?+Y?) ~ B(XT+Y?)

?

from which we derive
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The general integral of the equation (19) is therefore represented by the
equation

a
< arc ta
VIt Vi=0eP

If « is not zero, all these curves have the form of spirals which approach
the origin as an asymptotic point. The origin is said to be a focus.

If « is zero, the general integral is represented by concentric conics. The
origin is called a center, but this case must be considered as exceptional, since it
occurs only when «a satisfies an equality.

8) If the characteristic equation has a double root s, that root is real and
different from zero, and the system (20) reduces to the form

ax ay

L=
sX  3(X +7Y)

The equation (19) itself becomes dY/dX =1+ Y/X, and the general integral is
Y = CX + X Log X. In order to construct these curves, we can express X and
Y in terms of an auxiliary variable by putting X = ef, which gives Y = Ced + fes.
When 6 approaches — o, X and Y, and consequently £ and y, approach zero,
and the origin is again a focus.

The preceding classification is due to Poincaré, who has extended the dis-
cussion to equations of the general form (14) whose coefficients are real.

IT. A STUDY OF SOME EQUATIONS OF THE FIRST ORDER

65. Singular points of integrals. The developments in series by
which we have established the existence of analytic integrals of a
system of differential equations enable us to calculate these inte-
grals only in the interior of the circle of convergence; but the
knowledge of these developments suffices, as we have noticed in
general (see IT, Part I, § 86), to wirtually determine these functions
in the whole domain of their existence. Let us consider, for defi-
niteness, an algebraic differential equation of the first order,

(21) F(z,y, y")=0,

where F is a polynomial in x, %, y'. Let (x;, ,) be a pair of values
for which the equation F(z, y,, ¥") = 0 has a simple root y;. When
- and y approach x, and y, respectively, the equation (21) has one
and only one root approaching y;, and that root, y' = f(x, y), is a
regular function in the neighborhood of the point (z,, y,). The
equation (21) has therefore an analytic integral which reduces to
¥, for z =z, and whose derivative takes on the value y; for « = z,.
This integral is defined by its power-series development only in the
interior of a circle C; about x, as center, whose radius is in general
finite. But this function, whose analytic extension may be followed
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outside of the circle C,, satisfies the equation (21) in its whole domain
of existence. Let us observe that we may make use of the equation
(21) itself to calculate the coefficients of the different series which
we use in the method of analytic extension. If at a point x, in the
circle €, the integral considered is equal to y,, its derivative is equal
to one of the roots y{ of the equation F(z,, y,, ') = 0, and we shall
be able to derive the values of the other derivatives at the point x,
by successive differentiations of (21).

It follows that every differential equation of the first order defines
an infinite number of analytic functions, depending upon one arbi-
trary constant. These are in general transcendental functions which
cannot be expressed in terms of the classic transcendentals, and the
same thing is true a fortiori of the functions defined by algebraie
differential equations of the second, or higher, order. The study
of the properties of these new transcendentals and their classifi-
cation constitutes the object of the analytic theory of differential
equations.

We may be guided in this study by two different motives: we
may seek the necessary and sufficient conditions that equations of a
given sort may be integrated by means of functions already known;
or, on the other hand, we may propose to ourselves the problem of
discovering the algebraic differential equations that define transcen-
dentals not reducible to the classic transcendentals, and possessing
certain remarkable properties, such as being single-valued and ana-
lytie, or analytic except for poles, etc. Whatever may be the object
that we have specially in view, the investigation of the possible
singularities of the integrals is an essential question. While the
singular points of the integrals of a linear equation are fixed, the
singular points of the integrals of non-linear equations vary in gen-
eral with their initial values. For example, the integral of the equa-
tion z 4 yy' = 0 which takes on the value y, for £=0 is y = V2 —
This function has the two critical points + 3, — »,, which depend
upon the initial value. Similarly, the integral of the equation y' =32
which takes on the value y, for =0 is y,/(1 —«y,); this solu-
tion has the pole =1/y,. We are therefore led to distinguish two
classes of singular points for a differential equation: the fized sin-
gular points which do not depend upon the chosen initial values
(not being necessarily singular points for all the integrals), and
the movable singular points, poles, or critical points which depend,
upon the initial values. A differential equation may have both kinds
of singular points.
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67. Functions defined by a differential equation y' = R(x, y). We
shall study in particular the differential equation

(22) E=r@my =500

where P(z, ) and Q(x, y) are two polynomials in « and y which
have no common polynomial divisor. The pair of simultaneous
equations P(x, y) = 0, Q(z,y) = 0 has a certain number of solutions
(g b)), -+ ¢y (@yy b,). Let us mark the points «, @ .y a, in the
x-plane.

The transformation y = 1/z reduces the equation (22) to an equa-
tion of the same form,

2 "t

dz _ Py, 7).
@3) dr Ry, = Ql(il‘, z)

and the pair of equations P (r, 2) =0, Q,(r, #) =0 has a certain
number of systems of solutions (a{, 47), - - -, (4, 0}). Let us mark
the points aj, a3, -+ -, «,, in the z-plane. The points a,, «; are in gen-
eral singular points for some of the integrals of the equation (22),
but they are known a priori; that is, they are the fired singular
points.

Let now (x, y,) be any pair of values such that Q(x;, y,) is not
zero. Then by Cauchy’s fundamental theorem the equation (22) has
an analytic integral, in the neighborhood of the point «,, which
takes on the value y, for # = . Suppose that we make the variable
x describe any path L proceeding from the point », and not passing
through any of the points a;, ;. We can continue the analytic
extension of this integral along L so long as we do not encounter
any singular point. But it may happen that we are stopped by the
presence of such a point; let @ be the first singular point which
we encounter. The integral considered is analytic in the neighbor-
hood of every point X of the path L included between «, and «, but
the circle of convergence of the power series which represents it,
and whose center is at X, never contains the point @ in its interior,
however small | X — | may be. The equation Q(«, y) = 0 has a cer-
tain nwmber of roots B, B,,---, By. Let us mark the points g; in
the y-plane. The equation Q(@, ¥) = 0 has only a finite number of
roots, for otherwise the polynomial Q(z, ¥) would be divisible by
(x — ) and the point @ would be included among the points a,, a;.
For the same reason it is seen that the two equations I’ (e, ) =0,
Q(a, y) = 0 have no common root.
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There are now several possible cases to be examined. Let Y be
the value of the integral in terms of X'; we cannot suppose that ¥
approaches a finite value B different from B, B,,---, By as X ap-
proaches a, for R (x, y) is a regular function for # = «, y = 8. Now,
by Cauchy’s fundamental theorem, there would then exist a single
integral approaching B as x approaches @, and that integral would
be analytic at the point «, contrary to hypothesis. Let us suppose
next that ¥ approaches the value 8; when | X — a| approaches zero.
The function R (a, ) is infinite for = «, y = B,, but its reciprocal
is a regular function, since we cannot have P’(«, 8,) = 0. e have
seen in § 63 that the equation (22) has one and only one integral
which approaches B; as | X — a| approaches zero, and which has the
poiut @ as an algebraic critical point. Similarly, if || becomes
infinite as | X — «| approaches zero, the equation (23) has an integral
which approaches zero with |X —a|. We cannot have simultane-
ously P (a, 0) =0, Q(a, 0) =0, since the point e is not contained
among the points «;. If @ (a, 0) is not zero, z is analytic in the
neighborhood of the point @, which is a pole for the integral con-
sidered. If Q(a, 0) =0, the point @ is an algebraic critical point’
for z and thus also for y.

We have not yet exhausted all the possibilities. Might it not hap-
pen, for example, that 1" does not approach any limit, although | Y|
does not become infinite as | X — «| approaches zero? Painlevé has
shown, in the following way, that this is not possible. Previously
this had been assumed without adequate proot. About the point «
as a center let us deseribe a circle € with a very small radius z. The
roots of the equation Q(X, y)=0 which approach respectively
Bl; By -+, By as | X — a| approaches zero remain respectively con-
tained in the interior of the circles y,, y,, - - -, y» about the points
By By - -+ By as centers with radii p, py, - -+, py. We can take the
radius » so small that all these radii p, are themselves smaller than
any given positive number e. Let us consider at the same time a
circle T with a very large radius R, described in the plane of the
variable y about the origin as center, and let (%) be the portion of
the y-plane exterior to the circles y; and interior to the circle T. We
shall show that when |X — a| approaches zero, the corresponding
point ¥ finally remains constantly in the interior of one of the cii-
cles y; or exterior to the circle I. If this were not the case, we
should always find on the path Z certain points X such that | X — a|
is less than any given number and for which ¥ would be in the
region (E). Suppose now that we have |X — a| <7/2, for example,
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while only values of Y in the region (E) are considered. e shall
show that there is a positive minimum for the radius of the circle of
convergence of that integral of the equation (22) which is equal to ¥
SJorz = X. In fact, there is evidently a maximum for |R (X, Y)| when
the points .\, } remain respectively in the preceding regions, while
there is a positive minimum for the numbers « and b (see § 22). Let
n be the minimum of the radius of this circle of convergence. We
could find, by hypothesis, a point .X' on the path Z whose distance
from the point @ would be less than 5 and such that the correspond-
ing point ¥’ would be in the region (%). Since the circle of cenver-
gence of the series, which represents the integral which takes on the
value ¥' for = X', has a radius at least equal to 4, the point «
would be in the interior of this circle, which is evidently impossible,
since a is a singular point.

The point Y, therefore, finally remains constantly in the interior
of one of the circles y, or outside of the circle I'as | X — «| approaches
zero. Since the radius p; can be taken as small as we please and the
radius R as large as we please, this means that " approaches one of
the values B, unless | Y| becomes infinite. We have just examined
what happens in these two cases. It follows that the point a is either
a pole or an algebraic critical point. Hence we can avoid the singular
point by replacing the portion of the path L near the point « by an
arc of a circle of infinitesimal radius described about this point
as center, and we shall be able to continue the analytic extension
beyond this point until we meet a new singular point. We shall
show that on a path L of finite length there are never more than
a finite number of poles or of algebraic critical points. In fact, with
each of the points a;, a; as centers let us describe a very small circle
in the plane of the 2’s, and let us describe also a circle of very large
radius about the origin as center, so that all of the path L shall lie
in the region (E') of the a-plane bounded by these circumferences.
Let », be any point of (E'). Then the integral whose absolute value
becomes infinite as |2 — x| approaches zero is equal to a polynomial
in (¢ —,)"! plus a power series in (x — «,) which converges in
a circle of radius p,. Similarly, the different integrals which have
the point x, as an algebraic critical point are represented by series
arranged according to fractional powers of x — . Let p, be the
smallest of the radii of convergence of these different series. It is
clear that these numbers p, and p, vary continuously with the position
of the point z; hence they have a minimum A > 0, and the distance
between two neighboring singular points on the path L is of necessity
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greater than A.* 'We can therefore encounter on this path only a
finite number of poles or of algebraic critical points. Consequently,
the only movable singular points of the integrals of the equation (22)
are poles or algebraic criticul points. These integrals cannot have
movable essentially singular points, and consequently they can have
no natural boundaries.

The preceding arguments can be extended without difficulty to
equations of the form (22), where I’(z, ), Q(x, y) are polynomials
in y whose coeflicients are analytic functions of x. We have only to
add to the points «,, «f, which are defined as above, the singular
points of all these coefficients. Tf the path described by the variable =
remaing in o region not containing any of the points a,, «; or any
of the singular points of the coeflicients of the various powers of y,
the only singular points which the integrals can have are poles or
algebraic critical points,

As an application, let us consider the question of finding the
equations of the form (22) which have no movable eritical points.
In order that this may be true, the denominator must not contain y.
In fact, let @ be any value of x, and B a corresponding value of y,
for which @ («, 8) = 0, while the numerator P («, 8) is not zero. The
integral of the equation (22) which approaches 8 when |z —a|
approaches zero has this point as a eritical point, and it is clear
that it is not a critical point for all the integrals. Hence the desired
equation must be of the form

5‘1]-_/__]) 7/m+]) _17/m 1+

where P, P,_,,- - are functions of x. Moreover, the equation
obtained by putting y =1/ must be of the same form, so that m

* It should be noticed that an integral can have an infinite number of critical points,
and even an infinite number of them in the neighborhood of any value of z. Consider,
for example, the cquation

2y = R(),

where R (r) is a rational function; the general integral of this equation is
T
y2=y3 +f R(z)dxr.
)

Let us suppose that the definite integral f R (x) dx has the four periods 1, a, i, i,
where a and B are two real irrational numbers. In the interior of a circle ¢ described
with any point »; as center and with an arbitrary radius, it is easy to prove (see II,
Part I, § 53, Note) that we can find an infinite number of roots of »2 by suitably
choosing the paths of integration, and each of these roots is a critical point. But
a path of finite length described by the variable never contains an infinite number
of them.
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cannot be greater than 2. It follows that the most general equation
which satisfies the given conditions is a Riccati equation. It is
easily verified that the condition is satisfied by any Riccati equa-
tion. If we take, for example, the expression in (26) (§ 40) which
represents the general integral, it is clear that that integral can have
for singular points, besides the singular points of the functions y,,
y,, only poles resulting from the roots of the denominator y, + 'y,
that is, poles which vary with the constant C.

Similarly, we may consider the question of determining the equations of the
form (22) whose integrals have no movable poles. Let m and n be the degrees
of P(x, y) and of Q(«, y) with respect to y ; the equation obtained by putting

y = 1/z is of the form

dz P, (x, 2)
24 L =mt2-m 1V
(24) dr

@2, 2)

where P, and @, are two new polynomials in z. Let ¢ = a be any value of
not contained among the fixed singular points. The equation (24) has an inte-
gral which approaches zero as |z — «a| approaches zero. It would seem from
this that the equation (22) always has an integral whose absolute value becomes
infinite as |« — «| approaches zero, but this conclusion is incorrect if the inte-
gral of the equation (24) reduces to z =0. It is necessary and sufficient for
this that m < n + 2 ; hence this is the condition that there shall be no movable
poles. It follows that the only type of equation which has no movable singular
point of any kind is the linear equation.

Application. The preceding result enables us to determine whether the gen-
eral integral of a differential equation of the first order is a rational function
of the constant of integration, when that constant is suitably chosen. Let

Pz, )
Q, €)
be a rational function of the parameter C, where the coefficients of the two

polynomials in €, P(«, C) and Q (&, C), are any functions of £. 1t is clear that
the derivative y’ is also a rational function of C,

¥’ = R’ (x, C).

The climination of the parameter C leads to a relation of the form

(®) Fy,v'; 2)=0,
where F is a polynomial in y, y” whose coefficients may be any functions of z.
From the manner in which this equation is obtained we see that it is of defi-
ciency zero in y and y’, regarding z as a parameter.

Conversely, let us consider a differential equation of the first order (E), in
_ which the left-hand side is a polynomial in y and y” whose coeflicients are any
analytic functions of z. In order that such an equation have a general integral

of the form (A), it must first of all be of deficiency zero in y and y’. When
this is the case, we can express y and y” as rational functions of a parameter u,

y=r(, u), f=1(2 ¥,

(A) y=R(z, O)=
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in such a way that we have, conversely, u = s(z, ¥, '), where the functions r
and r; are rational in u, and where s is a fational function of y and y’. Hence
the given differential equation (E) may be replaced by the equation

or ordu
PP = (z, u),
which is of the form
o d
(5,) o= Fa ),

where F is a rational function of u. If the general integral of the equation (K)
is y = R(«, C), the general integral of the equation (E,) is, according to the
above,

u=s[r, R(x, C), R'(z, C)];

that is, it is a rational function of C. But the only singular points of such an
expression which vary with C are evidently poles. The only movable singular
points that the equation (E,) can have are therefore poles ; consequently the
equation (KE,) must be a Riccati equation.*

Let us consider, for example, the equation

vV2=(Py+ Q3*@w—a)(y—b),
where I and Q are functions of z, and where a and b are two constants. This
relation is of deficiency zero in y and g, and in order to express y and 3 as
rational functions of a parameter, we need only set (y — b)/(y — a) = 3, which
EIves v (1—13)2 = (0 — a) [P (0t — atd) + Q(t — B3)],

and the equation (E,) is the Riccati equation

2(;1;: P(b—at?) + Q(1 —12).

68. Single-valued functions deduced from the equation @)"=R(y).
Let us now consider the integrals of the differential equation

P

e’

where m is a positive integer and where P(y) and Q(y) are two
mutually prime polynomials in y with constant coefficients. We shall
now propose to determine all the equations of this kind whose gen-
eral integrals are single-valued and in general analytic. Let x, be
any value of x, and y, an arbitrary value of y which does not cause
either of the polynomials P (y), Q(y) to vanish. The equation (25),
after y has been replaced by y, has m distinet roots in y'. Let us
choose one of these roots, ;. The equation (25) has an analytic

25) @) =2r(y=

* The converse is immediate. If (E;) is a Riccati equation, the general integral u
is a lineur function of the arbitrary constant C, and consequently y= v (x, u) is a
rational function of C.



188 NON-LINEAR DIFFERENTIAL EQUATIONS [1v, § 68

integral in the neighborhood of the point «,, which takes on the value
7, at this point and whose derivative is equal to y; for z = z. We
can extend this integral analytically along the whole of any path
starting from the point z,, so long as we do not encounter any singu-
lar points. Let @ be the first singular point encountered, let X be a
point of the path Z lying between x, and e, and let 1" be the corre-
sponding value of the integral at the point X. The arguments of
the preceding paragraph, which apply here without essential modi-
fication, show that as | X — a| approaches zero, ¥ approaches a root
of one of the equations

Pn=0, Q=0

or else |¥| becomes infinite; but it can never happen that ¥ does
not approach any limit.

Let us examine the different possible cases. Suppose first that b
is’a ¢-fold root of the denominator @ (y)= 0. From the equation (25)
we have

q
(26) de=(y — )" [e,+ ey (y — b) + - -] dy. (¢, # 0)

If y describes a path from y, to & in the plane of the y’s, the vari-
able z describes a path starting from z and ending at a point which
we shall call @ in the finite portion of the z-plane. Conversely, if =
goes from x, to « along this path, y goes from y, to 4. Putting
y—b=t", we derive from the equation (26) a development of
x—a in powers of ¢ beginning with a term of degree m + 4.
Conversely, we have for ¢ a development according to fractional
powers of x — « beginning with a term in (z — ) +9, and there-
fore a development of y — b of the form

m

]/—b=(x—a)"'+‘1[(to+al(m-—a)"‘_+'1+---J. (!l°=f=0)

Since ¢ is positive, m + ¢ is greater than m, and the point » = a is
an algebraic critical point for the integral considered. In order that
the general integral of the equation (25) may be a single-valued func-
tion, it is necessary that the polynomial Q(y) shall -reduce to a
constant, or that the equation shall be of the form

14

@7 @) =r(),

where P (y) is a polynomial. Since the equation 2™ = (—1)"z2"p (1/z),
obtained by the transformation y =1/z, must also be of the same
form, the degree of the polynomial P (y) cannot be greater than 2m.
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Finally, we may suppose that I’(y) is of degree 2m. In fact, if
P(y) is of degree 2m — ¢, putting y =a + 1/2, where a is not a
root of P(y), we are led to the equation

Zm = (= 1y"[*"P(a) + 22"~1P'(a) + - - ],
where the right-hand side is now a polynomial of degree 2 m.

Conversely, given an equation of the form (27), where P(y)
is a polynomial of degree 2m, if & is a root of that polynomial
the substitution y =0 +1/z leads to an equation in z of the
same kind, where the right-hand side is a polynomial of degree
less than 2.

Let us suppose, then, that 7(y) is a polynomial of degree 2m, and
let @ be the first singular point that we find on the path L starting
from a. If | Y| becomes infinite when X approaches «, the equation
in 2, obtained by putting y = 1/z, has an analytic integral which is
zero for X = a. The point « is therefore a pole for y.

There remains the case where Y approaches a root 4 of P(y) as X
approaches «. This can happen only in case the order of multi-
plicity of that root is less than m. For let us suppose that 7’(y)
is divisible by (y — b)7, where ¢ = m. From the equation (27) we
obtain, according to the initial conditions,

r
e (TR0,
ey (.’/ - I’)m

where ¢(y) is regular in the neighborhood of the point 4, and we
see that |X| becomes infinite as )" approaches b. It follows that
-¢ < m, and the given equation can again be written in the form

_a
(28) dr=(y —0b) "[c,+ e, (y =)+ ---]dy, (cy #+ 0)

whence we may derive a development of  — @ in powers of (y — b))V
beginning with a term of degree m — ¢. Conversely, we may derive
from (28) a development for y — b according to fractional powers of
x — @ beginning with a term in (z — @)™™-2, The point « is there-
fore, in general, an algebraic critical point. In order that it may be
an ordinary point, m /(m — ¢) must be an integer i; that is, we must
have g = m (1 — 1/i), where i is an integer greater than unity. This
condition is also sufficient, for if it is satisfied, we may derive from
the equation (28) a development of the form

1 1
e—a=k(y—b+ky—0""+-,  (*0)



190 NON-LINEAR DIFFERENTIAL EQUATIONS [Iv, §68

and, conversely, we have for (y — 4)!* a development according to
integral powers of z — a.

In order that the integrals of the equation (27) shall have no
critical points, where P (y) is a polynowmial of degreé 2m it is neces-
sary and sufficient, by what precedes, that the order of multiplicity
of each root of I’ (y)= 0 be equal to or greater than m, or of the form
m(1—1/i), where i is an integer greater than unity. If all these
conditions are satisfied, the general integral of the equation (27) is
a single-valued function whose singular points in the finite portion
of the plane can only be poles.

To complete the discussion, we shall distinguish several cases:

First case. There is one linear factor in P(y) whose exponent is
greater than m (evidently there can be only one). If there are also
» linear factors distinet from this one, the sum of the exponents of
these factors is less than . :

m<1-—- 1\+ ces +'m<1—».]>< m.

"l/ LP
Hence we have p —1 <1/i, + ... +1/i, and, since 3, i, - - -, 4, are
each greater than unity, p —1 < /2, or p < 2. We have therefore
p =1, and, extracting the mth root of the two sides, we may write
the equation (27) in the form

1 1

10)) Y=A@y—a) t(y—0)T".
The case where ¢ =1 should not be excluded, for it corresponds to
an hypothesis which we have not examined — that of a single linear
factor in P> (y).

Second case. The equation () = 0 has an m-fold root. If it has
two, the equation (27) becomes, after extracting the mth root of the
two sides,

(I1) Y'=A@y—ay(y—0).

If the equation 7(y) = 0 has only one root of multiplicity , it has
2 (p = 2) roots whose order of multiplicity is less than m, and we
have a relation of the form

. m<1—$>+---+m<1—,1>=m,
11 LP

p—1=14...41=2,
Y %

or

34

whenee we derive p = 2.
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Since p is greater than unity, we have necessarily p = 2, { = 4,=2;
the number m is an even number, and the equation (27) reduces
to the form

(1) V=AY - —0E—e),
a, b, ¢ being three different numbers.

Third case. The equation P(y) = 0 has only roots whose order of
multiplicity is less than m. Let p be the number of these roots; the
sum of the orders of multiplicity bLeing equal to 2m, we have a
relation of the form

m(l — 1)-{— m(l — ]>+ B m(l — 1—): 2m,
"l ") "’p

1 1
])—2=T+"'+-_
12 i

1

or

]

= .
—_ ¢

b

Hence p = 4, and since p > 2, we can have only p =1 orp=3. If
p =4, the sum 1/i +1/i, +1/i; +1/i, must be equal to 2; and
since each of the denominators is equal to at least 2, we must have

. . . .
"1""2"‘"3"‘%_2'

If p =3, it is a question of finding three integers, i, 4, 4, each
greater than unity, such that the sum of their reciprocals is equal
to 1. If none of these numbers is equal to 2, each must be equal to
3. If one of them, i, is equal to 2, the sum of the reciprocals of the
other two must be equal to 1/2; if the two are equal, each of them
is equal to 4. If they are unequal, the smaller must be less than 4;
it is therefore equal to 3, and the greater is then equal to 6. We
Thave, then, in all only four possible combinations, and the equation
(27) may be reduced to one of the following forms:

vy YPr=Ay—a)y—-0)H—o)(y—4d),
M yP=Ay —a)@y =)'y —o)}
(VD) yr=Ay —a)@y—b*y— )
(VID) Y=y — a)’(y = b)*(y — ),

where a, b, ¢, d are different numbers. If, in the equation (27), the
polynomial P(y) is of degree 2m, and if the general integral is a
single-valued function, the equation (27) has one of the forms which
we have just obtained. Conversely, every integral of any one of
these equations is a single-valued function, since on any path
described by the variable we cannot encounter any other singular
points than poles.
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It is convenient to add to the types which we have just enumer-
ated, in order to have all the equations of the form (25) whose
general integral is single-valued, the types which are obtained by a
transformation of the form y — a =1/z, where « is a root of the
polynomial P(y). The new types of equations thus obtained are

0] y=du-a

@m" Y =A@y —a) 5,

Imy y'=A(y—a),

(III)' y" =A(y— (L)g(]/ — b),

(Iin" yr=Ay—0) (y—r),

avy Yr=dAy—a)(y—"0(y—-c)

) Yr=A(y—a)P(y— b,

(V1) Y'=A@y—a)@y -0

vn" y'=A®y —a)*(y =),

(viny ¥ =.1(y —a)*(y — )},
Yy

(VID)" =y —a)(y—0)
(vip™ Y= A(y — a)*(y — b))%

The equations (I), (I)!, (I)", which are transformable one into the
other, have a rational function for their general integral, as we see
immediately from the equation (I)!, for example. It is easy to show
that the equations (IT), (IT)!, (ITI), (ITI)!, (IIT)" have a simply
periodic function for their general integral. Tinally, the general
integral of the equations (IV) and (IV)' is an elliptic function.
There remain, then, as new types of differential equations of the
form (25) whose general integral is single-valued, only the equations
(M), (VI), (VII), and those which reduce to these forms. These
equations separate into three groups, and it is sufficient to integrate
one equation from each of the groups, for example, the equations
VY, (VI)", (VID)".

If, in the equation (VI)", we put y = a + #* and extract the square
root of the two sides, it becomes

42" = A*z(z’ +a—0),

and the general integral in 2 is an elliptic function. Similarly, if in
30

the equation (VII)" we put y = a + 2® and extract the cube root

of the two sides, it becomes

92”7 = A*(z’-{- a —b),

which is an equation of the form (IV)'.
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In order to integrate the equation (V)', we observe that that rela-
tion: between y and y' is of deficiency one. We can therefore express
y and y' rationally in terms of the coordinates of a point of a cubic
or in terms of a parameter ¢ and the square root of a polynomial of
the third degree. In facy, if we put y' = .1¢% we derive from the
equation (V)' @ + b

;l/ =

+5 \/(a, — by + 4 48,
aund the relation dy = ;r/’(l,z: leads to the new equation
z;li— (e — by + 4 4%

The general integral of this equation, ¢ =f(x + ), is an elliptic
function. Hence the general integral of the equation (V)'is of the

form
o« + b

It follows that the general integral of every equation of the form
(25), if it is o single-valued function, is a rational function of x or
of the exponential function e, or is an elliptic function.

Except in the cases which have just been enumerated, the general
integral of the equation (25) is never a single-valued function. For
example, the inverse function of a hyperelliptic integral of the first
kind cannot be a single-valued function. In fact, let 72(y) be a poly-
nomial prime to its derivative and of degree greater than 4. The
differential equation y” = P’(y) cannot have a single-valued integral.
Let (x5, y,) be the initial values of the two variables z and y. As
|| becomes infinite, z approaches a finite value «; and, conversely,
when « goes from z, to «, |y| becomes infinite. The point z =« is
an algebraic (-1'itiml point, as we have just seen, for the integral of
the equation 2"= #'7’(1/z) which approaches zero when  approaches
a, since the deglee of P(y) is greater than 4.*

* In one of their papers Briot and Bouquet set for themselves the problem of de-
termining all the equations ¥ (y, ) =0, where ¥ is a polynomial, whose general inte-
gral is a single-valned function (Journal de I’ Ecole Polytechnique, Vol. XXI). From
the conditions found by them Hermite proved that the relation between y and y’ is
of deficiency zero or one (Cours lithographié de I’ Eeole Polytechnique, 1873) ; hence
we can apply the method of § 11 in integrating them. If the relation is of deficiency
zero, we can express ¥ and ¥’ as rational functions of a parameter ¢. In order that
the integral of the given equation he a single-valued function, the variable 2, which
is obtained by a quadrature, must he a linear function of ¢, z = («¢ + b)/(ct + d), or
else the logarithm of such a function, »= A Log [(at + 1) /(ct + d)]. If the relation is
of deficiency one, we dan express y and y” as elliptic functions of a parameter u, and
dzx/du=(1/y’) dy/du must reduce to a constant. The problem of Briot and Bouquet
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69. Existence of elliptic functions deduced from Euler's equation. The reasoning
of the preceding paragraph proves, in particular, that the general integral of
the equation y’2 = R (y), where R (y) is a polynomial of the third or of the fourth
degree, prime to its derivative, is a single-valued function analytic except for
poles in the whole plane. On the other hand, the inverse function, which is an
elliptic integral of the first kind, has two periods whose ratio is imaginary (see
II, Part I, § 66). This single-valued function is therefore doubly periodic, and
we thus demonstrate the existence of elliptic functions by means of the integral
calculus alone.

The preceding proof of the single-valued property of the inverse function of
the elliptic integral of the first kind is distinct from the one which has been
given in § 78 of Vol. II, Part I, in which we make use of the propertics of the
function p(u). We shall also show in brief how we can take as our point of
departure the theory of the integration of Euler’s equation, which will give an
idea of the method pursued by the originators of the theory.

Let us first consider the differential equation

de dy
) Vi—z? Vi—yp ’

whose general integralis 2 V1— g2 + y vV1— st = ¢ (§ 14). It is also clear that
the general integral is given by the equation

arcsinz + arcsiny = (¢,
and therefore that we have between the two a relation of the form
arcsinz + aresiny = F(xvV1— y? + y Vi— z2).

In order to determine the function F, let us suppose y = 0; there results the
definito relation .

(80) arcsinz + arcsiny = arcsin(zV1— ¢? + yvVi—2?).

This relation is equivalent to the addition formula. For let us take two angles
u and v determined by the conditions
z = sin u, \/1—1‘=msu, ¥ = sinv, Vl—y":cosv,

where the radicals have the same values as in the preceding equations. The
relation (30) gives B o

2V1—y 4+ yV1— 2 =sin(u + v),
or

sin (4 4 v) = sin % cos v 4 sin v cos u.

However, to see in this work only an ingenious proof of the addition formula
for the sine function would be to overlook entirely its broad significance.
Indeed, we shall show that it leads to a very simple proof of the existence of a
single-valued integral function which satisfies the differential equation

@y, yi=1-1,

has been generalized by Fuchs, who formulated the necessary and sufficient condi-
tions that the general integral of an equation of the first order F (z, y, ) =0, alge-
braic in ¥ and y’, may have only fixed critical points. Poincaré has since shown that
when these conditions are satisfied, we are led to quadratures or to Riccati equations
(Acta mathematica, Vol. VII).
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and which reduces to zero for z = 0, while y’ is equal to + 1 forz = 0. Cauchy’s
general theorem shows, indeed, that there exists an analytic function ¢ (x) satis-
fying these conditions and analytic in the neighborhood of the origin, but it does
not give the radius of convergence of the power series which represents @ ().
Let R be this radius of convrgence. The circle C of radius B about the origin
as center is the greatest circle described about the origin as center within which
the function ¢ (z) is analytic. The derivative ¢’(z) is analytic in the same circle,
and we have ¢'2(z) =1 — ¢%(z). Let us now return to the equation (29), and let
us make the change of variables = ¢ (u), ¥ = ¢(v), where u and v are the two
new variables and ¢ the function which has just been defined. If we choose
the determination of the radicals in a suitable way, we have also

Vi—d=¢@w), Vi-gi=e),

and the equation (29) becomes du + dv = 0. The general integral of this equa-
tion can therefore be written in two different ways:

u+v=0, eVI—g@E+yVi—ri=c
or
¢ (u) ¢'(v) + ¢'(u) ¢ (v) = C".
Hence it follows, as before, that we have a relation between u 4 v and
¢ (u) ¢'(v) + ¢'(u) ¢ (v). Putting v = 0, the relation is determined, and we have
32) $(u +v) = ¢ (1) $'(0) + (%) # (v).
This relation holds, provided |u|< R, |[v|<R, |u + v| < R, which will surely

be true if we have |u|<R/2, [v|<R/2. Let us put v=wu and [u|<R/2; then
the equation (32) becomes

(33) ¢ (21) =26 () ¢'(u).

Let ¢, () be the function 2 ¢ (u/2) ¢"(u/2). This function ¢,(u) is analytic in
the circle of radius 2 B about the origin as center, and, by (38), it is identical
with the analytic function ¢ (x) in the circle C of radius B. These two func-
tions, ¢ (u), ¢, (u), form therefore only a single analytic function, which is ana-
lytic outside of the circle C. It is therefore impossible that the radius R of this
circle of convergence has a finite value ; consequently the function ¢ (u) is an
integral function of u.

Let us now consider the differential equation

(34) yi=Q1-y)(1-k%?),
adopting for the right-hand side Legendre’s normal form, and let us study the
integral A (zx) of this equation which is zero for ¢ = 0 and* whose derivative is
equal to + 1 for £ = 0. This function \(z) is analytic in the neighborhood of
the origin. Let C bo the greatest circle about the origin as center in the inte-
rior of which the function A (z) is analytic except for poles, and let R be its
radius. If the nearest singular point'of A(x) to the origin were not a pole, we
should take for C the circle through this singular point, and the function A (z)
would then be analytic in this circle. !

Let us now consider Euler’s equation

dz, + d:f:2 e
V=g -l (1—2)( -k

(35) 0.
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Multiplying the numerator and the denominator of the right-hand side of the
equation (66) (p. 28) by the conjugate of the denominator, and suppressing
the common factor z? — 22, we have for its general integral

s Y0-sh-kdieVa-al-kah

- C.
1— k2ziad

On the other hand, choosing the sign of the radicals suitably, the change
of variables z, = A\(u), =, = A\ (v) reduces the equation (35) to the equation
du + dv = 0, whose general integral is u + v = C’. If we make the same sub-
stitution in the formula (36), we have a relation of the form

MOXO FXONW) _ g,y oy

1— K2 (u) N2 (v)

We can determine the form of the function F, as before, by supposing v =0,
which gives F(u) =\ (x); and we have the definite relation

A (w) N'(v) + A (©) M)

37 ANu+v)=

1— E2N3(u) N¥(v)
Putting v = u, we find
2\ (u) N'(u)
3 Qu) ==~ /"3,
@8 MEw =T K2 ()

a formula which holds true whenever [u|< R/2.
Let us consider the function
2 ()G)
P (1) = ——

_24‘1)
1 k)\(ﬁ

This function is analytic except for poles in the circle of radius 2 R abous the
origin as center, since it is the quotient of two such functions. Moreover, it
coincides with X (u) in the interior of the circle C, by the relation (38). Hence
the two funections A (x) and & (u) form a single analytic function, and A(u) is
analytic except for poles in a larger circle than C. It istherefore impossible to
suppose that the radius R of this circle has a finite value, and consequently the
function A (u) is analytic except for poles in the entire plane.

The equation (87) constitutes the formula for the addition of the arguments
of the function N(«). When k approaches zero, we find again at the limit the
addition formula for sinu. The function sin u can, in fact, be considered as a
degenerate case of \ (u), obtained by letting k approach zero.

70. Equations of higher order. The study of the properties of the functions
defined by differential equations of higher order presents much more serious
difficuljies than those which arise in studying equations of the first order. These
difficulties result in a great measure from the possible presence of movable
essential singularities. These singularities may be at the same time essentially
singular points and transcendental critical points, as in the following example,
due to Painlevé. The function

(39) v = p[Log(4z + B); g, g5,
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where A and B are two arbitrary constants, is the general integral of the equa-
tion of the second order,

62—
V=3 1

W0V Vir—gy—g,

In the neighborhood of every value of « different from — B/A this function
(39) is analytic or analytic except for poles.

When z turns around the point — B/ A, the function has an infinite number
of different values, unless 2 7i is an aliquot part of one of the periods of the
function p(u; g,y 95). On the other hand, when the variable ¢ describes any
sort of curve such that | Az + B| approaches zero, the point which represents
the quantity « = Log (Az + B) describes a curve with an infinite branch. This
curve therefore crosses an infinite number of parallelograms of periods of
the function p(x), and consequently y does not approach any finite or infinite
limit. Thus, although the general integral of the equation (40) presents neither
fixed critical points nor movable algebraic critical points, we cannot conclude
from this that it is single-valued. This is on account of the presence of the
movable transcendental critical point, £ = — B/A4.

Beginning with equations of the third order, the movable transcendentai
singular points may form lines. It is easy to sce how an a1 alytic function hav-
ing natural boundaries may not have any critical points in its whole domain of
existence without being on that account single-valued. Consider, for example,
a function f(r) analytic in the ring included between the two cireles C and ¢”
described about the center a and having C and €’ s natural boundaries
(11, Part I, § 87). The function F (z) = f(x) + Log (z — «) has the same circles
C and C’ as natural boundaries, and it is analytic at every point between C
and C’. Nevertheless it has an infinite number of determinations for every
value of z in this domain.

For a long time these difficulties arrested the progress of this theory, but
Painléve, in recent investigations, has obtained algebraic differential equations
of the sccond order which are integrable by means of essentially new single-
valued transcendentals. We shall cite only one of the equations given by
Painlevé,

( 40) y” = y;g

Y’ = ay? + Bz,

where « and 8 are constants (8 # 0). The general integral of this equation is
a transcendental function analytic except for poles.* (Bulletin de la Société
Mathématique, Vol. XXVIIIL.)

# Starting with linear equations, it is easy to form systems of differential equa-
tions which generalize Riceati’s equation, and whose integrals have no other movable
singular points than poles. Consider, for example, a system of thiee linear equations
of the first order,

(@) ¥ +ay+bz+cu=0, Z+ay+biz+ou=0, wW+ay+byz+cyu=0.
If we put y=uY, z=uZ, Y and Z are integrals of the system of equa’tions

® Y4+aY+bZ+c- Y (a,Y+byZ +¢)=0,
Z+ay ) Y+hiZtey=Z(agY+byZ +cp) =0,

and it is clear that the only movable singular points of the integrals are poles. But
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III. SINGULAR INTEGRALS

71. Singular integrals of an equation of the first order. We have
already remarked on several occasions (§§ 10, 14) that a differential
equation of the first order may have certain integrals which it would
be impossible to obtain by assigning a particular value to the arbi-
trary constant which appears in the general integral. This result
appears to contradict the theorem of § 26, from which we deduced a
precise definition of the general integral. This leads us to consider
again Cauchy’s fundamental theorem and to determine by a closer
examination whether or not the hypotheses of that theorem are
necessarily fulfilled for all integrals. Let us consider, for definite-
ness, an equation of the first order,

41) Fx,y,y)=0, '
where F is an irreducible polynomial in &, 3, ' of the mth degree
in y. To every system of values (z,, y,) the equation

1) P2y Yy 9') = 0
determines in general m corresponding distinet and finite values
Y1y Yas -+ Ym for y'. Let us suppose first that this is actually true
at a given point (x,, »,). Then, as ¢ — x and y — y, approach zero,
the m roots of the equation (41) approach respectively yi, v;, « « « Y-
and each of them is an analytic function in the neighborhood of the
point (x, y,). The root which approaches y/, for example, is repre-
sented by a power-series development of the form

(42) Y=s+a@@—z)+BY—y)+---

We can apply Cauchy’s theorem to the equation (42), and we con-
clude from it that that equation has one and only one integral which
approaches y, as |r — o] approaches zero. This integral is analytic,
and the development of y — y, begins with the term y;(x — ). To
each root of the equation (41') corresponds thus an integral of the
given equation.

it is to be noticed that this is not the most general system of differential equations
of the form

) . Y=R(, Y, Z), Z=Ry(z, Y, 2),

where R and R, are rational functions of Y and Z, which possess this property.
In fact, let Y=¢ (Y, Z;), Z=¥ (Y;, Z;) be relations defining a Cremona trans-
JSformation, such that we can derive from them the inverse relations Y, =9, (1, 2),
Zy=v¥, (Y, Z), where ¢, ¥, ¢;, ¥, are rational functions. If we apply this trans-
formation to the system (8), we are led to a system having the same property, which
is surely of the form () but not in general of the form (8).
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The equation (41) has therefore m and only m integrals which
take on the value y, for « =z, and these m integrals are analytic
in the neighborhood of the point z,. In geometric language we may
say that through the point A7, whose coordinates are (r,, y,) there
pass m integral curves with m distinet tangents, and that the point
M, is an ordinary point on each of them. Besides, all the integrals
of the equation (42) which for x = «, take on values differing only
slightly from y, satisfy a relation of the form & (x, y: =, y,+ () =0
(§ 26), and the integral considered corresponds to the value € =0
of the arbitrary constant.

If for x =a, y =y, a root of the equation (41') is infinite, it
will suffice to regard y as the independent variable and z as the
dependent variable. The equation (41) is replaced by an equation
of the same form, F,(x, y, ;) =0, which for =2, y =y, has a
zero root ' = 0. If this is a simple root, we derive from it a develop-
ment for » — o, in powers of y — y, beginning with a term of at least
the second degree. Conversely, the point ; is an algebraic ecritical
point for the integral which approaches y, when |z — z,| approaches
zevo (II, Part T, § 100). Through the point (., y,) there passes an
integral curve whose tangent at that point is the straight line 2 = o,

The codrdinates (x,, y,) of a point for which the equation (41)
has a multiple root satisfy the relation

(43) Rz, 5) =0,

which is obtained by eliminating y' from the two relations F =0,
01 /oy’ = 0. The equation (43) represents a certain curve (y), and
for all the points of this curve the equation (41) has one or several
multiple roots. Let (r,, 7,) be the coirdinates of an ordinary point
A, taken on this algebraic curve. We shall suppose, in order to
treat the simplest possible case, that the equation

F(xy ¥ ¥) =0
has a double root 7; but no other multiple root finite in value. If
this double root were infinite, it would suffice to interchange x and
y in order to pass to the case where it is zero. When |z — x| and
|7 —y,|are very small, the equation (41) has two roots which differ very
little from 7. These roots are not, in general, analytic functions of
the variables 2 and 7 in the neighborhood of the point (r,, 7,), but
their suin and their product are analytic functions,* so that these two

* The proofs of these properties are analogous to the proofs of the corresponding
theorems on implicit functions of a single variable (II, Part 1, § 98).
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roots of the equation (41), which approach y; as |z — x| and |y — g,|
approach zero, are also roots of an equation of the second degree,

(44) Y =2r@ ny'+ Q> y)=0

where P’(x, ¥) and Q(x, y) are analytic functions in the neighbor<
hood of (x,, 7,). From the equation (44) we find

(45) y' =P y) £ VP (@, y) — Q@ y),
and these two roots are equal for all the points of the curve (y,)
whose equation is 7 — Q@ = 0. This curve (y,) is necessarily part of
the curve (y), and since it passes through the point (ry, y,), it coin-
cides with (y) in the neighborhood of (x, y,). In order to study
the corresponding integral curve, we shall suppose that the origin
has been transformed to the point A7, which amounts to putting
x,=1,=0. Since the origin is a simple point of the curve (y), if we
have chosen the axes of coordinates in such a way that the tangent
at the origin is not the axis Oy itself, the equation 72 — Q=0 has an
analytic root y = y,(«) which approaches zero as x approaches zero.

In general, the slope of the tangent to the curve (y) at the origin
is different from the double root 4|, = P (0, 0) of the equation (45)
for x = y = 0. Let us first assume this point, which is almost self-
evident, and return to it later. Then, if we put y =y, + z in the
equation (45), it becomes

Yo+ # =P, y, +7) £ Ve (s, 2),
where @ (xz, 2) is a power series in « and 2. It is clear that 2z must
be a factor under the radical after the substitution y = y, 4 #, since
¥, is a root of the equation P* — @ =0. If we arrange &(r, 2) in
powers of z, we have a development of the form

tI’o(“v) + z%(m) + zz‘l’z('r) +-- Yy

where ¢, ¥, ¥, are regular functions of z in the neighborhood of
the origin. The function y, () cannot be zero for o = 0, for other-
wise the development of 2® (x, 2) would contain no terms of the first
degree in x, z; whence the development of P2 — Q would contain no
terms of the first degree in z, y, contrary to hypothesis. Similarly,
if we replace y, by its development in the difference P (z, y, + 2) — y,,
we haVe, after arranging in powers of z,

P,y +2)— i = ¢,(2) + 2, (=) + - - -

where the first function ¢,(x) does not vanish for z = 0, since by
supposition the derivative y; is different from (0, 0) at the origin.
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The equation (45) therefore reduces to an equation of the form
(46) &' = o) F 2y () + 0 £ VEVYL) + () + o,
where neither of the functions ¢,(x) and y,(x) vanishes for > = 0.

In this last equation let us put z = »% Selecting a determination
of the radical on the right, we find

d
“47) 2w :ﬁ = ¢,(x) + u2¢1(:r) 4+ . o4 '\/%(.r) + 1y ()4

The right-hand side is analytic in the neighborhood of the point
x = 0, uw = 0, since y,(0) is not zero. Moreover, this right-hand side
is not zero for £ = 0, u = 0, since $,(0) is not zero. The derivative
du/dz is infinite for & = « = 0. Hence the equation (47) has one
and only one integral which approaches zero as x approaches zero
(§ 63), and for which the origin is an algebraic critical point.

It follows that the given equation (t4) has an integral y = y, +
which approaches zero as z approaches zero. The adoption of the
opposite determination of the radical in the equation (47) would
amount to changing « to — « in that equation, and we should obtain
the same function y, 4+ «% The origin is an algebraic critical point
for this integral. Let e, be the term independent of @ and of « in
the development of the right-hand side of the equation (17), and let
b, be the coetlicient of + in the same development. Developing @ in

powers of «, we find
wt 20,
go==i—

Q2
a, 3«

w4 ...
Conversely, we derive from this a series for « in powers of «%
- b
u='\/uo:t'}+-§w+ ceey

and the development of y, + 2% contains a term in 2%2, The origin
is therefore a cusp for the integral curve which passes through this
point, and we can say now that the curve (y), represented by the equa-
tion (43), is, in general, the locus of the cusps of the integral curves.
Through a point of the curve (y) there passes, in general, an inte-
gral curve that has a cusp of the first kind at this point, and the
tangent at the cusp has for its slope the double root yi. If the equa-
tion (41) is of higher degree than 2, there pass through the same
point other integral curves, corresponding to the simple roots of the
equation F(x,, 3, ") = 0, for which this point is an ordinary point.
The discussion is entirely different when for every point (x,, 7,)
of the curve (y) the corresponding double root y; of the equation (41)
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is equal to the slope of the tangent to the curve (y) at this point.
In this case we see first of all that the curve (y) is an integral curve
of the cquation (41). Moreover, it is an integral which is entirely
unaccounted for in Cauchy’s fundamental theorem, whatever may
be the point chosen on the curve to fix the initial values of = and .
For if we take the point (x,, 3,), the equation
F(x,y,y)=0

has two roots which approach y; as |z — 2| and |y — ¥,| approach
zero ; but these two roots are not in general regular functions of the
variables = and y in the neighborhood of the values Xgs Ypr and we
cannot apply Cauchy’s theorem. The integral thus obtained is said
to be a singular integral. The investigation of singular integrals
does not offer any theoretical difficulties, since jt is evidently suffi-
cient to determine whether the curve represented by the equation
(43) satisties the differential equation (41), and this necessitates only
an elimination. It may happen that the equation (43) represents two
distinet curves, one of which is a singular integral curve and the
other the locus of the cusps of the integral curves. '

If the curve (y) is a singular integral, through each point of that
curve there passes in general another integral curve tangent to (y).
Let us take for origin any point of (y). We know in advance an
integral », of the equation (45), namely, the singular integral for
which we have simultaneously

(48) n=riy), P y)=Q(y).
Putting y = y, + =, as above, the equation takes the form (46), but
in this case the function ¢ (r) is zero, since z = 0 must be an inte-
gral of this new equation. Retaining the other hypotheses, the func-
tion ¢, (x) is not zero for o = 0, and if we next put z = «* in the
equation (46), we are led to an equation all of whose terms are
divisible by ». Dividing by «, there remains a differential equation

(49) 2’ =ul$(@) +y(x) + - - T EVyo(x) + ¢y (@) + - -,
to which we can apply Cauchy’s general theorem. Since the func-
tion Y () is not zero for « = 0, the two determinations of the radi-
cal are analytic for & =0, » = 0. The equation (49) has therefore
two anglytic integrals in the neighborhood of the origin which van-
ish for . =0, and it is easily seen that these two integrals are
deducible one from the other by changing « to — « It follows that
the equation in y has another integral curve

y=y+,
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which is tangent to the curve (y) at the origin. But there is an
essential difference between these two integrals. In fact, we can
apply the general theorems of § 26 to the equation (19), and the
integral of this equation which is zero for 2 = 0 belongs to a family
of integrals which depend upon one arbitrary constant. The same
thing is therefore true of the integral curve which is tangent to the
singular integral curve at the origin, whereas the singular integral
itself is in general an isolated solution. This fact is easily explained,
since we cannot apply to this integral the reasoning which proves
the existence of a general integral (§21) from which we could
obtain the former by giving a particular value to the constant
which appears in the latter.

The singular integral is therefore in general the envelope of the
other integral curves. Lagrange had already noticed that the enve-
lope of the curves represented by the general integral of a differen-
tial equation of the first order is also an integral of the same equation,
which is almost self-cvident, since at any point of the enveloping
curve the slope of the tangent is the same for the envelope and for
the particular curve enveloped at that point. We can also find in
this way the rule which enables us to deduce the singular integral
from the differential equation itself. In fact, let us first take a point
M very near the envelope. Through this point A7 there pass two
integral curves very close to each other. Moreover, the slopes of
the tangents to these two curves differ from each other very little.
When the point 3/ approaches the envelope, these tangents approach
coincidence, and the equation (41) has a double root in y' (see T,
§ 208, 2d ed.; § 202, 1st ed.).

Summing up, we see that for an equation of the first order two
entirely distinct cases may present themselves, according as the
curve (y) is a singular integral curve or the locus of the cusps of the
integral curves. It is natural to ask which of these two cases ought
to be considered as the normal case. A little attention will show that
it is the second. In fact, the curve (y) is also the envelope of the
curves represented by the equation F(x, y, ¢) =0, where a is the
variable parameter. If the differential equation (41) had a singular
integral, whatever the polynomial F might be, we should be led to
assert a consequence which is manifestly absurd — that is, that at
every point of the envelope of a family of algebraic curves the slope
of the tangent is equal to the value of the parameter for the corre-
sponding curve of the family tangent to the envelope at that point.
If this condition is satisfied by a family of curves, it suffices to
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change the parameter (putting, for example, a = a'+ ¢) in order
that this condition shall cease to hold. We see, therefore, that if
we start from an equation of the first order in which the coefti-
cients of F are taken at random, rather than from an equation fur-
nished by the elimination of an arbitrary constant, the cases where
there exists a singular integral must be considered as exceptional.
If this result formerly appeared paradoxical to some mathemati-
cians, that was no doubt because, up to the time of Cauchy’s work,
the cquations studied had been principally those whose general inte-
gral is represented by algebraic curves. As a family of algebraic
curves has in general an envelope, it appeared quite natural to
extend the conclusion to the integral curves of any differential
equation of the first order. We have just seen that this induction
was not justified.* Moreover, even in the case where a family of
plane curves depending upon a variable parameter has an envelope,
the method which enables us to find that envelope gives also, as
we have seen (I, §§ 207, 208, 2d ed.; §§ 201, 202, 1st ed.), the locus
of singular points.

72. General comments. Frample 1. Let us take the equation
(50) Y2+ 22y' —y=0.

The two values of y' are equal for all the points of the parabola
y + «* = 0, and the double root is equal to — », while the slope of
the tangent to the parabola is — 2. This curve is therefore not a
singular integral curve. We shall show that it is the locus of the
cusps of the integral curves. The equation (50) is a Lagrange
equation. Applying to it the general method of § 9, we find that the
coordinates x and y of a point of an integral curve are expressed in
terms of a parameter p by means of the equations

c _2p 20 p?

’ Y= —=

(51) z=— -5

*Tn the theory of envelopes we suppose tacitly that in the neighborhood of a
system of solutions (xo, Yo, o) of the two equations f (x, 7, «) =0, &f/6a =0 the
functions f and @f/da, together with their partial derivatives, are continuous, so that
we can apply to the functions z and y of a defined by these two equations the reason-
ing which we apply to implicit functions. Now, given a differential equation of the
first order, we know certainly that it has an infinite number of integrals depend-
ing upon an arbitrary constant and represented in a certain region by an equation
¢ (x, ¥, C) = 0, but there is nothing to prove a priori that this function ¢ (z, y, C)
satisfies the conditions which we have just mentioned. We may even assert that it is
not true in general.
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It follows that these integrals are represented by unicursal curves of
the fourth degree. For the values of the parameter which are roots
of the equation z* 4 3 ¢ = 0 we have dx/dp = dy/dp = 0. Each of
these curves has therefore three cusps, and the locus of these points
can be found by eliminating p and ¢ from the equations (51) and
the relation p® = — 3 €, which gives the parabola y 4 2* = 0.

Example 2. Let us again consider Euler’s equation Xy = ¥. The
two values of y' are equal for all the points of any one of the eight
straight lines represented by the equation XY =0. These eight
lines represent the singular solutions, and form the envelope of the
curves represented by the general integral.

Lrample 3. We can use the following method to determine whether
singular solutions exist. From what we have seen, such an integral,
if it exists, satisfies the equations

F(x,y,y)=0, gf? =0,
and consequently also the equation 917/ 4 0F /0y y' = 0 obtained by
differentiating the tirst. Conversely, suppose that for all the points
of a curve (y) the three equations
or oF , OF

—— 4+ -m=0

h2) F(r,y,m)=0, o =0 2r T oy

have a common solution in m. Along the curve (y), x, y, and m are
three functions of a single variable satisfying the three relations
(52). We have therefore the relation between their differentials,

3; d.z:+a '(I/+?—I])IL—'0

which, by (52), takes the form

8F< r — dy ) 0.

oy dx

If 0F/dy is not zero at all the points of the curve (y), we have

therefore y' = m, and this curve is a singular integral curve.* If

0F /0y = 0, we must also have 9/7/0x = 0, and a direct verification is

necessary to determine whether the curve (y) is an integral curve.
This remark applies in particular to Clairaut’s equation

F(z, 9, )=,y —=y)=0

#See an article by Darboux in the Bulletin des Sciencer mathématiques,
Vol. 1V, 1873, pp. 158-176
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Putting, for the sake of brevity, » =y — xy', the three equations
which are to be compatible are here

U _LU_o U of

SU y=a)=0 55=25,=0 5,-¥)+¥5,=0

and they reduce to only two equations. A singular integral is there-
fore obtained by eliminating y' from these two relations.

Erample 4. Consider the equation
2 Nyl N2 L W
@AY =20+ )+ e+ w)+K=0,

whose general integral is represented by the circles which have double contact
with the conic 2(1—mi)+ o2+ K =0,

and which have their centers on the z-axis. This conic represents a singular
solution, Moreover, the two values of 3’ become infinite for every point of the
axis of x. This straight line is not, however, a locus of the cusps. Through any
point of it there pass two integral curves tangent to each other, the common
tangent being parallel to the axis of y.

Erample 5. In order that a curve C represent a singular integral, it is not
enough to require that at all the points of that curve the equation (41) shall
have a double root. 1t is also necessary that that double root shall be precisely
the slope of the tangent to . Let us consider, for example, the cissoids repre-
sented by the equation (y — 2 a)? (£ — a) — 28 = 0. The straight line £ =0 is the
locus of the cusps of these curves, and it represents also a particular integral
obtained by supposing @ = 0. At every point of this integral curve the corre-
sponding differential equation has the double root %’ = 0 and an infinite root.
It is therefore not a singular integral curve.

Erample 6. Let S be a surface having convex regions and also regions
where its curvature is negative. These regions are separated by a curve ', the
locus of the parabolic points, at every point of which the differential equation
of the asymptotic lines (I, § 243, 2d ed.; § 242, 1st ed.),

Ddu? + 2 D'dudv 4+ D”dv? = 0,

has a double root in dv/du. This double root furnishes the direction of the
single asymptotic tangent. If the tangent to T does not coincide with this
asymptotic tangent (which is the general case), the curve I' is the locus of the
cusps of the asymptotic lines; but if the asymptotic tangent at each point M
of T' coincides with the tangent to I', the curve is the envelope of the asymptotic
lines. This curve I', therefore, is at the same time an asymptotic line and a line
of curvature, since the tangent is also an axis of the indicatrix. The normals
to the surface 8 along T' form, therefore, a developable surface, and since the
normal,to S is the binormal to the curve T, it follows that T' is a plane curve
(1, § 235, 2d ed.; § 281, 1st ed.) and the given surface § is tangent to the plane P
of the curve I' along the entire length of that curve.

Let us consider, for example, a surface of revolution. In order that one of
the principal radii of curvature at a point M of this surface be infinite, the
radius of curvature of the meridian must be infinite or the tangent to this
meridian must be perpendicular to the axis. In the first case the curve I' is a



IV, § 73] SINGULAR INTEGRALS 207

parallel each point of which is a point of inflection for the meridian, the asymp-
totic tangent is perpendicular to the tangent to I, and this parallel is a locus
of the cusps of the agymptotic lines, On the other hand, in the second case the
curve T is a parallel in all of whose points the surface is tangent to the plane
of this parallel, as in an anchor ring. It is also the envelope of the asymptotic
lines. All these results are easy to verify directly from the differential equation
of the asymptotic lines in polar coérdinates.

73. Geometric interpretation. The preceding discussion may be presented in a
somewhat different form, which we shall rapidly indicate. We shall continue
to employ geometric language, although the reasoning can be extended without
difficulty to the domain of complex variables.

We have already pointed out (§ 8) that the integration of a differential
equation of the first order F(x, y, ¥') = 0 is equivalent to the determination of
the curves I' which lie on the surface S whose equation is

(53) F(z,y,2)=0

and for which dy — zdx = 0. The projection ¢ on the ry-plane of a curve I' of the
surface S satisfying the preceding conditions is an integral curve of the given
differential equation, and conversely. We shall suppose in the discussion that
this surface S has no other singularities than the double curves along which two
sheets of the surface cross with distinet tangent planes. Instead of studying
the curves ¢ in the xy-plane, we shall study the curves ' on the surface S.

Let us consider first a point M (z,, ¥, 2,) of the surface S not on a double
curve nor where the tangent plane is parallel to the z-axis. The tangent to the
curve I' which passes through M, lies in the tangent planc at this point,

and also, since we must have dy — zdr =0, in the plane
(55) Y—y,— 2y (X —1p) =0.

These two planes are distinct, since (8F/0z), is not zero ; hence they intersect 1n
a straight line not parallel to Oz. Through the point M, there passes, therefore,
one and only one curve I' whose tangent is not parallel to the z-axis. The
projection ¢ of this curve on the xy-plane passes through the point m,, the
projection of M, and m, is an ordinary point for e, If the point M, belongs
to a double curve of S, the preceding reasoning applies to each of the two sheets,
provided that none of the tangent planes at M, are parallel to Oz. Through the
point M, there pass, therefore, two curves I' corresponding to the two sheets
of the surface S. It remains to find out what happens if the point M lies on
the curve D of S, the locus of the points for which we have simultaneously
F =0, 2F/dz = 0. We shall suppose that this curve D is not a double curve,
It is, then, the locus of the points of S where the tangent plane is parallel to Oz,
and one at least of the partial derivatives 8F/ox, 9F/oy is different from zero
at the point M,. Hence the two planes (54) and (55) arc parallel to the z-axis,
and their intersection is parallel to Oz unless these two planes coincide, that
is, unless we have

(56) (aa—f)°+ 2 (%)f 0.
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Let us first discard the case in which this happens. The tangent to the
curve I' which passes through M, is parallel to Oz, but this curve itself does
not present any singularity at the point M. To assure ourselves of this, we
shall replace the system of the two equations

(57) F(z,9,2)=0, dy = zdz

by the system of the two simultaneous equations

oF  _oF oF . oF
225 0
oz 0z or ]

8 x _dy _  —dz

il

with the initial conditions & = x,, ¥ = y,, 2 = 2z,. The two systems are equiva-
lent. In fact, from tho equations (58) we derive the integrable combination
dF = 0. Hence wo have ¥ (x, y, z) = F(xy, 9o, 2,) = 0. Now, since

oF oF
(67);‘ % (a7>0

does not vanish by hypothesis, we derive from the equations (58) the develop-
ments of £ — z, and of y — y, in powers of z — 2z, beginning with terms of at
least the second degree,

T—ay=ay(z—zy)? .-, Y—Yo =Bz —2)%---.

The point M, is therefore an ordinary point for the curve I' which passes
through this point, but the projection m, of M, on the plane rOy is a cusp (in
general of the first kind) for the curve ¢, the projection of I'. This results, more-
over, from a general property, which is easily verified, that the projection of a
space curve on a plane, in a direction parallel to the tangent at a point M of
the curve, has a cusp at the point m, the projection of M (I, Kxercise 13, p. 582,
2d ed.). If d denotes the projection of the curve D on the zy-plane, it follows
that the curve d is the locus of the cusps of the integral curves ¢, as we havo
shown before. The preceding method has the advantage of showing us how this
singularity disappears when we pass from the plane to the surface S.

The result is quite different when the relation (56) is satisfied at all the
points of the curve D. The two planes (54) and (55) are then coincident, and
we have the case in which there exists a singular integral. Through every point
of D there pass in general two curves I', the curve D itself and the second curve
whose projection on the xy-plane is tangent to the singular integral curve d.

74. Singular integrals of systems of differential equations. The theory of the
singular integrals may be extended to systems of differential equations of the
first order, and therefore also to equations of higher order. We shall study
only a system of two equations of the first order (which covers also the case of
a single equation of the second order), and we shall employ a process which is
the reverse of the preceding —that is, we shall consider first of all a system
obtained by the elimination of the constants.* Let

(59) Fy,2z; ,0)=0, &(@,1v,2;ab)=0

* See E. GOURSAT, Sur les solutions singuliéres des équutions différentielles
simultanées (American Journal of Mathematics, Vul. XI).
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be the equations of a family of plane or skew curves which depend upon two
arbitrary parameters @ and b. Such a family is called a congruence of cursves.
Let us suppose, for simplicity, that the functions ' and & are polynomials. The
curves of the congruence are then algebraic. We shall first generalize tho
theorems established for the congrucnces of straight lines (I, § 255). If we
establish a relation between a and b of arbitrary form b = ¢ (@), we obtain an
infinite number of curves I' depending upon a single arbitrary parameter a.
In general these curves do not have an envelope. In order that an envelope
exist, it is necessary that the four equations (50) and (60) shall have a system
of common solutions in z, y, z (I, § 215, 2d ed. ; § 223, 1st ed.):

oF Fab ] ¢
(60) &< L‘.:o, e  eddb
ca &h da ta b da
The elimination of x, ¥, z fror these four equations leads to a relation
between a, b, and dbh/du,

db
61 M, b, =0;
(61) (ll ) dﬂ)

that is, to a differential cquation of the first order. If we have taken for
h = ¢ («) an integral of this equation, the curves I’ will generate a surface 2
and will be tangent to a curve Clying on =. We shall call this curve C the edge
of regression of =, as in the case of line congruences, If the equation (61) is of
degree m in db/da, every curve I' of the congruence belongs, in general, to m
surfaces similar to T, and it touches the corresponding edge of regression on
each of these surfaces in a definite point. Thus there exist s remarkable par-
ticular points on each curve ' of the congruence, which we call the focal points.
These focal points can be obtained without integrating the differential equa-
tion (61), for we need only solve the four equations (59) and (60) for ., y, 2,
db/da. We find first the relation (61), which gives db/da, and, eliminating d6/da
from the two equations (60), we have a new relation,

- D(F#)_oFoe_2Foe_

. D(a,b)y @éa &b b ca
which, together with the two equations (59) of the curve I', enable us to calcu-
late the codrdinates of the focal points.

The locus of the focal points is the foral surfuce of the congruence. We
obtain the cquation of this surface by eliminating a and & from the three rela-
tions (59) and (62). The focal surface is also the loeus of the edges of regres-
sion C of the surfaces 2. In fact, any point of the curve € is a focal point
for the curve of the congruence which is tangent to C at that point, It follows
that every curve I' of the congruence is tangent tom sheets of the focal surface
at the m corresponding focal points, since at each of these points it is tangent
to a curve C lying on the focal surface. All these properties are exactly analo-
gous to the properties of congruences of straight lines. In general, if F and &
are any polynomials, the m sheets of the focal surface are represented by a
single equation, but it may also happen that this equation breaks up into sev-
eral distinct equations. In certain particular cases it may also happen that
some of the sheets of the focal surface reduce to curves, In such a casc the
corresponding edge of regression C reduces to a point.
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The conclusion which we can derive from these properties with respect to
differential equations is as follows: The curves I' are the integral curves of a
system of differential equations which is obtained by eliminating the constants
a and b from the equations (59) and the equations obtained by differentiating
them :

r ¥ ’
(63) oF o y,+alvz,=0, §?+?j§y,+5jz,=0.
Let or oy 0z oxr oy 0z
(64) 07'(1/9 U2, ¥,2)=0, &\1 @y 2Yy,2)=0

be the system of differential equations thus obtained. The equations (569) rep-
resent the general integral of this system, since by hypothesis we can choose the
constants a and b in such a way that the curve I' passes through any point
(%gy Yo 2,) of space. If through this point there pass n curves I', the equations (59)
determine n systems of values for « and b. The equations (63) deter.nine
¥’ and 2/, and we see that for the point (ry, ¥,, 2,) the equations (64) determine
n systems of values for y” and 2. But the edges of regression C are also integral
curves of the equations (64), since in a point of C the values of z, ¥, 2, v, 2’
are the same for C and for the curve I' tangent to € at that point. The equa-
tions (64) have, therefore, besides the integrals represented by curves I'y an
infinite number of other integrals, not included in the equations (59), which
are obtained by integrating the equation of the first order (61) ; these are the
singular integrals of the system.

On closer examination we see that the existence of the focal surfaces does
not in reality require that the curves I' shall be algebraic. Tt is sufficient that,
in the neighborhood of a system of solutions (x,, ¥, 2, ¢, 0,) of the three
equations i

©5) F@y,zabh=0, @y zat)=0, P _,

D(a, b)

the implicit functions z, ¥, 2z of the parameters a and b, defined by these three
equations, which reduce to x,, y,, 2,, for @ = a,, b =b,, shall be continuous
and have continuous derivatives in the neighborhood. In fact, let

(66) T =f1 (a, b), ¥y =Sy (a, D), z=f;(a, b)
be these three functions. The sheet of the focal surface which passes through
the point (x,, ¥, 2,) is represented in the neighborhood of this point by the
cquations (66), where the values of the parameters a and b are near «, and b,.
It is easy to derive from this the equation of the plane tangent to the focal sur-
face. In fact, when the point z, y, z describes any curve on this surface, z, y,
2, a, b are functions of a single independent variable which satisfy the equa-
tions (66) ; hence the differentials of these functions satisfy the two relations

oF oF oF oF oF

— . — & — & — & — 38 =0

o “’ay “'az z+aa a+ab !
. 0P

0P 0P od od
—dx + —9& —~8z 4 —da+ —-3=0.
w Yyt et u e
Making use of the last of the relations (65), we can eliminate da and 8b, and
we find the new relation
D(F,®),  DF.%, D3

@ D@ T Day) Yt Da )

8z=0.
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We have only to replace sz, 3y, 5z by X —z,, ¥ — Yoy Z — 2,, Tespectively, in
order to have the equation of the plane tangent to the focal surface. It is easy
to show that this plane passes through the tangent to the curve I'. The prop-
erties of the focal surface suppose, therefore, only that we can apply the
theory of implicit functions to the equations (65), and in particular that the
functions F, @, together with their partial derivatives, are continuous in
the neighborhood of a system of solutions z,, ¥, 2g, @y, by. This is certainly
true when F and & are polynomials, but it is clear that it is also true for
many other functions. Let us also observe that if the curves T' have singular
points, the locus of these singular points forms a part of the focal surface.
This is shown as in the case of the analogous proposition relative to plane
curves (I, § 207, 2d ed.; § 201, 1st ed.).

Let us now examine the question from the opposite point of view. Given a
system of two differential equations of the first order, such as the system (64),
let us propose to determine whether this system has singular integrals. We
shall suppose that & and 31 are polynomials. Let M, be any point (xy, ¥y, 2,)
of space. 1f x, y, z are replaced by ry, ¥, 2, respectively, in the equations (64),
these equations have in general a certain number of systems of solutions. Let
vg, 25 be one of these systems. Let us assume first that, for this system of solu-
tions, the Jacobian D (S, c“/"l)/l) (7', 2’) is not zero. From the equations (64), v
and 2’ can be found as regular functions in the neighborhood of the point
(‘to, Yoo 20)9

Y=yt a@—a)+---, =zt a(E—T)+ -eey

which reduce to yg and z;, respectively, forz=ux,, y =y,, 2=2,. The equations(64)
have therefore an integral curve passing through the point M, tangent to the
straight line whose equations are Y — y, =y (X —z,), %4 — 2, = z/.\ — z,).
Moreover, this curve forms part of a family of integral curves depending upon
two arbitrary parameters (§ 26). This conclusion does not hold if we have
D(J, F)/D (s, 25) = 0; but this can occur only if the coordinates (xy, ¥, Zy)
satisfy the relation

(68) R(r,v,2)=0,
which is obtained by eliminating y* and 2’ from the three equations

%= a0, P IN_,

(09) o 09 /1 0, Il(y', Z')
The equation (68) represents a surface S, and, from what we have just seen,
an integral curve which does not lic on the surface S cannot be a singular
integral curve,

If the point M, is on the surface S, the three equations (69) have for this pointa
system of common solutions, ¥’ = y,, 2’ = z,. 1f the straight line D represented

by the equations
(70)

X=r _Y=v_Z2-2

1 Y z
is not tangent to S (which is the general case), there is an integral curve pass-
ing through the point M, and tangent to the straight line 1. It has been shown
that the point M, is in general a cusp for that curve. What is essential for us
is that this integral curve cannot be on the surface, since its tangent is not in
the tangent plane. In order that singular integrals may exist, in each point of
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8 the corresponding straight line I) must therefore be situated in the plane
tangent to the surface. This condition is sufficient, for then through each point
of S there passes a curve lying on the surface and tangent to the line ). These
curves are determined by a differential equation of the first order, and they are
indeed singular integral curves, for at each of their points the values of Yy’ and
of 2’ form a multiple system of solutions of the equations (64).

Ezample 1. Consider the simultaneous system of equations

(71) y—zy =0, 2222 =22 4 y2— 1.
The two values of 2’ are equal for all the points of the cylinder z* + 42— 1 =0,
and the direction corresponding to that double root is the perpendicular dropped
from the point (x, y) on the z-axis. Since this perpendicular is not in the tangent
plane to the eylinder, there cannot be any singular integrals. In this example it
is easy to verify that the cylinder is the locus of the cusps of the integral curves,
for the general integral of the system (71) is represented by the equations

y = Oy, z=\/a:2+y"-—-l—arctan_\/zz+z/2—l+ C,.

Erample 2. Every system of differential equations of the form

(12) F(y—ay,z—u2,y,2) =0, ey —zy,z—xz,y,2) =0,
which may be considered as a generalization of Clairaut’s equation, is easily
integrated by observing that the preceding relations lead to the equations

0 0
(?F_ztlj)y”+ (%g__xﬂ«")z,,:o,

617 3u ov

) L)

@ _ 2 .>y,,+(?‘l>__z6_?)z,,=0,
oy’ ou 0z ov

where u =y —zy’, v = z — rz’. These last equations are satisfied by assuming
that y” = 0, z” = 0, or by supposing that we have
oF oF\ [o® 0P eF F\ (o® $
o (D)) 2o
oy ou/ \oz o o0z ov / \oy ou

Under the first supposition, ¥ and 2’ are constants @ and b ; whence we see
that the curves which correspond to the general integral are the straiyht lines
of the congruence represented by the two equations

F(y — ar, z— br, a, b) =0, ®(y—ax,z—br, a,b) =0.

There are also singular integrals, since the straight lines of the congruence
are tangent to the two sheets of a focal surface. These singular integrals are
the edges of regression of the developables of the congruence, and are obtained
by the integration of a differential equation of the first order. The equation of
the focal surface is obtained by eliminating y” and 2’ from the relations (72)
and (73).

EXERCISES
1. Ex:&mine the following differential equations for singular solutions :
3 4
2+ (1: + ?;_) V—(1+z%)y— :lt_6 =0. [SERRrET.]
zyty? — Py + a*z = 0. [Scuromiren.]
yi—22Vyy + 4yVy=0. [BooLk.]
@y —y)?—2zy(1+y?=0. [HoiEL.]

20y (14+ ¥y — (e + y)2=0. [Moranro.)
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2*, The equation H (z, y) = 0, obtained by eliminating ¥’ between the two
relations F(x, y, ¥’) = 0, 0F/ox 4+ ¢F/ay y’ = 0, represents the locus of the
points of inflection of the integral curves.

Deduce from this the theorem of § 72, in regard to the locus of the cusps of
the integral curves, by means of a transformation of reciprocal polars,

[DarBoux, Bulletin des Sciences mathématiques, Vol. 1V, 1873.]

3. Determine the singular integrals of the system of differential equations
yv=2y+y?+72, 2=z 4+ y7. [SErRET.]

4. Dectermine whether the differential equation of the second order,
z2
(L+ 2%y —(211/’ + ;)y” +vi+ay —y=0,

has singular integrals, and find any that exist. [LAaGrANGE.]
[Replace this equation by a system of two equations of the first order.]
5%, Given a differential equation of the second order,
F,y,v,y)=0,
by eliminating y”” between this equation and the relation ¢F/¢y” = 0 we obtain
a differential equation of the first order P(x, y, ) = 0, whose integrals have
in general the following property : Through each point M of one of these inte-
gral curves C there passes an integral curve of the equation F = 0, which has a
cusp of the second kind at M, and whose cuspidal tangent is the tangent to the
curve C at this point. [American Journal of Mathematics, Vol. XI, p. 364.3
6. Establish the properties of e* by starting with the general integral of the
differential equation dx/r 4 dy/y = 0, written in the algebraic form ry = (.
Jonsider the same question for the function tan z, finding first the general
integral in algebraic form of the differential equation

dr ) dy _ 0
1+ 147
7*. Let ¥’ = R (z, y), where R (z, %) is a rational function of y whose coefli-
cients are analytic functions of z, be a differential equation of the first order
having a general integral of the form
n n—1 cen
) QI 0@V T2t Aal) gy g =
Yo@) y* + Y1 (@)Y 1+ - - + ¥u(2)

Prove that this equation can be reduced to a Riceati equation by a substitution
of the form u = R,(z, ), where R, is a rational function of y. [PAINLEVE.]

Note. Tt will be noticed that the equation (1) can be written in the form
v+ [4,@) + Bi@)u]yn=1 4 o+ [Aaoa(@) + Baca(@)uly +u =0,
where u = (¢ — Cy¥n)/(¢— C¥,), and that u satisfies a Riccati equation, while

the functions 4;, I, are known.

8. If we seek to determine the function f(a) so that the envelope of the
straight lines £ cos a + y sin @ = f(«a) shall be a given curve C, we are led to
a differential equation whose general integral is represented by the straight
lines which pass through a fixed pgint of C. The truc solution is furnished by
the singular integral.



CHAPTER V
PARTIAL DIFFERENTIAL EQUATIONS OF THE FIRST ORDER

This chapter is devoted to the theory of partial differential equa-
tions of the first order. We shall consider for the most part the
reduction of the integration of an equation of this type to that of a
system of ordinary differential equations. Although this reduction is
not, in many cases, of any practical utility, it nevertheless possesses
great theoretical interest, for it enables us to determine just how
difficult the problem is. Although not all the arguments require
that the integrals considered shall be analytic, we shall restrict our-
selves to that case unless the contrary is particularly stated.

I. LINEAR EQUATIONS OF TIIL FIRST ORDER

75. General method. We have already seen that the integration
of the homogeneous equation

Cof L Of

, or _
(1) ‘\1271.1 +‘\25;%

FeeeF X =0
na‘l_" )

where X, X, - - -, X, are functions of >, o, - - -, x,, and the integra-
TURAPS) y<‘n p Ty » Ty

tion of the system of differential equations

(2) -‘\_— = T\'— == —‘\l‘

are equivalent problems (§ 31). If f,, f,, - - -, fo_; are (n — 1) inde-
pendent first integrals of the system (2), the general integral of the
equation (1) is an arbitrary function,

q’(fp.fg’ ¢ ':fn-l);

of these (n — 1) integrals.

We can obtain the integral satisfying the Cauchy condition as
follows : Suppose that the coefficients X; are analytic in the neighbor-
hood of a particular system of values a3, #J, - - -, 3, and that the first
coefficient (X,); does not vanish at that point. Solving equation (1)
with respect to df/dx,, we can apply to it the general theorem of
§ 25. Hence there exists an analyticgintegral in the neighborhood
mentioned, which reduces, for x, = «9, to a given analytic function

214
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b(xy x, « -+, x,) of the (n —1) variables «,, x,, ..., «,. In order
to obtain tlus integral, let us write the sybtun ( 2) in the form

3) ‘_lil._.\_ﬂ ce ey ‘]T"._X,",

de, X, de, X,

where the right-hand sides are analytic in the neighborhood of the
point («f, o, - -+, 29). There exists a system of analytic integrals
reducing to given values C,, (', -, (', for » =29, provided that
each of the absolute values |C; — 29| is less than a certain limit, and
these integrals are analytic functions of x and of the parameters ¢,
Cy -y C, (8 26), which are 1'e|n'esontcd by developments of the form

(4) xr, = +("'1 - "‘1)) P, ("'17 2y € s ( u) (" = 2, 37 tty ")
Solving these (n — 1) equations for the, (',’s, we obtain a system of
(n —1) first integrals of the equations (2), represented by the
developments

») Co=a;4(r, —a))Q (£, 2y -y 7,), (=2,3,---,m)
where the @’s are analytic functions. It is clear that the function
d(C,, Cyy -+, () of these (n — 1) first integrals is mmlyti(: in the
neighborhood of the point (x}, - - -, «}) and reduces to ¢ (x,, o, + « «, )
for x; =af.

Let us now consider zmy linear equation

H 0z > > 0z >
(6) -—+12-W PR =0,

where I, P,, -+, P,, & may depend both upon the independent
variables @, @, -+, x, and upon the dependent variable z. We
shall reduce this equation to the form (1) by means of a device
very often used in the study of partial differential equations.
Instead of trying to find the unknown function z directly, we shall
try to define it by means of an equation not solved for z,

O) V(2 ey gy oo ey 1) =0,
where the function }° of the (n + 1) variables z, =, »,---, x, is
now the unknown function. From this relation we derive, by
differentiation,

3V oV oz 3]’ oV oz

P A PR =Y P

and, replacmg 0z/0x,, - -+, 0z/0x, by the values derived from the
preceding relations, the equation (6) becomes

oV or , oV _
(8) F(N)=Pigg 4 4 Puge + 17 =0

0;
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The new equation is of the form (1), and its integration is equiva-
lent to that of the system

dx, dx dr, dz
A= ==,
®) PP, r, R’

hence we may state the following proposition:

If wy, uy, - -+, are n independent first integrals of the system (9),
every function z of the nvariables x,x,, - -+, x,, defined by a relation
of the form

(10) & (uy, gy e ey n,)=0,

where ® indicates an arbitrary function of 1w, w, «++ U, is an
integral of the equation (6).

We cammot conclude from this that we obtain all the integrals of
the equation (6) in this way. In fact, in order that the implicit
function detined by the relation (7) be an integral, it is not neces-
sary that we have identically F(1")=0; it is sufficient that the
equation J(1) = 0 be a consequence of the equation V' = 0. If, for
example, we take for V an integral of an equation of the form
F(1V)=KV, where K indicates a constant ditferent from zero, the re-
lation 17 = 0 still defines an integral of the equation (6). It is quite
in order, therefore, to determine whether or not the relation (10)
gives all the integrals of the given equation. In order to prove
that this is really the case, with certain exceptions which we shall
state, let us suppose that in the n functions w,, u,, - - -, u, we replace
= by an integral of the equation (6). The resulting expressions are
a functions U, U, ---, U, of the n variables =, x,, ..., z,. If we
prove that the Jacobian of these n functions is identically zero, it
will follow that we have a relation of the form

‘l’(Uv lf-p R ] Irn) = O!

and consequently that the integral considered satisfies a relation of
the form (10) in which the function & is replaced by ¢. This Jaco-
bian is of the form

Ouy o, O oy By ouy o, 94

or, o o+ o, +r PR T + . 0z 2x
A = . .o eee eee . (])‘_—.:5;)

ou, ou, ou, ou, *

o, TP oz, TP
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Noting that certain determinants in the development of A have two
columns identical and therefore vanish, we may write

(11) A= D(uy, uy, - - -, Uy + '=2"1)' D("‘U Ugy o "n) .
D(‘”v Tay ="y Tn) i=1 ’ D(“’p ey Xy By Xipyy c iy ‘cn)

But, since w,, w,, - -, «, are n first integrals of the system (9), we
have

p ou, ou, , Ou

L —4 ... —t 2
Lo, P, ox, +1"5.r,,+h

ou;

oz

0; (i=1,2""1n)

hence, by the theory of linear homogeneous equations, we have
R - P,

_nj__'"u_"'n N ) un)_ B I)("U Ugy « - ""',ln) =
l)(“"p Lyy v vy :l!.) l)(.l‘l, Ceey Wy By Lygyy vy WYy

(¢t=12,..,2)

12)

= M,

where M is a function of x, ,, . .-, x,, # which we can always cal-
culate when we know the first integrals w,, w,, - - -, v,. Substituting
in (11) the values of the determinants deduced from (12), we find

azh MA=R—DPp, —Pp,—+++—P,p,

If z is an integral of the equation (6), the right-hand side is zero;
hence this integral satisfies either the condition A = 0 or else A7 = 0.
In the first case, as we have just shown, this integral is defined by
a relation of the form (10). As for the relation A = 0, it can define
only one or more completely determined implicit functions. Hence,
except for certain exceptional integrals which do not depend upon
any arbitrary constant, all the integrals of the equation (6) satisfy a
relation of the form (10). We shall hereafter say that the relation (10)
represents the general integrul of the equation (6).

To see if an integral can satisfy the relation M = 0, let us consider any point
of that integral, (2, 23, - - -, 22, 2,), and let us suppose that all the coefficients
P,, P,,--., P,, R are analytic in the neighborhood of this system of values
without being all zero simultaneously for #; = !, 2 = z,. Let us assume, for
example, that P, is not zero for this system of values. We can then solve the
equation (8) for 8V/az,, and, by Cauchy’s theorems (§ 25), we can take for u,,
Uy, -+, Uy functions analytic in the neighborhood of this system of values. Now

one of the equations (12) can be written in the form
Py Dl s ),
Dz, 25y, 2n)

Since the determinant on the right is analytic, and since P; is not zero for
&, =&, 2 = 2, it follows that this system of values cannot make M zero. Since
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the point (3, -+ -, x2, 2,) is any point of the integral, we see that there cannot
exist integrals satisfying the relation M = 0 except in the two following cases :

1) There exists a function V(z,, £y, -+, Lu, 2) such that every system of
values of the variables «&,, z that makes the function }” vanish, also causes P,
P,,..., Py, and Bk to v:anish. All these coeflicients are therefore divisible by
the same factor, and it is clear that by equating this factor to zero we obtain
an integral. This trivial case is of slight interest.

2) The reasoning would again be faulty if the integral defined Ly the rela-
tion 7= 0 were such that, in the neighborhood of every system of values
satisfying that relation, some of the coeflicients P,, R ceased to be analytic.
This case can actually occur, as we shall show presently.

76. Geometric interpretation. The preceding general method is
susceptible of a simple geometric interpretation in the case of an
equation in three variables, which we shall write in the customary
notation,

oz 0z
(13) Pp+Q=1~R, ])=;,};7 q=—a:’;’

where P, Q, I are functions of the three variables «, v, . Tet S be
any integral suiface. Since the equation of the plane tangent to this
surface is

Z—z=pX—-2)+¢(¥Y—y),

the relation (13) expresses the fact that this tangent plane passes
through the straight line D represented by the equations

X—2 Y—y Z-—=

(14) r Q R )

(7

Hence the problem of the integration of the equation (13) may be
stated in geometric language as follows:

To each point M of space, whose coordinates are (x, y, 2), there
corresponds « straight line D through that point, represented by the
equations (14). A surfuce S is to be determined so that the tangent
plane at each of its points passes through the straight line associated
with that point.

The surfaces possessing this property constitute the general inte-
gral of the linear equation (13). The three functions P, Q, R deter-
mine the law according to which the straight line D moves when the
point M changes its position. These three functions are usually
analytic functions of x, y, 7, but it is sufficient for the argument
that they satisfy the conditions stated in our previous study of
differential equations (§§ 27 f£.).
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The preceding statement leads us to seek the curves I' which are
in each of their points tangent to the corresponding straight line D.
We shall call these the characteristic curves. We shall first show
that ewvery integral surfuce is generated by characteristic curves.
Consider, in fact, such a surface S. In each point A7 of that surface
the corresponding straight line D lies in the tangent plane. We can
therefore propose to determine the curves on that surface which are
tangent at each of their points to the corresponding straight line D.
These curves may be obtained by the integration of a differential
equation of the first order (§ 17). Through each point of S there
passes in general one and only one curve, possessing this property,
which lies entirely on the surface. It is clear that these curves are
characteristic curves, which proves the proposition.

The converse is almost self-evident. If a surface is a locus of
characteristic curves, the tangent plane at any one of its points con-
tains the tangent to the characteristic curve lying upon the surface
and passing through that point — that is, the straight line 1. The
given problem is therefore reduced to the determination of the
characteristic curves.

The differential equations of these curves, by their very definition,
are of the form .

de _dy _dz
(15) r Q@ R

Through each point of space there passes, therefore, in general one and
only one characteristic curve tangent to the corresponding straight
line D, Suppose that we have integrated these equations (15).
Let « and v be two independent first integrals of this system.
The general integral is represented by the equations

(16) w(r, y, 2)=a, v(x, y, 2)=10,

where a and b are two arbitrary constants. The characteristic curves,
which depend upon two parameters, therefore form a congruence. In
order to obtain a surface generated by the curves of this congruence,
we must establish between the two parameters « and 4 an arbitrary
relation, say ¢ (a, b) = 0, and the corresponding integral surface will
have for its equation ¢ («, v) = 0. This is exactly the result to which
the general method of the preceding paragraph would lead us, for %
and v are here two independent integrals of the equation
oun ou ou

I’%+Q-5;+R—;=0-
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Ezample 1. Consider the equation pz + gy = mz. The differential equations
of the characteristic curves,
dx _dy _dz
Ty mz
have the two first integrals y/z = a, z/z™ = b, and the general equation of the
integral surfaces is 2 = zmf (y/x). If n =1, the characteristic curves are straight
lines passing through the origin, and the integral surfaces are cones having their
vertices at the origin. If m = 0, the characteristic curves are straight lines par-
allel to the zy-plane and meeting the z-axis. The integral surfaces are conoids.
Ezample 2. Consider the equation py — gz + a = 0. The differential equa-
tions of the characteristic curves,

dz_dy _ dz
y —z —a’
give the two integrable combinations

zdr + ydy =0, dz—agly—_—ydz

eyt

and the characteristic curves are represented by the equations

=0,

24+ y2=0C,, z—aarctan%:(),.

These are helices with the pitch 2 ra lying upon cylinders of revolution hav-
ing Oz for axis, and the general integral is represented by helicoids (the axes of
codrdinates being supposed rectangular). In the particular case where a =0,
the characteristic curves are circles having theit centers on the z-axis and their
planes parallel to the xy-plane. The integral surfaces are surfaces of revolution
about the z-axis.

Ezample 8. Orthogonal trajectories. Let

(17) F(,y,2)=C
be the equation of a family of surfaces ¥ which depend upon an arbitrary
parameter C in such a way that through every point of space (or at least of a

portion of space) there passes one and only one of these surfaces. Let us con-
sider the problem of finding another surface S, represented by the equation

z2=¢(z, 7),
which cuts orthogonally at each of its points the surface = through that point.
Since the direction cosines of the normals to the two surfaces are respectively
proportional to 9F/oz, 0F/dy, ¢¥/oz for =, and to p, ¢, — 1 for 8, the condition
of orthogonality leads to the linear equation

oF oF OoF

18 — ——_— =0
(18) pte o

The chafacteristic curves, whose differential equations are
dc dy dz
19 — I —
a9 oF oF oF

ox oy oz

are the curves tangent at each of their points to the normal to the surface 3
through that point.
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Suppose, for example, that we have F(z, ¥, 2) = zf(z, y), where f(z, ¥) is a
homogeneous function of the mth degree. The differential equations of the char-
acteristic curves are here

By Euler’s relation, we have the integrable combination

zdr + ydy — mzdz =0,
from which we derive the first integral 22 4 y2 — mz2 = a. On the other hand,
dy/dr is a homogeneous function of degree zero in the variables z, y. Ilence
we can obtain a new first integral by a guadrature (§ 3).

Ezxample 4. Tt is sometimes possible to determine the characteristic curves
without any calculation, merely from their geometric definition. Let it be re.
quired, for example, to determine the surfaces 8 such that the tangent plane at
any point M of one of these surfaces meets a fixed straight line A in a point T,
equally distant from the point M and from a fired point O on the straight line A.

Let M be a point in space ; there exists on the straight line A one and only
one point T such that T0 = TM, and this point is the intersection of A with
the plane perpendicular to the segment OM at its middle point. Let D be the
straight line through the two points M and T. The tangent plane to every sur-
face satisfying the given condition and passing through the point M therefore
contains this straight line D. Consequently these surfaces are obtained by the
integration of a linear equation. Since the tangents to the characteristic curves
all meet the straight line A, these curves are plane curves, lying in planes pass-
ing through A. The characteristic curves lying in one of these planes are the
integral curves of a differential equation of the first order, and it is easy to see,
from their definition, that they are circles tangent to the straight line A at O.
The required surfaces are therefore generated by the circles tangent at O to the
straight line A.

‘We can dispose of the arbitrary function ¢ (x, ») in such a way
that the integral surface passes through a given curve I'; we shall
obtain that surface by taking the locus of the characteristic curves
passing through the different points of the given curve. If I'is
represented by the system of two equations

(20) ®(x, y,2)=0, @, (z, y, 2)= 0,
the whole question reduces to finding the relation which must hold
between the parameters ¢ and 4 in order that a characteristic curve
shall meet the curve I It is clear that that relation may be found
by eliminating =, y, # between the equations (20) and the equations
u = a, v = b of the characteristic curve. The problem has only one
solution, unless the curve T is itself a characteristic curve. In this
singular case it suffices, in order to obtain an integral surface pass-
ing through T, to consider the surface generated by a family of
characteristic curves which depend upon an arbitrary parameter, and
of which the curve T is a member.
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77. Congruences of characteristic curves. To every linear equation
of the form (13) there corresponds a congruence of characteristic curves
formed by the characteristic curves of that equation. Conversely,
every congruence of curves, that is, every family of curves depending
upon two arbitrary parameters e and 4, is the congruence of charac-
teristic curves for an equation of the form (13).* Suppose, in fact,
that the equations which define that congruence are solved for the
two parameters ¢ and b:

w(r, y, 2)=aq, v(x, y, z)=0.
Lvery surface S generated by the curves of this congruence, associated
according to an arbitrary law, is represented by an equation of the
form v = ar(«). Taking the partial derivatives with respect to x
and to y, we find
ov v , Bu ou ov  0dv , < ou
F™ +a~])_—7r(u)< P. p): a!/+a_‘q..—'n'(u) +5; )
The elimination of 7r'(x) leads to a linear equation

ﬁ(u v) ),y 4 20 ) D(u, v) ¢+ D(u, v) v) 0,
%)) D(x, z) D(x y)
for which the given congruence is evidently the congruence of
characteristic curves.

Let us now consider the general case of a congruence defined by
two equations of any form whatever,

(21 Ur,y, 2 a,b)=0, V(x, 9, 2, a,0)=0.
If we set up an arbitrary relation ¢(«, b)) =0 between the two
parameters « and b, we shall have the equation of a surface S gener-
ated by the curves T of the congruence by eliminating « and 4 from
the equations (21) and the relation ¢ = 0. All these surfaces again
satisfy, whatever may be the function ¢, the same partial differen-
tial equation of the first order. To obtain this equation we may
proceed as follows: The three equations

(22) U=0, V=0, ¢(a,0)=0

define three implicit functions z, a, b of the independent variables
z and y, and the last contains only ¢ and 4. Hence we have

' D(a, b)
) D(r,y)

* We suppose, in addition, that throngh any point of space (or of a portion of space)
there passes one of these curves, which would not happen if they were all situated
upon the same surface.
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On the other hand, if we differentiate the first two of the equa-
tions (22) with respeet to « and to y, we can derive from the result-
ing relations expressions for da/ox, 0b/ox, da /0y, 0 /0y in terms of
x, Y, 2, p, 4, @, b, and, by replacing these derivatives in the determi-
nant (23) by their values, we obtain a new relation,

d’(‘”? Yy 2Py @5 @ b) =0
We need only eliminate « and 4 from this relation and the two rela-
tions (21) in order to obtain an equation containing only r, y, 2, p, ¢,

(24) F(zy y, 2 py q) =0,
which applies to all the surfaces generated by the curves of the
congruence. It is easy to show, from the very way in which this
equation has been obtained, that it breaks up into a system of linear
equations in p and ¢. The same fact results from its meaning. Let
us suppose, for definiteness, that through a point I of space there
pass m curves of the congruence, and let D), D,,--., D, be the m
tangents to these curves at the point 7. Every surface through the
point M generated by the curves of the congruence must contain
one of thg m curves of this congruence which pass through A7;
hence the tangent plane at the point A7 must pass through one of
the straight lines D, D,, .-, D,. Let P, @, I; be proportional
to the direction cosines of the straight line 1),. Every surface gen-
erated by the curves of the congruence must therefore satisfy one
of the m cquations,

(25) E=rp+Qy—R, =0, ¢=1,2,...,m)
and the left-hand side of the equation (24) is identical, except for a
factor independent of p and of ¢, with the product of the m. linear
factors E,, E,, - -+, F,. It should be noticed also that it would be
impossible, in general, to separate these m factors analytically.

Similarly, certain problems of geometry may lead to partial differ-
ential equations of the first order which decompose into a product of
linear factors. Let us consider again, for example, the problem of
the orthogonal trajectories to a family of surfaces whose equation
F(x, 9, 2, C)=0is of degree m in the arbitrary parameter C. To
obtain the partial differential equation of orthogonal surfaces, we
must again eliminate C between the relation F= 0 and the condition

oF oF Or

Pty T =
Through a point A7 of space there pass, by hypothesis, m surfaces
of the given family. Let D, D,, .-, D, be the normals to these m

m*
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surfaces. The tangent plane to an orthogonal surface through Ar
must contain one of these straight lines. Hence the partial ditferen-
tial equation decomposes into a system of m equations which are
linear in p and q.

Conversely, given any equation of this type, to cach point of
space there correspond m straight lines D), D,,..., D,, and the
plane tangent to any integral surface contains one of these straight
lines. If we give the name characteristic curve to every curve which,
at each of its points, is tangent to one of the corresponding m straight
lines, the reasoning employed above shows again that every integral
surface is a locus of characteristic curves. To obtain the differential
equations of these curves, we are not compelled to carry out the
decomposition of the left-hand side of the equation into linear
factors. Indeed, expressing the fact that the left-hand side is divisi-
ble by the factor Pp + Q¢ — R, we obtain equations of condition
homogeneous in P, Q, R, which furnish m systems of values for the
ratios of these coefficients for each point (», y, 2). Replacing P, Q,
R in these conditions by the proportional quantities dr, dy, dz, we
obtain the differential equations of the characteristic curves, and
the integration of the partial differential equation is reduced to the
integration of a system of ordinary differential equations.

The preceding theory explains very simply how a linear equation may have
integrals which are not included in the general integral. Consider a partial
differential equation of the form

(26) F(x,y,2,p, 9 =0,

whose left-hand side is the product of a certain number of linear factors in p
and q that are not analytically distinct, and let

(27) é(z’ Y %, Z_;/’ %) =0, \Il(z, Yy % g;y’ :11_:) =0

be the differential equations of the characteristic curves of this system. The
curves which represent the general integral of this system form a congruence,
which is the congruence of the characteristic curves of the equation (26), and
the general integral is represented by the surfaces generated by the curves of
this congruence associated according to an arbitrary law. But it may happen
that the equations (27) have singular integrals. This will happen if the con-
gruence of the characteristic curves has a focal surface (Z). Then through each
point of this surface there passes a curve of the congruence of characteristics
tangent to this surface. The plane tangent to () contains, therefore, one of
the straight lines D; relative to the point of contact, and consequently (Z) is
an integral surface of the equation (26). Moreover, it is not a member, at least
in general, of the surfaces which represent the general integral ; that is, it is a
singular integral surface.
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Consider, for example, the equation
(28) PE@—A) +qey £2Val + y2— 22) =0,

which in reality is equivalent to two linear equations. We can write the
differential equations of the characteristic curves in the form

dz dy\? dy\?
—=0 —x ") =22 ) .
Fra (” *5) z[”(dz)]

The integration is immediate, and the congruence of characteristic curves is
formed by the straight lines

z=C, y=Cz+zV14C}

which are parallel to the zy-plane and tangent to the cone x? 4 »2 = 22. The
general integral is represented by the conoid surfaces generated by these straight
lines, and there is a singular integral, the cone itself.

The coefficient of ¢ in the equation (28) is not analytic in the neighborhood
of any point (x,, ¥,, z,) of this cone, which confirms a previous remark (§ 75).

II. TOTAL DIFFERENTIAL EQUATIONS

78. The equation dz = Adx 4 Bdy. The existence of integrals of a
completely integrable system of total differential equations was estal-
lished in § 24. The integration of such a system reduces to the
integration of several systems of ordinary differential equations
with a single independent variable. The method, which we shall
develop only in the simplest case, is extensible to the general case.

Let the equation be

(29) dz =.1(r, y, 2)dx + B(x, y, 2)dy,

where 2z is an unknown function of the two independent variables =
and y. This equation is equivalent to two distinct relations

i

(30) 2% Ay ey =By
or 3y

Every integral common to these two equations satisfies also the two
new equations

Pz 04 0. > 0B 0B
3.1:3]/_5-*-52—]}’ dyox  Ox t %

and consequently the relation
oA 04 0B 0B
(31) EJ— + T B= w5
If this relation does not reduce to an identity, there can be no in-

tegrals of the given equation (29), except possibly one or more of the
implicit functions defined by the equation (31). Hence in this case

4,

+ A
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we can always determine by substitution whether the equations (30)
have a common integral. On the other hand, in order that these
equations may have an infinite number of integrals depending upon
an arbitrary constant, the relation (31) must be satistied identically.
If it is, the equation (29) is said to be completely integrable.

In order to obtain all ity integrals, let us first disregard the second
of the equations (30), and consider only the first. If we regard y
as a parameter, this equation is a differential equation of the first
order between the independent variable = and the dependent vari-
able z; hence it has an infinite number of integrals z = ¢ (r, y, C)
that depend upon an arbitrary constant . We may replace this
constant ' by any function u (y) of the variable y, since the expres-
sion for 0z/0x remains the same when we replace ' by a function
of y. The solution of the problem therefore depends upon the deter-
mination of this function u(y) in such a way that the derivative of
the function z = ¢[x, y, ©(y)] with respect to y shall be equal to
B(z, y, $). This leads to the equation

a¢ + aaz dgj‘;’ = B[z, y, $(z, , w)],
or

du Py ey, u)]——

dy ~ 7%
on

(32)

We shall show that the right-hand side of this equation depends
only upon the variables y and w. It is sufficient to show that the
derivative with respect to x is identically zero, that is, that we have

26 (0B 0BI PP 24
(33) "aﬂ(%*'%ﬂ——)—[]}(“”%@ Z)J:Iand,r

From the very manner in which the funection ¢(x, y, ») has been
obtained, we have the relation

0
(34) -a;: = A (m, y’ ¢)}

which’is satisfied for all values of x, y, and «. It follows that we
may write

a2 04 0¢
oxdy a1 o oy’
P4 6A 9.

Y 6¢ o
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Replacing 0¢/0x, ¢ /0xdy, PP /ou = by the preceding values, the
relation to be verified reduces to the form

0¢/0B 8B 04 04
aelas g~ 5~ B)=0

The second factor is identically zero by the condition of integra~
bility (31). The equation (32) is therefore of the form

du
(35) dv = F(y, u).

Let w = y(y, () be the general integral of this equation, where C is
a constant independent both of » and of y. Then if we replace « by
¥ (¥, C) in the function ¢ (x, y, ), we obtain the general integral of
the completely integrable equation (29), and we see that the integra-
tion of this equation reduces to the successive integrations of two
ordinary differential equations (34) and (35).

Egzample. Consider the total differential equation

(36) dz=Lt¥2g, 2 =D,
1+ .y 14 2y

which is equivalent Lo the system

36) ?_z_l»-l;y_z 0z :t(z-—-a:)

oT 1+.tJ ay 14 zy

The condition of integrability is verified, and the first of the equations (36,
which is linear in 2z and 9z/0z, has for its general integral

2=k u() L+ )

where u(y) is an arbitrary function of y. Substituting this value of z in the
second of the equations (36’), it becomes du/dy + 1/y% = 0, whence we derive
u(y) =1/y + C. Hence the general integral of the equation (36) is

37) z=z+ C(1+ zy),

where C indicates an arbitrary constant.

The preceding problem can also be interpreted geometrically.
In order to simplify the statement, we shall again call an integral
surface any surface represented by an equation z = f(x, ), where
the function f(z, ) is an integral of the equation (29). The two
conditions (30), or

P=A(x; Y 2), q = B(x, y, 2),
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express the fact that the tangent plane to the integral surface S at
a point (x, g, 2) of that surface coincides with the plane P whose
equation is

(38) Z—z=.A(X—a:)+B(Y—y),

so that the problem of the integration of the equation (29) is
equivalent to the following geometric problem:

To each point of space (x,y, z) there corresponds a plane P through
that point, which is represented by the equation (38). It is required
to find the surfuces S whose tangent plane at euch point (x, y, z) is the
plane P associated with that point.

The proposition is analogous to that of § 76. But in the present
case the problem does not always have a solution. 1f the condition
of integrability (31) is satisfied, there exists, in general, one and
only one integral of the equation (29) which takes on a given value
z, when x and y take on given values x; and y,. Through every
point in space there passes, therefore, in general, one and only one
integral surface.

Let us consider, for example, a family of skew curves I' which
depend upon two arbitrary parameters «¢ and b, and which are rep-
resented by a system of two equations

(39) w(x, y, 2)=aq, v(x,y, 2)=0

such that through every point of space (or of a region of space)
there passes one and only one curve of this family. There does not
always exist a family of surfaces S which has these curves I for
orthogonal trajectories. In fact, the tangent plane to the surface S
passing through a point would have to coincide with the normal
plane to the curve T' passing through the same point. We are there-
fore led to a particular case of the preceding problem, which proves
that the curves of an arbitrarily assigned congruence of curves are
not, in general, the orthogonal trajectories of any family of surfaces.
The plane tangent to the surface S through the point (z, y, 2) must
be perpendicular to the planes tangent to the two surfaces (39)
which pass through the tangent to the curve I'. Hence we have, in
rectangular codrdinates, the two conditions

_3_15 ?l ou ov ov ov

ox? 33/,1—3?:— ’ azp+‘a§7—$=°'
From these equations the values of p and ¢ are found to be

p=A4A(xy 2), q=B(=xy,2),
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and the condition (31) must be satisfied identically in order that the
problem have a solution.

Let us take, for example, the family of curves
X=az, Y =0Z,

where X is a function of « alone, and Y and Z are respectively functions of y
alone and of z alone. The preceding method gives the followmg values for p
and g,
_ Xz Yz
S AN A
and the total differential equation can be written in the form

Ldz | Xdo  Ydy
z X’ Y
It is clear that this cquation is completely integrable, and the general integral
is obtained by quadratures

[hus s fm=c

79. Mayer's method. The preceding method requires two successive integra-
tions, We can replace these two integrations by a single integration, as follows:
Let us suppose, for definiteness, that the coefticients A (z, y, ) and B(z, y, 2)
are analytic in the neighborhood of the point (x,, %y, 2,). Then there exists one
and only one integral surface S, through the point (z,, ¥,, 2,) if the condition (31)
is satisfied. Mayer’s method for obtaining this surface reduces to determin-
ing first the sections cut from that surface by the planes parallel to the z-axis
through the point (z,, %o, 2)). Leét I' be the intersection of §; with the plane

(40) Y= U= m(E—1p),

where m has any given value. Along this curve I' we have dy = mdz, and, replac-
ing ¥ and dy in the equation (29) by the preceding values, we obtain the relation

(41) dz = {A [1, yo + m(l - To)v Z] + mB [Z, 1/0 + m(z'— :0)9 Z]}dx,

which is also satisfied along the whole length of the curve I'. Now this is a
relation containing only the two variables « and z; that is, it is a differential
equation of the first order, the integration of which determines the curve I'.  Let

(42) 2=¢(L; Ty Yos 299 M)
be the integral of this equation which reduces to z, for z = x,. The curve I' is

represented by the two equations (40) and (42). Since the required surface S,
is the locus of the curves I' as the parameter m varies, the equation of this sur-
face is obtained by eliminating m from the equations (40) and (42). To accom-
plish this it is sufficient to replace m in the equation (42) by (¥ — y,)/(x — ).
This method presents an evident analogy with the one which has been indicated
for the integration of the total differentials P (z, y)dx + Q(z, ¥)dy (I, § 162).
We might generalize it still further by replacing the planes parallel to the
z-axis by cylinders passing through a given point (zy, %o, Z,) and having their
generators parallel to Oz,
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For example, let us again tako the equation (36), and let us suppose z, = y, = 0.
Substituting y = mx, dy = mdx, that equation becomes

dz _ 2mzz 1 — ma?
de 14 mx? ' 1+ mz?
This is a linear equation which is readily integrated, and the integral which re-
duces to z, for £ = 0 has the form

2 =3 + z4(1 + mx?).

Hence the surface S, has the equation z = x 4 2,(1 4+ zy), which is the result
obtained by the first method.

80. The equation Pdx 4 Qdy 4+ Rdz = 0. The problem of the inte-
gration of a total differential equation can be put in a more general
and more symmetrical form. Let I’(x, y, 2), Q(2, ¥, 2), R(x, y, 2) be
three functions of the variables x, y, . To integrate the equation

(43) P, y, 2)de + Q(=, y, 2)dy + R(x, y, 2)dz =
is to find a relation F(x, 7, z)= 0 between z, y, # such that these
three variables and their differentials da, dy, dz satisfy the given rela-
tion. If the function I contains the variable z, we may regard a and

y in it as two independent variables and z as a function of these two
variables, and we see that that function must satisfy the equation

R L N
dz = 7 dx Rd_l/,

which is of the form (29). Replacing A by — /R and B by — Q/R,
and carrying out the differentiations, the condition of integrability (31)
becomes

2@ oR aR _or or  3Q\_
(44) P(-éz—a—y‘>+(l<§;——a§>+k<a!j—$>—0

This condition remains the same when we permute x, y, z and I, Q, &
circularly. Hence we should have obtained the same relation if, in-
stead of regarding z as the dependent variable, we had taken one of
the variables z or » for the unknown dependent variable. The prol-
lem of the integration of the equation (43), therefore, does not differ
essentially from the problem already treated; but when we write
a total differential equation in this way, it is not necessary to
specify which of the variables have been chosen as the independent
variables.

The condition (44) arises in a question which is closely connected
with the preceding. Given an expression

P&, y)dz + @ 9)dy
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we have seen (§§ 12, 26) that there always exist an infinite number
of factors u(x, y) such that the produet u(Pdr + Qdy) is the total
differential of a function of the two variables x and y. When we
pass from two to three variables, this does not remain true in general
Let us consider, in fact, three functions, P, Q, R, of the variables
x, Y, #. Inorder that the product u(Pdx + Qdy + Rdz) be an exact
differential, the factor u(x, y, z) must satisfy the three conditions

o(pQ) _O(pR)  O(uR) _O(pP)  O(wP) _9(prQ)
Oz dy e oz oy ~ er
If we add these three equations, after having multiplied them by
P, Q, R respectively, and then divide by u, we find again the con-
dition of integrability (44). This condition is therefore mecessary
in order that the trinomial Pda + Qdy + Rdz have an integrating
factor. It is also sufficient. For if it is satisfied, the equation (43)
is completely integrable. Let
(45) Flr,y,2)=0C

be the general integral of this equation. The values of 0z/0x and of
4z/0y derived from the equation (45) must be identical with the
values — P/R and — /R obtained from the equation (43), since we
can choose the arbitrary constant ¢’ so that the integral surface
passes through any point of space. For this we must have

I F, F,

or

dF = p(Pdr 4+ Qdy 4 Rd2).
The factor u, which is equal to the conmon value of the preceding
ratios, is therefore an integrating factor. Repeating the reasoning
of § 12, we see, in a similar manner, that there are in this case an
infinite number of integrating factors, which are of the form ur (1),
where 7 is an arbitrary function.

The condition of integrability (44) is invariant with respect to every change
of variables. Consider, in fact, a transformation defined by the equations

(46) z =1 (u, v, w), y = ¢(u, v, w), z = y(u, v, ),
where the Jacobian of the functions f, ¢, ¢ with respect to u, v, w is not identi-
cally zero, This transformation carries the trinomial Pdz + Qdy + Rdz into an

expression of the same form, P,du + Q,dv + R,dw, where Py, @,, R, are func-
tions of u, v, w. If now the relation (44) is satisfied, the analogous relation

@n P (an 2R, )+ Q (531 aP,)+ R, (?’_Pl _ ?Ql)= 0

w  ov ou cw ov ou
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is also satisfied identically. We might verify this by a direct calculation
(I, Chap. III, Ex. 19, 2d ed.; I, Chap. II, Ex. 19, Ist ed.), but it also results
from the meaning of the condition. In fact, if the relation (44) is satisfied,
there exist two functions u(z, ¥, z) and F(£, y, 2z) such that

#(Pdz + Qdy + Rdz) = dF.

If we carry out the change of variables defined by the equations (46), the
functions u and F change into two functions u,(u, v, w), Fy(u, v, w) of the new
variables, and we have identically dF = dF,. Hence the preceding identity

becomes
#y (Pydu 4+ Q,dv + R, dw) = dF,,

and the trinomial P,du + @, dv + R,dw has an integrating factor. This shows
that P,, @,, R, satisfy also the relation (47).

This remark enables us to present the method of integration of § 78 under a
more general form. For let us suppose that the trinomial Pde 4+ Qdy + Rdz has
been converted by a transformation into a binomial of the form Pycu + Q, dv,
containing now only two differentials du and dv. 1." the relation (47) we must
suppose R, = 0, and that relation reduces to

0Q, _, 0P,
Pow = 4%
which shows that the ratio of the two coefficients I, and @, is independent of
w. The integration of the given total differential equation is therefore reduced
to the integration of an equation of the form dv +  (u, v)du = 0, that is, to an
ordinary differential equation,

Every trinomial Pdz 4+ Qdy + Bdz can be reduced to a binomial P,du+ @, dv
in an infinite number of ways. For example, we can proceed as follows: We
determine first two functions, u (2, ¥, 2) and F(z, y, 2), such that, whatever dz
and dy may be,

Pae+ L ay = uiPe, v, 53z +Qx, v, 2 ).
oc oy
This amounts in reality to integrating the differential equation Pdz + Qdy =0,
regarding 2 as a parameter, Again, we may write the preceding equation in
the form F
dF + (,‘R - "’a_z)az = u(Pdx + Qdy + Rdz).

Then if we select a new system of independent variables, of which F(z, y, 2)
and z are two, we see that Pde + Qdy + Rdz is actually replaced by an expres-
sion in which there appear only the two differentials dF and dz. This procedure
can be varied in many ways. It is clear, for example, that we can begin by
integrating either of the two equations

Qdy + Rdz =0, Pde+ Rdz=0;

this last method is in reality identical with the method of § 78.
We can also connect with the preceding remark an elegant method due to
Joseph Bertrand. Assuming that the equation (43) is completely integrable,
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let us begin by integrating the linear partial differential equation
. 0Q oR\af  (oR oP\of , [oP aq@\of

0 =(- (- (-

“8) Y 0z oy/ ox or azay+i‘y azazo
Let u and v be two independent integrals of this equation. 1f between the two
relations .

X(u)=0, X(v)=0
and the condition of integrability (44) we eliminate the three differences
¢Q _oR oR oP oP 0@

oz oy oz oz oy ox

we obtain the equality

ou ou du
oxr cy oz
2v v 2v|=0.
or oy oz
P Q R
There exist, therefore, two functions X and u for which we have
]
@) P=atMpl oyl Ry,
or (24 oy oy oz 0z

and we can write the given equation in the form
ANdu 4+ pudv = 0.

Now we have seen that the ratio A/u can depend only upon the variables u and
v; hence this equation is a differential equation in u and ».

This method appears to be more complicated than the preceding, since the
integration of the equation (48) requires first the integration of a system of two
differential equations of the first order. But it is more symmetric, and it may
be preferable if the given equation is itself symmetric in &, y, and 2.

Consider, for example, the equation

¥+ yz + 2% de + (22 + 2z + a®)dy + (2% + 2y + y?)dz = 0.
The condition (44) is satisfied, and the linear equation (48) is here
of
or

c-nZ+e-9ZLru-n-=

The corresponding system of differential equations,
dz dy dz
= = ’
Z2—y &£—2z2 Y—C

gives easily the two integrable combinations
dz+y+2)=0, rde 4+ ydy + zdz=0.

Hence we may take
u=z+y+z, v=a2ry+2d
and the values of the factors A and u derived from the equations (49) are

u+v _ z+y+z_ u

N m—— m— .

2 2

A=+ 2 +22+ay+yzt=
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The transformed equation in w and v is therefore
(12 + v)du — udv = 0,

IR
U,

or

u2
It follows that the general integral is v — v/u = C, or, returning to the vari-

ables &, y, 2, Ty + yz + 28 _

z4+y+z

81. The parenthesis (u, v) and the bracket [u, v]. Any total differ-
ential equation is really equivalent to two simultaneous equations

=10, y,2), ¢ =By, )
Let us now consider any two equations,

(50) F(x, 9, 2 p,9)=0, o, 9,2 p,9)=0,
in the two independent variables 2 and y, the unknown dependent
function z, and its two partial derivatives p and ¢.
1f we can solve these two equations for p and ¢, we obtain two
equations, p = f'(x, ¥, ), ¢4 = ¢ (i, ¥, %), of a form which has already
been studied, and it will be possible to determine whether these two
relations are compatible. But we can determine whether the condi-
tion of integrability is satisfied without first solving the equations
(50) for p and ¢. We have only to apply the rules for the caleula-
tion of the derivatives of implicit functions. Let us consider, in fact,
the relations (50) as defining two implicit functions, p = f(r, y, 2),
g = ¢ (x, y, ), of the three independent variables a, y, z. Differen-
tiating with respect to », we find
oK  orep (eFdy_,  0®  0d0p 000 _,
ox  Op ox 0y Ox ’ or  Op ox = 0Oq Ox ’
and consequently
D(F,®) 0q , D(F,®) _
D(pyyq) 60 D(p,x)
Similarly, we have
D(F,®) 0p | D(F,®) _ D(F,®) dp | D(F,®)
D)oy~ D) O D) 0= D(xg)
D(R,®) 0y | D(F®) _
’ D(pyq) 8= D(pz)
Substituting the values of ép/ey, 0p/0z, 8q/0r, 0¢/0z in the con.
dition of integrability

=0,

op 0
p , Op 9q +
X

ERAr ™S Al wﬁ
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that condition becomes, after development,

OF (0% | 0%\ , OF [dd . 0@
o %) (a1 )
0d [0F OF 6<I> oF or

- a,?(ax +1“a§> < oy 71 3z) 0.

In general, if « and v are any functions of , y, z, p, ¢, we shall set

d 0 0 d 0 0
= -Fpg;s J}——é&*‘yay
dudv Ovdn Oudv Ovdu

Col= e par Yoy dy "o dy’

dx

and we shall call the expression [w, v] @ bracket. The preceding
condition can then be written in an abridged form,

(51) [F, ®]=0.

Tn order that the two equations (50) shall form a completely inte-
grable system, it must first be possible to solve them for p and ¢;
that is, it must not be possible to derive from them a relation
between , y, ~ independent of p and of 4; and, further, the con-
dition [F, ®] = 0 must be a consequence of the two )el.ttlons (50).
If the bracket [F, @] is identically zero, the two equations I"=«,
® = b form a completely integrable system for any values of the
constants « and b. If the relation [#, ®] = 0 is a consequence of the
single equation F = 0, independently of the second equation & = 0,
the two equations F = 0, ® = b form a completely integrable system
for any value of the constant b.

If the two functions F and @ do not contain z, the expression for
the bracket [#, ®] is simplified. The following expression, where «
and v are any functions of =, y, p, g,

dudv Ovowu Oudw O0v 3u

(, v) = op 0x  Op ox + oy 0y 0Oy dy’
is called the parenthesis (i, v). The condition that the two equations
Fe,pp,0)=0, 2@ yma)=0
be compatible is, by what precedes. that the equation
(F, ®) =

shall be satisfied, either identically or as a consequence of the
relations F =0 and &= 0 themselves.
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III. EQUATIONS OF THE FIRST ORDER IN THREE
VARIABLES

82. Complete integrals. We shall now consider the integration of
a partial differential equation of the first order, of any form what-
ever but with only two independent variables, and we shall first
present some very important results obtained by Lagrange. Let

(52) F@,y,2,p¢)=0
be the given equation. The fundamental result obtained by Lagrange
is the following: If we know a family of integrals which depend

upon fwo arbitrary parameters, we can derive all the other integrals
from them by ditferentiations and eliminations. Let

(63) V(x,y, 2 a,b)=0
be a relation which contains two arbitrary constants e and 5, and
which defines an integral of the equation (52) for any values of
those constants. The values of the partial derivatives p and ¢ of
that integral are given by the equations

ov ov ov ov
(54) —g+p—a:—0, 'a—y'+l1§=0.

By hypothesis, the function z always satisfies the equation (52) for
any values of @ and 4; hence the elimination of the two parame-
ters @ and & from the three relations (53) and (54) will lead to the
equation (62) and to that one only.*

We shall now show that this equation (52) expresses the neces-
sary and sufficient condition that the three equations (53) and (54)
be satisfied by a system of three functions z, a, b of the two varia-
bles # and y, where p and ¢ denote the partial derivatives of = with
respect to = and y respectively. When this has been proved, it will
be evident that the problem of integrating the single equation (52)
is equivalent to the following problem: To find three functions z, a,
b of the two independent variables x and y which satisfy the three
equations (63) and (54).

If z = f,(2, y), a = f,(, ¥), b = fy(x, y) form a system of solutions
of these three equations, the function f,(x, 7) also satisfies the
equation (562), which is a consequence of these three relations.

* In fact, if the elimination of a and b led to another relation & (z, , 2, p, ¢) =0
different from F'=0, the two simultaneous equations ¥ =0, & =0 would have a com-
mon integral V=0 depending upon two arbitrary parameters a and b, which is
impossible (§ 78). The given integral would therefore depend in reality upon only a
single parameter.
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Conversely, if f,(z,y) is an integral of the equation (62), the
three equations (53) and (54) are consistent when we replace z
by f,(x, ¥), and p and ¢ by the partial derivatives of f,(x, ). Hence
we can derive from them as values for @ and b two other functions
a=f,(x, ¥), b=/f(z, y), which form with f,(z, y) a system of
solutions of the equations (53) and (54).

The new problem, although apparently more complicated than the
original, is easily solved. In fact, if we differentiate the relation
(63) with respect to = and to y, regarding now z, a, b as unknown
functions of x and y, the relations obtained reduce, by (54), to the
two equations
oVaoa 0V 0b ovoa 0V b
W T HEw " dasy @y
and the system formed by the equations (53) and (55) is equivalent
to the system formed by the equations (53) and (54).

We see at once that this system is satisfied by taking for the un-
known functions e and b any two constants. This gives as the value
of z the integral already known, which Lagrange called the complete
integral. In order to treat the problem in a general way, let us
observe that the equations (55) are linear and homogeneous in
0V /0u, 0V /0b. Hence the three equations (53) and (55) are satisfied
if we set

(56) V=0,

(5%)

or ov

If these three equations are consistent, they define three functions

2, @, b of the two variables « and y. This gives an integral z = f,(x, %)

of the equation (52) which does not depend upon any arbitrary

parameter, and which is commonly called the singular integral.
If 9V /0a and 0V /9b are not zero simultaneously, the equations

(65) give D, b) 0
D(xy y) 7

which proves that there exists between the functions @ and b at least
one relation independent of = and of y. If there exist two relations
of that kind, @ and b reduce to constants, which gives again the com-
plete integral. If there exists only one relation between « and ), at
least one of the functions @ and b does not reduce to a constant.
Assuming that a is not constant, we can write the relation between
a and b in the form

(57) b= ¢(a’);
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and the two equations (55) become

?.(.L. Ql_/ a_l_/ ' _ oa[oV oV ,
3.::[3(5 + ob ¢((l)]_0’ 33/[3_a-+ﬁ¢(“)]=0'
Since @ is not a constant by hypothesis, these two relations reduce

to a single relation, and the three equations

, ov oV
58) V(r,y, = a,b)=0, b= ¢(a), wt o ¢'()=0

define a new system of solutions of the equations (53) and (54). In
particular, the funetion z = f,(x, %) defined by (58) is an integral of
the given equation (52). It is evident that this integral depends upon
the arbitrary function ¢ («). We shall call it the general integral.

In order to obtain the relation between x, y, z, the arbitrary
parameter « must be eliminated from the two equations

B8 TV[r,y 2 a d()]=0, %{L: + %Ll) ¢'(a)=0.

This elimination can be made only after the funetion ¢ («) has been
chosen, but the equations (58') always enable us to express two of
the coordinates of a point of an integral surface as functions of a
third coordinate and of a parameter «.

The preceding method is related in a very simple way to the
theory of the surface envelopes. Consider, in fact, the family of sur-
facés S which represent the complete integral (63) and which depend
upon two constants « and 4. If we choose an arbitrary relation of
the form b = ¢ () between the two parameters « and o, we obtain a
family of surfaces which depend upon only one parameter «, and the
envelope of this family of surfaces is obtained precisely by eliminat-
ing ¢ from the two equations (58"). The process by which we deduce
the general integral from the complete integral consists, therefore, in
taking the envelope of a one-parumeter family of complete integrals
obtained by choosing an arbitrary relation between the two param-
eters « and 4. Similarly, the singular integral is obtained by taking
the envelope of all the complete integrals, as the two parameters a
and b vary independently * (I, § 212, 2d ed.; § 220, 1st ed.).

*We ;nave seen above (§ 71) that all considerations founded on the theory of
envelopes i the study of differential equations are quite troublesome. All the diffi-
culties pointed out in the study of the singular solutions of an ordinary differential
equation of the first order arise again for partial differential equations of the first
order. The final conclusion is just as before: a partial differential equation of the
first order, given a priori, does not normally have any singular integrals. This
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It would seem from what precedes that we ought to distinguish
three categories of integrals: the complete integral, the general inte-
gral, and the singular integral. But Lagrange’s theory itself shows
that there exist an infinite number of complete integrals. Indeed,
if we establish between the two parameters « and & a relation of a
definite form b = 7 («, «’, '), containing two constants a' and &', the
corresponding general integral will depend upon these two constants
«', U, and may be considered as a new complete integral. The
original complete integral will now be included in the general inte-
gral, and will correspond to the relation & = 7 («, @', ') established
between the two parameters o' and 4'. There is, therefore, no essential
distinction between the general integral and the complete integral. On
the contrary, the singular integral, as can be seen from its geometric
meaning, does not depend upon the choice of the complete integral.

KErample 1. Consider the generalized Clairaut’s equation

z=pr+qy + (0 0)-
It is easily seen that it has a complete integral of the form

z=uax 4 by + f(u, D).
This complete integral is represented by a family of planes which de-
pend upon two arbitrary parameters « and 4. These planes envelop
a non-developable surface 3, which is the singular integral surface of
the given equation. In order to obtain the general integral, we must
choose an arbitrary relation between a and b, say b = ¢(«a), and we
must find the envelope of the planes thus obtained. This envelope,
which is represented by the two equations

. f
z=ar+y¢(a)+fle, $(a)], x+yd'(«) + G ad, ( 0) $'(1)=0,

is a developable surface tangent to the surface 3 all along a curve T

1t is evident that we can choose the arbitrary function ¢ («) in such

a way that the curve of contact T' shall be any preassigned curve on 3.
Lxamyple 2. Consider the equation

7 =r(r),
of which a complete integral is
z=ar+ f()y+ D

conclusion does not contradict the reasoning of the text, for we have assumed that
we can apply the theory of implicit functions to the system of three equations (56),
and the conclusions are correct only when that condition is satisfied. (See the paper
by Darboux, Sur les solutions singulitres des équutions anx dérivées purtielles du
premier ordre (Mémoires des Suvants étrangers, Vol. XXVII).)
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This equation represents a plane, and the general integral, which is
given by the system of two equations

(59 z=ax+ yf(a)+ ¢(a), 0=z 4 yf'(a)+ ¢'(e),
is represented by developable surfaces, which can be defined geomet-
rically in a very simple way. Draw through a fixed point of space
(for example, the origin) the planes parallel to the planes which form
the complete integral; these planes depend only upon the parameter
«, and consequently envelop a cone (7') whose vertex is at the origin.
It follows that the edge of regression of the developable surface (59)
has its osculating plane constantly parallel to a tangent plane of the
cone (7). Hence the generators of this surface are parallel to the gen-
erators of the cone just mentioned (I, § 227, 2d ed.; § 224, 1st ed.).

The equations (56), which determine the singular integral, are in
this case inconsistent, for the last reduces to 1 = 0. There is there-
fore no singular integral.

Example 3. Consider a family of spheres with a given radius R,
whose centers remain in a fixed plane. These spheres depend upon
two arbitrary parameters, and if we take a system of rectangular
axes with the fixed plane for the xy-plane, they are represented by

the equation (@ — )t (g — B+ 2 — 1 = 0.
The corresponding partial differential equation is obtained by elimi-
nating @ and b from this equation and the following two,

x—a+pz=0, Yy—b+ gz =
which gives the equation

A+pP+ )2 =R =0.

Geometrically this equation expresses the fact that the portion of
the normal included between any point of the surface and the xy-
plane is constant and equal to R. The general integral is a tubular
surface, the envelope of a sphere of radius R whose center describes
an arbitrary curve in the xy-plane. There is a singular integral

surface formed by the two planes = ==+ R. It is evident that these
two planes are tangent to all the other integral surfaces.

83. Lagrange and Charpit’s method. To sum up the preceding, in
order to determine all the integrals of an equa.tion of the first order,
(60) F(x,y, 2,p, 9)=
it is sufficient to know a complete integral, that is, an integral depend-
ing upon two arbitrary constants. In order to determine a complete
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integral, let us suppose that, by any means whatever, we have
obtained another function @ (r, y, 2, p, ¢) such that the two equations

(61) F=0, =0

can be solved for p and ¢, and form a completely integrable system,
for any value of the constant «. If this is the case, then by solving
the two preceding equations for p and ¢, and substituting these
values of p and ¢ in the equation dz = pda 4 ¢ dy, we obtain a com-
pletely integrable total differential equation

(62) . dz=f(x,y, 7, a)dx + $(x, y, 2, a)dy.

The integration of this equation introduces a new arbitrary constant
b,and in this way we obtain an integral of the given equation which
depends upon the two arbitrary constants a and b.

Lagrange and Charpit’s method of integration consists precisely
in adjoining to the equation F = 0 another equation ® = « such that
the system (61) formed by these two equations is completely inte-
grable. For this it is necessary and sufficient (§ 81) that [/, #]=0,
that is, that

(63) I’—+Q——+(l’1)+Qq) a —(x +p£)-a——(Y+r/) a

where, for brevity, we have set

oF or ok ar or
X—-é-;’ Y= a!/, [—azv I—ap’ Q= 3(1

The auxiliary function & (x, , 2, p, ¢) must therefore satisfy a linear
partial differential equation in five independent variables. The inte-
gration of this linear equation reduces in turn to that of the system
of ordinary differential equations
(64) d_ﬁ=(l__._l/= dz___ _—dp _ —dy
r Q Py+4+ Qe X+pz Y+ gz

But, for the purpose which we have in view, it is not necessary to
find the general integral of this system (64); it is sufficient to know
one first integral ® = « of this system, such that we can solve the
two equations F = 0, & = a for p and 4.

‘We can therefore state the following general rule:

To obtain @ complete integ}'lzl of the equation (60), we first find one
Jirst integral & = a of the auxiliary system (64) for which the Jaco-
hian D(F, ®)/D(p, q) is not zero ; then we solve the two equations
F=0,®=a for pand q. Substituting the expressions obtained for
p and q in the equation dz = pdx + qdy, we obtain @ completely
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integrable total differential equation. The gehe.rul inteqral of this
equation contains a second arbitrary constant b, and is « complete inte-
gral of the equation (60).

We know in advance one integral of the equation (63); that is, the
function F itself. This integral cannot be used directly, but the
knowledge of it reduces the integration of the system (64) to the inte-
gration of a system of #iree differential equations of the first order.
The precise nature of the problem to be solved is thus made clear.

When the function /' does not depend upon the unknown function
2, we may also suppose that the function @ does not depend upon z,
and the condition that the system (61) be completely integrable

is then
(F, ®) =0,
or
0d od o 0P
(oL ) iy —_——— e - =
(63" 1 or Q 7y X ap Y o9 0.

Hence the auxiliary system (64) takes the form

. de —dp —dq
() il
If we know a first integral ® = « of this system for which
D(F, @)
D(p, 1)

is not zero, we are led to a total differential equation of the form

dz = f(r, y, a)de + ¢ (x, y, a)dy,
which is integrable by a quadrature. The difficulty of the second
part of the problem is therefore diminished in this case. This is also
true of the first part, for we know a first integral F = C of the sys-
tem (6:+"); we can therefore replace this system by a system of two
differential equations of the first order.
Ezxample 1. Let us consider an equation containing only one of the three
variables z, y, 2z (for example, the variable y) :
F(y,p, 9)=0.

In this case X = Z = 0, and the equations (64) give the integrable combination
dp = 0. Hence the two equations F(y, p, q) = 0, p = a form a completely inte-
grable sygtem, as is easily verified. For if we solve the given equation for g,
the total differential equation to be integrated takes the form

dz = adr + f(y, a)dy.
Hence we obtain a complete integral by a quadrature :

z=av+ [f, a)dy +.
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Erample 2. An equation of the form F(z, p, ¢) =0 can be reduced to the
preceding form by taking y and z for the independent variables, but we can dis-
pense with this change of variables. For in this case we have X = Y = 0, and
the equations (64) give

dp _dq,
» q’
whence a first integral is ¢ = ap. From the two equations

g=ap, F(z,p,q)=0
we then derive

p =f(z q), ¢ =af(z, a),
and the total differential equation
dz = f(z, a) (de + ady)
can be integrated by a quadrature:
dz
f(z, @)

Consider, for example, the equation pg — z = 0. Adjoining to it the equation
¢ = ap, we derive from them

z z z
p—\/t_—l, q—a\/;, dz—\/;(d.z-i-ady),

hence a complete integral is given by the equation

=r+4ay+bh

4uaz = (& + ay + D)?,

which represents a family of parabolic eylinders tangent to the xy-plane along

the entire length of a generator. The ry-plane represents a singular integral.
The equations (64), in the case where F = pg — z, have also the first integral

p —y =a. Starting with this integral, we are led to the total differential

equation 2d

Y
dz = de + ———,
2= (y + a)dx + 7ta

which can also be writt®n in the form

2z
=)
This furnishes a new complete integral z = (y + a)(x + D), which represents a
family of hyperbolic paraboloids tangent to the ry-plane.
Erample 3. Let the equation be of the form f(z, p) — f1(y, ¢) = 0. The dif-
ferential equations (04')
de  dy _ —-rlp__il(_/

of " _af el eh

ap oq cr ey

have the first integral f(z, p) = a. If we adjoin this equation to the given equa-
tion, we derive from the two relations

S p)=a Sily D=0,

the values for p and ¢, p = ¢ (r, a), ¢ = ¢,(y, «), and the total differential
equation
dz = ¢(z, a)de + ¢ (v, )dy
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can be integrated by two quadratures as follows:

Z=f¢(t, a)de +f¢1(y, a)dy + b.

When an equation of the first order is of the preceding form, we say that
the variables are separated. For example, let us consider the equation

pq—xy =0,
which can be written in the form
P_Y,
E

Equating these two quotients to a constant a, we obtain the total differential
cquation ¥

dz = axdx + ady,
whence a complete integral is

ax?
z2=~—4 —+0b.
2 +2a+

Ezample 4. Let us propose to find the functions F(x, y, p, q) for which the
equations (64) have the first integral py — ¢ = «. For this it is necessary and
sufficient that the relation pdy + ydp — qde — £dy = 0 shall be a consequence
of the relations (64’) ; that is, that the funetion F shall itself be an integral of
the linear equation

or oF oF oF
1 L ——q--=0.
aq or oy ap

—_Y —

The corresponding system of differential equations
de v _dp _dg

' -y * —q p
has the three first integrals

+y2=C, pPP+E=C, pyr—qr=C7,
and the function F is therefore of the form F(py — qr, x2 + y2, p? + ¢%). The

investigation of the equation F = 0 for a complete integral is therefore reduced
to the integration of two simultaneous equations of the form

PP+ = (e + 92 py —qx), DPY—qL=d.
Making use of the identity
(0% + ¢ (£ + ¥?) = (py — 92)? + (pL + @v)?,

we derive from the two preceding equations

pe+qy=V(e + 90 F(22 + 4% @) — a2 = ¢ (2 + 2, a).
Solving for p and g, we obtain the values
v p= WL Q) -ty @ +yh a)
x4 y? z2 + 2
whence we obtain a complete integral by a quadrature,

=— g arc tan (1—I> +f ﬂ;‘—’q—) du + b,
X 2u
where u = 2 + y2.
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1t is sometimes possible to find a priori, by geometric considerations, certain
integrable combinations of the differential equations (64). Suppose, for exam-
ple, that we wish to find the surfaces 8§ whouse tangent plane at any point M
meets at a constant angle V the plane passing through M and Oz. It is clear
that if a surface § satisfies this condition, all the surfaces obtained from it by
a helicoidal movement around the z-axis, for which the pitch of the helix is
equal to A, will also satisfy the condition. Hence the surface envelope = will
also be an integral of the same equation. This envelope 2 is evidently a
helicoidal surface of pitch h. Since we may translate it any distance what-
ever parallel to the z-axis, it follows that the partial differential equation of
the problem and the partial differential equation of the helicoidal surfaces
py — qr = a (§ 72) have, for any value of a, an infinite number of common
integrals which depend upon an arbitrary constant. Consequently the differ-
ential equations (64) corresponding to the partial differential equation of the
surfaces S have a first integral py — gz = a, and the complete integral can be
obtained by a quadrature.

Note. It should be mnoticed that it is not necessary that the relation (63)
shall be identically satisfied in order that the system (61) be completely inte-
grable ; it is sufficient that it be satisfied by virtue of the relation F = 0 itsclf.
We can sometimes make use of this fact in the search for the function ¢. In
fact, the problem of finding an integrable combination of the equations (64)
reduces essentially to that of finding five functions \,, N, Az, Ny, Ng of the
variables z, v, z, p, g such that

Ade + Ny + Mdz + Ndp + Ndg
shall be an exact differential d® and such that we have also
Pro+ QN+ (PP 4 Q)N — (X +pZ) N, — (Y + ¢Z) N =0.

If this last equation is not satisfied except by virtue of the equation F = 0, the
function @ is not, properly speaking, a first integral of the system (64). Iow-
ever, since the multipliers X, Ay, - - - are equal to the partial derivatives of &,
the two equations F = 0, ® = a still form a completely integrable system, for
the equation (68) is then a consequence of ¥ = 0.# A similar remark applies to
the sytem (64').

* When the equation '=0 can be solved for one of the variables x, , 2, p, ¢, we
may suppose that the function @ does not contain that variable, and it will also not
appear in any of the coeflicients ., Y, Z, /%, Q. For dcfiniteness, let us take an equa-

i f
tion of the form P+, 2, 9)=0.

To find a complete integral, we need only adjoin another equation ¢ (z, ¥, 2, @)=,
which forms with the first a completely integrable system. In this case the condition
[p+/, $]=0 takes the form

2¢ 9f2¢ (?.f_ )3_'2_(9[ a_C)a_‘E=
2 taqg oy "\ Yag /) oz oy %%z) og ™%

in which the letter p does not appear.
More generally, let us suppose that we can satisfy the relation ¥'=0 by putting

p-f(z,y,z,k), q=¢(’l'yzl)‘)»
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84. Cauchy’s problem. Given an equation

(65) p =f('rs Yy q)
in which the right-hand side is analytic in the neighborhood of a
system of values (x, ¥,, %, ¢,), and a function ¢(y) analytic in
the neighborhood of the point y,, such that we have ¢(y,)=2%,
¢'(y,) = 9, we proved in § 25 that this equation has an analytic
integral in the neighborhood of the point (x,, y,) which reduces to
the given function ¢(y) for @ =, Let ' be the plane curve rep-
resented by the two equations © = x, 2 = ¢(y). Geometrically this
result may be stated as follows : There exists one and only one ana-
lytic integral surfuce of the equation (65) passing through the curve C.

This proposition is capable of generalization. Let us first consider
an equation of any form,

(66) F@, g, z,p,9)=0,
and let us propose to determine an integral surface passing through
a plane curve, such as C, which lies in a plane 2 = x_ parallel to the
yx-plane. Let z = ¢ (y) be the equation of the cylinder which pro-
jects € upon the yz-plane. Since the function ¢ is analytic in the
neighborhood of the point y,, the equation

(67) 1"(.1'0, Yos %oy s (Io) = 0;
where 2, = ¢ (y,), 7, = $'(y,) and where we regard p as the unknown,
has a certain number of roots. Tet p  be one of them. If the func-
tion I is analytic in the neighborhood of the system of values (r,,
Yor Zor Po» 1), and if also the partial derivative (0F/dp), is not zero
for this system of values, the equation (66) has a root p = f(x, y, 2, ¢)
which is analytic in the neighborhood of the system of values (x,, ¥,,
2z, 7o) (I, § 193, 2d ed.; § 187, 1st ed.). Hence we are led back to
an equation of the form (65), which shows that the equation (66)
possesses an integral surface through €. As a matter of fact, the
reasoning proves that this equation has m integral surfaces which
satisfy the conditions if the equation (67) is of degree m with
respect to p. There is no possible exception unless one of the roots

f}

L3
where N denotes an auxiliary parameter. We need only replace X by a function of
z, ¥, 2 such that the equation dz=fdx + ¢ dy is completely integrable, which again
leads to a linear equation for X (x, v, 2):

0,00y, 30(20,20) 28 30 00 (21,20 )
ay+az¢+ax(ay+az"’)"az*azf*ax ot oz’

(ANTOMARI, Bulletin de la Société Muthématique, Vol. XIX, p. 154.)
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of the equation (67) satisfies also the relation 17/p = 0 at all the
points of ', since x, ¥, # are the coordinates of any point of
this curve.

Let us consider finally any curve T, represented by a system of
two equations

(68) x=\y), ==p),
and let it be required to determine an integral surface of the equa-
tion (66) which passes through I. This problem, in turn, can be
reduced to the preceding by means of a change of variables; for it
we put z =X+ \(T), y =71,
the relation dz = pde 4 ¢dy becomes

dz=pdX + pN(¥)dY 4 ¢ dY,

and from this we derive

0z . z
];=a—‘—-\,’ ]l)\())—{—l[:ET-

The equation (66) is then replaced by the equation

S ox’or 0X

and it remains to find an integral of this new equation which
reduces to u (1) for X = 0. Hence we see that in general an inte-
gral swrface of an equation of the first ovder is determined if we
assign @ curve lying on that surfuce. There may be several integral
surfaces satisfying this condition if the equation similar to (67) has
several distincet roots, just as an ordinary differential equation of the
first order and of degree m in %' has in general m integral curves
passing through a given point. We shall return later to the excep-
tional case in which this reasoning fails.

The problem of determining an integral surface of a partial differ-
ential equation of the first order through a given curve has been
called Cauchy’s problem. This name is used to remind us of the
close relation just explained existing between this problem and
Cauchy’s general theory. We shall now show how Cauchy’s problem
can be solved by an elimination if we know a complete integral, and
this will furnish also a verification of the preceding results.

Let

(66") 1«'[.\' A, e 0 Ty a'"’]: 0,

V(x,y,2 d,0)=0

be a complete integral, and let T' be a given curve not situated upon
the singular integral surface nor upon one of the integral surfaces
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obtained by giving to @ and to b constant values. Cauchy’s problem
reduces to determining the function ¢ («) in such a way that the given
curve I' shall lie upon the surface S defined by the two equations

BV ov
(69) V['T? Y % a, ¢(a’)] = 0! a¢ (a) ¢ (“) 0.
Let us suppose that the coordinates z, y, # of a point of T are
expressed as functions of an auxiliary parameter A,

(70) z=fQ)  y=£0), ==f0),
and let 7 (A, @, b) be the result obtained by replacing «, #, 2 in
V (=, y, #, a,b) by the preceding expressions. The two simultaneous
equations

p 2%
(M) U[X a, d(a)]=0, +a¢(“)¢( N=0

determine the values of X and a which correspond to the points of
intersection of the curve I' with the surface S. 1f the surface S
passes through the curve T, these two equations form an indeter-
minate system. Hence, eliminating A from these two equations, we
obtain an identity. This elimination leads to a relation between a,
(@), $'(a),
(12) T, $(a), $'(@)] =0,

that is, to a differential equation of the first order for the determi «-
tion of ¢(a). It would seem, therefore, that the problem has an
infinite nummber of solutions, contrary to Cauchy’s result. But it is
casy to deduce from the equations (71) another relation not contain-
ing ¢'(«). In fact, let us suppose that the curve I' lies entirely on
the surface S. When a point moves on T, « is a function of A which
satisfies the two equations (71) simultaneously. Hence, if we differ-
entiate the first of these two equations with respect to A, it follows
from this result and the second that

. o

(73) e 0.
This equation contains only A, @, ¢ (a). Eliminating X from the two
equations U = 0, 90U /oX = 0, we obtain an equation which determines
the furfction ¢ (). The method to which we are led has an evident
geometric meaning. In fact, the equation U (2, a, b) = 0 determines
the values of A which correspond to the points of intersection of the
curve T with the complete integral. If we also have 917/0X = 0, this
equation has a double root, and the complete integral is tangent to I
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Eliminating A from the two equations (A, a, 4)= 0, ot /ox = 0,
the condition obtained, ®(a, b) = 0, therefore expresses the fact that
the complete integral is tangent to T, and the desired integral surfuce
through T may be defined as the envelope of the complete integral
surfaces tangent to the curve T. This result is geometrically almost
intuitive.*

85. Characteristic curves. Cauchy’s method. Cauchy’s method is
independent of the theory of the complete integral. We shall now
present it in a geometric form. For this purpose, let us first consider
the meaning of a non-linear partial differential equation

(74 F(x, y, 2, p, 9)=0.

This equation may be regarded as a relation between the direc-
tion cosines of the tangent plane to an integral surface S through a
given point (x, y, z) of space. Hence this tangent plane cannot be
any plane passing through the point (r, y, 2). Since the possible
tangent planes form only a one-parameter family, they envelop in
general a cone (7)) whose vertex is the point (r, y, z). It follows
that the tangent plane at any point M of spuce to each integral surface
S passing through this point is also tangent to a certain cone (T')
whose vertex is at M.

The cone (T) depends, of course, upon the function F, and also
upon the position of its vertex. In order to obtain the equation of
the cone (7') whose vertex is (x, y, 2), we must, by its definition,
find the envelope of the planes

(75) Z—r=pX=2)+q(V =)
where the parameters p and ¢ are connected by the relation (74). We

must therefore eliminate p and ¢ from these two equations and the
new relation (I, note, § 208, 2d ed.; § 202, 1st ed.)

. or . oF
(76) () —_ _I/) al) _ (.\ _ :l‘) _29:—1 = 0.

* It is easy to obtain the general integral of the differential equation (72). In fact,
if we replace X by an arbitrary constant A, the function ¢ («) defined by the equation

(e) U[Nh a, ¢ (a)] =0,
also satisfies the equation
(") ou, oU_ ¢’ (a) =0.

oa 0¢ (a)
Hence ¢ (a) satisfies also the equation obtained by eliminating A\ from (¢) and (¢),
but the resulting equation is exactly the equation (72). The relation (e) therefore
represents the general integral of the equation (72). There is also a singular inte-
gral, which is indeed precisely the desired solution of the given problem.
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The two equations (75) and (76) represent the characteristic direc-
tion, that is, the generator of the cone (77) which is the line of con-
tact of the tangent plane. If we suppose that the axes of coordinates
are rectangular, we can obtain immediately the equation of the
normal cone (N), which is generated by the normals to the different
integral surfaces passing through the point 7. For, since the equa-
tions of the normals are

X—x+p(Z—-2)=0, Y—y+4+9(Z—-2)=0,

the elimination of p and ¢ gives the equation of the cone (&) in
the form

- X—2 Y —g4
(H) F<J‘, Yy 2, ——Z—‘;)—Z__—‘;>=0

If the given equation (74) is linear in p and ¢, the cone (N) is a
plane and the cone (7T) reduces to a straight line A. We have seen
(§ 76) that the integration reduces in this case to the search for the
curves which are tangent in each of their points to the correspond-
ing straight line A. We are led to Cauchy’s method by extending
this process to non-linear equations.

Let S be an integral surface represented by the equation

z = f(x, y).

At cach point M of this surface the tangent plane is also tangent
to the cone (7) along a generator (). We shall give the name char-
acteristic curve to every curve C' of the surface S which is tangent
in each of its points to the corresponding generator . Through
each point of S (excepting the singular points, if there are any)
there passes one and only one curve of this kind. The name charac-
teristiec curves will be justified later (§ 86).

The key to Cauchy’s method is that we can determine these curves
by a system of ordinary differential equations without knowing the
function f(x, ). In the first place, the tangent to the curve C coin-
cides with the straight line @ represented by the two equations (75)
and (76), which may be written in the form

X—zx Y-y Z-—=z
P Q Pp+ Qq
in the notation of § 83. Along a characteristic curve z, y, 2, p, ¢

are functions of a single independent variable, and we may write the
relations between the differentials dz, dy, dz in the form

(78) P=—=f—=du,
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where « is a conventional auxiliary variable which is introduced
merely for symmetry. Along this curve C we have also

dp = rdx + sdy, dq = sdx 4 tdy,

where 7, s, ¢ are the usual second derivatives of the funetion f(r, ”)-
On the other hand, since = = f(«, y) is an integral of the given
cquation (74), the partial derivatives r, s, ¢ also satisfy the two
relations

X4+pZ +Pr+ Qs=0, Y+9Z +Ps+ Qt=0,

which are obtained by differentiating (74) with respect to » and
with respect to y. Replacing the differentials r and dy by Pdu and
Qdu respectively, the expressions for dp and dy become

dp = (Pr + Qs)du, dg = (P’s + Qt)du,
or, using the preceding relations,
dp =— (X 4+ pZ)du, dyg =— (Y 4+ qZ)du.

Adjoining these equations to the equations (78), we arrive at a
system of ordinary differential equations

1y S_U_ Bl =g,

QR Pp+Q X+pZ Y+qZ
which is identical with the system (64) to which we are led by
Lagrange’s method.

This system of differential equations is absolutely independent of
the integral considered. We derive from it the following conclusions :
Let (xy, ¥y #,) be the codrdinates of a point M of S, and let p, and
q, be the values of p and ¢ for the tangent plane at this point. If
the function F is analytic in the neighborhood of this system of
values, and if not all the denominators of the quotients (79) vanish
simultaneously for x, ¥,, 2., Py, 7, the equations (79) have one and
only one system of integrals which take on the values x, %,, 2,, p,, 7,
for u = 0. It follows that if’ two integral surfuces are tangent at a
point (2, Y,y ), they are tangent along the entire length of a common
characteristic curve through that point.

For convenience we shall call every system of values assigned to
the five variables x, g, #, p, ¢ an element. Thus, an element may be
thought of as consisting of the set of a point whose coordinates are
(x, ¥, #) and a plane through that point whose position is defined
by the values of p,q. Along an entire characteristic curve, «, y, 2, p,
and ¢ are functions of an independent variable ». To each point of
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a characteristic curve there corresponds, therefore, an element com-
posed of this point together with the plane through this point defined
by the values of p and ¢. But from the equations (79) we have

so that this plane contains the tangent to the curve at the point
(2, ¥, 2). When the point (z, y, z) describes the characteristic curve,
the corresponding plane envelops a developable surface passing
through this curve, which is called the characteristic developable
surface. Thus, to each characteristic curve there corresponds a char-
acteristic developable surface through that curve. We shall hereafter
use the words characteristic strip to denote the combination of the
curve and the developable surface, and we shall refer to the curve
as the characteristic curve, to avoid any possibﬁity of ambiguity.
With this understanding, a characteristic strip is composed of an
infinite number of elements which depend upon an independent
variable, and the infinitesimal variations of x, y, z, p, ¢ are con-
nected by the relations (79). A characteristic strip is therefore
completely defined if we are given one of its elements, and the
theorem stated a moment ago can again be expressed in the follow-
ing exactly equivalent form :

If two integral surfaces have a common element, they have in com-
mon all the elements of the characteristic strip to which the given
common element belongs.

The totality of all characteristic strips depends upon ¢hree arbi-
trary parameters. In fact, a characteristic strip is determined if one
of its elements (x, ¥,, 2, Py 9,) 18 given. One of the coordinates,
, for example, may be assigned a given numerical value, and, more-
over, by definition the relation F(z,, ¥, 2, Py 7,) = 0 is satisfied.
Hence only three parameters remain arbitrary.

In order to determine the characteristic strips, let us observe first
that # = const. is a first integral of the equations (79). Ience, if
F(z, ¥, #, p, q) vanishes for the initial element (,, y,, Zy Pps 7o)s F
vanishes throughout the entire length of the characteristic strip
through that element, as we see also from the derivation of the
equations (79). In order to find the characteristic strips of the given
equation, we can therefore adjoin to the system (79) the relation
F = 0 itself, which reduces that system to one of three differential
equations of the first order.
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Let us suppose that we have obtained the equations of the charac-
teristic strip in finite terms; and, for definiteness, let

(80) {y =L T4y Yos 249 Py o) 2= fy(@ 2y Yy 2, Do 1o)s
p =Jy@ xy, Yy 2, Py 96> 4 = S0y Ty Yoy 2 Po 7o)

be the equations of the characteristic strip through the element

(.’130, Yor Zos Pos 1o)-

The two first equations of (80) represent the characteristic curve
itself, and every integral surface, being a locus of the characteristic
curves, will be obtained by supposing that =, Yos %y Py 1, are func-
tions of an auxiliary parameter v. We are therefore led to investi-
gate how these five functions of » may be chosen in order that the
surface generated by these characteristic ecurves shall be an integral
surface. We shall introduce with Darboux an auxiliary variable w,
and write the equations in a symetrie form. Let

(81) y= ¢2(u) Loy Yos “os Pos 70),
= ¢'a("! Tos Yor %gr Py 70)’

(82) P= ¢4 (", Loy Yor Rgs Pys ']o))
7= 4’5(”’ Loy Yor %os Py ’]o)

{w = ¢, (2, Zoy Yor Zos Py ’10),

be the equations which represent the integral of the system (79)
which takes on the values =, y,, , 2, ¢, respectively for v = 0.
If we replace 2, y,, 2, Py 7, in these expressions by functions of a
second auxiliary variable v, the equations (81) represent in general
a surface S, © and v being regarded as two independent variables.
In order that the surface § be an integral surface, and that the
curves v = const. be the characteristic curves, the equations (82)
must give precisely the values of p and ¢ which determine the
tangent plane to that surface; and, moreover, the relation F=0
must be satistied at every point of S. Hence the five functions
x, 9, % p, ¢ of the two variables » and » must satisfy the three
conditions

(83) F(xy U2 Dy )= 0,
oz or oy _
(84) o Yo 1o

oz ox oy
(85) o o0 1900
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Since the five functions ¢, are integrals of the system (79), we have,
as remarked above, F(z, ¥, 2, p, )= F(x,, ¥, 2, Py 7,)- Hence the
relation (83) will be satisfied if

(86) F (24 Upy 203 Py 7,) = 0.
The relation (84) is identically satisfied, for it is a consequence of
the differential equations (79). Cauchy transforms the condition (85)
as follows: Indicating by /f the left-hand side of (85), and differen-
tiating with respect to u, we find
enn ¢z 0w @y _0xdp 0ydq
0w~ ouoo Youoo~ Touds  ov du o0 du

On the other hand, differentiating the relation (84) with respect to v,
we have also

=P O Py Opdx 9y0y

“ouoo P ouoe " Louow 9o ou oo 0w
whenece, subtracting,

OH _0pox 090y 0xdp 3_/3([

w00 on o0 ou  6vouw v ou
or, replacing the derivatives with respect to » by their values
obtained from the relations (79),

on o ,?i/ 2_31 ( ox 81/)
M —_\a”-i-} +P -I-Q +Z +130

Finally, observing that the five functions =, y, #, p, ¢ of v satisfy

the relation
F(‘E, Ys &y Py (1)= 07

and that we therefore have also
0 ) 0
Aﬁ+"ﬂ+,—+pp+a
we may write the preceding value of 077/0w in the form
o _ or oy 9z\_
(87) Fv (]: % +q 775, 3—0) =—ZIN.

We derive from this relation the following value for H,

88) , H=He b
where H denotes the value of H for v = 0, that is, when z, ¥, 2, p, ¢
reduce respectively to x,, ¥, 2, p,, ¢,- Since the function F, and
consequently also the partial derivative Z, is supposed analytic
in the neighborhood of the system of values =, y,, 2, »,, 7, the
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necessary and sufficient condition that /7 be zero is that II, be zero,
that is, that (9z/0v), = p(or/0v), + q,(0y/0v),

Summing up, to obtain an integral surface* it is sufficient to replace
Xy Yoy %o Pos 1o i the equations (80) or (81) by functions of an
auxiliary variable v which satisfy the two conditions

cz or 0y

(8))  FlayYpipPo1)=0  Z2=p 50+, 5

This method leads very easily to the solution of Cauchy’s problem.
In fact, if we wish to determine an integral surface through a given
curve T, we may take for x, y,, # the cobrdinates of any point of
that curve expressed as functions of a variable parameter », and the
equations (89) then determine p,and ¢,. The solution may also be
stated in geometric language as follows: The first of the equations
(89) expresses the fact that the plane through the point (xy, #,, =)

* The argument presumes, however, that the denominators P, Q, X+pZ, Y+qZ
are not all zero for the initial values o, ¥o, 20, Poy qo- In case they are, the equa-
tions (81) and (82) reduce to ® =z, ¥ = Yo, 2= 20, P = Pos ¢ = o, Whereas if we suppress
the auxiliary variable u, the equations (79) may have integrals which take on the
given initial values (§ 31, Note). Hence the integrals of the given equation which
satisfy also the four equations

P=0, @Q=0, X+pZ=0, TY+qZ=0

are not given by the general method. Such integrals, if there are any, are singular
integrals. There exist normally no such integrals for an equation given a priori and
not formed by climinating constants.

The reasoning can be arranged so as to put in evidence the hypotheses necessary
for the validity of the conclusions. Let us suppose first of all that the function
F(r, ¥, 2,p, q) is an analytic function of r, %, 2, p, ¢. In order to show that every
integral z=f (x, ¥) represents a locus of characteristic curves, it is not necessary to
suppose that that integral is analytic; it is sufficient to assume that it has continuons
partial derivatives of the second order r, s, #, since only these derivatives appear in
the proof. The characteristic curves, being defined by a system of analytic differen-
tial equations, are necessarily analytic curves, and, consequently, on every integral
surface, whether it is analytic or not, there exists a family of analytic curves, namely,
the characteristic curves. The functions ¢y, @, - -+, ¢5, Which represent the general
integral of the equations (79), are analytic functions of w and of the initial values
%oy Yor Z0» Por 9o (§268). In order that the caleulations which follow, and their con-
clusion, be rigorous, it is sufficient that these initial values be continuous functions
of a parameter v, and that they have continuous derivatives, but it is not necessary
that they shall be analytic functions of v.

This is quite in accord with the method of the variation of constants. If the com-
plete integral V(z, v, 2, a, D) is an analytic function of its arguments, the same
will be true of F(z, ¥, 2, p, q), but nothing in the argument requires that the arbi-
trary function b= ¢ («) shall be an analytic function of a. A similar remark applies
to the general integral of a linear equation. For more details on this subject sce
E. R. HEDRICK, Ueber den analytischen Character der Losungen von Differential-
gleichungen (Inaugural-Dissertation, Géttingen, 1901).
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determined by the values p, and ¢, is tangent to the cone (7") whose
vertex is that point; and the second of the equations (89) expresses
the fact that this plane passes through the tangent to the curve T
Hence the whole process may be formulated as follows: Zhrough
the tangent at the point M to the curve T pass a plane tangent to the
cone (T') whose vertex is M ; let C be the characteristic curve through
the element thus determined ; the surface generated by this charac-
teristic curve, as the point M describes the curve T, is an integral
surface through the curve T.

There will be as many surfaces fulfilling these conditions as there
are tangent planes to the cone (T') through a tangent to the curve T
It is also clear that we should associate tangent planes which form
a continuous sequence.

Let us consider first the general case where the tangent to the
curve T' is not a generator of the cone (7'). Since p, and ¢, fix the
position of the tangent plane to the cone (7°), the direction cosines
of the element of contact of (77) with that plane are proportional to
Py, Q Pyp, + @1, by the formule (75) and (76). Since the differ-
ence P (0y,/0v) — Q,(9x,/0v) is not zero, the values of p, and of ¢,
derived from the equations (89) are analytic functions of » in the
neighborhood of the given point of I'. On the other hand, we can
solve the first two equations of (81) for « and », for the functional
determinant ox/0wu dy/ov — 0y /0w 0x/0v reduces for v = 0 to

(& Gr) — @), o)
/o \ Ov O0u/y \ 0v ’

that is, to P (9y,/0v) — Q,(0x,/0v). Substituting these values of « and
v in the third of the equations (81), we see that 2z is an analytic
function of # and y in the neighborhood of the given point (sec § 84).

If the tangent at a particular point of the curve I' coincides with the element
of contact of (T') with the plane determined by the values p,, g, at that point,
this point is in general a singular point for the corresponding integral. If the
same thing happens at every point of I', we must distinguish two cases, according
as the curve T is a characteristic curve or not.

If the curve I is a characteristic curve, it is tangent at each of its points to an
element @ of the cone (T) whose vertex is at that point, and the characteristic
developable surface is the envelope of the tangent plane to the cone (T) along
the generator G when the vertex M describes the curve I'. The characteristic
curve through each of the elements thus determined coincides with the curve
T itself, and the equations (81) do not define a surface. But it is clear that in
this case the problem is indeterminate. For let M be a point of T, let P be the
plane tangent to the cone (T) whose vertex is M along the tangent G to I', and
let I'” be another curve through M whose tangent at M is a straight line of the
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plane P different from @. From what we have just proved, the integral surface
through I'” contains the curve I'.

If the given equation (74) is not linear in p and ¢, as we shall suppose, the
curve I' can be tangent at each of its points to a generator @ of the correspond-
ing cone (T) without being a characteristic curve. The family of curves
baving this property depends, in fact, upon an arbitrary function. Let

Y—y Z-2\_
Q(J}, Y, 2 -—mo }T—)_ 0
be the equation of the cone (T) whose vertex is (z, ¥, 2). In order that a curve
T be tangent at each of its points to an element of (T), the coordinates r, y, z
of a point of that curve must be functions of a variable v satisfying the condition

dr dz

If we take z, for example, as the independent variable, we may choose arbi-
trarily y = f(z), and then, substituting f(z) for y in the preceding relation, we
have a differential equation of the first order for the determination of z as a
function of z. Every curve not a characteristic satisfying the condition (00)
will be called an integral curve.

Now let us suppose that the curve I', for which we wish to solve Cauchy’s
problem, is an integral curve. From each point M of I' there issues a character-
istic curve tangent to I', and it follows from the preceding arguments that the
surface S generated by these characteristic curves is an integral surface. Indeed,
it is sufficient to take for z,, y,, z, the codrdinates of a point of T, and for p,,
g, the coefficients p and ¢ of the plane tangent to (T) along the tangent to I'.
But this curve T is a singular line on the surface S; for if it were not, the
derivatives r, 8, ¢ would have finite values in a point of I', and, since we have
Qudx, = P,dy,, the arguments of page 251 to establish the equations (79) would
apply without modification, and we should conclude that the curve I' is a
characteristic curve, which is contrary to the hypothesis. This curve I', which
is the envelope of the characteristic curves of the surface S, is the analogue of
the edge of regression of a developable surface.

(90) (b(:c, Y25 'd_y7 Si“z>= 0.

Note. Cauchy’s method also leads readily to a complete integral;
for we can satisfy the conditions (89) by putting «,=a, y,=10,
#, = ¢, where a, b, ¢ are any three constants and where p, and ¢,
satisfy the relation F(a, b, ¢, p;, 9.)= 0. The integral surface thus
obtained is the locus of the characteristic curves starting from the
point (a, b, ¢), which is evidently a conical point for that surface.
If we regard one of the cobrdinates a, b, ¢ as a numerical constant,
we have a complete integral.

Ezample 1. Let us consider the equation treated by Cauchy, pq — zy = 0.
Making use of the equation itself, we see that the differential equations of the
characteristic curves can be written in the form

d
pdz:qdy:{-:zdp:ydq.
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We derive from them successively the integrable combinations
dp _dz dg _ dy
—_ _—=
» z q

and the characteristic strip through the element (z,, ¥,, 2y, 2o, 9,) is represented
by the equations

dz=L2zdz =T2yay,
z y

p_= Y q
L2 02V, ag=Pom o) =Ty,
Py ¥y T Yo Zo Yo

where x,, ¥y, Py, qo aré connected by the relation pyq, = ryy,. In order to
obtain the integral which, for & = x,, reduces to ¢ (y), we shall put, as in the

general method, y, = v, z, = ¢ (v). In this case the equations (89) give

, zo0
(o = U = —
1o = ¢'(v), Py # )
The required integral is therefore represented by the simultaneous system of
two equations
v ¢'(v)
2—p(W)=—- — (@2 —ah)="""(y2— 12
P0)= s @ - ="t -,
which define v and 2z as functions of  and y. These two equations may be
replaced by the equations

=P =@E—2) (@2, [z—¢()]¢'(v)=0(z?—z),

of which the second may be obtained from the first by differentiating with

respect to the parameter v. The desired integral can be obtained by eliminating

v, and it follows that this result is quite in accord with Lagrange’s theory.
Erample 2. Let us consider again the equation of page 240,

1+p+ ¢} —-R*=0,

which states that the length of the segment of the normal cut off by the
ry-plane is equal to B. Hence, in order to obtain the normal cone (N) at the
point M of space, we need only describe about the point M as center a sphere
of radius R, and then take the cone of revolution whose vertex is M through
the circle in which the zy-plane cuts this sphere. The corresponding tangent
cone (T) is the cone of revolution whose vertex is M.. We know here a com-
plete integral, the spheres of radius R having their centers in the zy-plane.
The characteristic curves, which are the limiting positions of the intersections
of two spheres that are an infinitesimal distance apart (sce § 86), are there-
fore circles of radius R, whose plancs are parallel to the z-axis and whose
centers are in the zy-plane. Every integral curve, as we have seen, may be
regarded as the envelope of the characteristic curves on an integral surface.
These curves are therefore represented by the system of three equations,

E—a)?+[y—¢(@)])?+22—R?=0,
z—a+ [y—¢(a)]¢(a)=0,
1+ ¢2(a) + ¢(a)¢”(a) — y¢"(a) =0,

where ¢ (a) is an arbitrary function.
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86. The characteristic curves derived from a complete integral. The concept of
characteristic curves can be derived in a very natural manner from Lagrange's
theory. We have seen, in fact, that if ¥ == 0 is a complete integral of a given
equation of the first order, we obtain an integral surface by eliminating a from
the two equations

oV oV

91 V= y, 2 a, ¢(a)] =0 -—

@1 v mae@ =0 2+ 0
where ¢ (a) is an arbitrary function. If we give to the parameter a a constant
value, these two equations represent a curve whose locus is the integral surface.
The equations of this curve are of the form

¢'(a) =0,

=
(92) Vv, 2 a, b) =0, 7+*7—C=0,

where a, b, ¢ are arbitrary parameters. These curves form a complex, and we
see that the integral surfaces are generated by the curves of this complex
associated according to a suitable law. The name characteristic curves is self-
explanatory, since they are the curves of contact of the complete integral with
its envelope.

The characteristic developable surfaces also appear in a natural manner.
Let us consider a characteristic curve corresponding to the values a,, by, ¢, of
the parameters a, b, c. All the integral surfaces obtained by means of func-
tions ¢, such that we have by = ¢ (,), ¢, = ¢’(a,), pass through this curve and
are tangent to each other along this entire curve, for the values of p and ¢, which
for any point of an integral surface are given by the relations

ov oV oV oV

(93) a"'?a—z—oy 'ay'l“l'a‘z"—(),
are the same for all these surfaces. It is therefore natural to associate with
each characteristic curve a characteristic developable surface passing through
this curve. The four equations (92) and (93) enable us to express four of the
variables r, ¥, z, p, ¢ in terms of one of them and of the three arbitrary con-
stants a, b, c. In order to prove the identity of the forms thus defined with
those of the characteristic strips deduced from Cauchy’s method, let us suppose
that the complete integral is represented by an equation of the form

z2=4%&(z, v, a, b).
The equations (92) and (93) then become

od 0%
(94) z=2(,y, a, b), '5; + ab‘ c=0,
oP oP
95) P Ty

The relations (94) and (95) enable us to express the five variables (z, ¥, z, p, q)
in terms of one of them (z, for example) and of the three arbitrary constants
a, b, . The proof reduces to showing that these functions satisfy the differen-
tial equations (64). Since the function ®(z, y, @, b) is a complete integral of
the equation F = 0, we have already between these functions the two relations

(96) F@,y,2.0,9)=0, dz=pdzr+qdy.
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On the other hand, we deduce from the second equation of (94)

T S P 26 2%
a4+ (2L dy =0.
@m+wﬁ @w+wJ”

Now if we differentiate with respect to the constants a and b the identity

F(z, v, @, ?3.3—?)..0,
oy

7

we find
0%
zZ— T -
oa +P aaaz Qaaay o
Y3 2P 2o

Z—+4+P_— — =0;
ab+ abaz+Qabay ’

and consequently, by eliminating Z, we have
bl 3 bl 2o 2%
98 Pl—+c— — 0.
(%8) (aa or + ob az> +e (aa oy +e ob ay)

A comparison of the two relations (97) and (98) shows that we have dz/P=dy/Q.
The remaining equations of (64) are established as in § 85, by comparing the

relations ;
%P %P 0%2d 0%®
dp=—de+—d =——dr+ —
P= o + ordy v 4= ordy + o2
which are deduced from the equations (95), with the relations
%%
x+2° p? S-=0,
+ a + ox? + Qa:cay
6 P 02e
Y Z — — =0,
+ + 2oy —+Q Py y
which in turn are obtained by dlﬁerentxatmg the identity
0% 0%
Flz,y, & —
( Yy, @ aI ay)

with respect to the variables z and y.

Note. The theory of the complete integral applies to linear equations as well
as to the non-linear equations. It seems at first sight, on the contrary, that
Cauchy’s method is altogether different for linear equations and for non-linear
equations. In fact, the characteristic curves of a linear equation, or of an
equation which separates into several linear equations, form a congruence and
not a complex. But if we associate with each characteristic curve a charac-
teristic developable surface, the paradox disappears. Each characteristic curve
belongs, in fact, to an infinite number of characteristic developable surfaces
which depend upon an arbitrary constant, so that this family of characteristic
strips does depend upon three arbitrary constants. Let us consider, for example,
the equation of the cones pz + gy — z = 0. The equation z = az + by represents
a complete integral formed by all planes P through the origin. The character-
istic curves are the straight lines passing through the origin, and the character-
istic developable surfaces are the planes P themselves. We shall therefore
obtain a characteristic strip by associating with a straight line through the
origin a plane through that straight line; this set actually depends upon three
arbitrary constants.
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.87. Extension of Cauchy’s method. Cauchy’s method can be extended
without difficulty to an equation in any number of independent
variables, .

0

(99) F(xl) Loy ** vy Ty 5 7, Py Py ')pn) =0. (P.= a—:>

Let 2 =& (), ,, - - -, 2,) be any integral of the equation (99); we
shall designate as an element of this integral the set which consists
of a system of particular values 29, a3, ..., 29 of the independent
variables, together with the corresponding values 2% p?, ..., 22 of
the function @ and its partial derivatives. Let us suppose that an
element of the integral, starting with certain initial values ag, 2% pd,
varies so as always to satisfy the differential equations
de, dr, _ __dr,
(100) ===t

1 2 L

where, as in § 83,
oF oF or

“i=?1',’ Pk='517;’ Z=—$--

It is clear that these equations determine completely a family of
curves (or one-dimensional manifolds) on each integral. For if z is
known as a function of r,, x,, - - -, 2, the same thing is true of the
partial derivatives p,, and consequently of the functions 7’ These
relations (100) form, therefore, a system of (n — 1) differential equa-
tions of the first order between the n variables (x, x,, -, x,). By
the theory of differential equations, through each point of the inte-
gral surface there passes in general one and only one of these mani-
folds. If to each point (xr, @,, .., x,, ) of one of these manifolds
we associate the corresponding values of p, p,, -+, p,, we have a
simply infinite sequence of elements, which we may again call a char-
acteristic strip. We shall show that, without knowing the expression
for the function #, we can adjoin to the relations (100) other differ-
ential equations enabling us to define completely the variation of
the variables ay, 2, p, along a characteristic curve.

Let us start from an element of the integral (a?, 2°, pf), and let us
consider the characteristic strip through this element. Along this
characteristic strip the variables z;, 2, p, are functions of a single
independent variable satisfying the relation F = 0, whose differen-
tials satisfy the equations (100) and also the relations

dz=p1dx1+ et +]),'d(l?”, dpi=ptldzl+"' +p,,,d:c,,,

0%z .
P-’k"‘—"m’ (7‘=1)2v"‘7”)
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which result from the definition. Differentiating the relation F = 0
with respect to the variable x,, we find

‘Yt' +1)1Z + 1’1]’-1 +-.- +Pnpl'u= 0.

Indicating by du the common value of the quotients (100), and
replacing P, in the preceding relation by dz,/du, we find

(‘Yt' +]).Z)dl& +p,1d{l'1 +--- +I’mdwn = 0,

that is, (X, + p:Z)du + dp, = 0.

This shows us that the elements of an integral satisfy, along the
entire length of a characteristic strip, the system of differential
equations,

dx; dz — dp,

101) —* = =
(101) Py Pyt Papn Xy +Zp,

=du. (Lk=1,2,...,n)

These equations do not depend upon the function @®; hence we
can determine the successive elements of a characteristic strip, pro-
vided that we know a single element (+?, 2°, 22). We conclude from
this, just as before (§ 85), that if two integrals have a common ele-
ment, they have in common all the elements of the characteristic
strip through that element.

If, as we shall assume, the denominators of the equations (101)
remain finite and are not all zero for the initial values, we derive
from these equations
(102) = i, 20, 0, ),

z=y(u, 27, 2% p}),

{‘ri =f, (v, a7, 2°, I’Z),

where o7, 2°, p} denote the initial values corresponding to the initial
value « = 0 of the auxiliary variable v, and where the functions f,,
¢, ¥ are continuous differentiable functions of « and of the initial
values, at least within certain limits.

Since each integral is a locus of characteristic curves, it is clear
that every integral will be represented by the equations (102), where
x}, 2% pi must be functions of n —1 independent variables, so that
these equations represent, in fact, a manifold of » dimensions. But
in addition these 2z + 1 functions z;, 2, p, of » independent vari-
ables must satisfy the relations

F(x,, z,]’k)=F(a"p'": Ty %3 ]’1,"',1)»):0: \
(103) dz — p,dx, — p,dx, — ... — p,dx, = 0.
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Since the differential equations (101) have the integrable combina-
tion dF = 0, the first of the relations of (103) will surely be satisfied
if F(x), 2° p?)=0. On the other hand, we also have from the equa-
tions (101)

dz _  dux, dex,
PR (e

Since the initial values «?, 2°, p¢ are functions of n — 1 independ-
ent variables v,, v,, - - -, v,_;, we must also have

U=28 —])18.1‘! _ "']’ns’rn = 07

where the letter 8 denotes the differentials corresponding to arbitrary
increments 8v,, - - -, 8v, _, of these variables. By proceeding as in
the case for » = 2, we have necessarily

dU =dd — p,d8x, — - .. — p,d8r, — dp 8, — ... — dp,bx,,
dz =pdx, + - - - + p,dx,,
8dz = p 8de, + . - - + p,8dx, + 8p dax, + - - - + 8, dx,,

and, since we may interchange the order of the operations d and §,

dU = 2 §8p.dx; — dp,8x}

t=1

= 2 §P.8p, + (X, + p,Z) 82,4 du.
1=1
Since z, z,, p, satisfy the equation F = 0, we have

2 (P34 Xdr)=— Z

and, consequently,
AU =— ZU du.

From this we find the following expression for U':

Zdu

U= er_j;’
In order that U7 shall be zero, it is necessary and sufficient that U, be
zero, that is, that we have
85— pidef — - — ph &zl = 0.

To sum up, in order that the equations (102) represent an integral,
it is mecessary and sufficient that the initial values (xf, 2° p}) be
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Sunctions of n— 1 independent variables satisfying identically the
conditions

(104) F(x, 2°, =0

(105) 82" — pYda} — p3dag — - - . — plda) = 0.

Every syst;,m of 2n +1 functions (22, 2° p?) of n —1 variables
satisfying these conditions defines an (» — 1)-dimensional manifold
of elements. Again, we may say that every integral of the equation
== 0 is generated by the characteristic curves through the different
elements of a manifold of this kind.

In particular, to obtain Cauchy’s integral, which for x, = 2} reduces
to a given function ®(x,, - - -, «,), if we take 23, 3§, - - -, 2 for inde-
pendent variables (x} being supposed constant), the relation (105)
gives the values of 2° pg, . . ., 28,

. 0P
o PR o’
The value of p{ can be obtained from the relation (104). If 7§ is not
zero (a8 we must assume in order to apply the general existence
theorem of I, § 194, 2d ed.; § 188, 1st ed.), p? will be an analytic
function of a}, - .., x in a certain region, and the equations (102)
will give, for 2, 2;, p,, analytic functions of «, a9, . - -, 3. Moreover,

the Jacobian
Bgzu Loy« %y wnz

D(“: itg, ] m:)

is not zero, for it reduces to P} for » = 0. Hence we can solve the
first » equations (102) for w, «3, - - -, 23, and, putting these expres-
sions in the last of the equations (102), we obtain for z an analytic
function of the variables z, z,, - - -, ,.

A= P (3, - - -y xp), nm=

Note. It may happen that the application of the preceding general rule does
not lead to an integral. For example, it might turn out that the manifold of
elements defined by the equations (102) does not really depend upon n arbitrary
parameters. This is what would happen if the manifold formed by the elements
(22, 2%, p}) were composed of characteristic strips; in this case, in fact, the
manifold defined by the equations (102) would coincide with the manifold of
the elements (zf, 2°, ).

Disregarding this case, it may also happen that the elimination of the param-
eters u, v,, - - -, v, 1 from the equations (102) leads to several distinct relations
between the varfables z,, ..., #,, z. In order not to reject such solutions, we
agree with Sophus Lie to enlarge the definition of the integral and to designate
as an infegral of the equation F = 0 every system of «o* elements (z;, 2, Pi) Sat-
isfying the relations

(108) F (2, 2, pt) = 0, dz=p,dz, + -+ + padiy.
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IV. SIMULTANEOUS EQUATIONS *

88. Linear homogeneous systems. ILet us consider a system of
¢ linear homogeneous equations in one unknown, f,

(v o o
X(f)= o . . of _
l(f) “n a.l'l + Tn 8‘1-2 + + tny a.l'" Or
- 5')" a.f aj.
ory {NN=ug tang +ooFanse=0,
(Ay=a. of of
X.(fH=u, or, + aq, or, +.ita, 5;; =0,

where the coefficients «,, are functions of the » independent variables
Ty Ty + oy i, and do not contain the unknown function £ The ¢
equations (107) are said tp be independent if there does not exist
any identical relation of the form

Al‘Yl(f) +eee+ )‘V‘le(f)= 0,

where A, A, - - -, A, are functions of x, ,, - - -, , not all zero. 1t is
clear that every system of ¢ equations that are not independent can
be replaced by a system of ¢’ independent equations (¢' < ¢) equiva-
lent to the first, and that no system can contain more than » inde-
pendent equations.

We can therefore always suppose the ¢ equations (107) inde-
pendent and ¢ = n.

If ¢ = n, and if the equations (107) are independent, the deter-
minant of the coeflicients ¢, is not zero, and these equations have
no other common integral than the trivial solution f'= ¢, which we
shall hereafter discard. If ¢ is less than n, we can always find the
integrals common to the equations (107) by successive integrations.
In fact, let us suppose that we have integrated one of these equa-
tions (the first, for example), and let 3, v,, - - -, ¥,_. be a system of
n — 1 independent integrals. Again, let y, be another function such
that the Jacobian D(y, v,, -+, ¥.)/P(z, «, -+, x,) is not zero.
Then we may take y, #,, - - -, 7, for new independent variables, and
the equation X,(f)= 0 becomes ¢f/dy, = 0 by this change of vari-
ables, while the equation X,(f)= 0 (¢ > 1) is replaced by an equation

* We shall limit ourselves to an indication of the principal methods in their essen-
tial features. For further details the reader is referred to E. GOURSAT, Sur Iinté-
gration des équations aux dérivées partielles du premier ordre (Paris, Hermann
et fils, 1892).
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of the same form, in which the term in 8f/dy, may be suppressed.
This new equation may be written in the form

or or
N(A=bgrt et b, g =0,
* J1 Jn—

where the coefficients ¢;; are functions of y,, Yo+ *y U If we sup-
pose the coefficients 4, arranged according to powers of Y this
equation can be written in the form

td — _a;’_‘, a.f
)t(f)—<clia!/l +---+ Cu1,2 a,’/n—])

Fon(dg e b ) i),

where the coefficients ¢, ¢{,, ... are independent of y,. Since the
unknown function f must be independent of y,, this function must
satisfy all the linear equations which are obtained by cquating to
zero all the coeflicients of the different powers of y,. Suppose that
we proceed in this way with all the equations X,(f)=0 (i > 1. If
the system formed by all the independent equations which we thus
obtain contains 2 — 1 equations, the only solution is f= ¢'. If not,
the system will be composed of » linear independent cquations
(r <n—1). We may operate in the same way on an equation of the
new system, and so on in the same manner. Since at each operation
the number of independent variables is diminished by unity, it is
easy to see that the given system has no other integral than = ¢,
or else it reduces to a system composed of a single linear equation.

This method, which may be easily applied in certain cases, is
evidently very imperfect from a theoretieal point of view, sinee it
does not enable us to determine a priori whether the equations
(107) have common integrals other than £= (. We shall now show
that this question can be settled without any integrations.

Let fbe an integral common to the'equations (107). This func-
tion satisfies the two relations X,(f) = 0, X,.(f) = 0, where { and %
are any two of the indices 1, 2, ..., ¢. We also have

X[(N]1=X.0)=0, X [X.(N)]= X (0)=0,

and, consequently,
X[ (D] = N[X.(NH]=0.

We have ulre:{dy observed that this new equation contains only deriva-
tives of the first order (§ 36), and that it may be written in the form

X)) = XX = 33 5 Cow) — Xy} =0
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Suppose that we form all the equations, similar to the preceding,
obtained by combining any two of the given equations. These equa-
tions have all the integrals of the system (107). Let us indicate by

X1 (f)=0, Xe+2(N)=0, Tty Xe4:(f)=0
all those of these new equations which are independent of each
other and which form with the equations (107) a system

X,(N=0 ey (D=0,

)  {Ense L X2
of independent equations. If q 4 s = n, the system (108), and con-
sequently the system (107), has only the solution f'= (. If ¢ 4s <,
we repeat on the system (108) the operations performed on the first
system, and so on in the same manner. Continuing in this fashion,
we finally obtain either a system of » independent equations, in
which case the systemn (107) will have only the solution f= (', or
else a system of » independent equations (r < n) such that all the
combinations X,[X,(f)]— X.[X,(f)] are linear combinations of
X, (f)y -5 X.(f). Such a system has been called by Clebsch a
complete system.

It follows, then, that the search for the integrals of a system of
the form (107) leads to the integration of @ complete system.

Since it is clear that every system of n linear independent equa-
tions is a complete system, we may say that every linear system
reduces to a complete system.

89. Complete systems. The theory of complete systems rests upon
the following properties :

1) Every complete system is transformed into a complete system
by any change of variables.

Let -Ti=¢-(.7/p ?/g;""?/u) (':=1: 27"‘;"')

be the formulee that define a change of variables such that we can
express also the variables y,, ¥,, -+, #, in terms of the variables
x,, @y -+, ¥, By means of such a transformation every symbol of

the type of of
X(f): al-é'w—l-l--- -+(Il,,a'—1"7

where a,, a,, - - -, a, are functions of x, x,, - -, oy, changes into an
expression of the same form, Y (f)=0,0f/0y, + -+ -+ b,0f/0y,,
where b, b,, - - -, b, are functions of y,, - - -, Y- We have identically

X(f)= Y(f), where the letter £ on the left-hand side denotes any
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function of z, x,, - - -, z,, and on the right-hand side the same func-
tion expressed in terms of the variables y,, y;, - - «, ¥,
Now let

109) X,(f)=0, --., X, (f)=0
be a complete system. By means of such a transformation this
system goes over into the system

(110) Yx(.f)= 0, ) Yr(f) =0,
where X,(f)= ¥,(f) identically, with the understanding just men-
tioned concerning the interpretation of £ on the two sides. Zhis new
system. is also a complete system. For, since we have identically

Y(N=Y(f),  XN(N)=TY()
for any function f, we also have
L[ (N] = YY) = N[Y(N]
ARACIER ARNCHIERARAEHIN
and, consequently,
MR B RACIERARACH) Eap MIRACHIE
Since by hypothesis the system (109) is complete, we have for any
two indices 7 and %
X[V (N] =X [N =AY+ - - + XX, ().
Hence, after the transformation, we have
MRANI S ARAVIIER R ACHE EEEE 2O HH)
where Aj, - - -, A} indicate the results obtained by replacing x, z,, - - -,

@, in X, - - -, A, by their expressions in terms of y,, - - -, y,. The new
system is therefore a complete system.

2) Every system equivalent to a complete system is ulso « complete
system.

A system of 7 linear homogeneous equations in 9f/dx,,

(109" Z(fH=0, ceny Z.(f)=0,
is said to be egwivalent to the system (109) if we have r identities
of the form
'
Z ()= AlkXI(f)'*‘ AuXy(N)+ -+ A,,,X,(f), (k=1,2..., 7)
where the coefficients A, are functions of x, z,, - - - ., whose deter-

minant is not zero. In that case we can express X (f),---, X.(f)
linearly in terms of Z,(f), ..., Z,(f), and the name equivalent
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systems is self-explanatory. The difference Z,[Z,(f)] — Z(Z,(N)]
can now be written in the form

PIT IS & [2 Ay Xy( f)] -4 ,‘..\',[z A,,,.\',(f)];
h=1 =1 =1 h=1
hence it is equal to a sum of termns of the form

ApAud X[ Xo()] = XX D + A Xa(Aw) X (f) — AuX((13) Xa(S)-
If the system (109) is complete, this difference will therefore be a
linear function of X (f), - - -, X,(f), since all the differences

N [x(N]— X [X(N]
are, by hypothesis, linear functions of X (f),- .., X,(f). Since the
two systems (109) and (109') are equivalent, all the differences

Z[Z:(N)] = ZL2.()]
can be expressed linearly in terms of Z (f), Z,(f),- - -, Z,.(f)

It is clear that every complete system can be replaced by an
equivalent system in an infinite number of ways. We say that the
complete system (109) is a Jacobian system if all the expressions
X, [X ()] — X [X,(f)] are identically zero. We shall now show
that every complete system is equivalent to a Jucobian system.

Since the » equations (109) are independent by hypothesis, we
can solve them for r of the derivatives of f, for example, for the
derivatives 6_;"/81- -+, 0f/0r,. Since the system thus obtained,

_of 0
ua +"'+l’lm—r¢'};.:

Z.(f)= > af of _
(111) <‘=(J")—;,=a;2 g T b g =0

(7,(n="2 -+b =0,

0 0 af
Zr(f)=é£+brla_r;%+"'+brn ra

v

is equivalent to the system (109), it also is a complete system. Now
if we form the expressions Z;[Z,(f)] — Z[Z.(f)], it is clear that
only the derivatives df/or,,,, ..., 8f/ox, will appear, and conse-
quently the new equations Z,[Z,(f)] — Z.[Z.(f)]=0 can be
linear combinations of the equations (111) only if the left-hand sides
of these new equations are identically zero. The system (111) is
therefore a Jacobian system.

The reasoning proves that every complete system of the special
form (111) is a Jacobian system, but it is clear that a Jacobian sys-
tem is not necessarily of that form.
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3) Every complete system of r equations in n independent variables
can be reduced by the integration of one of the equations of the system
to a complete system of r — 1 equations in n — 1 independent variables.

Suppose that we have integrated one of the equations of the sys-
tem, for example, the equation X,(f)= 0, and that we choose a new
system of independent variables (y,, #,, * - -, ¥,), as in the preceding
paragraph, in such a way that y,, y,, - --, 4, are n — 1 integrals of
X,(/)=0. The system (109) is replaced by a new complete system
in which the first equation reduces to 8f/dy, = 0. Solving the » — 1
remaining equations for the » — 1 derivatives 9f/dy,, - - -, 9f/dy,, for
example, we obtain a complete system,

(Y,(f)=§,£=0,

_9f _of i _
(112) P Yz(f)—' al,/g'*' Cn 0y 1 Rl oy, =0,

2 of 2
Yr(f)=a_;£+0nm+---+0r,..-ra—'f=0,

which is of the special form (111) and which is therefore a Jacobian
system. Now we have
%l ...?f__ &'L:L 3f

DI =NND)=5, 5, o+ T 75,5,

and since this expression must be identically zero, we see that the
coefficients ¢, of the new system are independent of the variable y,.
Moreover, for i >1, £ >1 we have identically

Yi[Ye()] — Y[ Yi(£)]=0;

consequently the » — 1 equations

(113) v,(f)=0, Y, (f)=0, Tty Y.(f)=0

form a Jacobian system of » —1 equations in #» —1 independent
variables y,, #,, - -+, ¥,, which establishes the proposition.

The system (113) can in turn be reduced to a complete system of
r — 2 equations in n — 2 independent variables, and so on in this
way. Continuing in this manner, we finally reduce the given com-
plete system to.one linear equation in n — r 41 independent vari-
ables. We conclude from this that every complete system of r equations
in n independent variables has n — r independent integrals, and the
general integral of the system is an arbitrary function of these n —r
particular integrals.
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The preceding reasoning shows also what are the integrations to
be carried out in order to obtain these integrals. Moreover, it is clear
that this method can be applied in a variety of ways. We may;, in fact,
replace the given complete system by any other equivalent system,
ard begin by integrating any one of the equations of this new sys-
tem. For example, if we replace the complete system by a Jacobian
system of the form (111), we know at once » — 1 particular integrals
@y, -+ +, x, of the equation Z (f)=0, and it is sufficient to integrate
a system of n — » ordinary differential equations in order to have
the general integral. For complete details of other methods of inte-
gration of complete systems, the reader is referred to special treatises.

Example. Let it be required to integrate the system

X(f)._~—+(a:2+z4—3:t,) +(zs+zlx2+zlz,)—f_0
(114) f f 4
Xy(f) = + (Tgz, — a:.,) + (zlzg:q + 2, — .lez) =0.
4

Forming the combma.t,mn X[ X, ( f)] — X,[X,(f)], we are led to add to the
given equations a new equation of/ax, + z, of/ox, = 0, and the system of three
equations thus obtained is equivalent to the system

NG of . of

(116) +(.n3+3x)a£;_0, ;‘!1:_2+ 261:4 =0, a.ts+£ Yl =0,
which is a Jacobian system. The system (114) has therefore only one independ-
ent integral. The general integral of the last equation of this system is an arbi-
trary function of z,, «,, and #, — z,z,. If we take for independent variables
Ly, Xy &4, and u = x, — z, 74, every function f(z,, z,, 75, £,) changes into a
corresponding function ¢ (£, x,, &g, u), and the system (115) is replaced by the
system

395 209 _ o¢ ¢ _

(116) + 3t o =0, b.rf, + 1z, au =0, 2, 0.
The first two equations of (116) form a new Jacobian system of two equations in
three independent variables z,, #,, u. The general integral of the second is an
arbitrary function of «; and of u — x%/2.

Let us now take for independent variables z,, z,, and u — 23/2 =v. Every
function ¢ (x4, z,, u) changes into a corresponding function y (z,, z,, v), and
the first two equations of (116) become

'P 20¥ _ o9 _
3 =0 — =0
+ A= ox,

The general integral of the first is an arbitrary function of v — z%, and, conse-
quently, returning to the original variables, we see that the general integral of
the system (114) is an arbitrary function of

2
T3 8
T, — LTy — 5—:1:1.



272 PARTIAL DIFFERENTTAL EQUATIONS [V,§9%

90. Generalization of the theory of the complete integrals. Let us
consider an equation

11 V(@ Tgy ooy Ty 25 @y Ay e ooy Q) = 0

defining a function z of the » independent variables x,, =, - - -, ,,
which depends also upon (n — r 4+ 1) arbitrary parameters a,, a,,
«++y @,_,,q. If we suppose that definite values have been assigned
to these parameters, and if we eliminate them from the relation
(117) and the relations obtained by successive differentiations,

ov ov o0z

g,"f' ) 8~ 0 ]),=a':;i9

we obtain in general only » independent relations between z, x, - - -,
Tpy Pys* "y P
(119) F1(Tp Ly By Py vt ')Z’n) =0, F2= 0: ceey Fo=0.

Limiting ourselves to this case, which is the general case, we shall
say, as above (§ 82), that the function # defined by the relation (117)
is a complete integral of the system of partial differential equations
(119). We shall show that, in this case also, the knowledge of a
complete integral of the system (119) enables us to find all other
integrals. In fact, since the equations (119) arise from the elimina-
tion of «,, a,, -, @,_,,, between the equations (117) and (118),
finding an integral common to these » equations (119) reduces to
finding a system of functions 2, a,, ..., a,_,,, of the variables «,,
,, - -+, , satisfying the equations (117) and (118). It is obvious
that we can replace the system of equations (117) and (118) by the
system consisting of the equation (117) and the equation

(118)

91
P —da,_,,,=0,
Ay — r+1

(120) da -I- (lu + ...+

6

which is obtalned by dlﬂerentlatmg the equation (117) and making
use of the equations (118). We can satisfy the equations (117) and
(120) in a variety of ways:
1) By supposing that @, a,, - - -, @, _, ,, are constants, which gives
precisely the complete integral.
2) By putting
' ov ov

V=O, a—a’l—o o . a"’n—r+l

=0.

The elimination of a, a,,---, @,_,,, from these equations, if it is
possible, furnishes an integral which does not contain any arbitrary
constant, and which we shall call, as before, a singular integral.
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3) If all the coefficients 91 /da, are not zero simultaneously, there
exists at least one relation between the unknown functions a, a,
“+y Un_yyy Of the variables x; (I, § 55, 2d ed.; § 28, 1st ed.).
Suppose that there exist & and only % independent relations between
these functions,

(121) Sy o a,_)=0, ... Silay,agy, - G _py)=0.
Since the relation (120) must be a consequence of the relations
df,=0(=1,2,..., k), there exist & coeflicients X, A, . . ., A, such
that we have identically

ov

V
o day oo oy = NS+ - N
1 +1

oa,_,

This relation is equivalent to » — » + 1 distinct relations,

ov of, 0f
ba,~ Noa, T NG,

(122)
o _ . oh of,
a"n—ri-l—'xl&"n—rw)»l+...+AL7’HV—1—+I‘

The elimination of @, a,, - - -, ¢, _, 1, A,, Ay, + - -, A, from the equations
(117), (121), and (122) will lead, in general, to a single relation
between x,, 2, - - -, x,, and z, that is, to an integral common to the
equations (119), which depends upon the arbitrary functions chosen.
The set of integrals thus obtained, by making the number & vary
from 1 to » — 7, and by taking the functions f,, f,, - - -, f; arbitra-
rily, constitutes the general integral of the system (119). It will
be observed that the complete integral will be obtained by supposing
k=n—7r+1.

If » =1, the system (119) reduces to a single equation. Con-
versely, given any equation of the first order /'(x,, z; p,)=0, it
follows from the general existeiice theorems that it always has an
infinite number of integrals which depend upon as many arbitrary
parameters as we wish, and consequently an infinite number of com-
plete integrals. The preceding method, which is a direct generaliza-
tion of that of § 82, enables us to find all the other integrals of the
equation F =0 when we know one complete integral.

If » > 1, the system (119) is not the most general of its kind, for
a system of r equations of the first order with a single dependent
variable does not necessarily have any integrals. We shall show in
the following paragraphs how to determine whether such a system
is consistent, and how to find the integrals when they exist.
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91. Involutory systems. Let
(123) F(wy @y e« oy @5 Py Py Pa)=0, F,=0, «.., F,=0

be a system of » independent partial differential equations of the
first order, not containing the dependent variable z. The general
case can always be reduced to this particular case by the device
used in § 75. The problem of finding an integral common to the »
equations (123) is equivalent to the following problem: 7% find n
Sunctions p; = ¢,(x, - - -, x,) satisfyrng the relations (123) and the
conditions Op,/0r, = Op,/Or,. .

If we know a system of » functions ¢,(x,, - - -, z,) satisfying these
conditions, we can derive from them, by quadratures, an integral of
the equations (123) which depends upon an arbitrary constant.

Let F and M be any two functions of the 2n variables z,, .
Using the notation (see § 81)

OF oIl  OI OF
(&, H)= E(a,, 'a?"E,T;n)
we shall call the expression (F, /) a Poisson parenthesis. We now
have the following theorem: If the two equations I = 0, Il = 0 have
a cominon integral, that integral also satisfies the equation (F, 1) = 0.
For let us suppose that p, p,, - - -, p, are functions of the n vari-
ables z,, - - -, x, satisfying the two equations ¥ =0, H =0 and the
conditions dp,/0x, = dp,/ox,. Differentiating the relation F = 0 with

respect to x;, we find

oF 3p,c
2 1 Opy, o,

Multiplying this equation by 0/ /0p, and adding all the similar
resulting equations, we find

"i"a_l’éf_”+'=z”"i="‘9_”25%=o_

Permuting the letters # and H and observing that we may permute
the indices ¢ and % in the double sum, we have also

JQoHoF | " Z oF 0N op,
DIl D ID Y I el
Subtracting the two results term by term, it follows that

or OH op
124 F, H)+ (—1—' 2 "> =0.
A24) (F, H) E ,gl opy, 31), ox, Ox;
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If p,, -+, p, arc the partial derivatives of the same function, we
have, for any two indices ¢ and &, 8p,/0x, = O, /o, and, consequently,
(#, H)=0.

This theorem contains as a particular case the one which was
proved above (§ 88) for linear homogencous equations in Dot s Pus
and its logical consequences are also analogous to those of § 88. For
every integral of the equations (123) is also an integral of all the
equations (1%, Fg)= 0 which can be formed from pairs of the equa.
tions (123). Hence we can adjoin to the given system all of these new
equations which form with the original equations a system of inde-
pendent equations. Continuing in this way, we must finally obtain
either a system of independent equations whose number exceeds ,
in which case the system has no integral in general, or else a system
of m equations (m = =) such that all the equations (17, Fg)= 0 are
satisfied identically or are algebraic consequences of the preceding.

Such systems are similar to complete systems. It is always possi-
ble either to show that the given equations are inconsistent or to
reduce them to a system for which all the parentheses (7, Fg) are
identically zero. In fact, let us suppose that we have solved the »
equations (123) for » of the variables p,, - -, p,, which must always
be possible, for otherwise the elimination of p, - - -, y, from these r
equations would lead to a relation between the variables r, ..., r,,
and the given system would evidently be inconsistent. Let

A25) p,—fi(Prsrs oy s Ty ooy 3)=0, ooy p—f(--)=0
be the equivalent system thus obtained. The parenthesis

(pa _fa! Ps _.fB)

does not contain any of the variables p,, - - -, p,; hence the equations
obtained by equating these parentheses to zero cannot be conse-
quences of the first, and they furnish new equations if the paren-
theses are not identically zero. Solving these new equations for
certain of the quantities p,,,, - -, p,, and continuing in the same
way, we finally either demonstrate the impossibility of the problem
or else obtain a system of m equations of the first order (m = =),

(126) F=0, ..., F,=0,

such that all the parentheses (F,, Fp) are identically zero.

Such systems, which are similar to the linear Jacobian systems,
are called involutory systems. It follows from what precedes that
the search for the common integrals of a system of equations of the
first order reduces to the integration of an involutory system.
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This integration is immediate if » = n, as the following proposi-
tion shows: Let F,, F,, ..., I, be functions of the 2n variables x,,
P> such that all the parentheses (F,, Fg) are identically zero, and
such that the Jacobian A =D(Fy -+, F)/D(p,, -+, P,) 8 not zero.
If we solve the n equations

(127) Fy=ua, F,=a, ceey F,=a,,
where a,, a,, - -, a, are any constants, for p,, p,, -+, Po, the expres-
sion p de, + - + p,dr, is an exact differential for the resulting

values of the p’s.

For we have i .o
(Fa — oy Fg — ag) = (Fy, L) =0

and, by what precedes, these n functions p,, p,, - - -, p, of the n varia-
bles &, x,, - - +, &, defined by the n equations (127) must satisfy all the

relations ;
icnih=n oF, aF a/»i 3]_;, _ _
21 g a]‘lr (i)m‘_a“)—o' (6 B=12--1m)

Let us take all the n relations of this kind in which the index B
retains the same value. These relations can be written in the form

or, oI, (0p )

Z'B /! "k ll _
z dp 2 opy ( or, ?m) 0.
If we take for unknowns the n expressions

= al" 5/; a]) .
Fal - == “ e
A2=1 a]’k <a.1" aﬁ'k)’ (I' - 15 2) ) 71,)

the determinant of the coeflicients of these unknowns is precisely
the determinant A, which, by hypothesis, does not vanish identically.
It follows that we have, for any two indices ¢ and B,

i 9_”,@@& _3_/'f>= 0.

& op \Ox, Oxy

Similarly, taking the n equations of this kind in which the index ¢
has a definite value, we evidently have 0p,/0x, = dp,/0x,, which
proves the proposition.

The function
2=0(Lyy 0y T3 Wyt oty Bpyy)

128
( ) =f(1’xd-”'1+"'+Pud-”n)+”'n+u

where a,,, is a new arbitrary constant, represents the complete
integral of the involutory system (127). If we regard the » con-
stants @, a,, - - -, @, as having definite values, while the constants



Vv, §92] SIMULTANEOUS EQUATIONS 277

@415 ** 5 @uyy Yemain arbitrary, the formula (128) represents a
complete integral of the involutory system formed from the first »
equations of (127). This is a true complete integral, for, from the
way in which we have obtained the function ®, the equations

o 0d
b= R Pn= -

.l'l Ly

form a system equivalent to the system (127), and the only inde-
pendent relations not containing @, .y, - - -, @, which can be deduced
from them are evidently the first » cquations of this system.

92. Jacobi's method. Let us consider an involutory system of »
equations (r < n),

(A29) F(xyy - oy a0 Py oy pa) = Ay Py p)=a,
where the constants «, ..., a, have definite values. To obtain a
complete integral of this system, it is sufficient to adjoin to it n — »
new functions F,,,, ..., F,, such that the Jacobian

D(Fy -2 1)
])(I'U MR} j'u)
is not zero, and such that the new system

A nl v
(130) F,=a,.-., F.=uq,, Foga=a.,, RN F,=a,

is itself involutory. Indecd, the complete integral of this system (130)
will furnish, as we have just seen, a complete integral of the system
(129). If » =1, this method is merely the extension of the method
of Lagrange and Charpit to an equation in » variables.

Jacobi’s method for solving this problem depends upon a noted
identity due to Poisson. Let f, ¢, ¢ be any three functions of the
2n variables x,, p, ; then we have identically the relation

(131) ((fs &) )+ (&, ¥), L)+ 1), ¢)=0.

In fact, each term on the left-hand side is the product of a partial
derivative of the second order and two partial derivatives of the
first order. Ilence, to show that it vanishes, it is sufficient to show
that it does not contain any derivative of the second order of the
function f, for example, since the three functions f, ¢, ¢ appear in
it symmetrically. The terms containing the second derivatives of f
can arise only from ((f; @), ¥) + ((¥, ), $) = ¥, (¢,.1)) — (¢, (¥, f))-
Observing that (¢, f) and (¢, f) are two linear homogeneous expres-
sions in the derivatives of £, and setting

(& N=X()  BH=Y()
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the preceding expression can be written in the form

YIX(N)]=X[Y(N]
Now we saw in § 88 that this expression does not contain any second
derivatives of f. It follows that all the terms of the left-hand side
of the equation (131) cancel each other in pairs.

Finally, in order to integrate the involutory system (129), let us
first try to find a function @ independent of F,, ..., F, satisfying
r linear homogeneous partial differential equations of the first order,

132) (F, =0, (F, 2)=0, ooy (F,,®)=0.
These r equations form @ Jacobian system. For if we set

, o X,(®) = (F;, ®),
Poisson’s identity,

((Fa, Fﬂ), d’)"'((pﬂ, d’)’ F¢)+((d’a Fﬂ)’ Fﬂ)'—— O’

Xe [Xp(®)] — Xp [Xa(®)] = 0,

becomes

since (F,, Fg)=0.

Let 7, ., be an integral of this Jacobian system which forms with
F, ..., F, a system of independent functions of p, .-, p,. We
next proceed to form the new Jacobian system of » 4+ 1 equations,

(Fv ®)=0, Tty (Fry1, ®)=0,
and to find an integral of this system which is independent of
F,, .-+, F, ., as functions of the p;; and we continue in the same
way. Finally, when we have found an integral of the last Jacobian
system,

(Fp q’)= 0} tt Yy (Fn—n d’)= 0:
we can obtain a complete integral of the given system by a quadra-
ture, as we have seen above.

V. GENERALITIES ON THE EQUATIONS OF HIGHER ORDER

93. Elimination of arbitrary functions. The study of partial differ-
ential equations of the first order in a single dependent variable has
led us to the following conclusions : 1) The integration of an equa-
tion of this form reduces to the integration of a system of ordi-
nary differentihl equations. 2) All the integrals of this equation are
represented by one or more systems of equations in which appear
explicitly one or more arbitrary functions and their derivatives.

These properties are not extensible to the most general partial
differential equations of order higher than the first. The problem
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of the integration of such an equation cannot, in general, be reduced
to the integration of a system of ordinary differential equations.

We can easily generalize, however, the method of the elimination
of arbitrary functions which leads to a partial differential equation
of the first order (§§ 77 and 82), but the equations of higher order
which we obtain in this way form only a very special class.

Thus we have seen that the general integral of a linear equation
in two independent variables Pp + Qq = R is obtained by associating
the curves of a congruence according to an arbitrary law. Tet us
now consider a family of curves I' that depends upon  + 1 arbitrary
parameters @, a, -+, @, 4, (n >1),

(133) F(r,yyzyyeeey tyy)) =0, @@, y, 2, a,,)=0.

It we establish n relations of wrbitrary form between these n + 1
parameters, we obtain a family of curves T that depends upon only
one parameter. These curves generate a surface 8, and all these
surfaces § satisfy, whatever may le the x relations established
between the » 4+ 1 parameters, o partial differential equation of the
ath ovder, which is called the particl differential equation of the
family of surfaces S. To prove this, let us observe that instead of
establishing » relations between the n 4 1 parameters «,, it amounts
to the same thing to take for these parameters arbitrary functions
«,(A) of an auxiliary variable A. The two equations (133) then define
two implicit functions z=jf(x, ¥), A = ¢(r, ), and we have to
prove that the function z = f(r, y) satisfies a partial differential
equation of the nth order, independent of the form of the arbitrary
functions a,(A). Differentiating the first of the equations (133) with
respect to x and then with respect to y, we obtain the two relations

oF  oF or or ,
—”'+'-j)+ ;“"I()\)‘F""" () [N =0,
ay a”n 1
or 8ﬁ or 1,.
a'/ a., 7+ [ "I(A) +- a’;';_l "n+l(A')J A, =0,
from which we derive
or L or
X, _ oy " !
T 9F a,, )
7 T ?

From the second of the equations (133) we derive, similarly, an
expression for the quotient A,/A;, which is deduced from the pre-
ceding by replacing in it F by ®. Equating these two expressions,
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we adjoin to the equations (133) a new equation containing =, y, 2,
Dy @y Ay Qgy v 20y By,

(134) ¥, (= ¥ % py 9, Qpy Bgy * + +y Ay, 1) = 0.

Operating on this new equation as on the equation ¥ = 0, we derive
from it an expl"ession for A, /), which depends upon =, y, 2, p. g, 7,
8, ty @, -, a,,, Equating this new expression to one of the expres-
sions already obtained for this same quotient, we obtain a new
relation containing the second derivatives of z,

(135) V(T Yy 5Py Ty 1y Sy ty @y Ay v ooy Ay y) = 0.

After » similar operations we adjoin to the system (133) a system
of n relations containing @, a,, -+, a,,,, 7, y, 2, and the derivatives
of z up to those of the nth order. The elimination of e, a,, - - -, @, ,,
from these z 4 2 equations will lead, in general, to one and only one
equation between w, y, 2, and the partial derivatives of z up to those
of the nth order. This is the partial differential equation of the
surfaces generated by the curves I

Ezrample 1. If the curves I' are the straight lines parallel to the zy-plane,
the equations (133) are
z=ua, Y =a,z+ aj.

Applylng the general method, let us suppose that a,, a,, a; are functions of a
parameter \. From the two preceding equations we derive for the quotient
)\;/)\;’ the two values p/q and — «,, which leads to the relation p/q + a, = 0.
Differentiating this last relation with respect to  and then with respect to
¥, and dividing the corresponding sides of the resulting equations, we find
7_\1/ - pt —qs .
N, pPs—gqr
Equating this value of the quotient to the expression ¢/p already obtained, we
find again the partial differential equation of the ruled surfaces which have the
zy-plane for the directing plane (I, Ex. § 39, 2d ed.; § 24, 1st ed.),
¢*r —2pgs + p*t = 0.
Ezxample 2. If the curves I' are all possible straight lines, the equations (133)
can be written in the form
z=a,z2+ a,, y=0a3z + a,.

Applying the ge’neral method, we derive from them successively

or



V, § 93] EQUATIONS OF HIGHER ORDER 281

From this new equation we then derive

N a8+ agt _4,
A, 4T+ a8 aB
or
(A) ar+2a,a48 + it =0,
This last equation gives in turn
)‘_; 4iPn + 20,45y + “apos a, » orthy
: - W= -
Ao @iPgo+ 2 4ypy + @Gpy, a3 cxr oyt

or, clearing of fractions,
(B) @}Pyo + gy + Bu aip,, + a3pg; = 0.

Eliminating the quotient a,/a; from the relations (A) and (B), we obtain the
partial differential equation of all ruled surfaces. We see that this equation
contains only derivatives of the second and third orders. By its derivation
we see that it states that at each point of the surface one of the asymptotic
tangents has contact of the third order with the surface (I, § 223, 2d ed.;
§ 288, 1st ed.).

Ezample 3. Let us consider the plane curves I' represented by the two

equations
1 2L U, 4y ey @), Y= ugr.

Instead of applying the general method, let us suppose that a,, @y, -+, @, are
tunctions of the last parameter a, 1. The surface S generated by these curves

I' has for its equation 2 =1Lty s $,¥), -+ - $a)],

where ¢, - - -, ¢, are arbitrary functions of y. The elimination of these n func-
tions trom the preceding relation and the relations which give dz/dc, 82z/0:2,
.+, onz/exn leads to a partial differential equation of the nth order,

oz 0z on—1lz
(130) e .

in which only derivatives with respect to & appear.

Conversely, every partial differential equation of this type can be integrated
as an ordinary differential equation containing a parameter. If z = f(z, v, C,,
C,, « « -, Cy) is the general integral of such a differential equation, it will suffice
to replace (', C,, - -+, Cyin it by arbitrary functions of y in order to have the
general integral of the same equation, considered as a partial differential equa-
tion in two independent variables r and y.

The general integral of a partial differential equation of the first
order, of any form, in two independent variables, is obtained by tak-
ing the envelope of a two-parameter family of surfaces when we
establish an arbitrary relation between these two parameters (§ 82).
To generalize this result, let us consider a family of surfaces 3
which depends upon n + 1 parameters,

(137) F(z, y, 2, Ay Qyy * 0y Apyy) = 0. (n>1)
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If we establish n arbitrary relations between these » + 1 parame-
ters, o1, what amounts to the same thing, if we replace «,, «,, .-,
a, ,; by arbitrary functions of an auxiliary variable A, we have a
family of surfaces ¥ which depends upon a single parameter. The
envelope of this family of surfaces is a surface S which satisfies a
partial differential equation of the mth order, independent of the
form of the arbitrary functions a,(X). For we should obtain the
equation of this surface by eliminating A from the two equations
(137) and (138)

(138) a RORRE OF L ()=0
0"n+1

«

But these two equa.tlous may be considered as defining two func-
tions z = f(x, y) and X = ¢ (a, y) of the two variables & and y. The
partial derivatives p and ¢ are given by the two equations (I, § 41,
2d ed.; § 25, 1st ed.)

(139) %E+%—fp=0, aa—:/—+?;—fl]=0.

Applying to this system (139) the method applied to the system
(133), we can adjoin to it, step by step, » — 1 new relations between
@y @y oy Uy, T, Y, 2, and the partial derivatives of z of orders
2, 3,...,n. The elimination of a,, «,, -, «,,; from these n —1
equations and the equations (137) and (139) will lead, in general, to
a single relation independent of «,, «,, .-+, «,;, in which will
appear x, y, z, and the partial derivatives of z up to those of the
nth order.

Erample. 1f the surface = is a plane, we find again the equation of the
developable surfaces 82 — rt = 0. If the surface 2 is a sphere with the constant
radius B, the equations (137) and (139) become

(140) { (2= @)+ (v — a) + = gt — R =0,
T—ay,+ (z2—ag)p =0, y—a,+ (z—ag)g=0.

Suppose that a,, a,, a; are functions of a parameter A\. Equating the values

of the quotient ) /X, derived from the last two equations (140), we obtain the
relation

(141)  (rt—8?) (z— ag)*+ [(1+p*)t+ (14 ¢®)r—2pgs] (z—az) + 14 p2 +¢2=0.

We shall obtailf the desired equation by eliminating @y, az, as from (140) and
(141). From the first we derive z — ag = R/V1+ p? + ¢%, and, replacing z — a4
by this value in (141), we obtain the partial differential equation of the tubular
surfaces,

(142)  (rt — 8 K24 [(149?) t+ (14+9%) =2 pgs] RV1+p*+ ¢+ (14974 ¢)?=0
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The geometric meaning of this equation is easily verified. It states that
one of the principal radii of curvature of the surface is equal to R (1, § 242,
2d ed ; §241, 1st ed.).

Note. Given a function of several variables which depends upon
one or more arbitrary functions, it is not always possible, as in the
two cases which have just been examined, to deduce from them
one and only one relation, independent of the form of the arbitrary
functions, between the independent variables, the function & and
its partial derivatives up to a given order. Let us consider, for
example, a function z = F(r, y, X, ¥), where F is a given func-
tion of the four arguments which appear in it, and where X and
Y are arbitrary functions of the variables « and y respectively. The
five derivatives p, ¢, », s, ¢t of the first and second orders depend
upon X, X', X', ¥, ¥, ¥", and it is in general impossible to elimi-
nate these six quantities from the six equations. But if we continue
up to derivatives of the third order, we have. in all, ten relations
containing eight arbitrary quantities, X, X', X", X"y, ¥', ¥" y",
and the elimination will lead to a system of #wo equations of the
third order.*

94. General existence theorem. The proof given for a system of
partial differential equations of the first order (§ 25) can be extended
readily to the most general systems of the normal form, studied by
Mudame Kovalevsky, |

TN
orn
Oz,

(143) { 6.1'{2 = F2(T1, 2',2, Ty Ty zl’ ":2’ ] ""1:7 . '))

—1 '-' DY U M CECEEY fod . e
= 11("'1’ Ty y Fny #yy %y y ®py )

. . . . . . . . . . .y

vz

% _
oxip

Fp(xv Lag o ooy Ty By Bgy e ooy By ot '))

in which the right-hand sides contain the independent variables x,,
¥y, + -, T, the dependent functions z, - - -, z,, the partial derivatives
of z, up to and including those of order », the partial derivatives of

z, of orders up to and including those of order r, ---, and so on,

* See HERMITE, Cours d’ Analyse, pp. 215-229.

t Journal de Crelle, Vol. LXXX. In her proof, Madame Kovalevsky reduces the
general case to the case of a linear system of the first order, but for us it will be
sufficient to reduce the general case to the case of a system of the first order of any
form whatever.
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but none of the derivatives 0mz,/0x], 0"2,/0a7, - -, %2, Joxs. We
may then state the general theorem as follows :
Eegarding the quantities «, x,, - - -, x,, By Ryt ey 2
a¢l+a=+-~ L
i}
oxrs Oads .« . . 5.1‘:"
which appear in the functions F, ay independent variables, let

@y Ay v vy g by by, oey by, o ayray

be any system of values of these variables in whose neiyhborhood the
Sunctions I, are analytic. On the other hand, let

b1 b1y Y, -y 1Y

(144) b2 b B3, -, ¢*S”",
4’;;; ‘f’;‘n 4’;’,’ S} 4’;"—1

be functions of the m — 1 variubles x,, r,, ..., x,, reqular in the

neighborhood of the point a, -« ., a,, and such that we have

a. eta, a,
¢l = I'l) ? 2 ¢ y

=0,
d.l} 01;’- Ay gy + 2+ Gy

Jorx,=a, -, x,=«,. Then the equations (143) have one and
only one s Jsf!’))l Qf intey) ule analytic in the neighborhood of the pomt
(@ gy« + +5 @), and such that we have, for ro=a,

are—1
0z; ) o1z, 1

=9, a;'= PR al"___f_ A (1:=1,2,"',P)
1

To prove this we observe first that the equations (143), and those
which we obtain from them by successive differentiations, enable us
to express all the partial derivatives of the dependent variables in
terms of the independent variables, the dependent variables, and the
partial derivatives 0t: +anz /021 ... O™ where a <7 fori=1,
a <ryfori=2,...,q <r, for i=p. This follows, step by step,
by a process of reasoning exactly like that of § 25. Now the ini-
tial conditions determine immediately for x, = a, -+, x, = a, the
numerical values of the derivatives in terms of which all the
others are expressible. Hence the coefficients of the developments
in power series of the integrals whose existence we wish to prove
can be calculated by the operations of addition and multiplication
alone, in terms of the coefficients of the developments of the func-
tions F; and of the functions of the array (144).
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To finish the proof, it remains to establish the convergence of the
power series thus obtained when the almulute values of the differ-
ences x; — a; are sufficiently small. We have already proved this
convergence when all the numbers r, r,, - - -, », are equal to unity.
We shall now show how to reduce the general case to this particular
case by considering as dependent variables the functions By eooy 2y
and their partial derivatives up to those of order »; — 1, inclusive,
forz(i=1,2,..., p).

Let us put
3"!*’":*’"‘*‘"»#,-

g1 e S ¢ —
x5 0xG « - Qe CEpEy i (%0,0,..00 = 2,)
4 n

The right-hand sides of the equations (143) contain the variables
x, .-+, x,, the dependent variables #y+ -y 2, the new dependent
variables, and certain derivatives of the first order of these new
dependent variables. But, by hypothesis, the derivatives of the varia-
ble z, of order », which can appear are different from the derivative
# 6.0,...0- Hence at least one of the numbers @y ty, + oy, is differ-
ent from zero. If, for example, @, > 0, we can replace 5 ..., q, by

a‘.‘":« a,~1, ay - - 4,

—_—1

oz,

2

when @, + @, + - - - + @, = r,, and similarly for the others. We can
therefore write the given equations (143) in the equivalent form
0% _1,0.0,.. 0 . ‘
(145) ————‘—-—a'—‘l.". U T = ¢|('r17 ce T, "'.l’ ey ""/' . .), (4 =], 2, . .’];)
1

the right-hand sides containing only the independent variables and
the dependent variables with some of the partial derivatives of the
first order taken with respect to one of the variables =, .., x,. To
these equations must be adjoined those which give the derivatives
with respect to «, of the new dependent variables, other than those
which we have already written. If wehavea +a,+ -+ ¢, =r—2,
we can write immediately

0% ay.enay
(146) ——‘—5’———

xl

and we have a, +1+a,+ -+ + @, =r, — 1, so that the right-hand
side is one of the dependent variables. If we have

]
= g +lay ey

al+a3+"'+an=rl_1)
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we must suppose @, < r; — 1, and, consequently, one at least of the
numbers a,, - . -, a, is different from zero. If, for example, we have
27 > n ) )
a, > 0, we shall write
t i
(147 O aprrnay _ OPuttiymtine,

d.r‘ 3.1:3

’

and the right-hand side is the derivative with respect to , of one of
the auxiliary dependent variables. The equations (145), (146), and
(147) form a normal system of equations of the first order. The
initial conditions which must be satistied by the integrals of this
new system result immediately from the initial conditions imposed
upon the integrals of the original system, and it is clear that the
power series obtained for the integrals z, z,, - - -, 2, of the new sys-
tem will be identical with the power scries obtained for the integrals
of the given system. These series are therefore convergent (see § 25)
in the neighborhood of the point (v, a,, - - -, «,).

For example, the equation of the second order r = f(r, v, 2, p, q, 8, t) can be
replaced by a system of three equations of the first order in the normal form,

0z op op aq éq @&p
=D p ]' =f("-'1 Yy 2, Dy 4, ';I ’ .l) ’ ,J = 4 .
or or <y ay. oy

If it is required that z = ¢ (y), @z/0c =y (y), for r = z,, the integrals of the
auxiliary system must reduce respectively, for & = g, to the functions @ (¥),

Y (), ().

This general theorem does not furnish a reply to all the questions
which can be proposed on the existence of integrals of any system
whatever of partial differential equations, for it applies only to sys-
tems in the normal form considered. The most general systems have
been the subject of a great number of studies, the most recent of
which, due to Tresse, Riquier, and Delassus, have led to the gen-
eral solution of the following problem: Given a system of m partial
differential equations of any order in any number of independent
and any number of dependent variables, to determine whether this
system has any integrals and, if it has, to define the arbitrary quan-
tities (constants or functions) upon which the integrals depend.*

To sum up, every partial differential equation of any order in
which both sides are analytie funetions of their arguments has an
infinite number of analytic integrals, but we cannot say, in general,
as in the case of ordinary differential equations (§ 26), that all the

* The investigations of Riquier have been collected Ly him in his work Sur les
systemes d’équations aur dérivées partielles (1910).
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integrals are analytic functions of the independent variables. We
have seen above (p. 255, ftn.) that it is not true for an equation
of the first order. It is, moreover, casy to see this by elementary
examples such as the equation p = 0, whose general integral is any
function of y.

The methods of the caleulus of limits do not apply to the non-
analytic equations. Let us consider, for example, the equation

(148) P+ are =0,
where f(r, y) is a continuous non-analytic function satisfying the
Lipschitz condition with respect to 5. We have proved in §§ 27-30
that the differential equation

dy

’/.; = /.( £y .'/)

has an infinite number of integrals which depend upon an arbitrary
constant . In order to conclude from this, as in § 31, the existence
of an integral of the equation (1148), it would be necessary to prove
that all these integrals are defined by an equation of the form
¢ (x, y) =, where the function ¢ possesses continuous derivatives
of the first order. We shall return to this question in the next
volume.

EXERCISES :
1. Integrate the partial differential equations

az'p + (L2 + ardy — arty?)q — 2ariyz — zakyd,

y , 2 £ 2 w_r
(e Z) =+ 2rr)a-( WE
(r=6y)yp+ (10r — y)q — 6y*— 402 —30ay.

2. Find the general equation of the surtaces which cut at right angles the

spheres represented by the equation
4yt 422+ 2az =0,
where a is a variable parameter.

Deduce from the result obtained some systems of three families of orthogonal
surfaces,

3. It is required to find the partial differential cquation of the surfaces
described by a straight line which moves so that it always meets a fixed straight
line at a given angle. Integrate this partial differential equation.

[ Licence, Paris, July, 1873.]

4. Given a plane P and a poinv O in the plane, find the general equation of
all the surfaces such that, if we draw the normal mn at any point m of one of
them meeting the plane I’ at n, and then the perpendicular mp to this plane,
the area of the triangle Onp will be equal to a given constant.

[Licence, Paris, November, 1871.]
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6. The same question as in Ex. 4, supposing, however, that the angle nOp is
constant.
[Licence, Rennes, 1883.]

8. Determine all the surfaces which satisfy the condition
Op x mn = A\Om?,

where A denotes a given constant, O the origin of codrdinates, m any point of
one of the surfaces, p the foot of the perpendicular dropped from O upon the
tangent plane at m, and n the trace of the normal on the plane zOy.

[Licence, Paris, 1876.]

7. Find the general equation of the surfaces such that if we draw the
normal mn from any point m of one of them terminating in the ry-plane, the
length mn will be equal to the distance On.

g ! [Licence, Poitiers, 1883.]

8. Find the integral surfaces of the equation

ry?p + 2yq =z (22 + y?).
Determine the arbitrary function in such a way that the characteristic curves
form a family of asymptotic lines of the integral surfaces, and find the
orthogonal trajectories of the surfaces thus obtained.
[Licence, Paris, July, 1904.]
9. Consider a family of skew curves I' represented by the two equations
£? 4 22 = uz?, 22 4+ Y+ 22 = e,

where @ and b are two variable parameters.

1) Prove that these curves are the orthogonal trajectories of a one-parameter
family of surfaces S;

2) Find the lines of curvature of these surfaces §;

8) Show that these surfaces form part of a triply orthogonal system, and find
the other two families of this system. . .

[Licence, Paris, July, 1901.]

10. Form the partial differential equation which has the complete integral

y3(£2 — a) = (2 + b)2, and integrate this equation.

11. Determine the surfaces such that the segment mn of the normal included
between the surface and the point of intersection n with a fixed plane P pro-
jects upon this plane into a segment of constant length.

12. Let n be the point where the normal at m to a surface meets the ry-
plane. Find the surfaces such that the straight line On will be parallel to the
tangent plane at m.

g [Licence, Poitiers, July, 1884.]

13. It is required to determine the surfaces which cut at a given angle 17 all
the planes passing through a fixed straight line. Show that the characteristic
curves are the lines of curvature of the integral surfaces.

14. The integral curves of the partial differential equation for which a com-
plete integral is I—a)z+k(1+ad)z+2ay+0b=0,
where a and b are two arbitrary constants, satisfy the relation

dx? + dy? = k23,
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16*. Every integral curve of a partial differential equation F(x, , 2, p,q) = 0,
tangent at a point M to a generator G of the cone T with its vertex at M,
has contact of the second order with every integral surface tangent at M to the
plane tangent along the generator G to the cone T.

[Sornus Lik.)

16. From a point M of a surface S a perpendicular MP is dropped upon the
fixed axis 00, then from the point P a perpendicular PN upon the normal to
the surface at M. It is required to determine the surfaces S such that the
length MN will be a given constant a.

Study in particular the surfaces 8 which are helicoids having O for axis.

[Licence, Paris, October, 1908.]

17. It is required to find the gencral form of the functions F(r, y, 2, p, ¢)
such that the differential equations of the characteristic curves of the equation
F = 0 will have the integrable combination d(¢/p) = 0.

Application. Determine the surfaces S such that the distance of any point
M of one of them to the ry-plane is equal to the distance from the point O to
the tangent plane to the surface at the point M.

18. Given the partial differential equation

1) Pp+Qy=Rz24+ 82+ T,
where P, @, R, S, T depend only upon the variables r and y, show that the
anharmonic ratio u of any four particular integrals of the equation (1) satisfies
the equation

ou ou
oy

+Q =1

Knowing four particular integrals z,, 2,, z3, 2, of the equation (I), can we
derive from them the general integral ?

19. Purallel surfaces. Let @ (£, y, z) be an integral of the equation

26\?2 ("0)‘z (8 0)‘3

E . - +(-)=1.

() (6.0) + (ay 0z
Prove that the equation 8 (z, y, z) = (' represents, in rectangular coirdinates
a family of parallel surfaces.

Note. We observe that the equation (E) has the complete integral

6=VE—ay+ -t + -

and the general integral is obtained by finding the envelope of the sphere of
radius @ whose center describes a surface or a curve. It is clear that by
making the radius 6 vary we obtain a family of parallel surfaces.

Conversely, in order that the equation u (£, ¥,z) = C shall represent a family
of parallel surfaces, it is necessary and sufficient (Ex. 9, p. 42) that u(z, v, z)
satisfy an equation of the form

() (' 2 -

which we may reduce to the form (E) by putting 6 = y (u).
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20. In order that the expression dz + Adz + Bdy shall have an integrating
factor independent of z, it is necessary and sufticient that it be of the form
dz + zd¢ + e—ddy,
where ¢ and ¢ are functions of z and y.
21. Apply the method of J. Bertrand (p. 232) to the equation
Pde 4+ Qdy + Rdz =0,
where P, (), R are linear functions of z, y, z satisfying the condition of
integrability.
22%. Given a completely integrable systeth of the form
dz == pde + qdy,
dp = (0, p + ayq + agz)de + (¢, p + ¢4q + ¢32) dy,
dy = (cyp + ¢yq + cgz) de + (b, + byq + by2)dy,
where a;, b;, ¢, are functions of &£ and y, the general integral is of the form

2= Cyz) + Cy2, + Cyzg, Where zy, z,, 2, are three linearly independent inte-
grals, and where C,, C,, (; are arbitrary constants.*

23. Find the necessary and sufticient conditions in order that the equations
’I':fl(.l‘, !I), 3=f-_»(‘rv ¥)s lzfa(ly Y)
be consistent.
Application. Find what condition the functions A (z, y), B(x, v), C(«, ¥)
must satisfy in order that the integral curves of the ditferential equation
Ade? 4+ 2 Bdedy 4 ('dy* =0 be the projections on the ry-plane of the two

families of asymptotic lines of a surface.

* ArpkLy, Journal de Liounidle, 3d series, Vol. VIII, p. 192,
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Boole: 212, ex. 1
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30 74, 30
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Cauchy’s first proof : 68, 30, 7.4, 30
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Iinear equations s 708,39, 109, fin.
(system of) 3 154, ftn,; partial dif-
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tial differential equations: 54, 26
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Center, of integral curves: 180, 65;
of similitude, &, 3
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775 249, 85, <50, 85; 259, 86;
261, 87; Cauchy's method : 249, 85 ;
267, Note; 259, 83; .60, Note;
261, 873 congruence of : 219, 76 ;
220, 160; 222, 173 derivation from
complete integral : 259, 86 3 differen-
tial equations of : 279, 76 ; 222,77;
224, 175 251, 85; see also Char-
acteristic strip

Characteristic developable surface:
5.2, 85; 2509, 86 ; 260, Note
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Characteristic equation: 130,47 ; 139,
60 ; 140,51 ; 143,53; 147.54; 165,
61; 166, 62; 179, 66; elementary
divisors: 732, ftn.; roots of: 130,
47; 131, 48; 149, 50 ; 149, Note 2

Characteristic exponents: 147, 54;
150, b6

Characteristic numbers: /47, 54

Characteristic strip: 25.2,85; 259,86 ;
260, Note; 261, 87; differential
equation of : 262, 87

Circles, differential equation of : 5, 1;
of double contact with a conic:
206, ex. 4

Cissoid : 206, ex. b

Clairaut: 17,10; 41, ftn, ; 44, ex.20;
205,72 212, T4; 239, ex. 1

Clairant’s equations 17,10 ; 41, ftn.;
44, ex. 20; 205, 72; generalized :
212, T4; 249, ex. 1

Clebsch: 267, 88

Complete integral : 236, 82 ; 239, 82 ;
241, 83; 47, 84; 260, Note ; 277,
01; 278, 92; generalization of the-
ory: 2;.2, %03 geometric interpreta-
tion: 238, 82; of involutory systems:
277, 01; see also Cauchy’s method
and Lagrange's theory

Complete systems: 267, 88 and 890;
equivalent : 268, 80; Jacobian sys-
tems: 269, 80; 270, 89; 271, ex.;
275, 01; 278, 92; method of inte-
gration: 270, 80; change of varia-
bles: 267, 89

INDEX

Completely integrable total differen-
tial equations: 52, 24; 225, 78;
system of equations: 53, 24; see
also Condition for integrability

Complex of curves: 259, 86

Condition for incompressibility of a
fluid : 86, 83

Condition for integrability of total
differential equations: 52, 24 ; 225,
78; 230, 80; the bracket [u, v]:
234, 81; 241, 83; invariance of:
231, 80; involutory systems, Pois-
son's parenthesis: 274, 91; the
parenthesis (u, v): 234, 81

Conformal representation: 22, 13

Congruence of curves: 209, 74; 219,
76, 222, 77 ; focal points of, focal
surface: 209, 74; 224, T7; see also
Characteristic curves and Edge of
regression

Conical point: 257, 85

Conies, differential equation of : 5, 1;
having circles of double contact:
206, ex. 4

Conoids ¢ 220, ex. 1

Constant coefticients in  differential
equations: 117, 43; (system of equa-
tions) : 757, H8; 160, 58; 1D’Alem-
bert's method : 1.22, 44; 161, 58

Constants of integration: 74, 81; see
also Elimination of constants

Continuous  one-parameter groups:
87, 34 ; see ulso Groups

Corresponding  homogeneous
equation: 107, 39

Cotton: 64, ftn.

Covariant: 80, Note 2

(remona transformation : 7198, ftn.

Critical points, algebraic: 173, 63;
183, 67; 199, 71; 201, 71; infinite
number of ¢ 185, ftn.; linear equa-
tions: 129, 47; non-linear equa-
tions: 173, 63; permutation of
integrals about: 129, 47; 183, 49;
transcendental : 197, 70 ~

Curves, asymptotic lines: 43, ex. 18;
91, 85 ; 206, ex. 6; circles: see Cir-
cles; cissoid : 206, ex. 5; complex
of: 259, 86; congruence of: see

linear
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Congruence of curves; conics: sce
Conics; cycloid: 41, 20; edge of
regression: 209, 74; 212, 14; 240,
ex. 2; 257,863 elastic space curve:
99, ex. 7; ellipse: 18, 10; enve-
lope: see Envelope; family of: 3,1;
helices : 220, ex. 2; isothermal : 43,
ex. 12; orthogonal: 74, 7; 43, 17;
220, ex. 8; 228, 78; parabola: 6,
1; parallel: 42, ex. 0; similar: 8,
3; straight lines: 4, 1; trajectories:
14, T; 34, 17; 923, 36; unicursal
quartic: 19, ex. 2; 205, 72; see also
Cusps Integral curves, Lines of
Curvature, Locus

Cusps of integral curves: 41, 20;
201, T1; 202,715 208, 13; 212, 14;
213, ex. 2; see also Locus of cusps

Darboux: 29, 16; 41, ftu.; 45, 21
79, ftn.; 116 ftn.; 205, ftn.; 213,
ex. 2; 239, ftn. ; 253, 86

Darboux’s theorems: 29, 16

I Alemberts 122, 44 ; 161, 68

’Alembert’smethod : 1.2.2,44; 161,58

Definite integrals as solutions, of Bes-
sel's equation : 126, 46 ; 169, ex. 8;
of Laplace’s equation: 124, 46

Delassus: 286, 94

Depression of order: 36, 19; 109, 40

Derivative in non-linear equations,
infinite: 172, 63; indeterminate:
173, 64; 177, 65; see also Briot and
Bouquet’s equation and Briot and
Bouquet's theorem

Developable surfaces: 240, 82; 257,
85; 282, ex.; see also Character-
istic developable surfaces

Differential equations: 3, 1; admit-
ting a group of transformations:
89,85; 91,35; 95,36; 96,36, 97,
36 ; 98, ex. 4; algebraic: 180, 66;
182, 67; algebraic, of deficiency
zero or one: 18, 11; Bernoulli’s: 11,
5; Bessel's: 126,46 ; 142,52; 169,
ex. 8; Briot and Bouquet’s: 173, 64;
Cauchy’s: 257, ex. 1; of character-
istic curves: 219, 76; 222, 77; 224,
77; 251, 85; of characteristic strip:

26.2,87; of circles: 4, 1; Clairaut's:
see Clairaut's equation; of conics
(Halpeen's method): 5, 15 Dar-
boux’s theorems: 29, 16; depression
of order of : 36, 19; 109, 40; differ-
ential notation: 27, 2; elastic space
curve: 99, ex. 7; equations F(x,y’)
=0, F(y,y)=0: 18, 11; Euler's:
sce Euler's equation; Eunler's linear:
123, 455 existence theorems: see
Existence theorems  of first order:
6, 2; 180, 665 Gauss's: 140, bl
geometric representation of 3 74, 83
of higher order: 84, 18; 196, 70;
homogeneous: 8,3 ; 16, ftn.; 38,19
90, 355 of incompressible fluid : 84,
33; integrals of : see Integral curves,
Integral surfaces, and Integrals; of
isothermal curves: 43, ex. 12; Jaco-
bi's: sce Jacobi’s equation; La-
grange'ss 16, 9; 204, 725 2056, 725
Lamé's: 746, 53; Laplace's linear:
124, 46; Legendre's: (1.2, ex.; lin-
ear: 9, 4; 90, 353 Liouville's: 79,
ex. 33 of the nth order: 4, 1; 6,
2; 49, 22; 100, 37; order of: 4,
1; of orthogonal trajectories: /4,
7, 43, 17; 228, 78; Painlevé's:
196, 70 ; 197, 703 of parabolas: 6,
1; with periodic coefficients: sce
Periodic coefficients; Picard’s: 143,
533 raising order of : 4/, Note;
regular: 134, 50; Riceati's: see Rie-
cati's equation; of similar curves:
8, 83 singular points of : see Singu-
lar points; of straight lines: 4, 13
of trajectories: see Trajectories; sce
also special classes of differential
equations and systems of equations

Differential notation: 7, 2
Differential operators: 97, 36; 102,

38; 113, 41; bracket [u, v]: 234,
81; 241, 83; the parenthesis (u, v):
234, 81; Poisson’s parenthesis: 274,
01; X[Y(N)] - Y[X(N)]: 97, 36;
266, 88 ; 278, 92

Diron: 44, ex. 21
Dominant functions: 45,21;47,22; 51,

93; 52,24 ; 55,26 ; 138, 60; 174, 04
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Doubly periodic functions of the sec-
ond kind: 145, 63

Edge of regression: 209, 74; 212, 74;
240, ex. 2; 257, 85

Elastic space curve: 99, ex. 7

Element: 251, 85; 261, 87

Elementary divisors: 13.2, ftn.

Elimination, of arbitrary functions:
222,17, 238,82; 259,86; 273, 90;
278, 93; of constants: 3, 1; 208,
74; 236, 82; 255, ftn. ; 272, 90

Ellipsoid, lines of curvature of: 41,
Note

Elliptic functions: 23, 14; as coeffi-
cients of a linear equation: I44,
53; 146, b4; existence proof from
Euler's equation: 23, 14; 794, 69;
as integrals: 19, ex. 3; 39,20; 144,
b63; 192, 68; Picard’s equation:
144, 53

Envelope, of asymptotic lines: 206,
ex. 6; of integral curves: 17, 10;
203, 71 ; 204, ftn. ; 205,72 ; 209,14 ;
213, ex. 8 of integral surfaces: 238,
82; 281, 93 ; of straight lines: 78, 10

Equations of first order, higher order:
see Differential equations and special
classes of equations

Equivalent complete systems: 268, 89

Essentially singular points: 131, 47;
134, 49; movable: 196, 70

Euler: 19, 12; 23, 14; 27, 14; 28,
16; 29, 16; 41, ftn.; 43, ex. 17;
117, 43; 123,45; 194, 69; 205, 12;
221, ex. 3

Euler’s equation: 23,14 ; 28, 15; 41,
ftn.; 194, 69; 205, 72; Abel’s the-
orem: 28, 15; existence of elliptic
functions: 23, 14; 194, 69; La-
grange’s integral of: 43, ex. 17;
Stieltjes’s general integral: 27, 14

Euler’s linear equation: 123, 45

Euler’s relation for homogeneity : 221,
ex. 3

Exceptional initial values: 172, 63;
173,64 ; 177, 65

Existence theorems: 45, 22; 98, ex.
1; analytic integrals: sec Analytic
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integrals and Briot and Bouquet’s
method ; calculus of limits: see
Calculus of limits; for elliptic func-
tions: 23, 14; 194, 69; for inte-
grating factors: 57, 26; successive
approximations: see Successive ap-
proximations; for systems of partial
differential equations in normal
form: 283, 94; see also Exceptional
initial values
Extended group: 94, 36

First integrals: 74, 31; 76, 31; 81,
32; 83,82, 157,57; 216, TH

Fixed singular points : 181, 66 ; 182, 67

Floquet: 151, ftn.

Focal point: 209, 74

Focal surface: 209, 74, 224, 77

Focus: 180, 65

Fuchs: 134, 50; 139, fin.; 150, ftn.;
194, ftn.

Fuchs’ theorem: 734, 50

Functions defined by
equations: 782, 67

Fundamental characteristic equation s
139, 50; see also Characteristic
equation

Fundamental system of integrals:
103, 38; 105, 38; 129, 47; 130, 47;
147, 54; for a system of linear
equations: 153, 66

differential

Tauss: 140, b1

Gauss's equation: 140, 51

General integral: 3,1; 12, 7; 59, 26;
74, 381; of homogeneous linear
equations: 703, 38; 105, 38; of
partial differential equations: 277,
76; 238, 82; 273, 005 of a system
of equations: 57, 26; 152, 56

Goursat: 83, ftn.; 170, exs. 14, 15;
208, ftn.; 265, ftn.

Group, differential equations admit-
ting a: 89, 356; 91, 35; 95, 36; 96,
36; 97, 86; 98, ex. 4; differential
equations of a: &8, 34

Groups, one-parameter continuous:
86, 34; 91, 36; application to differ-
ential equations: 89, 35; 96, 36;
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97,86; functions admitting: 93, 36;
of infinitesimal transformations:
91, 36; 93, 86; invariants: 93, 30;
similar: &8, 34; of translations:
89, 84 ; see also Transformations

Halphen: 5, 1; 115, 42

Hedrick: 255, ftn.

Helices: 220, ex. 2 ; 245, 83

Helicoid : 220, ex. 2; 245, 83; lines
of curvature of : 91, 35

Hermite: 99, ex. T; 146, 63; 169, ex.
8; 193, ftn.; 283, ftn.

Homogeneity of functions, Euler’s re-
lation: 221, ex. 8

Homogeneous equations: 8, 3; 1I6,
ftn.; 38, 19; 90, 35

Homogeneous linear equations: 10.2,
38; 107, 39; adjoint equation, poly-
nomial: 116, 42; analogies with
algebraic equations: 713, 41; anal-
ogies with the Galois theory, with
symmetric functions of roots: 115,
41; auxiliary equation, polynomial :
117,43 ; Bessel’s equation: 726, 46;
142, b2 ; 169, ex. 8; common inte-
grals of two equations: 174, 41;
constant coefficients: 777, 43;
(D’ Alembert’s method): 122, 44;
corresponding: 107, 39; critical
points: 7.29, 47 ; depression of order:
109, 40; elliptic coeflicients: 144,
53; 146, 54; Euler'slinear equation:
123, 45; Fuchs' theorem: 134, 50;
fundamental system of integrals:
108, 38; 105, 38 ; 129, 47; Gauss's
equation ¢ 140, 51; general integral :
103, 28 ; 105, 38 3 greatest common
divisor: 113, 41 ; group of substitu-
tions: 132, 48; 134, 48 ; invariants:
115, 41 ; Lamé’s equation : 746, 53 ;
Laplace's equation : 124, 46 ; Legen-
dre’s equation: 7112, ex.; linearly
independent integrals: 103, 38 ; 105,
38; periodic coeflicients: 128, 47;
146, b4; 150, ex.; 151, ftn.; per-
mutations of integrals around a
critical point: 129, 47; Dicard’s
equation: 143, b63; ratio of two
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integrals: 169, ex. 10; regular: 134,
60; regular integrals: 128, 47; 131,
47; 134, 49; relation to Riceati's
equation: 111, 40; 112, ftn.; roots
of integrals, Sturm’s theorem: 171,
ftn.; solution as a definite inte-
gral : sce Definite integrals; system
of : see System of homogeneous lin-
ear equations; Wronskian: 129,47;
see also Characteristic equation,
Characteristic numbers, and Char-
acteristic exponents

Houel: 212, ex. 1

Ilyperelliptic functions: 193, 68

Ilypergeometric series: 140, 61; de-
generate cases: 142, 52

Identical transformation : 88, 34; 91,
36

Incompressible fluid, condition for:
86, 335 invariant integrals: 84, 33

Independent equations: 265, 88

Independent integrals: 87, 31; line-
arly : 103, 38; 105, 38

Infinitesimal transformations: 86, 34 ;
91,36; 93, 36; 98, 36

Initial conditions: 45, 22 ; 48, 22; 49,
22; 50, 23; 52, 24; 53, 24; 61, 20;
defining an integral : 100, 87; partial
differential equations: 54, 25; 57,
25, 214,74; 221,70; 246,84 ; 284,
04 ; see ulso Cauchy’s problem, De-
rivatives in non-linear equations,
and Exceptional initial values

Integrable combination: 77, 31; 78,
exs. 1,2; 220, 76; 245, 83

Integral curves: 4, 1; 60, 26 and ftn.;
61,26; 79, Note 1; 173, ftn.; 179,
85; 199, 71; center: 180, 65 ; cusps:
see Cusps; envelope of s 17,10; 203,
71; 204, ftn.; 205,72, 209,74; 218,
ex. 8; focus: 180, 65; in para-
metric form: 16, 95 of a partial dif-
ferential equation: 257, 85; 258,
ex. 2; 289, ex. 15; saddleback:
179, 65 ; see also Integrals

Integrai equation: 61, 27

Integral surfaces: 218, 76; 219, 76;
227,18, 2406, 84; 250,86 ; 255,863
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¢
envelope of : 238, 82; 281, 98 ; see
also Cauchy’s problem and Integrals

Integrals: Abelian: 18, 11; analytic:
see Analytic extension and Analytic
integrals; anharmonic ratio of: 13,
73 Cauchy’s problem: 246, 84 ; 264,
87; complete: see Complete inte-
gral; common to two linear equa-
tions: 114, 41; defined by initial
conditions: 100, 87; in form of
definite integrals: see Definite in-
tegrals; clements of : 251, 85; 261,
87; elliptic functions: 19, ex. 8; 39,
20; 144, 63; 192, 68 ; of equations
of higher order: 196, 70; existence
of : see Existence theorems; first:
see First integrals; fundamental
system of : see Fundamental system
of integrals; general: see General
integral; general properties of:
100, 87; hypergeometricseries: 140,
b1; 142, 62; independent: 81, 81;
initial conditions: see Initial condi-
tions ; invariant : see Invariant inte-
grals; Legendre’s polynomials: 712,
ex.; Lie's enlarged definition: 264,
Note; linearly independent: 103,
38; 105, 38; non-analytic: see Non-
analytic integrals; particular: 3,1;
12,7; 14,7; 20, 12; 107,39 ; 109,
40; periodic: 792, 68; permutation
of integrals around a critical point:
129,47; 133, 49; rational functions:
144,53; 192, 68; rational functions
of constants: 10, 4; 12,7 ; 186, 87;
regular: 128, 47; 131, 47; 134, 49;
roots of, Sturm’s theorem: 111,
ftn.; singular: see Singular inte-
grals; singular points: see Singular
points; Wronskian: 129, 47; see
also Integrable combination, Inte-
gral curves, Integral surfaces, and
special types of equations

Integrating factors: 19,12; 81,82; 83,
32; 96,86, 98,exs.3,4; 115,42, 231,
80 ; 290, ex. 20 ; existence of : 57, 20

Integration by raising order: 41, Note

Invariance of conditionof integrability:
231, 80

INDEX

Invariant functions: 98, 36

Invariant integral : 83, 83 ; of homoge-
neous linear equations: 115, 41; of
incompressible fluid: &4, 838; line
and surface: 84, 83; multiple: 85,
333 volume: 86, 33

Involutory systems: 274, 91; com-
plete integral: 277, 91; Jacobi’s
method : 277, 92; Poisson’s paren-
thesis: 274, 91

Isothermal curves: 43, ex. 12

Jacobi: 11, 6; 25,14; 32, 16; 74, 81;
81,82; 163,60; 269,89; 270, 89;
271, ex.; 275, 91; 277, 92; 278, 92

Jacobi’s equation: 71, 6; 32, 16; re-
lation to a system of homogeneous
linear equations: 763, 60

Jacobi’s method, involutory systems:
277,92

Jacobi’s multipliers: 74, 81; 81, 32

Jacobian system: 269, 89; 270, 89;
271, ex.; 275, 01; 278, 92

Kovalevsky, Madame: 45,21; 283, 94
and ftn,

Lagrange: 16,9; 41, ftn.; 43,ex. 17;
107, 39; 109, ftn.; 115, 42 ; 203,
T1; 204, 72; 205, 72; 213, ex. 4;
236,82 ; 239, 82; 240,83; 241, 83;
251, 85; 255, ftn.; 258, ex. 1; 259,
86; 277, 92

Lagrange and Charpit’s method : 240,
83; 277, 92

Lagrange’s equation: 16, 9; 204, 712;
205, 72

Lagrange’s integral of Euler’s equa-
tion: 43, ex. 17

Lagrange's method : 241, 83; 251, 85

Lagrange’s method of the variation of
constantss 107, 39 ; 109, ftn.; 255,
ftn,

Lagrange’s theory of the complete in-
tegral : 236, 82; 239, 82; 258, ex.
1; 259, 86

Laguerre: 115, 41

Lamé: 146, 53

Lamé’s equation : 146, 63
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Laplace: 124, 46; 127, Note

Laplace's linear equation: 124, 46;
127, Note

Legendre: 16, ftn.; 28, 15; 112, ex.

Legendre’s equation: 112, ex.

Legendre’s polynomials: 772, ex.

Legendre’s transformation : 16, ftn.

Leibnitz : 118, 43

Leibnitz's formula : 118, 43

Liapunof: 151, 55 and ftn.; 166, 62

Lie: 43, ex. 12; 86, ftn.; 98, 36;
264, Note ; 289, ex. 15

Lie’s enlarged definition of the inte-
gral: 264, Note

Lie's theory of differential equations:
86, 34 ; see also Groups

Lindeldf: 61, 27; 98, ex. 1

Linear equations: 9, 4; 90, 85; 100,
87; 106, 30; 186, 67; coeflicients
depending upon a parameter: 65,
Note ; depression of order : 109, 40;
general properties of integrals: 100,
87; see also Homogeneous lincar
equations, Integrals, Non-homoge-
neous linear equations, Partial differ-
ential equations, and Singular points

Linearly independent functions: 103,
38; integrals: 103, 38; 105, 38

Lines of curvature: 206, 72; of an
ellipsoid : 41, Note; of a helicoid :
91, 35

Liouville: 79, ex. 3

Liouville’s equation: 79, ex. 3

Lipschitz : 68, 30 ; 287, 94

Lipschitz condition : 68, 30; 257, 04

Locus, of characteristic curves: 219,
765 of cusps of integral curves:
201, 71; 202, 71; 206, 12 ; 208, 13;
212, 14; 213, ex. 2; of points of
inflection of integral curves: 213,
ex. 2.

Mayer: 229, 79

Mayer’s method : 229, 79

Méray : 45, 21

Moigno : 68, 30; 212, ex. 1

Monge : 41, Note

Monge’s method of finding the lines of
curvature of an ellipsoid : 47, Note
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Movable singular points: 181, 66;
185, 67; 197, 70 and ftn.; for
equations of higher order: 796,70 ;
essentially singular: 196, 70; lines
of : 197,70; poles: 197, ftn.; tran-
scendental critical points: 197, 70

Multipliers: 74, 31; &1, 82; 85, 33

Non-analytic integrals: 50, 22 ; 255,
ftn.; Briot and Bouquet’s theorem :
175,64 176, 64 ; 177,64 ; 178,66 ;
see also Analytic integrals and Briot
and Bouquet’s method

Non-homogeneous linear equations:
100, 37; 106, 39; analytic exten-
sion of integralss 701, 37; Cauchy’s
method : 708, 39; 109, ftn.; con-
stant coefficients: 720, 43; corre-
sponding homogeneous equation :
107, 39; depression of order: 110,
40; general integral: 107, 39; La-
grange’s method of the variation of
constants: 107,39; 109, ftn. ; singular
points: 100,37 ; system of equations:
see Systems of non-homogeneous
linear equations

Non-linear differential equations, 172,
63; 179, 65; algebraic equations of
the first order: 180, 66; 182, 67;
Briot and Bouquet's problem: 193,
ftn.; having single-valued inte-
grals; 187, 68; 192, 68; 193, ftn.;
exceptional initial values: 172, 63;
(derivative infinite): 772, 63; (de-
rivative indeterminate): 773, 64;
177, 663 integrals: sce Envelope of
integrals, Integral curves, Integrals,
Locus of cusps, and Singular inte-
grals; functions defined by y =
R(z, y): 182, 67; non-analytic inte-
grals: see Non-analytic integrals;
singular points: see Critical points,
Fixed singular points, Movable sin-
gular points, Singular points; sys-
temsof : 208, T4 ; seealso Equations
of Briot and Bouquet, Clairaut,
Euler, Lagrange, and Riccati

Normal form of a system of partial
differential equations: 283, 94
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Order of a differential equation: 4,1;
depression of : 36, 19 ; 109, 40; first
order: 6,2; 180, 66; higher order,
nth order: 4, 1; 6, 2; 35, 18; 196,
70; integration by raising order:
41, Note

Orthogonal trajectories: 14, 7; 38,
17; 220, ex. 8; 228, 18

Orthogonal surfaces: 223, 77

Painlevé: 59, ftn.; 74,30; 196, 70;
197, 70; 213, ex. 7

Painlevé’s equation: 196, 70;
70

Parallel curves: 42, ex. 9

Parallel surfaces: 289, ex. 19

Parenthesis (u, v): 234, 81; Poisson’s:
274, 91

Partial differential equations: 76, 31;
of first order: see Partial differential
equations of the first order; of
higher order: 278, 93; (system of
equations): 283, 94; of ruled sur-
faces: 280, ex. 1; 281, ex. 2; of
tubular surfaces: 240, ex. 3; 282,
ex. ; see also Systems of differential
equations and Existence theorems

Partial differential equations of the
first order, linear: 75, 31; 214, 75;
characteristic curves: see Character-
istic curves; of conoids: 220, cx.1;
general integral: 217, 75; geomet-
ric interpretation: 218, 76; general
method of integration: 214, 76; of
helicoids: 220, ex. 2; 245, 83; initial
conditions, 221, 76; integral surface:
218, 16 ; 219, 76; singular integral,
surface: 224, 77; see also Systems
of differential equations

Partial differential equations of the
first order, non-linear: any num-
ber of variables: 261, 87; Cauchy’s
equation: 257, ex. 1; Cauchy’s
method: 249, 86; 259, 86; 260,
Note; (extended): 261,87; Cauchy’s
problem: 246, 84; characteristic
curves, characteristic developable
surface, characteristic direction,
characteristic strip: see these titles;

197,

INDEX

Clairaut's equétion, generalized :
239, ex. 1; complete integral: 236,
82, and see also Lagrange’s theory ;
element: 251, 856; envelope of sur-
faces: 238, 82; gencral integral:
238, 82; integral, Lie's enlarged
definition: 264, Note; integral
curves: 257, 85; 289, ex. 156; La-
grange and Charpit’s method : 240,
83; 277,92; separation of variables:
244, ex. 3; singular integrals: 224,
7, 237, 82; 238, ftn.; 272, 90;
three variables: 236, 82; see also
Involutory systems

Particular integral, solution: 3, 1;
12, 7; 14, 7; 20, 12; 107, 39;
109, 40

Periodic coefficients: 723, 47; 146,
b4; 150, ex.; 151, ftn.; elliptic:
144, 53; 146, b4; Picard’s equa-
tion: 144, 63; system of linear
equations: 164, 61; 166, 62

Picard: 59, ftn.; 61, 27; 74,30; 115,
42; 144,53 ; 177, 64

Picard’s equation: 144, 53

Picard’s method of successive approxi-
mations : see Successive approxima-
tions

Poincaré: 83,33 ; 126, ftn.; 151, ftn.;
177, 64 ; 180, 66 ; 194, ftn.

Poissons: 274, 91; 277, 92

Poisson’s identity: 277, 92

Poisson’s parenthesis: 274, 91

Poles of integrals: 143, 63 ; 183, 67;
185,673 movable: 786,67; 197,ftn,

Properties, of differential equations of
higher order: 196, 70; of er, tanx:
213,ex.6

Quadratures: 7, 2; 10, 4; 12, 7; 13,
7; 14,7; 16,9; 19,12; 78,31; 79,
Note 1; 83, 82; 90, 86; 108, 39;
110, 40; 111,40; 154,566 ; 278, 92

Raffy : 44, ex. 21

Ratio, of similitude: 8, 8; of two
integrals: 169, ex. 10

Rational functions, of constants as in-
tegrals: 10, 4; 12, 7; 186, 67; of
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variables as integrals: 144, 563 ; 192,
68

Reducible systems: 165, 62

Regular differential equations: 134,
50

Regular integrals: 128, 47; 131, 47;
134, 49; Fuchs’ theorem: 134, 50;
substitutions: 132, 48; 134, 48

Riccati: 12, 7; 13, ftn.; 43, ex. 13;
79,¢x.2; 111,40; 112, 40 and ftn.;
143, Note; 157,57; 169,ex.9; 170,
ex. 1b; 186, 67; 187, 67 and ftn.;
194, ftn.; 197, ftn.; 213, ex. 7

Riccati’s equation: 12, 7; 43, ex. 13;
79,ex.2; 111,40; 112,40 and ftn.;
143, Note; 157, 57; 169,ex.9; 170,
ex, 15; 181, 67 and ftn.; 186, 67;
194, ftn.; 213, ex. 7; generalization
of : 197, ftn. ; linear transformation
of : 13, ftn.; relation to linear equa~
tions: 1117,40; 112, ftn,

Riquier: 45, 21; 286, 94 and ftn.

Roots of characteristic equation: 130,
47; 131, 48; 139, 50; 149, Note 23
elementary divisors: 132, ftn.

Roots of integrals: Sturm’s theorem:
111, ftn.

Ruled surfaces : 280, ex.1; 281, ex. 2

Saddleback : 179, 656

Sauvage: 132, ftn.

Schlomilch : 212, ex. 1

Separation of variaples: 6,727 8, 3;
19,12; 244, ex. 3

Serret: 212, ex.1; 213, ex. 3

Similar curves: 8, 3

Similar groups: 88, 34

Single-valued integrals: 144, 53; of
)™ = R (y), classification of equa-
tions: 187, 08; 192, 68; 193, ftn.

Singular integral, curve, surface: 17,
10; 27, 14; 76, ftn.; 198, T1; 202,
71, 205,72 ; 206,72 ; 208,74 ; 210,
T4; 224,77; 2387, 82; 255, ftn.; as
an envelope: 203, 71; 238, 82; geo-
metric interpretation: 207, 78

Singular integral, curves and surfaces:
determination of : 205, 72; of first-
order equations: 198, 71; 20%,71;
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206, 72; geometric interpretation :
207,78 ; of partial differential equa-
tions: 224, 77; 237, 82; 238, ftu. ;
272, 90; of a system of equations:
208, 74; 210, 14

Singular lines, movable: 197, 70

Singular points: algebraic ecritical
points: 173, 63; 183, 67; 184, 67;
201, 71; Briot and Bouquet's theo-
rem: 176, 64; center: 180, 656; of
equations of the first order: 180,
66; essentially: 131, 47; 134, 49;
essentially singular movable: 196,
70; fixed: 181,60 ; 182,67; focus:
180, 65; of linear equations: 65,
928 100,37; 129,47; 140, 51 ; 142,
52; 143, 63; indeterminate deriva-
tive: 773, 64; infinite derivative :
172, 63 ; infinite number of critical
points: 185, ttn.; movable: see
Movable singular points; poles: 7131,
47; 143, 63 ; 144, b3; 183, 67; 184,
67; 185,67 ; 197, ftn.; saddleback :
179, 65

Solution : see Integral

Star: 67, 29

Stationary flow: 86, 33

Stieltjes: 27, 14

Stieltjes’s general integral of Kuler's
equations: 27, 14

Straight lines, differential equation
of: 4,1

Sturm ¢ 111, ftn.

Sturm’s theorem: 711, ftn.

Substitutions : linear equations: 129,
47; 132, 48; 134, 48; canonical
form: 131, 48 ; 132, 48 ; system of
linear equations, canonical form :
165, 61 ; Wronskian : 129, 47

Successive approximations: 61, 27;
analytic functions: 66, 29; 102, 87;
176, 64 3 Cauchy-Lipschitz method :
61,27; 68,80; 74,80; Cauchy’sfirst
proof : 68, 30; 73, 30; coefficients
functions of a parameter: 65, Note;
Lindeldf’s addition: 61, 27; linear
equations: 64, 28; Lipschitz condi-
tion: 68, 30; 287,94 ; non-analytic
integrals: 175, 64; real variables:
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61,27; 62, 27; 68,80; 73, 80; 150,
b5; star: 67, 29

Surfaces, conoids: 220, ex. 1; develop-
able: 240, 82; 257, 85; 282, ex.;
ellipsoid: <41, Note; focal: 209,
74; 224, 77; helicoids: 220, ex. 2;
245, 83 ; orthogonal : 228, 77; par-
allel: 289, ex. 19; ruled: 280, ex.
1; 281, ex. 2; tubular: 240, ex. 3;
282, eX.; see also Characteristic de-
velopable surfaces, Envelopes, and
Integral surfaces

Symbolic polynomial: 113, 41; 116,
42; 118,43; divisor: 114, 41; great-
est common divisor: 113, 41
Systems of differential equations: 60,
20; 74, 31; ?9, Note 1; covariant:
&0, Note 2; existence theorem:
see Lixistence theorem; first inte-
grals: see First integrals; general
integral: 57, 26; integral curve:
60, 263 invariant integrals: see
Invariant integrals; multipliers:
74,81; 81,82 ; 85,88 ; singular inte-
grals: 208, 74; see also Integrable
combination, Systems of homoge-
neous linear equations, and Systems
of non-homogeneouslinearequations
Systems of homogeneous linear equa-
tions: 152, 663 adjoint system:
156, b7; 166, 62; auxiliary equa-
tion: 158, 58; canonical form:
161, 59; 165, 61; 179, 663 con-
stant coeflicients: 157, 58; 160,
68; (D’Alembert’s method): 161,
58; fundamental system of inte-
grals: 158, 58 ; periodic coeflicients
164,61 ; 166, 62 ; reducible systems :
165, 62; relation to Jacobi's equa~
tion: 7163, 60; substitutions: 165, 61
Systems of non-homogeneous linear
equations: 164, b56; Cauchy’s
method : 75¢, ftn.; existence theo-
rem: 60, 23

Systems of partial differential equa-
tions: of first order: 272, 90; nor-
mal form, general existence theo-
rem: 283, 94; see also Existence
theorems, Involutory systems, and
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Systems of homogeneous linear par-
tial differential equations of the first
order ’

Systems of partial differential equa-
tions, homogeneous linear equa-
tions of the first order: 265, 88;
independent equations: 265, 88;
X[Y(N]-Y[X(f)]: 266, 88; see
also Complete systems .

Tannery: 139, ftn. :

Taylor: 35, 18

Total differential equations: 51, 24;
225, 18; 241, 83; 276, 91; Ber-
trand’s method: 232, 80; 290, ex. 21;
completely integrable: §2, 24 ; 225,
78; existence theorem: 51, 24;
geometric interpretation: 227, 78;
integral surface: 227, 78; Mayer’s
method : 229, 79; method of inte-
gration: 225, 18 ; 232, 80; Pdx +
Qdy + Rdz=0: 230, 80; see also
Condition of integrability

Trajectories: 13, 7; 14, T; 34, 17;
93, 36

Transcendental critical points: 797,70

Transformations: 82, 82; 83, 82;
84,33; admitting a group of : 89,85 ;
96, 36 ; of complete systems : 267,89 ;
covariants: 80, Note 2; Cremona:
198, ftn.; extended group of : 94,36
identical : 88, 34; 91, 36; infinites-
imal: 86, 34 ; 91,806; 93, 86; 98,86;
inverse: 89, 34; Legendre's: 16,
ftn.; of linear equations: 715, 41;
162, 59; of Riccati’s equation; 13,
ftn. ; see also Groups and Invariants

Tresse: 286, 94

Tubular surfaces: 240, ex. 3 ; 282, ex.

Unicursal quartic: 19, ex. 2; 205, 72

Variation of constants: 107, 39 ; 109,
ftn. ; 255, ftn.

Weierstrass : 45, 21 ; 132, 48 and ftn,

Weierstrass’s elementary divisors:
132, ftn.

Wronskian: 129, 47
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