VOLTERRA’S INTEGRAL EQUATION OF THE SECOND KIND, WITH
DISCONTINUOUS KERNEL, SECOND PAPER

BY

GRIFFITH C. EVANS

In an earlier paper{ we have considered integral equations of the second kind
with variable upper limit} whose kernels in spite of discontinuities were abso-
lutely integrable, and by change of variable we were able to show the exist-
ence of solutions in some special cases of equations § where the kernels belonged
to a rather general type and were not absolutely integrable. In this paper we
take up that type in more detail. In particular, we study the equation

24) w@ =@+ [ i

where A'(x, £), the numerator in the expression for the kernel, is continuous in

the triangular region
T: a=E=x=0D,

and f(x), g(«), comprising the denominator, are continuous in the interval

t: a=x=h.

References to the Earlier Paper.

1) u(x)=¢(w)+j:K(x,E)u(E)dE.
© w(my = (o) + [ ELEEu(yar
. K(x,

(16) u(w)-¢(w)+ff(§()g(i)) w(E)dE.

* Presented to the Society, September 13, 1909.

+Transactions of the American Mathematiocal Society, vol. 11 (1910), p. 393.
The numbering of equations and sections is continued from that paper, and reference to it in the
present paper is made merely by letter and number. For the more important references see
bzlow.

1 Equation (1).

§ Equations (9), (16), (17).

429
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amn u(w)=¢(w)+f’ K(2, £) w(E)dE.
a 9(w)f(f);[=]l: [E— (=)™

Condition (A). A real function of the two variables =, £ is to be continu-
ous in the triangle 7:a =£§=2=0, b > a =0, except on a finite number of
curves, each composed of a finite number of continuous pieces with continuously
turning tangents. Any vertical portion is to be considered a separate piece,
and of such pieces there are to be merely a finite number, 2 = 8, 2= g8,, .- -,
= B,. On the other portions of the system of curves there are to be only a
finite number of vertical tangents. Hence by any line x =, », + 8,, ---, 8,,
the system of curves will be cut in only a finite number of points.

Condition (B). In the region t: a =« =0b, a real function of the single
variable  is to be continuous except at a finite number of points, v,, ---, v,,
and is to remain finite.

Problem from Hydrostatics. Suppose we are given a tube, lying in a ver-
tical plane along a curve of arbitrary shape, s = u(x), where s is the distance
along the curve and x the altitude. Let us fill this tube with a liquid of vari-
able linear density v, and then regulate its height x in the tube by allowing
various amounts to flow out through the bottom. Let us then regard » as an
analytic function of the depth in the liquid, i. e., v = v (2 — £).

If

juv(m—-f)u'(f)df
M) =
[ wcerae

is the average linear density and v(x) = «'(x), the equation to determine v ()

from A () is
_(fG=—8)—g(=)
v(e) = [ FE I E gy,

where
v(e—§)=a+ G(x—§), G(0)=0,
and :
h(w)=a+g(a), g(0)=0.
9. Huistence theorem for equation (24).

We have the following existence theorem :
THEOREM. If in equation (24)

(24, u@) =)+ [ ol lucoae,
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1°. (a) K (=, &) is continuous in T, and f(x), g{(x) and their first deriva-
tives are continuous in t ;
(b) 0K (x, E)/0x and & K (x, £)/OF satisfy condition (A) and are finite
inT;
(¢) d(x) is continuous in t except at x = a, and is such that the function
¢ (x)g(x) and its first derivative satisfy B in t;
2°. the function f(x)g(x) is greater than zero in t except for the value
x = a, and for the value x = a vanishes in such a way that

J”_J@__
. S(®)g(2)
is not convergent ; *
3°, K(a,a)+0;
4°, lim ¢ (2)g(x)=0:
z=0

then under the foregoing conditions,
(?) if K(a,a) <O there exists one solution of (24) continuous throughout
t, and
(#1) if K(a, a)> 0 there exists a one parameter family of solutions of
(24) continuous throughout ¢ except possibly for the value x = a.
As x approaches a each solution remains less than some constant
times f(x)[(x — a)” where v is any number that satisfies the two
conditions
(a) 1>v>0,

) y>1—

d
wWlf@a@1]
In regard to v it is easy to see that the two conditions (@), (b) under (ii) can
always be satisfied. For since f’(x) and g'(x) are supposed to be continuous
in ¢ and not negative, since that would make f(x) or g(x) negative,
{d]de[f(x)g(x)]},—, will be finite and not negative, and

o 1
FATOON]

L=a

will always be less than 1.

*Otherwise by change of variable v(z)=wu(z)/g(z) equation (23) is changed to one tha$
satisfies the conditions of the theorem of section 1. And in that case there would then be one
and only one finite v(z).
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10. A theorem that implies the theorem of section 9.

A theorem that lies closer to the method of proof that we have adopted, and
which implies the theorem just stated, is obtained by substituting in the hypoth-
esis for 1° () and for 3° the conditions

1. (b) 0K (x, E)/Ox satisfies A and is finite in T ;

3. K(a,a)$0; lim_ [K(x,2)— K(a,a)]/(x—a)" exists, where v
is defined as in section 9.

Moreover as the method of proof will show, if K(a, a) <0, we may always
put » =0 without other change in the theorem. Also if KA(a,a)>0 and
{d]de(f(x)g(x)},., <1 we may take v=0. So that for most cases the
theorem holds if » = 0 be substituted throughout.

11. Approximate Equations.

The results of this theorem are obtained by means of a method of approxima-
tion, for the purpose of which the solution of the simpler equations

u( E)
25 u(x)=¢(x)=x f
(2) (@) =9(2)= | T
is necessary. If (25) has a solution, continuous except for a finite number of
points, even when the discontinuities are not finite its derivative will exist and
be continuous except for a finite number of points, and will be given by

u(x)
S(=z)
Hence any solution of the integral equation (25) will be a solution of the differ-

ential equation (26). It remains to be seen under what conditions the solution
of the differential equation will be a solution of the integral equation.

(26) w(x)=¢' ()£

Let us write the equations

(25) w(@) =)~ [ D,
(25) u(@)= () + [ f%
In the same way we rewrite (26) as

(26) W() =¥ () = o)
(267 W (2) = ¢'(2) + ).

S(2)
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The general solution of (26") is

") u@y= 5[ [(o@)TTba e,
and of (26") )
@) u@y=e 70| [(g(0)e Rt + 0],

where a’ is arbitrarily chosen in the neighborhood of a.

In (27’), since
—fbrat
lim e ff =0,
¢=a
we can choose @' = a without loss of generality. So that instead of (27") we
may write

(28) w(@)=¢ ,”;Z;’,[f #(E)e fb%dﬂo].

To see under what conditions this is a solution of (25”) we first notice that
the first term of the expression for »(z) in (28) is itself a solution of the equa-
tion, if ¢(a)=0.

In fact, substituting in the second member of (25") we have

9.
s@)— [ KPde=4) - [ J{zg){ff«(e)e‘/t'%ds'}ds.

If we integrate by parts we obtain

dx

¢(m)+e'/; f%fx‘l”(‘f) -/; /(E)df

—tim [ [0y g~ [ (61 = () + $(o);

r=a

for, since [¢'(€)| = N,

b dg bde b af

e xfT"fa}'(f)e_ff 7"5d§‘~§1v f‘f’f SO 4= N - a),

and
bde _ pbodE
lim efv S(x) f ¢'(§)e -/$ £(¢) dg =0

Hence ¢(a) = 0 is a necessary and sufficient condition that the first term of
(28) be a solution of (25).
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On the other hand, if C 4= 0 the expression (28) cannot be a solution of the
equation. For it is necessary that

U(E)
f(’s’)

be convergent in the neighborhood of a, and since the integral formed from the
first part of u(€) is convergent, it is necessary that

a d¢

Oe\/:E 76
. SE)

be convergent in the neighborhood of @. But this is obviously not the case.
Hence that (25°) have a solution it is necessary and sufficient that ¢ (a)=0.
The solution is then unique, and is given by

+ b dr x _ h_j{é‘_
(29) u(x)=e Sz f\x)f ¢ (Ee /¢ 6 ge.

In (27") we cannot take ¢’ = @ because in general to do this would make the
integral divergent. Let us then rewrite (27") as

dx ag
(0) u(o) == [T e g 1 0]

and substitute this in the integral equation (25). We know that the two
members resulting have identical derivatives; it remains merely to show that
at a given point they take on the same values to make them identical through-
out. But to show this is no easier than to substitute directly into the integral
equation. The result of the substitution is the same as that obtained by sub-
stituting the first term of the expression for u(x), since the second term is

obviously a solution of the homogeneous equation. The second member of (25)
then becomes

febf‘(ié b ag
s@)+ [T | [T Oar e
If we integrate this by parts we obtain the expression
o a’ b df
b(2) =7 [y M0 ag
b dx b dt .
im0 [Ty 0 g | - [
=u,(z)+ ¢(a)_li=mu1(w)’
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where u, () is the first term of u (), i. e,
b at

(o)== [o@re/t 0.

We can show that lim__, u, () = 0 by showing that a quantity » can be deter-
mined small enough so that when (¢ — a)=7, |u,(x)| becomes less than or
equal to an arbitrarily given H. We have

_ fbdz  pral fbaf
|u‘(w)|§N||e, /;f(x)fg/;ﬂf)df

_[bdz e fodf _/bdz pa fbab
= Ne ‘/; f(x)f e ¢ f(f)df + Ne '/; /(Z)f e'/; SE) df’
z s

where x=s. Then
_fbaz
[u,(2)| =EN(s—x)+ Ne "= @ F(s),
where we represent by #'(s) the integral

o [b dE
¢ 7O dE.
Take s = H/2N thus fixing s by the value of Z. This fixes also the value of
NF(s). Take now 5= s and so small that if x =1,

Ne_f"bf%éél—r.
We then have
|, ()| = H (e=z=a+1);

which was to be proved.
We see therefore that a necessary and sufficient condition that (25”) have a
solution is that ¢ (@) =0. The general solution is then given by

_bdx g b df
(31) u(w)= —e ./; /‘(x)[f (;b/(f)efe f(f)df_‘_ 0].

If the function ¢ () has a zero at @ so intense that the expression

b dE

(ot oa

converges when o = a, we have apparently the state of affairs which was treated
in section 6 of the earlier paper. To show the agreement of the two results we
notice first that the function f(§) of (25”) is not the same as that of (9), for in
(25”) the function corresponding to K (x, £) of (9) being equal to 1 is not less
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than 1, and that in order to reduce our kernel to one that can be treated by
the method of sections 1-4 we must replace f( £) in (25”) by

f(&)=Hf(§), H<I,

so that the kernel in (25”) becomes H/f(£). With this change it is seen that
the only solution with sufficient intensity of vanishing is

_ b bt
u(ac) —e —/:r f(x)f(b'(f)e-/; f(&)df.

This solution, provided that ¢'(£) vanishes as above, continues to hold if we
replace f(x) by af(«) and let a change continually from + 1 to — 1, thus
changing (25”) into (25).

12. The Method of Approximation.

Let us return now to equations with kernels of the form K '(x, £)/f(€) still
assuming g(z) = 1.

By taking the numerical value of A (a, a) into f(£) we can write the
kernel as

14+ L(x, &)
VACI I
and we are led to the two equations
= I'(x,
(52) u(@)=d(x) - [ Du)a,
*14 I'(x,
(52 wm=s()+ [ Duea,

according as A (a, @) is << 0 or > 0 respectively. Here condition 3° of the
hypothesis becomes

. T(x,€) . 1

lim ———= exists, >0, v>1— 57—,

z=a (il} - a) f ((l)
and condition 4° becomes

lim_ ¢(x)=0.
In (32) let us write
u(@) =y () +u®(2),

where

w (@)= () — [ 5 ae
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and consequently

() = — :Pf(“ff’)f) u, (€)dE — f1+fr(g Duneyae,

or

w0(@) = (o) - [ e,
where
< T
¢1(w)=_ ; ;Tg)g) 0(§)d€°

In the same way we may write
w() = u,(2) + ¥ (x),

wie) =) - [

w(@)=gy(o) - [ S Henea,

where

*I(=, £)

$y(2) = — 7(—5)‘“1(’:‘)615-

a

By continuing the process indefinitely, we have
u™ () =u,(x) + u"™(x),

=)= [

W (@) = gy () = [ B e g,

dé,
(33)

Puir(®)=— | “HE) u,(&)dé,
and (29) gives us

b dg

(34) ua(@) =5 [“gi ()0 Vi M0 ag,

We have also

05 #@)=— D) - [ (na.

a

It is quite easy to find restrictions on the absolute values of ¢ (x) and
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u, (x).* If
|$,.(2)|= N, (v—a)~,
it follows that

b dz b df
l“m(“’)|< (w_a)mff(x)f ‘/;f(f)dg.
If we integrate by parts and remember that f(a) = 0, we have

bdx bd§
|u,,.(m)|<N(ac—a)‘"[f(w)+ f(z)ff(f) £f(€)d§:|
Since
e—ffbfi%§ /;b f(f)’

the last expression in the brackets is less than

[r®dE=r@).
Hence ’
(36) |u,(2)| = 2N, (z — a)~f(x).
Since a constant 4 may be chosen so that
|IT(z, 2)|S4(z—a)y, |I(2§)]=4, o=2=R,
we have from (35) and (36)

(@)= (o= ay ey [Tl (Bl gy

=2N, ,A(z—a)~* + 2N, A4 f (% —a)~de
=4N, | A(x—a)~t,

provided that we take R so that B — a =
Now N, =N, where |¢' ()| =N, and therefore

|y | = 2Nf (),
N, =4NA, i, =v, |u, | =2Nf(x){44(x—a)"},
_(4A)2.N', i ._2v, |u I<2Nf(w){4A(:v—a) }‘
N,= (447N, iymmv,  |u,|S2NF(e) {44(2 — a) ).

*In the cases where we can take v—0, we define a constant [ so that if a =2z =R,
IT(z, z)|=T. We then have |¢;, (z)| =N, [ ete. By taking R small enough, the
series in powers of T' is shown to be convergent.
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13. A Solution of Equation (32").
Let us now form the series
@37) U(w) = uy() + 1,(w) + uy(2) + - -

This series is absolutely and uniformly convergent through a region a=x=R
=a + 1, where R is so small that 44 (R — a)* <<1. In fact

1
—44A(R—a)”’

|U(2)| =20 (%) 5

and U(x) vanishes at least to the order of vanishing of /().
The continuous function U(x), defined by (37), is a solution of the integral
equation (32'). For, write

U(x)=wy(2) + % () + - -+ +u,(x) + U™ ()
and substitute in the expression

L) =u@)— (@) + [ 2 S Buyar,

the result is

L(s) = T (w) = b(e) + [ ven g

v+ [ [ a

(“”f) 1(5)
+u<w)+f f(g) l<f>ds+ff(f)

L(, 8), ®
+u, (s >+f e (E)df+ff,5)df,

L(z)= U0 (z)— ¢,,,(2) + le'*'_;(‘g’_‘f) Ue (&) dE
+,(2) — () + f f((f))duuo(w) $i(2) + f "((§)>de
+1,(2) ¢<w>+ff(f)df,

or

L(x)= UV (z)—¢,,,(x) +f21 +f]':(‘g:  £) U (&) dE.

Trans. Am. Math. Soc. 30
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Now
|busr(2) | = {44 (v —a) }"' V= {44 (R —a) "' D,
and

U(n+1)(m)§2w(w)m§] {44 (z—a) }'"—_<—2Nf(a:)mg+l {(4A(B—a)}™

1
S2/(2) (44(B = @y 1" { g gy
Also -
AL T(208) oo rg| T (g)|
| e )‘f)df"(“”J 7E  “
_2N(A+1)[{44(R—ay}™
T—44(R—a) fdf
_2N(R—a)(4+ 1){44(R — ey}
1_44(R—ay

From these inequalities it follows that

12(@)|= (44 (B—aype | 34 HEFHE O D,

where B=f(x). But the right hand member may be made as small as we
please, since 44 (R — a)” < 1, by taking n large enough. Hence L (z) =0,
and U(x) is a solution of the given integral equation (32").

In order to extend this solution beyond the point B we may write the
equation as

u@)=s@) - [ D+ [T D,

u@)=da(e) + [ 1 Dueae.

This is an equation with a continuous kernel, and since

sa()= (o) - [ LB vy,

is also continuous, there is one and only one solution of the equation continucus
except for a finite number of discontinuities, and finite, for R =2 =%. This
solution on account of its uniqueness must be independent of the choice of the

point R,

or

1
a<R<a+(4—A)l—/y, a<R<a+1.
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We have arrived then by this approximation method at a single continuous
solution of the integral equation (32'), which vanishes as a approaches @ at.
least as strongly as f(x).

14. A Solution of Equation (32").

For the solution of (32”) we define

U(x) =uy(x) + () + u,(2) + -+,
where

w@ =@+ [ 2 em= [0 (@

From (31) we have as a particular solution

i b ag
(38) u ()= — P [Ty ()T bt
We have also *

I'(x, = *T (x,
69 @)=t D@+ [ e,

if the various integrals are convergent. We can in this case also quite easily
get restrictions on the absolute values of ¢, (x) and u_ ().

If
$0(2)= N (R —a)-
_ybdz g bdd
|4, ()| =N, (B —a)=~le f"f(‘)f eff 6 ge
=N, (R —a)~|u(x)],
where

_yhez g gt
ﬁ(w) = —e ~/; J(Z)f e ¢ j@)df.
Let us assume for the present, and show later, that »"and C can be found so that
li(2)] = Cf (x)(x—a)™ (a=2=F,0=v<v),

R’ to be determined later. When |f"(a)| <1 we can take ¥ =0. We may
write, assuming this and taking R = R,

|4, (2)| = ON, (B —a)=(z — a)™"f (),
and from (39)

R x d
¢, (z)| S ACN,_ (R — a)~(z—a)y~"+ACN, (R —ay f (8 —Ea):,
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where » — ' > 0. We shall take /2 near enough to @ so that (B —a)<<1.
Hence

[64,(2) | S AON, (R = ay= (o — ay~ (14 - )

= -DCJ-V,,._I(R —_ a)im-l (m _— a)v—v’
= DONm—l(R — a)im..l-l-v—v”

1
D=A(l+1_v,).
‘We have then

N, =DCN,_,, i, +i,_,+(v—=7).

where

But since Ny, = N, iy =0, we have
|uf?| = CN (2 — a)™ f(=),
|¢; (x)| = DCN(R—ay~, |u,(x)| = D C°N(B—a)~(x—a)™ f(x),
|9, ()| = D*C°N(B—ay*™,  |ux)|=D*C(RB—a)~" N(x—a)™ f(x),
|¢, (@) |=S{DC(B—a)~"}"N, |u,(z)|={DC(R—a)~}"CN(@—a)™ f(=),
The series

can now be treated. For if
1

1
(x—a)=R—a <(—D-—(7)"-V’
the series for (2 — @) U(x) is absolutely and uniformly convergent, and repre-

sents a continuous function of x, e =x = £. And

U] =¥ (e —a) ") 1= py 7=

U(=) is shown to be a solution of the equation in the same way as for equa-
tions of the other type. The inequalities are but slightly different. We have

L@) = U(e) = $(e) = [ 52 U8y at

a

= U("H)(x)—‘;bnﬂ(m)—le% U(n+l)(§)dfa

a
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where
I¢m+l(w)l = {DO(R —_ a)v—v’}n-HN
DC R v—p/ | n4l
|TED(@)| = V(e —a)~f(= )0{ 1(>0(Ra) a)»}_,,,
and
ﬂw_f) n+41 = |U("+”(§)|
f &7 “f)df\ (4+1) [ ek
{DO(R_a)v_v’}"+lN(A+l)0(m_a)l—v'
I—DO(R_a)v—v’ 1—1} ,
so that

N(x—a)™
|L(@)| = (DO(R -y~ N+ = pmais)

N(A+1)C(x—a)
1-+){1—DC(R— a)“""}]

+
(
The right hand member of this inequality can be made as small as we please for
any value x, of x, a =a = R, by taking n large enough. Hence L(xz) =0,
=x=R, and U(=) is a solution of (32").
15. The Function u(x).
Let us now return and justify the inequalities stated for the function
b odg

a(x) = — e—/;b%fke/; /® gg

in section 14. This function is a solution of the equation

oy [ g
i(@)=a+ [ FE)%

We have assumed that /() is positive for ¢« < 2= R and that

£ duw
« S(®)
is not convergent. We shall show that |%(x)|= Cf(x) when |f"(a)| <1.
Consider first the value of *

b dx
1 e_‘/;m.
S(=)

* The method used here is essentially the same as that used in evaluating lim.—, f(z)/g(2)
when lim,=q f(z ) = o0, limz=ag(xz) =oc0. See 0sGooD : Calculus, p. 236.
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This remains finite as = approaches ¢. 'We have, in fact,
L ! f’l,( _}_)
Sfl=) f(e) _ de\ f(X)

’ ’
o dx f,,ld€= d b do L) a<w<X <w,
Sz na Y R A
e — € de\ e

L[, _f=) ] £
JS@) S | _ X))

b ode odz | = z dz
AN ) PRAY =) BT

Choose ' = R’ close enough to the point @ so that
|If (=) <H, a<z=d,

where H is a constant such that f/"(a@) <H <<1. There is then a point x, <<%’
such that if @ <wx =ux, the bracket may be written 1+ (x), where |A(2)|=7,
7 arbitrarily assigned <1 — H. We have then

1 1
1) - p=al%),
e " f(z) e X f@)
and
11
J(=) <.f(X),

X723 _/'17 dc
PEFONEAE O]
Hence for every point « = x, there must be a point X, 2, < X = &', for which

1
S(X)

bdr
e X f(z)

is greater ; otherwise we should get a sequence of points X, X, -.. having a
limit point =2 . This point, however, determines in the same way a point
X, for which X > . So there is no limiting point in this sense.

But for all points beyond x, the given function

1

flx
b dz
exf(f)
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is less than or equal to a certain constant /. Hence

1 fbj‘(ij)s
O

and

g
e *TO=Jf (x) (a=z=R).

Consider now the function

b dz b ag

_ R
z'a(ac):—-—e ,ﬂz)f $I(€)d£

and perform an integration by parts. Then

bdf

() = f(z) - f“’“[f(mf‘”‘”’] e " rye /2 1 g

b d¢

<f(w)(1+Jf(R) /;:;(’:)) j;bf‘(i:) If GIE '/;/(E)df

We have assumed R = R’, whence | f'(£)| < H
Defining

b dx
=¢[f(R)8 Rf(_z)v
we have

la(=)|=(1+ )/ (=) + Hl|a(z)|,
]<(1+J')f(w)

and since H <1,

|a(2)

and this defines the constant C.

We now consider % (x) when f(a)=c, |c|=1. The constant ¢ must be
positive ; otherwise f(x) would be negative in the neighborhood of a. We
have

(c=8)(z—a)Sf(2)=(c+8)(x—a), aSsa+n,

where 8 is small, so chosen that ¢ — & > 0 and neither ¢ — & nor ¢ + & is equal

to1l. Hence
1 -1 _ 1
(c+0)(z—a)  f(x) (c—8)(x—a)’
and

_ b dx b g dz dg
| ()| =e zf(z)f -/;ﬂe)dg_e f:f(t)f fe"/(&)dg
z

" S7
=e 2 (c+s)(x-a) f £ (c-a)(s—a) dE.
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If we now perform the indicated integrations, we have

’ 1 ’ ’ 1 / '’ 1
o CT¥=g Y= Tp

If we write

the right hand member becomes

(w — a)c’—s' fR ( E—a )—(c'+s”) dE,
n—a . \n—a

where¢ — &8 >0,¢—8 % 1,¢ 48" 4 1. Hence

(R— a)l_c'—a" +(z— a)l—c'—a"
T—c—¢]

@(x)=(n— )+ (x— a)?

= ("] — a)¥+8” [(w _ a)c,_s,(R _ a)l_el_sll + (w _ a)l_y_su]
= |1 — cl — SUI 9
where we may take & and &” as small as we please. And so if c=c¢ =1 we
may take v’ > 0 as near zero as we please; if ¢>1, ¢’ <1 we may take v’ >1 —¢’
as near 1 — ¢’ as we please. Hence for the general case c=1, we take
, 1 1
V=1-—'—c+€=1—-ﬂ5+€

where ¢ is as small as we please. And thus we prove the inequalities of §14.

16. The One Parameter Family of Solutions of Equation (32").

The question now is presented to us, since we have obtained a particular
solution of (82”) by one choice of R, whether it is not possible to get other
solutions by means of different values of B, B = R, R,, .- ., E,, and whether
there is any sort of dependence among the solutions thus resulting. The answer
is that all the solutions corresponding to values of I satisfying the conditions
laid down for it belong to a linear system

V(x)=U(x) + OW,(a).

The difference of any two solutions of the non-homogeneous equation (25”) or the
non-homogeneous equation (32”) is a solution of the corresponding homogeneous
equation. Now the complete solution of the homogeneous equation correspond-
to (25”),

*w(€)
w(x)= | —evd
= [ e
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is
—[B %
w(w):e z/’(ﬁ).
If we let W(x)=w,(x)+ W®P(x), where w,(x)=w(x) and substitute in

) W)= [ we,

which is the homogeneous equation corresponding to (82"), the equation to
determine W® () will be

"1+ (=, §)
RO

or

W (2) = (2) +

where the function

a

*I'(=, )
S(E)
vanishes when x = a, and y’(2) remains finite as @ = a. Hence we get a
solution for this equation, keeping the same value for R that was used in
getting U(x) in §14, by forming a function U, (x) based on Y(x) in the
same way that the U(x) of §14 was based on ¢(x). U, (=) will contain C'

as a factor to the first degree. Hence

W(z)=w () + U, ()

¥(o)= | w()df

will be a solution of the homogeneous equation (41), and will contain C as a
factor to the first degree. W (x) is not identically zero since it takes on the
value C when x = B. We may write W(x) as C W, (a) where W () takes
on the value 1 when x = ; and we have thus a system of solutions of the non-
homogeneous equation (32") given by

V(e)=U(x)+ CW ().
Now we may write the general solution of (25”), as we have seey, in the form
_pbdz R 3 _pbaz
o(w)=e S f(x)[ ¢'(E)ej; 1) dg 4 Oe JSe 1o

Suppose we form a series V() in the same way we formed the series U(x) of
§ 17, except that we use the expressions

L b df _pb b
na(m)= e [Cg () R 1o T () e,
x
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instead of the terms u_(x). If we let w, be the general term in the expansion
of W (%) we may write the sum of the first m terms of V(x) as

m m m—1 2
‘Zlut(m) + clizl:wi(w) + czz w(x)+ - + cm—lizlwi(w) + c,w, ()
= = i=1 =

We have already shown the existence of the limits

m=w i=1

We now investigate

(@) lim { i c,.mfl w, () } .

m=w | i=1 i=1

The expression (@) may be rewritten in the form

lim Z Ec. W,

m=x p=1 i=1
Consider now ¢, + ¢, + --- and w, + w, + ---. Since w, + w, + - - - is abso-
lutely convergent the product of these two series will be the series whose general
term is

P
e Wpi1—id
=1

i. e., the expression (a), provided that the series of ¢’s is convergent.* We see
then that if the series of ¢’s is convergent, the series of v’s is convergent, V'
represents a function belonging to the linear system already discovered, and is
hence a solution of the integral equation (32").

On the other hand if the series of v’s is convergent for one value of x,
=R =R, V is again of the specified linear system. For we may write
v, (2) in the form

— /‘ Ry d» Ry - le
na(@) =70 [0yl Toag 1 o

so that
v (‘R)—cm’ V(Rl)=;clln’
and the series

©
, -
ZC =
m
0

is convergent. The series for V(x) is therefore convergent for «=2=R,,

* Encyklopdidie der Mathematischen Wissenschaften, vol. I, page 96.
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and the function V() may be written in the form

U(z)+ CW(x).
Since, however, all solutions of the form

U(2) + CW,(x)

are convergent at « + R’ they all belong to this family. In fact W (x) is a
constant times W (x), both being solutions of the homogeneous equation, since
by the above treatment, putting ¢ (x) = 0, the family CW, () is contained in
the family CW(x); and U(x) is therefore given by U(x) + C,W,(=),
where C, is some constant. So the two families are identical. We have thus
shown that all solutions obtained by taking different values of & in the develop-
ment of § 14 are members of this family.

17. Extension of the One Parameter Family beyond R.

We have still to see how we can extend our solutions beyond the farthest
point 2. We may write (32”) as

w@ =)+ [ S upaer G Dy

or

*1 4+ I'(x,
w@ =)+ [ Pueae,

where

£ T
v =)+ [ By

R
= o)+ [ LG we +ome o
This equation, when the value of C is specified, gives rise to a single solution
u(x), since in the region R =2 =05 the kernel and the function - (x) are
continuous. Moreover this solution has at R the value 4 (&) or C and
hence joins on continuously to the particular solution that was assumed from
ato RR.

In particular the solutions U(x) and U(x) + W (x) can be so extended,
and there will be a one-parameter family of solutions U(x) + C W, (), arising
from the fact that W, () is a solution of the homogeneous equation. But this
family is identical with that obtained by extending each solution separately, since
there is only one solution that takes on thé value C' when = R. Thus the
solutions are extended uniquely and continuously to the point &.
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18. The Theorem of section 10. A more General Theorem.

The theorem of § 10 is now easily made complete. For given the equation

(20) w(@) =9+ [ g v 6

satisfying the conditions of that theorem, we succeed, by making the substitution

w(x)=u(x)g(x), u(m)=M,

g(®)
in transforming the given equation into the equation
K(,
(42) w() = @@+ [ gy ey O %

so that if « () is a solution of the first, w(«) is a solution of the second, and
vice versa. But this latter equation is of the type of section 12, for which we have
solutions continuous in the neighborhood of @ and vanishing at @ as strongly as
S(x)g(x)if K(a,a)<0,or f(x)g(x)/(x—a) if K(a,a)>0. Hence
the solution of the given equation for A (@, a) < 0 is continuous at @ and in
its neighborhood, and for K (@, @) > 0 the solutions of the given equation con-
stitute a one-parameter family, continuous in the neighborhood of @ except at a
and, as we approach @, remaining less in absolute value than f(x)/(x— a)”
(since »>v'). It is possible, if K(a, a)> 0, to have solutions that become
infinite at @.
It is worth noting that by the same sort of substitution,

_9(=)
()= g (@) ()

we can treat the slightly more general equation

oty s [FORE
u(@)=9(@) + | 00 K, Hu(e)as.

In fact we have the following theorem:
THEOREM. In the equation
“£,(€)g,(=)
u(z)=¢(x)+ | H(E)g (=) K(x, E)u(&)dE,
i
1°. (a) K(x, E) is continuous in T', and f(x), g (=), f,(x), g,(x) and the
Jirst derivative of the function f(x)g(x)/f,(x)g,(x) are continu-

ous in t;
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(b) OK(x, £)/0x and OK (x, £)/OF satisfy condition (A) and are finite
in T;

(¢) ¢(=) is continuous in t except at x = a, and is such that the func-
tion ¢(x)-g(x)/g,(x) and its first derivatives satisfy condition
(B)int;

2°. the function f(x)g(w) is greater than zero in t except for the value
x = a, and for the value x = a vanishes in such a way that

f’fl(f)gl(w)d

S(E)g(=)
is not convergent ;

8°. K(a,a)+0;

4, hm¢(az)g((z))

then under the foregoing conditions,
() if K(a, a) <O there exists one solution of the equation continuous
throughout t except perhaps at a, and this solution as x approaches
a remains less in absolute value than some constant times
F(@)[f;(2); and
(i) if K(a, a) <O there exists a one parameter family of solutions con-
tinuous throughout t except perhaps at a, and each solution as x approaches a
remains less in absolute value than some constant times f(x)[[ f,(=)(z—a)*],
where v 8 any number that satisfies the conditions

1
Eherclll

19. Ewxtension of Solutions Beyond a Second Discontinuity of the Kernel.

1>v>0, r>1—

The question arises as to whether the solutions can be extended beyond a
second vanishing point of f(x) or g(x). In general they cannot, as the fol-
lowing example shows. The equation

w@) =)~ [ glga pulE)de
has the single solution
u(x)=e ) ! f ¢,(g)e f“eii':-b £d§

which becomes infinite as 2 approaches 2a.
Still, there are large classes of solutions that can be extended. A condition
is that the solution itself vanish at the point where f(x) or g () vanishes.



452 G. C. EVANS: VOLTERRA’S INTEGRAL [October

20. Discontinuity at the End of the Interval.

We have confined ourselves to integral equations (1) where a =2 =2b.
When, instead, we have ¢ = x = b, so that the discontinuity in the kernel is at
the end .of the interval, if we make the substitutions

¥=a—ux, r=a—x,
(0<2’=a—0b),
F—a—f,  E=a—F,
df = — d§,
the equation
K(z, £)

W= =9+ [ G

v K(a—x,a—¥ e
W= =dlo=a) = [ e e

- / T ’ * 'K= w” '
a(e) = §(a)— [ L)

Jo f(E)g (=)
Hence an equation where K (a, @) > 0 is changed into an equation of type
(32'), and one where K (a, a) << 0 into one of type (32").

is reduced to

or

u(&)dE.

21. A Different Point of View.

An instructive point of view as regards the nature of the solutions of (32”)
developed in section 16, is obtained in the following way. If we had written

(32”) in the form
w@=s()+ [ Dy pa,

thus introducing the parameter A,* and sought for a solution as a power series
in A,
V() = v () + M, () + Noy(@) -,

the conditions determining v () would be precisely those that we have already
found, and would yield

b dx

0 () = T (@) 4 ey 019,

Hence all solutions analytic in X belong to the linear family
U(x)+ CWy(z).

* This is analogous to the point of view of M. T. LALESCO in regard to equations of the first
kind. T. LALESCO: Sur Uéquation de Folterra, Journal de Mathematiques, ser. 6, vol. 4
(1908), p. 125. See Transactions of the American Mathematical Society, vol. 11
(1910), p. 395.
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The same investigation applied to the equation (32") shows that there is one
and only one solution of the equation that is analytic in A.

22. A Restrictive Theorem upon a Class of Solutions.

We can go, however, somewhat farther in limiting the number of solutions of
equations (32") and (32”). The solutions so far developed satisfy the condition
| V()| = const (Tf(—%zf'

We can show that any solution which is continuous in the neighborhood of the
origin, except possibly at the origin, and which satisfies this condition, is among
the solutions already found. We have the following theorem :

THEOREM. Given the hypotheses of § 10, 1°-4°, the solutions there spec-
ified are the only ones continuous in the neighborhood of the origin, except
possibly at the origin, such that in the neighborhood of the origin each solu-
tion satisfies the condition

f(=)
)| =
|u(x)|= const(w — 4y’

or, more generally, i
9 -

@(o)= [ FEEE S0 Dy,
such that

(a) ®(=x) approaches zero as x approaches a;

(b) @'(x) remains finite as x approaches a.

There are no such solutions if 1°-8° of section 10 hold, but not 4°.
By the transformation

w(x)
u(x)= 9 (%)
the given equation is reduced to the equation (42)
(%7 K ,
) w(z)= (@) (=) + [ 7o o (E)E,

and the condition becomes lim ® ()= 0, and ®’'(x) remains finite, as x
approaches a, where

© rK(x, £)— K(a, a)
o@)= [ T rn O

If we assume the first part of the theorem of this section, the second part
follows immediately. For since

w(w)=¢(w)g(w>+¢<w>+f’ 8 g
aamf(f)g(f)
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w () must satisfy an equation of the type of (25") or (256”). But we have seen
that it is necessary, in order that there be a solution of those equations, that the
term not involving the dependent variable have zero as a limit as « approaches
a. Hence
lim [$(2)g(+) + B ()] = 0.
But -
lim ®(xz)=0,

r=a

so that
lim [ $(2)g ()] =0,
which was to be proved.

If in (42) we put ¢ () for ¢(x)g(x), f(&) for f(£)g (), and u(x) for
w(x), we have the equation of §12, which is then reducible to (32') or (32%).
The condition then becomes

lim ® (x) =0, | ®'(x) | =V, a=x=d (¢’ >a),

r=a

where

_ "l"(oc,f)u
()= [ g wEaE.

Let us investigate this theorem in regard to equation (32”). Replacing
14T (x, &) by K(x, &) we write (32”) as

“ K(ax,
) w@) =)+ [ u(tyae.
The equation (25”) then becomes
*K(x, &) —I'(zx,
(44) u(@)=$(@)+ [ ( g}(f)r( (e a,

and we can obtain a solution of it by a method of approximation from (43).
For, let Uj(x) be any chosen solution of (43) that satisfies the conditions of
the theorem, and let us try to find a solution of (44) in the form

uy(2) =U3(2) + U (2) + U(2) + - -

where

(49 o) = one) + [ PO,
and

(16) o(e) = — [ e T,

() = ¢ (x).
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Then ®f(x) = — @ (), as defined in the hypothesis, so that ®}(a) =0, and
d®)(x)/dx remains finite. For U take the solution developed in section 14,
on ®I(x) as a basis. That analysis gives us

CNf(») *
iI—DCEB—ay~”

T3 (2)] = (2 — @)~

(B=a’),

so that
DC(R —ay™
—DC(R—a)y™

| @5 (=) [E N7
since

(@)=~ o) - [ o

In the same way

. - | DC(R—ay™ ™! CNf(=x)
(2) |Up(z)|=(x— a) {1_D0(R_a)v—v’} 1—DC(R—ay™’

and
DC(R—a)y™ ™!
4 Ly _
(8) @) =8| 1 2 Dy |-
If we denote this parenthesis by p we have
o , N
”Z:ll‘l’g. (@)=,

and the series for u, is uniformly convergent for ¢ =x = @', since taking R near
enough to @ we can make p as small as we please.

The function u, thus developed is shown in the same way as in § 14 to be a
solution of the equation (44), which is, of course, equation (25”). Let us now
pursue a method of approximation from (44) back again to (43), defining each
solution of (44) by a method of approximation from solutions of (43). "We define

_(l(=, 8
#u(@) = [ ey w(E)E,

and in general

= r___“_r(w,g)u u (x) = S o
¢n(w)_ f(f) n—1(‘f)dg’ n( )—EU"L(%),

@)=+ [ S v,

" L LP(w9€) » np) = "
@)= = [ g Una(B)d, @y(2)=b,(2).

*Or CNf(z)/(1— DCr') when v=0.
Trans. Am. Math. Soc. 31
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The series for u, () is a solution of the equation

u(2)=b.(2) + [ HEIdE,

as may be proved by a method similar to that used in section 14.
We have in fact,

L(,£) $ 1o
#(2) = | —rr 2 UMD

m=0

(2, 8),., 2, E) & 1o
-2 F0E) v+ [ 7& & UnE)d

and the limit of this as j becomes infinite gives us, the last term disappearing
on account of the inequalities (@), (8),

8= [T v,

or
b (2) == 3 @ (2).
We see then that if we define
Ul(x)=— Z Ul(=x),

m=1

it will be a solution of the equation

U‘(w)-@l(m)+jwk}zc§)§) U (&) dE,

and will satisfy the inequality

N . R—ay
U3(@)| S (o= a) Ao gy, siwee (o) ST

Now if we determine U} (x), m > 0, as the function U of section 14 based on
®! (), we have

@) Sy,

and

PULNOIE ,,1—},,-

And if in general we put

Us(a)= — 3 U (),

m=1
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U () will be a solution of its proper equation

Ty(a) = Bi(e) + [ gy Us()aE,

and

() 103 @) E@—ar @) (1 25)s el (12,) e

and
® @IS @121 (1)

formulas that are verified by mathematical induction.
Let us now consider the function
V(z)= li_m [uy(z) +u (=) +up(2)+ -+ + uu(w)]
We have -
yy () + v () + - +u,()
= U"(w) + U"(w) + U"(w) + .

+ U"(w) + U"(w) + U"(w) + -
and this reduces to
Ui(x) = U ().
But by ()

. . N P nyl
[T+ (=) = (2 —a) f(w)T)<1___P> ,
whence if we take 2 so small that p <}, i. e, p/(1 —p) <1, we shall have
lim | U+ ()| = 0.

Hence
Vie)=U;(x).
But since

S (@)
is convergent for x = R, V(a) must be one of the linear family
V(e)=U(x)+CW,(x).*

Hence any solution that satisfies the conditions of the present theorem is a
member of that one-parameter family.

This same analysis applies to equation (32'). In the case of (32"), since each
u, () is uniquely determined, there is only one possible solution.

* See section 16.
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23. A Restrictive Theorem upon the Totality of Solutions.

So far we have considered only finite solutions, or at most solutions that
become infinite at @ = @ to an order not greater than the first. It is possible,
however, to limit the totality of solutions as to character.

THEOREM. Let the kernel of (1) be in the jform

K (=, £) /(6%

F(E)g(e)
where
1°. (a) K(x, &) is continuous in T,1 and f(x), g(x) and fi(x) are

continuous in t ;
(b) OK (=, £)/0E = K,(x, E) satisfies A, and is finite in T ;
(¢) ¢(w) is continuous in t except perhaps at a, and is such that the
JSunction ¢(x)g(x) is continuous at a.
2°. The function f(x)g(x) vanishes at most a finite number of times in t.
8°. On any horizontal line & = & cutting T there is at least one point in
T for which K(x, €)=+ 0.1
Then all the solutions of (1) continuous in t except for a finite number
of points are such that the function u(x)g(x) remains continuous in t, except
possibly at x=b.§
This conclusion is equivalent to the statement that there can be no solutions,
continuous in ¢ except possibly for a finite number of points, of the equation

w@)=¢(o)+ [ K(a )7 ue)ae,

and not continuous in all points of ¢ except possibly 2 =05. In fact equations
of the first form may be reduced to those of the second by change of indepen-
dent variable (see section 18).

For the proof of this theorem we need the following lemma, which is stated in
slightly more general form than necessary :

Let h(x) be a function of x continuous for A <x = B except for a finite
number of finite discontinuities, such that

LBh(w)dzc

* This redundant form of expression for the kernel is used on account of condition 3°.

+ If we replace the triangle T by the square S: a =§=b), a =2 =) this theorem holds for
the equation with constant limits, u(z) =¢ () +f: K(z,&)u(€)dé.

1 An example that does not satisfy the condition 3° is given by BOCHER, Introduction to the
Study of Integral Equations, p. 17. The equation is u(z) =_/:)Jc §x—¢u (£)d¢, which has as solu-
tions u (z ) = kz*—1, which are non-integrable.

§ This exception was not noted in a preliminary paper, Bulletin of the American
Mathematical Society, 16, (1909), p. 130.

converges.
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Let r(m) be a function such that r(x) and r'(x) are continuous jfor
A =x = B except for a finite number of finite discontinuities.
Then

B
[ r(z)h(e)de
v A
converges.

The statement is easily verified by integration by parts. If B'> A4 is any
point before the second discontinuity of r(x),

fr(m)k(m)dx= f:r(w), h(w)de + r(B’)LB'h(m)dm
— B,r’(x) I}z(s)dsdw,

whence if in the region 4 =x = B we define P, P’ and ) by the relations

fﬁ(s)ds,
Pz|r(z)], PZ(z), @

ilj:]k(wﬂdx,

=PQ+ PQ|B — 4|

we shall have

’LBr(w)h(m)dx

To apply this lemma to the conditions of the theorem it is convenient to extend

our integrations outside the oblique boundary of 7'. For this purpose let us
define
K(z, )= K(x,x), E>uwx,

by which means a continuous extension across the boundary line £ = z is pro-
vided. Beyond this boundary we shall have A (x, £)=0.

Let us suppose that & = a is the first point where () is not continuous.
On the line § =@ in 7 there is a point in the neighborhood of which
K(x,a)#4 0. Letax=x bea point for which A (x, ) 4 0 and for which

[ m@ e

is convergent. Then also

A®)
RO

is convergent, a = R=x,. Let us fix R less than ¢ , any second supposed
discontinuity of u(2), and near enough to @ so that K (x,, £)+0,¢=E(=R,
and f(E)+ 0, e <E=R.
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In the integral
# Si(§)
l K(x,§) 7"(“5—)“(5)

take the integrand as the function (&) of the lemma. As r(x) choose the
funection

————— — (a=z=R),
which for a fixed value of « is a continuous function of £. The value of »'(§)
is

DIPRE (CRIL.ACK RSP (CHIVACY)
B [ (2 £)]" !

and accordingly remains finite. Consequently the conditions of the lemma are
satisfied. Since
Ji(€)

P(B)M(E) = (=, ) u(e),
we have the convergence of the integral

" K (x, £),(€) e

which carries with it the convergence of the integral

w@) - ¢@) = [ K@ O Pu@a  es=n.

Since the numbers P, P’, () of the lemma can be defined as independent of x,
it follows that

tim [ & (2, &) 2 u(pyag =0,

and therefore, since ¢ () is continuous at x = a, u(x) is also.
In the same way the integral

[ &, E)jif(%)u(f)df

may be treated, where x is in the neighborhood of @, (@, 4 b), the next suc-
ceeding possible discontinuity of w. The integrals

are continuous functions of x at x = a,. And therefore, since ¢ () is contin-
uous, «(x) must be continuous at x = a, also.
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24. Continuity of Certain Functions Represented by Definite Integrals.

In particular the above method of proof establishes the continuity through-
out t except at b of any integral of the form

[ 6@ ol e,

where G (x, £) is continuous in T, 0G [0 satisfies (A) and is finite in T,
and u(x) is a solution of the equation

w(@) = ¢(x) +fK(w, g)ﬁ((g))u(f)df,

and therefore where w(x) is a solution of the equation

PN
w(@)= (@) + [ Ko, &) 75 s ut)dt,

under the conditions imposed in section 23. Also if G (x, €) and 0 G [CE merely
satisfy (A) and are finite in T, the integral is continuous in t except at a finite
number of points, and remains finite except possibly at x =b.

25. Application to Analytic Kernels.
If we let g(x) =1, f(2) = 1 the equation (1) becomes

u(@)=$()+ [ SO K (=, Eyu(E)dt.

We know that there is one and only one continuous solution of this equation.
The theorem of section 23 tells us that this is the only solution continuous
except for a finite number of points.

Under this special case is included the integral equation with analytic kernel ;
for any function of the two variables analytic in 7" can be written in the form

Si(E) K (=, §)

where K (x, £) satisfies the conditions of section 28. If ¢ () is also analytic
the unique solution is the known analytic solution.*

26. Equations for which section 9 gives the Complete Solution.

Let us make the hypothesis :
The kernel of (1) shall be in the form

K(x, £)
S(&E)g (=)’

* It the kernel of the integral equation with constant coefficients is analytio in S and if ¢ (=)

is continuous in ¢, the continuous solutions are the only solutions continuous except for a finite
number of points.
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where
1°. (@) K (=, £) is continuous in T, and f(x)g(x) and first derivatives
are continuous in t;
(0) OK(x, £)/0x and OK (x, £)[OE satisfy A, and are finite in T';
(¢) ¢(w) is continuous in t except perhaps at a, and is such that the
Sunction ¢ () g (x) and its first derivative satisfy (B) ;
2°. the function f(x)g(x) is greater than zero in the neighborhood of a,
and vanishes at a in such a way that

f’ dx

. . J(®)g(®)

18 not convergent ;
8°. K(a,a)+0;
4°, lim ¢(x)g(x)=0.

Under these conditions the requirements of the theorems of sections 9 or 10
and 23 are satisfied in the neighborhood of the origin. There are some cases
where the solutions specified in section 9 are the only possible solutions of the
equation continuous except for a finite number of points. To investigate this let
us impose the further condition that

'K
Ho(2: €)= 558

shall satisfy A and be finite in T.* It is easy to show that if in addition
() K (z, &) is constant when & = x or (ii) it is known that the derivative of
u(x)g(x) remains finite as x approaches a, then all solutions continuous in t

except for a finite number of points belong to the system of section 9.
We have the equations (see section 22),

@ ()= [(HEEED D, (g g,

J(&)
@(a)= L= D () 4 [ DOz ()
where
K (x,¢)=0K(x, ) /ox.
In (3)

K(x,z)— K(a,a)=0,
and since the integrals

[Hob Lot e, [ Dy,

* This condition was left out in the preliminary paper mentioned before.
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are both convergent and remain finite at x = a (see section 24), ® () and ¢’ (x)
both have the limit 0 as « approaches a. Hence the conditions of the theorem
of section 22 are satisfied.

In (i7) we have

u(@)g(2) = $()g(a) + f —35(’”5)—5—) (£)dt,

K.(w, 3)

u(§)dé (z+a),

{“(w)g(w)} =T {4’(90)9(90)} + 7( )

d d K=, £) _K(w,w)
s (M@@) — 7, 1@} — | TrEPublE =" ) te),

a

where
K (= ,5)—6—1((90 9,

The first member of this last equation remains finite as 2 approaches @ ; hence
the second member must remain finite. And since K (x, £) is continuous and
K(a, @)+ 0, the function u(x)/f(x) and therefore

[K(x,x)— K(a,a)] ;E:;

remains finite as « approaches ¢. Hence by section 24

lim ®(x)=0,
z=a
and ®’(x) remains finite as  approaches a. So the conditions of the theorem
of section 22 are satisfied.
The solutions specified in section 9 are therefore the only solutions con-
tinuous except for a finite number of points.

27. Equations Whose Kernels are Analytic Functions of x, & Divided by a
Power of €. Treatment by Power Series.

Let us now consider in the neighborhood of the origin equations where the
kernel is in the form of an analytic function,

K(x, E)_Zozoa x
i=0 j=
divided by an integral power of £, £«. This kernel is no less general than that
in which the denominator is of the form x*£*, since the second case can be
reduced to the first by a change of dependent variable. We shall suppose ¢ ()
also to be analytic at x = 0.
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Let us seek analytic solutions of this equation,

9) u@)=¢(@)+ [ Hueyae,

in the neighborhood of the origin. Substitute

u(:c)=:gob‘.w‘, ¢(w)=:§0giw‘,

N

The equation then becomes

Shat= e+ [(E 50 b a, et
r=A p=
Let us formally determine the coefficients ,. Our operations will be justified
by a proof of the convergence of the resulting series for u ().
We have

wa —Eglm + Zzbr—pzaip—lw‘?_“—‘dg
0 r=Ar=A
We may assume that K(x, £) contains no factor £. Hence in order that the
integral be convergent it is necessary that «(x) contain x* as a factor. Under
these conditions we get

© @ 0 r—p P
(48) b= g+ 2 b > #— ar—mt
i=0 i=0 renpon | PimoT— i+1
and
” < L ai,p--t
(487) b i1 =Grur + Z bb-—p E

P=A Sr—p—i+1
Or, writing
r—A=m,* r=A4+m,
we have
m+A—p p a;

, p—i
bpiruts = Imirmur T g bm+A—,i§m FAo Z —i+1

To determine b, we have the equation

A a, .
- b"'(zm + x—f’;l_i + 1)= gm+)\—p.+1 - bm+)\—p.+1

=0

m+A—up y a‘

+ Z bm+)\—, Z 2L

p=A+1 i=0m+7\.—p—i+1’
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or, on writing s=m + A —p,

A a, ,_
- b"‘(gm + x__i,;,i_ i+ 1) = Jntr—u+1 — bm-H-ﬂ-H
(49)
m—1 m+A—s

+ Z b‘ Z Qi mia—s—1

=un =0 m+7\-—-p,—i+1

Since b, = 0 for m < u, g, must be zero for i = .

We have seen that if A =0, i. e., £(0, 0) 3 0 the solutions are developable
into a series of functions which have essential singularities at the origin. And
so in general we may expect the above series for « () to have no circle of con-
vergence ; this in fact can be shown by particular cases, the coefficients b being
comparable to m ! in magnitude. In the special case when 4 — A =1 however,
the convergence of the series may be shown. The equation to determine b
becomes

L a e
or mz_:lb mi\:_aa“‘—“_‘
b Z-" —+ 1 z PR
—m—i —-m —1

Let us take m = m, great enough so that

A la
Z | i'\-il = Elai A—il-—

= my—1t

Then we shall have
|3, |<2|9m|+22|b| 2 &w_x—_a-_il (m=m,),

and therefore

m—1 m+A—s8

Ibm|<2|9m|+2zlb| E | @i, mar—si]| -
Let us define

A3

= 2 |ai, Ate—i l .
=0

Then c, is the sum of the absolute values of the terms of the sth diagonal in
the rectangular array of K (x, £), and

is a power series with a radius of convergence p 4 0. With this definition we
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can write our last inequality as

m—1
|bm|<2|gml+2zlb¢‘cm—: (m>mg),
s=p
or, since by=b =...=b, =0,
m—1
Bl <2lg.| + 22 [B]c,, (m>m,).

Let us define
m—1
b,=2lg,|+220bc,,
8=0

bl’)=b’l=‘..=b:"o>lbj| (j:0’1’~-~,”'...’mo)’

assuming for the present that the coefficients in the series for b, up to the mth
term have been defined. They are, of course, defined uniquely beyond that.
Then |b,]|<<b,. In fact |b| <b;, |b|<<bd;, ---, |b,|<b,, and if
|8,]5 + -5 |b,_, | are respectively less than b, - .., b, then |b_| < b, ,as we see
from the explicit formulas.
Accordingly we have merely to show the convergence of the power series
Db am.
m=0
But we shall show, and the convergence of the given series follows from this
fact, that if
>y, x" and D>k, (Ym>0, kn>0),

m=0 m=0
are convergent throughout the circle of radius p > 0, there is a circle of radius
p' > 0 within which the series

o
2 B,
m=0
is convergent, a series whose coefficients are defined by the relation

m—1

Bm = 'ym + Z Ba’cm—l'
8=0
For if R < pand R <1, then
M
Vo < »°
where M is some constant, and there exists a constant N such that

“n SRR e SR

whence

3
-

m B."

8=0

M
B.=%

+_,

3
=y
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Now if we define

’ ’ M N m—l ’
(51) B, = B, Bm=Rz+W§B,a

we shall have 8_ < 8/ . But by (51)

8, = (—I—EE ) 8.

Therefore if p'<< B/(1+ N), the power series defined by (51) is convergent
for |x| =p’, and the series
2 B,a"
m=0
is convergent throughout the same circle.
It remains to see under what conditions the terms b,, i < m,, in (50) will not
be defined. This will be when for some value of m

1 z)‘: i, a1 0
- Sm—i
Otherwise, namely in the general case, there is one and only one analytic solution.
Since uw — A =1, it is necessary that

go=gl=""’=gu—1=0‘

There cannot be more than A + 1 integral values of m for which
a

A
%, A—1
1-3 o,
Let these & values be m, .., m,. Then there is a one-parameter family of
solutions of the homogeneous equation if we take 4,5, .-+, b, , =0 and
choose b,, arbitrarily. In general these are all the analytic solutions of the
homogeneous equation. For suppose b, (I < m,) is the first coefficient not zero;
let ,, be the next coefficient for which

13 %t g,

=m—1

Then substituting in the equations (50) g, = 0, we see that the condition

ai. Mmi+A—8—1
=0 s=pn el

must be satisfied. If this condition is satisfied for one value of b, it is satisfied
for all, and if it is not satisfied for any chosen value it is satisfied for none, since
the succeeding coefficients up to b,, are uniquely determined from b, and linearly
dependent on it. Kernels can be chosen so that this condition shall be satisfied
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and equally well so that the condition shall fail to be satisfied. Of course if
@ > m, there can be no analytic solution of the homogeneous equation, other
than v =0, since b, --. b,_ = 0.

If there is a particular analytic solution of the non-homogeneous equation, the
general analytic solution will be the sum of this particular solution and the solu-
tions developed above for the homogeneous equation. A necessary and sufficient
condition that there should be a particular solution is that &’s can be found
satisfying (50). The equations (50) include among them the equations

(e b A at m,-H-a—i 0 (i=1,92 k
.(]m,.‘l'zo Z - = WESE PR TR );
=

s=u m —1

which can be regarded as equations restricting certain coefficients in the devel-
opment of ¢(x). It is sufficient for a particular solution if, in addition to the
general restriction g,, g,, ---, g, =0, also g, g,5 -+, gm, = 0.

Then b, b,, ---, b,, +--, b, may all be chosen zero, and a particular
solution thereby uniquely determined.

28. Cuse where u — A >1; Asymptotic Developments.

As we have already noticed, the series are in general divergent when
#—2A>1. In the cases that fall under the treatment of the present paper,
that is, in all cases where A = 0, these divergent series still have meaning.

To interpret these divergent series let us put

w(@) = 20,2 + u (),
=0

where the b’s have the meaning already assigned to them, and where u () is to
be determined. Substituting in the equation

“8) w@)=d(@) + [T @B,

we get

Shattu(e)=Ea@+ [ CoOSpas [(KEy e,
or, to determine » (),

52) w(e) =)+ [ ),

where

K(w &)<

¢”<w)=—§b..w‘+§g..w‘+ S b,

But from (48" and (48”) we know, putting A =0, that the function

n—u+1 n—u-+1 n r—um

Yo (z)=— ;) bxt + iz% g+ 22 r_pz__#__wr—y.-l-l

r=up p=0 i= 7" ?' +' 1
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is identically zero. But the function

© © r—n—1 » Q.
_ — e N Pt pr—wtl
b.(2)=¥u(2)= X g+ B N b, 2w

vanishes to the order n — u + 2. Hence ¢, (x) vanishes to the order
n— p + 2, and since we have a simple power series, ¢/ (x) vanishes to the
order n — p 4+ 1. Now by the development of sections 11-15, we know that
there are solutions of (52). In that development we may take » = 1; and any
solution, since | ¢, ()| = Na"—++', will satisfy a condition

|u,(x)] = No—#+1 O+~ = ONot' =V = CNx"  (since v <1).

Now
n—1 n—1
w(e) =2 b +ba"+uw=72 ba+u_ ().
=0 t=0
Hence
u,_ (x)=0b2"+ u (),
and
|u,_ ()| = const x".
Hence

n
w(2) — D b, = const "',
=0

This is the meaning of the power series development. It is asymptotic.*

29. Equations of the First Kind.
The treatment of integral equations of the first kind

(58) 0=¢(w)+£llf(m,§)u(f)d§

with analytic kernels, is analogous to that of section 28. There is no gain in
generality in having a denominator £” in the kernel, because such a denominator
may be removed by the transformation u (&)= £*v(£).

Equation (63) can be reduced to an equation of the form of (48) where, with
some exceptions, u — A =1. Or from (48) we get at once the equations for
the determination of the coefficients of the analytic expansion of the solution by
putting 4 = 0, and omitting the 1 in the parenthesis of the left hand member.
The equations then are

(54) —b ai,z)\_i____ai'L _ +m2_lb m+z:)‘—’ s, mta—sti
"\ &S m4+r+1—4 = Imtat Z 5\ 5 m4r+1—-1)

* BOREL, Legons sur les séries divergentes, page 35.
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Consider now the equation

2 T, A—1
(%9) iz;(m+h+1—z) 0,

which cannot have more than A integral roots. If the left hand member does
not vanish for any integral value of m, and if its product by m does not vanish
as m becomes infinite, the power series defined by (54) is convergent, as may
be easily shown, and a necessary and sufficient condition that it be a solution of
the equation (53) is that

9os 91> sy a=0.

If there are integral values of m that satisfy (55) the considerations that
enter are those that we have treated on pages 467-8. The condition that

zA—z
},ﬂmg +>~+1—b='=0

is equivalent to the condition

A
(56) g @ aog F 0%

80. A Problem in Hydrostatics.

Let us now return to the example from hydrostatics given in the earlier paper.
The equation to be solved is

"G (x—§)—g(=)
v(a)= v(E)dE,
(®) fo 9(=) ()
where g () vanishes at least to the first order when 2 = 0. For convenience

let us consider g () as an analytic function, and let us suppose @, — ¢'(0) 4 0,
where

G (z—§E) =0 + 20,(2— &) +3a(z — €)' +
By the transformation
w(x)=g(x)v(=),

the above equation is reduced to

G-,
w(z) = [ DE=B= Ty ez,

Since we are considering only continuous solutions v (), i. e., only tubes lying
on curves which do not become horizontal at the bottom, we must have
w(w)/g(x) continuous. Hence both w(x) and w’'(«) are continuous, and the

*See first paper, page 395-396 ; a;, »—i = A in the condition of T. LALESCO.
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only possible solutions will be given by those of the theorem of section 9. Hence
if in the neighborhood of =0, g( ) has the opposite sign from a,—g(0) there
will be no solutions; and if g(x) has the same sign as @, — ¢’(0) there will be
an infinite number of solutions.

A problem leading to an equation somewhat similar to this is the question of
filling the tube with a second liquid, whose density at a point A (£) is a function
of its height from the bottom, so that the tube shall have the same weight filled
with the second liquid as it has filled with the first, to the same height. The
equation then is

[ @®as= [ se-as,
[ @i= [ve—tu @,
which yields by differentiation

1 d ~*
h(w)=m;ﬁj; v(x— E)u'(€)dE,

G (z— E)“(E)
h(m)_a-}-f (@)

If being given A (x) we try to find the curve, the equation is

or

R RUCEDERICIEGES

where v () = v’ (&); whence, differentiating, we find
[a—h(2)]o(2) = [ 6(o = E)o(E)dE,

G (= v
oy [Pz EnE)

or

If o — k(=) is continuous, with continuous first derivative, there are no solu-
tions of this equation continuous except at a finite number of points, except
those for which v(x)[a— A(x)] remains finite. If A(a)+ a,v(x)=101is
the only solution possible. We assume that a, 3= 0.

The equation belongs to the special class where the numerator of the kernel is
the sum of a constant and a function which vanishes identically when & = .
Hence the only possible solutions are those given in section 9.

If in the neighborhood of x= 0, & — A(x) has the opposite sign from a,

there will be no solutions except v () = 0. Hence, if the density of the first
Trans. Am. Math. Soc. 32
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liquid increases as we descend from the surface, the density of the second must
decrease as we go up from the bottom.
If @ — A (=) has the same sign as a, there will be an infinite number of solu-

tions such that
u(w) [a—h(z)]

remains finite as x approaches 0 (§9). In fact, any solution is less in absolute
value than const./(x — @), where

1
1>v>1— 57—+
g [% ()]

(§14). Andif |A'(x)| <1 all the solutions are finite, i. e., the curves start
up from the bottom with a positive slope. If 4 (x) is an analytic function, the
power series development given in section 28 will bhave all its coefficients zero,
since a, 4 0.

Of course, if v(x) vanishes when x = a, the solution will represent an
imaginary curve; for with real curves |ds| = |dx|, i. e.,

ds

dx

=1.

HARVARD UNIVERSITY,
February, 1910.




