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Commentary on
FREDHOLM, HILBERT, SCHMIDT

Three Fundamental Papers on
Integral Equations
G. W. Stewart

1. Introduction

An integral equation is one in which an unknown function to be determined appears in
an integrand. The end of the nineteenth century saw an increasing interest in integral
equations, mainly because of their connection with some of the differential equations of
mathematical physics. From this work emerged four general forms of integral equations
now called Volterra and Fredholm equations of the first and second kinds (a third kind
was added to the canon later). Although in principle all four forms can be seen as
special cases of the Fredholm equation of the second kind, in fact they have different
properties and are usually treated separately.

The purpose of this work is to present translations of three papers by Ivar Fredholm
[7, 1903], David Hilbert [12, 1904], and Erhard Schmidt [20, 1907] on the theory of
Fredholm equations of the second kind.! Although the tenor of Fredholm’s and Hilbert’s
papers had been anticipated in special cases — especially by Carl Neumann and Henri
Poincaré —they were the first to treat the problem in full generality, independent of
special applications. Schmidt derives and extends the results of Fredholm and Hilbert,
but from an entirely different point of view.

A Fredholm equation of the second kind has the form

1
f(s)=g(s) — )\/0 K(s,t)g(t)dt, se]l0,1]. (1.1)

Here g(s) is the is the unknown function, f(s) and K(s,t) are known (K is called
the kernel of the equation), and A is a parameter. Our authors assume that f(s) and
K (s,t) satisfy certain regularity conditions on, say, [0,1] and [0, 1] x [0,1].2 They are
all, however, quick to point out that their results apply to more general regions of
integration in higher dimensional spaces. They also show conditions under which their
regularity conditions can be relaxed.

The publication dates can be misleading. Fredholm presented his work in 1900 in a note to the
Swedish Academy of Science [8, p. 95|, and Schmidt’s paper was essentially a reprint of his dissertation,
which appeared in 1905.

2Hilbert and Schmidt assume continuity. Fredholm assumes integrability and finiteness. But this
assumption is not sufficient for his development, at least under the current definition of integrability,
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The contents of the three papers do not line up in a simple progression. Both
Fredholm and Hilbert start from the corresponding linear system

f=(I-)K)g, (1.2)

where K is a square matrix and f and ¢ are vectors. But Fredholm, who implicitly
takes A = —1, is concerned with how to solve the system (1.2) in such a way that the
process can be generalized to (1.1). He does not justify his generalization but simply
writes down formulas and then shows, quite rigorously, that they work. In the process
he treats the right-hand side of (1.1) as an operator on functions, thus ensuring his
place among the founders of functional analysis. The crowning glory of his paper is an
elegant theory of what happens when (1.1) is “singular,” i.e., when —1 is an eigenvalue
of arbitrary multiplicity of K (s,t).

Hilbert, on the other hand, takes K to be symmetric and is concerned with gener-
alizing the finite dimensional concept of eigenvalue and eigenvector in such a way that
functions can be expanded in terms of eigenfunctions of the kernel K(s,t). (It was
Hilbert, by the way, who introduced the terms Figenwert and Figenfunktion.) Unlike
Fredholm, he first develops a complete theory for linear systems and eigensystems and
then by a limiting process generalizes the theory to (1.1). He is forced to assume that
his eigenvalues are not multiple (although he relaxes this assumption toward the end of
his paper). There is no significant use of operators.

Schmidt covers the territory mapped by Fredholm and Hilbert (and then some), but
with an important difference. Instead of starting with the finite dimensional problem,
he works directly with the integral equations. The result is an enormous simplification
of the theory. In addition, Schmidt introduces what we would now call the singular
value decomposition for unsymmetric kernels and proves an important approximation
theorem associated with the decomposition.

In outline this is the story of these three papers. In the rest of this introduction we
are going to expand the outline into a guided tour of these papers. We will focus on
their major contributions and how they were derived, leaving aside auxiliary matters
such as the relaxation of regularity assumptions. At this point it should be stressed that
the primary goal of all three authors was understanding, not numerical computation,
although occasional comments suggest that the latter was never far from their thoughts.

Bibliographical material on Ivar Fredholm (1866-1927), David Hilbert (1862-1943)
and Erhard Schmidt (1876-1959) may be found in the Dictionary of Scientific Biography
[10] and online in The MacTutor History of Mathematics [17]. In addition, Constance
Reid [19] has written an excellent full-scale biography of Hilbert. The reader may wish
to consult Bernkopf’s paper “The theory of function spaces with partucular reference
to their origins in integral equation theory” [3] as a supplement to this commentary.

A word on the translations. Our authors wrote their papers in the mathematical
prose of the early twentieth century. Fredholm was terse, almost to the point of ob-
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scurity, but allowing for French elaboration, his paper translates easily. Hilbert and
Schmidt were by no means obscure or prolix, but they made unsparing use of German
constructions that have no English equivalents. In these translations I have aimed for
the English mathematical prose of the early twenty-first century. This has required
rearranging or even splitting of sentences. Paragraphs have been largely left as they
stand, even when they are shorter or longer than those of contemporary English. Where
it is not anachronistic, I have substituted terser modern terminology for longer phrases.
Still, I have tried to hew close to the original and not misrepresent the authors content
for the sake of a smooth English style. Bi- or trilingual readers will be able to judge for
themselves how well I have succeeded.

In the translations there are footnotes by both the authors and the translator. The
former are numbered, the latter use symbols; e.g., *, t, etc.

Epilogue. Although I looked for other translations before undertaking this project, I
was nervous about Fredholm’s paper. And sure enough, after the first posting Folkmar
Bornemann informed me that a translation had appeared in A Source Book in Classical
Analysis edited by Garrett Birkhoff with the assistance of Uta Merzbach [4]. Although
the identity of the translator is not completely clear, the evidence points to Merzbach.
A line by line comparison of the translations shows that they differ little, mostly in
minor stylistic points. However, I have taken liberty of using the other translation to
improve mine here and there.

2. Fredholm

Fredholm’s 1903 paper, a followup to a communication informally circulated in 1899,
is concerned with the integral equation

1
B(z) = p(z) + /0 F(@y)o(y) dy. (2.1)

His approach is to generalize results from the theory of finite linear systems of equation,
but the form in which this theory is stated is not the one found in current linear algebra
books. We will therefore intersperse this discussion with a summary of the theory of
finite dimensional systems of linear equations al la Fredholm. As much as possible we
will preserve Fredholm’s original notation.

In his paper, Fredholm considers two distinct cases. The first and simplest is when
(2.1) always has a unique solution. The second is when (2.1) only has a solution if ¢ (z)
satisfies certain conditions relating to the kernel f(x,y). In that case the solution is not
unique, although the set of solutions can be characterized. The two cases exhaust all
possibilities and for that reason are collectively known as the Fredholm alternative.

3In his 1904 paper, Hilbert mentions this paper, saying that it was cited in Fredholm’s 1903 paper.
But no such citation appears there.
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It will be convenient to treat the two cases separately. We will describe the first
case in the context of finite dimensional spaces— the spaces of matrices and vectors —
followed by a description of how this plays out in his paper. Then we will repeat the
process for the second case. The survey concludes with a brief description of the material
in the rest of the paper.

We begin by writing (1.1) in operator form as

Y=Srp=9p+Krp= I+ Ky)p. (2.2)

Here K stands either for the kernel f(z,y) or for a matrix. In the former case, Ky
represents the integral in (1.1); in the latter, a matrix-vector multiplication. When the
concern is the product of operators, say K; and K, the product KK, is equivalent to
fol f(z,t)g(t,y) dt, while K4Ky is equivalent to fol gz, t) f(t,y)dt.

The operation I 4+ Ky appearing in the right-hand side of (2.2) already shows one of
the difficulties in generalizing results from linear systems. Specifically, the identity op-
erator cannot be realized as an integral operator with a continuous kernel. Nonetheless,
it is an operator, and we can combine it with integral operators, as in (2.2).*

Assuming that Sy has a left inverse Sy, = I + K, we can write

I+ K)(I+ Kp) =1, (2.3)

or
Kj+ Ky + K,Kp =0. (2.4)

Note that if K, satisfies (2.3), then it satisfies (2.4) and vice versa.
Let us now see what the existence of a left inverse buys us. Suppose that Syp = .
Then on multiplying this equation by S, we get

o= 8450 = 549.

Thus if (2.1) has a solution, it is unique and given by Sgi).
But this does not show that a solution exists. To do this, we need a right inverse
satisfying S;S, = I, or equivalently

Ki+ Ky + KpKy=0. (2.5)

For then if ¢ = Sy, then Srp = S¢Sg1) = 1, so that Sy is the desired solution.
In finite dimensional spaces the difference between left and right inverses is moot.
If one exists, so does the other; moreover, the inverses are unique and equal to each

“If actual integrals must be used, one can define the identity function I(x,y) as 6(x — y), where
0(t) is the Dirac delta function, a generalized function that is zero when ¢ # 0 and that satisfies
20, f(x)d(x) = f(0). We will use this option in motivating one of Hilbert’s definitions (see page 17).
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other. In infinite dimensional spaces, however, things can be different. For example, an
operator may have a left inverse but not a right inverse. Nonetheless, if one can come
up with a function g(x,y) that satisfies both (2.4) and (2.5), then the function Sy
solves the integral equation. The function g(z,y) is now known as the resolvent kernel.
Fredholm’s strategy is to develop a formula for the resolvent kernel.

We now turn to how all this works out in Fredholm’s paper. After a brief survey of
the literature, he begins abruptly in §1.1° by defining a “determinant” D ¢ that “plays
the same role with respect to the functional equation (b) [i.e., (2.1)] as the determinant
plays with respect to a system of linear equations.” Specifically, he introduces the
notation

fxu,y)  flr,y2) - f(@1,90)
f (xlu T2, veoy xn) — f($27y1) f(a:Za 92) e f(an yn) (2 6)
ylj y2’ ey yn ................................... :

and defines

(A n

. 1 ! ! 1, T2, ..., Ip
Df_nz:;”!/o /o f(:m, o x > a1y ATn. (2.7)

He then uses Hadamard’s theorem to show that the series defining Dy converges (§1.2).°
After a discussion of some conditions under which the convergence is better than
might be expected (§1.3), Fredholm (§1.4) defines was he calls the “minors” of Dy by

0 1 1
Df <€17 527 ’ 5”) _ Z / . / f <£1 5717 e Ty ) d$1 . dl‘n
M, N2, ---y Nn V:OV! 0 0 m...Mpy, T1...Ty
The minors satisfy two key relations (§1.5). Here we are concerned with the relations
for n = 1:

Dy (f,) + /Olf(&T)Df (;) dr = f(§,n)Dy (2.8)
and

T

Dy <§> + /01 f(r,n)Dy <£> dr = f(&,m)Dy. (2.9)

5Fredholm divides his paper into major sections split up into subsections. The subsections are
numbered consecutively in the paper without regard for section boundaries. Thus the first section ends
with subsection 6 and the second section begins with subsection 7.

5Fredholm assumes that “f(z,y) has the property that for a less than one the function (z—y)* f(x,y)
is finite and integrable.” However, Lesbegue integrability over [0,1] x [0,1] is not sufficient to ensure
the integrability of f(z,z). For a discussion of this problem see [21, Ch. VI].
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For the moment we will skip §1.6 and move to §§2.7-8, where Fredholm considers
the solution of (1.1) in the case where Dy # 0. He introduces the operator

1
S; = () — p(z) + /0 £, s)pls) ds

and observes that operators of this form constitute a group, by which he means only
that the class of operators is closed under multiplication. They are not required to have
inverses.

Fredholm (§8) now assume that Dy # 0 and sets

()
g(z,y) = ———4,

Dy
which corresponds to our K, in (2.3). It then follows from the fundamental relations
(2.8) and (2.9), that K7 and K satisfy (2.4) and (2.5). Fredholm goes on to argue, much
as we did above, that Sy 1 (x) is the unique solution of the equation 9 (z) = Syp(x).

This theorem is a remarkable achievement. In about six pages, Fredholm gives a
completely rigorous solution to the equation (1.1). Moreover, he does it by treating
the right-hand side of (1.1) as one of a class of operators on functions that can be
manipulated in their own right. In doing this, Fredholm made a key step toward abstract
functional analysis.

The question remains of how Fredholm derived his formulas. We cannot know for
sure, since he does not tell us in his paper. However, in an address to the Swedish
Congress of Mathematics (1909) [8, p.95] he said, “...the works of my colleague von
Koch on infinite determinants greatly facilitated my research ....” Toward the end
of this section we will try to assess what von Koch’s work may have contributed to
Fredholm’s thinking. But for now, we will give an informal derivation of the Fredholm
determinant that may be found in books by Lovitt [15, p. 23, ff.], Tricomi [23, §2.5], and
others.

Consider first the Fredholm determinant Dy. We begin with an equally spaced mesh
on [0,1] consisting of the n points 0 < x1 < g < -+ < xp, = 1. Set h = x;y1 — x;,
fij = f(@i,z;) and

1+ hfi hfia --- hfin

hfor 14+ hfa --- h fon

D,, = det (2.10)

hfnl hfn? 1+hf’rm
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Now this determinant can be expanded in the form (see [23, p.66-68])

n 1 <& fi fii
D, =1 hfii + = h¥det (27 Y ) 4.
+Z; f+2!2 e<fji fjj>+

ij=1
fio  fig o S (2.11)
1 . Tii fig o Tk
+a Z h™ det : : :
ijki=ln : : :
Jer Sfeio oo Jek

But as n — oo the kth term in this expansion approaches

e [ () i
k! 0 0 0 1, X2, ..., Tk ! 2 ks
in which we have used Fredholm’s abbreviated terminology (2.6). Thus taking a formal

limit of the sum (2.11), we get the expression (2.7), which is now seen as a generalization
of the matrix determinant to the operator Sy.

The function D (;j) is closely related to the adjugate of a matrix. To see this, note

that the adjugate A*d of a matrix A is the transpose of the matrix whose (4, j)-element
is the cofactor of a;; (that is, (—1)"*7 times the determinant of the matrix obtained by
striking row ¢ and column j of A). It is well known that

AMA = AA = det(A). (2.12)

It follows that if det(A) # 0, then A=! = A3/ det(A). In particular, since A*Y is a
continuous function of the elements of A, if A approaches the singular matrix Ap, then
det(A)A~! approaches Agdj.

Returning to our operator I + Ky, we have seen that its inverse is

% (3)
f

Thus, formally,
(I+ K =Dl — Dy <Z) :
When Dy is zero,

(I+ Ky = —D; (;) (2.13)
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There is a minor conundrum in Fredholm’s terminology. He calls Dy (i) a minor.
Yet we have seen that it represents the adjugate, which is properly called a compound
determinant. The problem is resolved by observing that regarded as an operator D <:yc>

is indeed the adjugate. But its value for a particular value of z and y represents an
element of the adjugate, which, as we saw above, is a minor.

Another property of the adjugate matrix relates to the case where Dy = 0. It is
known that if A is singular and has rank one less than the order of A then A*Y has
rank one, and its nonzero columns are nontrivial solutions of the equation Ax = 0. If
we generalize this fact to the operator Sy, then (2.13) suggests that if Dy = 0 and

Dy <§) is not identically zero, then for some 7 the function ¢(z) = Dy (2) satisfies
S¢e(x) = 0. This fact and its generalizations to the cases where Dy (5) are identically
zero is at the heart of Fredholm’s treatment of the case Dy = 0, to which we now turn.
Once again, it will be informative to consider the finite dimensional case. We will
work with the operator Sy, which is now a matrix with determinant Dy.
If Dy = 0, then Sy has right and left null spaces ® and ¥ of common dimension 7.

Suppose we can find a pseudo-inverse S, satisfying the following two conditions.”
1.
SySp=1-oX*, (2.14)
where the columns of ® form a basis for ® and X*® = I.
2.
SpSg=1— Yo*, (2.15)

where the columns of ¥ form a basis for ¥ and ®*Y = I.

Then we can draw the following conclusion.

1. If ¢ is a solution of the equation Syp = 1, then U = \Il*ngo = 0. Hence a
necessary condition for the equation Syy = 9 to have a solution is that U*yh = 0.

2. If ¢ = Sy1p, where ¢ satisfies the necessary conditions U*y) = 0, then Spp =
SpSgth = (I =Y ¥*)p =1, so that ¢ is a solution of Spp = 1. Thus the condition
that *i = 0 is a sufficient condition for a solution to exist.

3. If ¢ is a solution of Sy = 4, then, since Sy® = 0, S¢(p + Pu) is also a solution
of the equation for any u. Thus the set of all solutions is an affine subspace.

"The term pseudo-inverse is Fredholm’s.
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Turning now to Fredholm’s solution of the equation Syyp = 9 when Dy = 0, he
begins (back in §1.6) by introducing the function fy(z,y) = Af(z,y) and showing that
the function D)y is an entire function of A\. Consequently, if for some A we have Dy, = 0,
then only a finite number of the derivatives of D)y can vanish at A. But it can be shown

that
)\nan)\f _ 1 lD T1...Tnp dat d d
D R e Y

and it follows that not all of the minors D)y <§’1 o bn
1.-

A=1,if Dy =0, then there is a least integer n > 1 such that
by (85 )
N---Tn

The story now jumps to §2.9, where Fredholm considers the solution of Syp =
when Dy = 0. He takes n as in the last paragraph. Making use of the relations among
the minors, he first shows that the function

Df <$7€27...7§n >
MsM3y---5Tn

is a solution of the homogeneous equation Dy = 0.

> can vanish. In particular for

is not identically zero.

He then introduces what he calls the pseudo-inverse S, defined by

Ny, moma
g(z,y) = — R ,
Df (771~--77n>

where the & and n; are chosen to make the denominator nonzero. Writing S;Sy = I+ F,
he shows that

F(fay) == Zf(gllay)q)l/(l‘)?
v=1
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where the functions

D (IE,&Q,...,fn )
<I> (x) f 77177727"'77771
1 = -
D (517§27"‘7€n >
/ N 125 -5
Df <£1,:L’,...,£n )
n,n2,---5M
) ek
D ) PR | n
f<7717772a---777n>

etc.

satisfy Sg®; =0 (¢ = 1,...,n). He then shows that any solution of the homogeneous
equation is a linear combination of the ®;. Moreover,

! 0 if A#0,
AJ«»@%@szﬁ_ﬁA:%

which implies that the ®; are independent and biorthogonal to the function f(&;,z).
If we set ®(z) = (®1(z) -+ ®,(z)) and X (v)* = (f(&1,v), -+, f(&n,y)) , then

F(z,y) = —®(z)X(y)",

which establishes (2.14). Thus Fredholm is halfway to a proof of his theorem.

This is a good point to pause and ask if the introduction of the equation (2.14) in
this commentary is anachronistic. In one sense it is, since the matrix-like operations it
implies were unknown to Fredholm. But in another sense it is merely a compact rep-
resentation of the equations already in Fredholm’s paper, a notational device designed
to allow the modern reader to easily grasp what Fredholm proved. Taken in this sense,
equation (2.14) is just a useful expository tool.

Fredholm also writes down the equation (2.15) (less the biorthogonality condition
which he does not need). However, there is a small surprise here. It is evident that
(2.15) transposed is the same as (2.14) for the adjoint equation

1
wwzww»yéf@mw@my

Yet Fredholm does not take advantage of this fact. Instead he derives the results he
needs piecemeal without direct reference to the adjoint operator, even though he uses it
later in the paper. One can only wonder why Fredholm, having discovered the adjoint
operator, did not go back to his treatment of the case Dy = 0 and clean things up.
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Fredholm calls the operator S, a pseudo-inverse of Sy, and it is of interest to see how
they relate to the various generalized inverses that have been introduced since his time.
It is easy to show from either (2.15) or (2.14) that S§S,S¢ = Sy. This relations are the
first of the four Penrose conditions for the Moore—Penrose generalized inverse of a matrix
(see, for example, the preface in [16]). An operator S, satisfying this condition is called
a (1)-generalized inverse. An immediate consequence of this fact is that SyS; and S¢S,
are idempotent — that is they are projectors, as (2.14) and (2.15) show. Although there
appears to be no direct link between Fredholm’s work and later work on generalized
inverses, he should be given credit for exhibiting and naming one of the first examples.

The rest of the paper consists of a potpourri of miscellaneous results. In §3 Fredholm
derives an expression for the logarithmic derivative of Dy with respect to the kernel
f(z,y). In §4 he uses this result to establish the following product theorem. Let f and
g be kernels and let Sp = SyS;. Then Dp = D;D,. Here he again introduces the
adjoint operator to aid in the proof.

In §5 Fredholm considers some series expansions. Given the resolvent kernel p(z,y),
he shows that it can be formally expanded in the form

(& n) = e1(&n) —p20&m) +@3(&n) — -+,

where

1(§,m) = f(&n)
1
@n(fﬂ?):/o fE& ) pn_1(m,m)dr (n=2,3,...).

He points out that this expansion converges provided f is sufficiently small. This is, of
course, the Neumann expansion mentioned above.

Some kernels arising in practice have infinite singularities along the line z = y. In §6
Fredholm considers how to solve such equations with kernel i(z,y) where (z —y)%i(z,y)
(0 < a < 1) is finite and integrable. His approach relies on the smoothing power of
integration. Specifically, he shows that for n large enough, the iterated kernel i, (z,y)
defined in analogy with (2.16) is finite. He then poses an equation associated with 4,, and
shows how its solution, in some cases, can provide a solution of the original equation.
Once again he makes explicit use of the adjoint kernel in his development.

Before concluding this section it is necessary to assess the influence of von Koch,
whose paper “On infinite determinants and linear differential equations” [24] was pub-
lished in 1892. As mentioned above, Fredholm acknowledged a debt to von Koch, but
not in his original paper.

Von Koch’s paper is in two parts, the first of which concerns determinants of matrices
of infinite order and the solution of linear systems involving such matrices. In the first
section of the first part, he gives conditions on his infinite matrices under which the
determinant and its minors are well defined as limits of finite subdeterminants. In the

(2.16)
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second section he gives formulas involving minors for the solutions of the homogeneous
system, showing in the process that the space of such solutions must be of finite rank.
However, he dismisses the inhomogeneous system by writing, “For the case of an infinite
system of linear inhomogeneous equations, ...one can easily establish a corresponding
theorem by similar considerations.”

Although all of von Koch’s results have finite-dimensional versions, it is nonetheless
clear that Fredholm’s development owes much to von Koch’s especially in his treatment
of the inhomogeneous equation. Fredholm’s notation is clearly derived from von Koch’s
as are his formulas for the W’s. Fredholm’s approach to establishing the finiteness of
the space of solutions is analogous to von Koch’s: namely, start with the existence of a
least minor that is in some sense nonzero. On the other hand, there is no trace of the
Fredholm alternative in von Koch.

Although Fredholm’s determinants and minors are analogous to von Koch’s in that
they both satisfy a number of analogous relations, their constructions are quite differ-
ent —a little like constructions in ¢ and Lo or, for that matter, Heissenberg’s matrix
mechanics and Schréinger’s equation. It is true that von Koch gives a series for the
determinant that is analogous to Fredholm’s formula (and which was already known
in a finite-dimensional) setting. But it von Koch’s series is not a springboard to the
Fredholm formula. This inclines me to believe that Fredholm must have used techniques
resembling those described on page 6.

All this granted, Fredholm’s achievement is nothing less than impressive, and what
impresses most is its completeness. He took the problem of solving a nonsymmetric
integral equation of the second kind and by his alternative not only showed when so-
lutions exist but also characterized their nonuniqueness. In the process he showed the
finiteness of independent solutions of the homogeneous equation and introduced oper-
ators into the analysis. He also has a claim to be one of the founding fathers of the
subject of generalized inverses. But his equation was just that —a single equation. By
parameterizing the equation, Hilbert would show that there was more to be said on the
subject, at least when the kernel is symmetric.

3. Hilbert

Hilbert’s paper appeared in 1904 just a year after Fredholm’s paper, seemingly too short
a time for the latter to have much influenced the former. But, as Hilbert notes, Fredholm
communicated his results in 1899, and, as we have seen, Fredholm says he presented the
results to the Swedish Academy of Science in 1900. Moreover, according to Hermann
Weyl [25] E. Holmgrem gave “a lecture in 1901 in Hilbert’s seminar dealing with the
now classical paper of Fredholm’s on integral equations, then but recently published.”
Thus Hilbert had ample time to assimilate Fredholm’s work. Although Hilbert’s debt to
Fredholm is evident, Hilbert was concerned not so much with solving integral equations
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of the second kind as with developing a theory of eigenvalues and eigenfunctions, and
especially of the expansion of other functions in series of eigenfunctions. In this respect,
Hilbert’s contribution was broader than Fredholm’s. But in other respects, it was more
circumscribed. In particular, Hilbert was forced to assume that his kernel was symmetric
and that its eigenvalues were simple.

There is also a difference in the way they treat the original finite-dimensional linear
system. By the time Fredholm started his paper, the original system had vanished,
leaving only the names “determinant” and “minor” to suggest the origins of his con-
structions. Hilbert, on the other hand, develops the algebraic problem —that is the
finite-dimensional theory of linear equations and eigensystems—in such a way that one
can pass directly to the infinite dimensional case by taking limits. Hilbert writes his
integral equation in the form

b
£(5) = p(s) — A / K (s, t)p(t) dt, (3.1)

a notation that hints, at least to the present-day reader, of the eigenvalues and eigen-
functions to come. The kernel K is assumed to be continuous and symmetric [i.e.,
K(s,t) = K(t, s)]. Hilbert variously takes the interval of integration to be [a, b] or [0, 1].
For uniformity we will use the latter.

Hilbert immediately discretizes this problem by introducing the following notation

P q
K :K(—,—> =12 ...
pq n'n (p,q n)

Kry = Koy + Kigrys + Korways + -+ + KnnTnyn
= Z Kpqrpyq, (Kpq = Kgp),
pq

soszO(%), fp=f(5>, (p=12,...,n),

Kx1 = Kz + Koz + - - - + Kipy,
Kxg = Kojx1 + Koo + -+ - + Kopp,

Kz, = Kniry + Kpawo + - -+ + Kypy,
[z,y] = x1y1 + T2y2 + - + Tpyn.
Thus the algebraic problem approximating (3.1) is

fl = Y1 — EKQOM
.............. (3.2)
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where ¢ the equivalent of A in (3.1).
Hilbert now introduces the two determinants

1 VK14 —AKq9 - —A K,

aey = | e 1T e

—V K1 LK 9 14K,

and
0 T Tg - Ty
. 1 1 —A4Kq —AK12 -~ K1y
D (ﬂ y> =|vy2 —AKn 1—(Kyp - —lKap |. (3.3)

Yn _gKnl _gKnQ te 1- gKnn

Note that D (E, a:) is a bilinear function of x and y. These two determinants satisfy

Yy
d(0)[z,y] + D <£, ;“") — (D (z, ;y) =0,

which is analogous the two Fredholm relations (2.8) and (2.9). But because of symmetry
Hilbert requires only one relation to Fredholm’s two.
Hilbert now shows by elementary manipulations that if d(¢) # 0 then the solution

¢ of (3.2) satisfies
f
D, y)‘

In other words, ¢ is the vector of coefficients of y in the bilinear form on the right-hand
side of (3.4).

Hilbert’s derivation of (3.4) requires only thirteen lines of text and equations, and
each step in the argument is clear. Yet to modern eyes it is unsatisfying because it gives
no insight into why (3.4) solves the algebraic problem. Here we will give a different and
perhaps more enlightening derivation.

The key observation is that

the relation

(3.4)

D (é, “:) = —y*(I — LK)™ig, (3.5)
Yy
where (I — ¢K)*¥ is the adjugate matrix of I — /K. This can easily be verified by
expanding (3.3) along the first row and column. Now supposing d(¢) # 0, we have
d(0)~1(I —¢K)*i = (I — ¢K)~'. Hence

-D (z, J;) /d(€) =y (I — LK) f = [y, ¢,
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which is equivalent to (3.4).
Having solved the algebraic problem, Hilbert turns to the case where d(¢) = 0. Since

d(?) is a polynomial of degree n in /¢, the equation d(¢) = 0 has n roots
ASNGE RN

)

which by the symmetry of the defining determinant are all real. Hilbert now makes the
assumption that all the £(®) are distinct, so that d'(¢(")) # 0. Denoting by dp;(¢) the
hth minor of d(¢) with respect to its hth diagonal element, Hilbert uses the relation

diy(€) + -+ + dun (£) = nd(€) — £ (0)

to show that the homogeneous system

(h)

has a nontrivial solution that is unique up to a common multiple of the ¢,

on to show that

. He goes

h x
1)<ﬂ)’y) (™), 2][p™, y]

@ ey ~ M), oM] (h=1,2,...,n)
and that for h # k
[p™, o] = 0.
D(em T
Finally, Hilbert uses a partial fraction expansion of W to show that
_ [, ][, 3] ™™, 2][p™, y]
R P URE) A  EORED) 30
and 1 (1) (n) (n)
_ _ [ 2]l y] (o™, x][e™), y]
[Kz,y] = [z, Ky] = (@0, 0] 4ot (D) 5] ° (3.7)

In the standard terminology of today, /(" is an eigenvalue of K and go(h) is its
corresponding eigenvector. (Hilbert will later introduce the terms eigenvalue and eigen-
function for the limiting transcendental problem.) The eigenvalues are real, and the
eigenvectors are pairwise orthogonal. The formulas (3.6) shows that 2y can be written
as a sum of products of two sets of linear forms, one in = and the other in y. More
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significantly, (3.7) shows that 2*Ky can be written as the same sum with its terms
weighted by the reciprocals 1/¢(P).

The word “reciprocals” in the last sentence reveals an ongoing problem of termi-
nology. The usual definition of eigenvalue p and the corresponding eigenvector x is
a nontrivial solution of the system Ax = pz. In Hilbert’s development they are the
solution of NAx = x. Thus provided u # 0 we have p = 1/A, and the two eigenvalues
are reciprocals of one another. In both linear algebra and operator theory the former
is dominant, but in integral equations both conventions vie with one another (see, e.g.,
[18, pp. 95-96]).

The fact that zero eigenvalues cannot occur in Hilbert’s formulation corresponds
to the fact that K can have fewer than n eigenvalues. Hilbert ignores this fact in the
above development of the finite-dimensional theory. This oversight can be patched up
and does not seem to interfere with the passage to the transcendental problem —i.e.,
the solution of the integral equation (3.1) and related matters— to which Hilbert now
turns.

The passage to the limit from the algebraic problem to the transcendental problem
is highly technical, and we will focus on the final results. Hilbert’s exposition is divided
into two parts. First is the treatment of the integral equation itself — essentially the first
half of Fredholm’s theory. Second is the generalization of eigenvalues and eigenvectors.

The first part largely follows Fredholm. First Hilbert treats the limit of the deter-
minant d(A) by introducing the Fredholm series

S(A) =1 — 61N+ 0202 — 5303 + - -,

where
X X K(s1,s1) K(s1,52) K(s1,sn)
1
(5h L / K(SQ,Sl) K(SQ,SQ) K(SQ,Sh) dSl dSh,
n Jo 0 | e
K(sh,sl) K(Sh,SQ) K(sh,sh)
and shows that
A 1,/ ,
d{—=]—=d1N and —d (=] — ),
n n n

noting that the “convergence is uniform for all values of A whose absolute value lies
below an arbitrarily chosen positive bound A.”

Hilbert next tackles D (/\, ;5) He defines a function A ()\, x) by an everywhere
convergent power series and shows that

2l)=e0)
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with the same uniform convergence as above. He then sets

X

AN s 1) = A {A <)\, ,

> }zmmm) —0(NK (s, 1), (3.8)

y(r)=K(rt)

and shows that
1
SOVK (5,1) + A(\i s, 1) — A/ A s, 1)K (8,7) dr = 0.
0

Finally, assuming that 6(\) # 0, he defines

A(N;s,t)

K(S,t) = 5(}\) )

from which it follows that
1
K(s,t) =K(s,t) — )\/ K(s,m)K(t,r)dr.
0

In particular, if ¢(z) satisfies the Fredholm integral equation (3.1), then

1
(s = 1)+ A [ Kl 0p(e) .

Hilbert calls K(s, t) the solution function (die ldsende Funktion) for the kernel K (s, t)
because it solves the equation (3.1). Today it is known as the resolvent kernel and
is widely used in functional analysis. Later in the paper, Hilbert will establish the
important resolvent identity

1
K(p;s,t) — KA+ p;8,t) = A/ KA+ w57, s)K(p; r, t) dr.
0

Hilbert provides little motivation for his definition of A(A;s,t) in (3.8), and it is
instructive to see, informally, how it might be derived. Hilbert is looking for an operator
K such that

(I =AK)™' =T+ XK.

If we formally expand (I — AK)~! in a Neumann series we find that
K=K+ K2+ NK3 4., (3.10)

where K* is the iterated kernel defined as in (2.16).
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Now from (3.5) one might expect that in the limit

A<)\ E ) —6)\<// I - Any)]l(x)dxdy>.

Once again taking the Neumann expansion of the inverse

(v si) o ([ [ i st

(3.11)
+ NK2(z,y) + - |p(x) dx dy> .

Here we take K°(z,y) to be d(x —y), where d is the Dirac delta function (see footnote 4
on page 4). If we now set p(x) = K(x,s) and ¢q(y) = K(y,t) in (3.11), we get

A (% 500 ([ 1 / (K () KO ) K (3, )

+ AK (2, 8)K (z,9) K (y,t) + \K (z,8) K? (2, y) K (y, ) —i-'--]dxdy) :

But fo fo (2, 8)K(z,y)K (y,t) dov dy = KF2(s,t). It follows that

K
A <)\, K((“““';)) — S(NEK (s,t) = —5(A)(K(5,8) + AK2(s,t) + A2 K3(s,t) + -+ -).
Y,
Thus if we define A(A;s,t) by (3.8) and K(s,t) by (3.9), the expansion of the latter
agrees with (3.10).
Hilbert concludes this part with an expression for the derivative of ¢'(\):

5 () = /0 " A(\s8) ds (3.12)

The second part of the passage to the limit concerns the spectrum of K(s,t). As
it turns out, the wherewithal to define eigenvalues and eigenfunctions has already been
developed in the first part. This is not as surprising as it might at first seem. Recall that

in Fredholm’s theory if Dy = 0 then ¢(x) = Dy (f}) is a solution of the homogeneous

equation Syp(x) = 0. But this means that ¢(z) is an eigenfunction of K(z,y) with
eigenvalue —1. Since Hilbert has just recapitulated part of Fredholm’s theory, he should
also be able to define eigenvalues and eigenfunctions straightaway.

Hilbert begins by showing that d(A) has no complex zeros. He then shows that if
the zeros £(") of d(¢) are suitably ordered and the zeros A(*) of §(\) are ordered in the
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same way, then lim,,—q nth) = X\ He quickly points out that this theorem does not
imply that 6()\) has any zeros, since the (") may diverge.

Hilbert then defines the eigenvalues of K(s,t) to be the zeros of d(\). He also
assumes that any eigenvalue A is of multiplicity one and hence that 6’(\) # 0.

Hilbert now turns to the definition of the eigenfunction corresponding to an eigen-
value A", From (3.12) and the fact that A(*) is a simple eigenvalue, we get

/1 A(X;s,s)ds # 0.
0

Since A(A;s,s) is continuous, there must be a value s* such that A(A;s*, s*) # 0.

Hilbert then defines
/ M(R)
(h) — A
¥ (8) ‘ A()\(h)7 s*, 8*)

and shows that go(h)(s) has the properties of an eigenfunction corresponding to AR
These properties simplify if we work with the normalized eigenfunctions

M (s)
Jo (®)(s))2 ds

v (s) = '

Specifically,

1 1
W = /0 " (s)z(s) ds - /D WM (s)y(s) ds
/ e (s))2ds = 1,

0
1w<h><s>w<’“><s> ds=0  (h#k),
0

1
5 (5) = A / K (s, )0 (1) dt.
0

Thus the ¥®) form an orthonormal system of eigenfunctions for K (s, ).
Finally, Hilbert turns to the generalization of (3.7), and arrives at the following
formula:

fol fol K(s,t)z(s)y(t) dsdt = ﬁ fol ¢(1) (s)z(s) ds - f()l ¢(1)(8)y(8) ds
+ ﬁfol V@ (s)a(s)ds - [} @ (s)y(s)ds + - .
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The convergence is uniform in the sense that the error in the mth approximation is
bounded by

2M ST (o @(s)) ds+ Jy (w(s))2ds)

Thus if z(s) and y(s) are umformly bounded, the convergence, whatever z(s) and y(s), is
bounded by a common multiple of 1/|A(™+1)| which approaches zero at a rate depending
only on K(s,t).8

In the introduction to his paper, Hilbert asserts that his theory will deliver a simple
proof of the existence of eigenvalues of a symmetric kernel. In the first part of Section IV,
he attempts to justify his claim. He does this by using his theory to prove that K (s,t)
has a finite number, say m, of eigenvalues if and only if K (s,t) can be written in the
form

e (s 1), (3.13)

1 )w(l)(3)¢(1)(t) Lt o

A
How this implies the existence of eigenvalues is not clear, since the above expression is
established under the hypothesis that eigenvalues exist. Possibly Hilbert means that
if we set m = 0 in (3.13) then we get K(s,t) = 0 by the convention that an empty
sum is zero. This would lead to the conclusion that only a zero kernel can fail to have
eigenvalues. But a convention is just a convention, and in special cases, like this one,
it must be proved that it is applicable — something Hilbert does not do. Although
Schmidt mentions Hilbert’s existence proof in the introduction to his own paper, he
nonetheless finds it necessary to include a different proof in the body of his paper.
Moreover, Courant and Hilbert included an explicit existence proof in their celebrated
Methoden der mathematischen Physik I [5, pp 104—-107].

The remainder of Section IV is devoted the expansion of arbitrary [wilkirlich] func-
tions in terms of eigenfunctions. By arbitrary Hilbert does not mean just any function;
rather he seeks conditions which a function must satisfy to be expandable. The material
in this section is straightforward, and we will simply summarize the results.

As usual, Hilbert begins with a kernel K (s,¢) whose normalized eigenfunctions are
Y (s),1P)(s),.... He first shows that any function that can be represented in the
form

K(s,t) =

_ / 1 / 1 K(r,t)K (s, t)h(r) dr dt (3.14)
0 0

has the expansion

f(s) = erypt ()+C2¢ (s)+ -+,
Cm—fo T/)(m 5)

where the convergence is absolute and uniform.

(3.15)

8Here Hilbert assumes that the number of eigenvalues is infinite. Since §()) is an entire function,
this implies that the eigenvalues cannot have an upper bound; i.e., they must increase to infinity.
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Seeking more general conditions, Hilbert proves two more theorems, both of which
depend on the result (3.14) and (3.15). First, he defines K (s,t) to be closed if for any
function g¢(s) that is not identically zero there is a ¢ such that fol K(s,t)g(s)ds # 0. He
then shows that if h(s) is closed and

/h s)ds =0, m=1,2,...

then h(s) is identically zero. He then goes on to show that if K (s,t) is closed and f(s)
is such that the series

011/1(1)(3) + 021/1(2)(3) +

1
— (m)
Cm /0 f (8 Tﬂ

converges uniformly, then it converges to f(s).
Finally, Hilbert introduces the notion of a general kernel. Specifically, a kernel is
general if for any function g(s) and any € > 0 there is a function h(¢) such that

/( /Kst dt> ds < e.

He then shows that if K(s,t) is general and f(s) can be represented in the form f(s) =
fol K(s,t)h(t)dt, then

f(s) =M (s) + cap®(s) + -+,

cm—/f

and the series converges absolutely and uniformly. Schmidt will show later that the
condition that the kernel be general is unnecessary for this result.

The remainder of the paper is devoted to an application and to extensions of the
theory. The application is to the constrained minimization or maximization of the form

1,1
_ / / K (s, )3 (s)a(t) ds dt
0o Jo
subject to certain constraints.

There are two extensions. The first shows that the continuity restrictions can be
relaxed to permit restricted discontinuities of order less than %—loosely speaking, dis-
continuities at which the growth of K(s,t) is bounded by a multiple of 1/d® (a < 3),
where d is the distance to the discontinuity. The technique is to patch the discontinuities
on strips of width € in such a way that the earlier proofs remain valid and then take the
limit as € — 0.
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The second extension removes the restriction that the eigenvalues of K (s,t) be sim-
ple. Hilbert starts with a single multiple eigenvalue, and once again his approach is to
modify the kernel, this time to split the multiple eigenvalue into n distinct eigenval-
ues, where n is the multiplicity of the original eigenvalues. The modification is then
allowed to go to zero in such a way that the modified eigenfunctions remain orthonor-
mal. Repeating the process for each multiple eigenvalue, he obtains a full system of
eigenfunctions for the original kernel.

Hilbert’s contribution to the theory of integral equations was not just a matter of
introducing eigenvalues and eigenfunctions. After all, they had already appeared in the
study of differential equations, though not by those names. Hilbert also recognized their
connection with expansions of “arbitrary” functions, a far reaching extension of Fourier
series. The cost of this extension was the requirement that the kernel be symmetric.
Moreover, his results are not as general as they might be — as is true of much pioneering
work. His student Schmidt would have something to say about that.

4. Schmidt

Reading Erhard Schmidt after reading Fredholm and Hilbert is like walking into a
familiar room through a new door. The same furniture is there in the same places; but
the viewpoint is different, and one sees things in a fresh light. Schmidt’s approach is
to dispense with the relation between integral equations and finite-dimensional linear
systems and to treat the integral equation on its own terms. The result is a striking
simplification of the the Fredholm—Hilbert theory. The style of Schmidt’s paper is also
different. Fredholm, who distilled a great deal of technical detail into a small set of
formulas, writes as if to put the results down as fast as his pen will permit. Hilbert
often appears to be doing the research at the same time as the writing. His it-is-easy-to-
see’s are not all that easy, and one suspects he would have had some difficulty explaining
them to a class a year later. Schmidt is all order and clarity, and his paper has the
conciseness of someone who knows exactly what he is doing.

Schmidt’s paper is divided into five chapters preceded by an introduction. Like
Fredholm, Schmidt subdivides his paper into sections which are numbered consecutively
regardless of chapter boundaries. Unless otherwise noted, all functions and kernels are
continuous on [a, b] and [a, b] x[a, b].

The first chapter consists of preliminary results. Schmidt introduces a (possibly

infinite) set of functions 11, s, ... that are orthogonal and normalized in the sense that
b .
1 ifu=v,
)Y, (x) dr =
| @) {0 .

(Following current terminology we will call such a sequence orthonormal.) He states
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Bessel’s identity

b v=n b ) b v=n .} )
/ (f2) = 3 v () / F () () dy)® = / () de— 3 / F () () dy),

and the resulting inequality

v=n_ b b
Fb@) dy)* < [ (fx)? da,
szl(/a Y (y) dy) /a

noting that the latter implies that the sum »  —7° ( f; Fy)vw(y) dy)2 converges. 2Fi—
nally he uses Bessel’s inequality to derive the Schwarz inequality ( f; f(z)p(x) da?) <
J b (f(2))? da - f; (¢(2))? da. This inequality is also associated with the names Cauchy

aCrL1d Bunyakovsky.

In §2, Schmidt establishes a convergence result that will be used later in proving the
convergence of the expansion of a function in terms of eigenfunctions. Suppose Q(z, )
is a function that is integrable with respect to x and such that for some constant A we

have ff (Q(z,2))? dz < A, for all z € [a,b]. Then if the continuous functions v, () are
orthonormal, f(x) is integrable, and ff( f(x))? is finite, then the series

V=00 .} b
fWu(y)dy - | Qz,2)du(x)de = ) Uy(z) (4.1)
;/a y) ¥ (y) dy /a

converges absolutely and uniformly for z € [a, ].

This result is remarkable for its generality, requiring, instead of continuity, only the
integrability Q(z, ) with respect to x and the integrability of f(x).?

In §3, Schmidt turns to the orthogonalization of sequences of independent functions.
The method is constructive, and Schmidt proves that the method breaks down at step
m if and only if the first m functions are linearly dependent.

The method has a discrete analogue for vectors, and both methods are called the
Gram—Schmidt algorithm. It has an interesting history. Formulas that were equivalent
to the discrete Gram—Schmidt algorithm were first given by Laplace [14] in a supple-
ment to his Théorie Analytique des Probabilités. However, Laplace, who was concerned
with estimating the variability of least squares parameters, had no notion of orthogonal-
ity, and, in fact, discarded the orthogonalized vectors as soon as they were computed.
J. P. Gram [11, 1883] certainly had the general concept of orthogonal functions and
their relation to least squares approximation, but he did not use the formulas of the
Gram—Schmidt algorithm. Instead he gave determinantal expressions for his orthogonal

9However, the proof uses the Schwarz inequality, which Schmidt has stated only for continuous f(z).
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functions. Schmidt, as we have seen, knew what orthogonality was and produced the
orthogonalization formulas that we now call the Gram—Schmidt algorithm. In §3, he
makes a gracious nod to Gram, saying, “In essence, J. P. Gram presented the same
formulas ....” Presumably he meant that each of their formulas produced the same
polynomials. One might sum up by saying: Laplace had the formulas but no notion of
orthogonality; Gram had orthogonality but not the formulas; and Schmidt had both.

In Chapter II, entitled On the Linear Symmetric Integral Equation, Schmidt begins
with the homogeneous equation

b
o(s) = )\/ K(s,t)p(t) dt, (4.2)

where the kernel K (s,t) is symmetric. This reverses the order in Fredholm and Hilbert,
who begin with the inhomogeneous equation, and emphasizes the kernel itself rather
than the integral equation. Schmidt adopts Hilbert’s nomenclature for nontrivial solu-
tions of (4.2), calling ¢(s) an eigenfunction of K(s,t) corresponding to the eigenvalue
A. He then shows that two eigenfunctions corresponding to two distinct eigenvalues
are orthogonal and that all eigenvalues must be real. Finally, he shows that for any
eigenvalue there is a corresponding real eigenfunction.

In §5, he treats the system of eigenvalues and eigenfunctions as a whole. He defines
the multiplicity of an eigenvalue as the number of linearly independent eigenfunctions
corresponding to it. Using Bessel’s inequality, he shows that if A\ is an eigenvalue of

multiplicity n then
b rb
n < /\2// (K (s,t))?* dsdt.

Hence any particular eigenvalue has finite multiplicity.

Schmidt now defines a full orthonormal system of a kernel as a set of orthonormal
functions ¢1(s), p2(s),... such that any eigenfunction can be represented as a finite
linear combination of elements of the set. Such a system may be obtained by orthonor-
malizing a set of linearly independent eigenfunctions corresponding to each eigenvalue.

He then shows that -
2 1
/a / (K(s,t)* dsdt > pes
P

where p ranges over a finite set of indices. This immediately implies that if K (s,t) has
an infinite number of eigenvalues, then their magnitudes must be unbounded.
In §6 Schmidt introduces the iterated kernels defined by

Kl(s,t) = K(s,t),

b
K”l(s,t):/ K(s, )Ki(r,t)dr,  i=1,2,....
a
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He shows that the iterated kernels are nonzero and that if A is an eigenvalue of K (s, 1)
then A’ is an eigenvalue of K(s,t). Moreover, he shows that any eigenvalue of K*(s,t)
must be the ith power of an eigenvalue of K (s,t) and that a full orthonormal system for
K (s,t) is a full orthonormal system for K*(s,t). It should be noted that the converse of
this last statement is not true, even in finite dimensions, as can be shown by considering

the matrix (é

combination of no more than two eigenfunctions of K'(s,t).

Recall that the iterated kernels were introduced by Fredholm as terms in a Neumann
series for the resolvent kernel. Schmidt has two entirely different reasons for introducing
them. First K*(s,t) is particularly well behaved, and second iterated kernels can be used
to prove the existence of eigenfunctions for any nonzero kernel. Schmidt announces this
result in a single statement in §7—each kernel K(s,t) that does not vanish identically
has at least one eigenfunction — but the proof is deferred to §11.

The expansion results in §§8-9 are the core of this chapter. Throughout, the func-
tions 1(s), p2(s),... form a full orthonormal system for the continuous kernel K(s,t),
and A1, Mg, ... are the corresponding eigenvalues. Schmidt’s object is to give conditions
on a function g(s) under which

_?). However, he does show that any eigenfunction of K*(s,t) is a linear

b
9(5) = 3 0uls) [ athe (0. (4.3)

Because ¢g(s) is to be expressed as a linear combination of the eigenfunctions of K (s,t),
a good guess for a condition is that there is a function p(t) such that

b
g(s):/ K(s,t)p(t)dt. (4.4)

z : (1£I/ S (151/ t

converges uniformly then it converges to K (s,t). Thus the uniform convergence of (4.5)
implies a spectral representation of K (s,t), which, it turns out, can be used to establish
(4.3) under the condition (4.4). Unfortunately, the desired uniform convergence need
not occur, and Schmidt is forced to take a detour.

The detour consists in proving that

Kis,)=Y %(S;;@u(t)
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and that the series is absolutely and uniformly convergent. He then uses this result to
prove that for any continuous function h(s) if

/ " K(s.t)h(t) di = 0 (4.6)

then ,
/ h(s)pu(s)ds =0, v=12... (4.7)

and conversely.
Schmidt then proves the main expansion theorem.

Let the continuous function g(s) be represented by the equation

b
g®=/K@m®%

where p(t) is a continuous function. Then

b b
1) = S 0u(o) [ athondt =3 % [ ptyp (o)
v ‘ v ‘ (4.8)

b b
:Z/ K(s,t)pu(t) dt/ p(t)p (t) dt,

and the series on the right converges absolutely and uniformly.

In proving this theorem, Schmidt points out that the results of §2 [see (4.1)] combined
with the third series in (4.8) imply that the series converges absolutely and uniformly. It
remains only to prove that it converges to g(s), which he does by using the equivalence
of (4.6) and (4.7).

Finally, in a very short paragraph, Schmidt derives Hilbert’s expansion of a quadratic
form

b rb b b
/ / K (s, a(s)p(t) dsdt = 3 i / a(5)pu(s) ds / p(eu(t)dt.  (4.9)

There is a significant reversal in the direction of proof between Hilbert and Schmidt.
Hilbert proves (4.9) as a limiting case of the corresponding theorem for quadratic forms
and then proceeds to prove, at some length, the expansion theorem (4.8). In the process
he must assume that the kernel K (s,t) is “general” in the sense that any continuous
function z(s) can be approximated to arbitrary accuracy in the form f; K(s,t)h(t)dt.
This is a very restrictive condition. It leaves out, for example, any kernel with only a
finite number of eigenvalues. Schmidt, on the other hand, proves the expansion theorem
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first, without the assumption of generality, and then derives Hilbert’s expansion of a
quadratic form as an obvious corollary.

Almost as an afterthought, Schmidt turns in §10 to the inhomogeneous integral
equation and derives, for symmetric kernels, Fredholm’s results.

Section 11 is essentially an appendix in which the existence of eigenfunctions of an
operator is established. To exhibit the idea behind the proof, assume that we have the
expansion

(PI/ 901/
KQ” (s,t) Z

and suppose that )\%n = ... = A are the smallest eigenvalues in the above sum.
Multiplying by A2", we can write

t)
)\2nK2n S t 5 ) SOV(S)SOV( )
Z(p ol v=n+1 (Av/Ag)?

Since |\, /A1] > 1, the second sum in the above equation goes to zero as n — oo and
hence we can write

2n r-2n —
Tim APPK" (s, 1) Z% s)u(t) = u(s,t).

If we now chose t1 so that ¢(s) = u(s,t1) is nonzero, then ¢(s) is an eigenfunction of
K?(s,t), which by the results of §6 implies that K(s,t) has an eigenfunction.

Note that the above argument requires that all the eigenvalues of smallest magnitude
have the same sign, which is why one must start with K2(s,¢) rather than K(s,t). The
above argument is, of course, not a proof since it assumes what Schmidt is trying to
prove: the existence of eigenfunctions. But Schmidt treats the kernels K2"(s,t) directly
to arrive at the function u(s,t). In the introduction to his paper, Schmidt says that his
proof is “based on a famous proof of H. A. Schwarz, which in the language of Fredholm’s
formula amounts to solving the equation 6(A) = 0 by Bernoulli’s method.” Today we
call this the power method.

Finally in §12, Schmidt, like Fredholm and Hilbert before him, relaxes the continuity
conditions on which his results were grounded. Specifically, he shows that his results
remain intact if the kernel satisfies two conditions.

I. The point set in the s, t-plane consisting of the points of discontinuity of K (s,t)
(and which is therefore closed) has outer content zero on any line s = const.

b
1L / (K(s,t))? dt is defined and finite for @ < s < b and represents a continuous

a
function of s.
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This is far more general than the conditions of Fredholm and Hilbert, and the use of
outer content points to the nascent theory of measure and integration.

In Chapter III, Schmidt turns his attention to unsymmetric kernels. He begins in
§13 with the nonhomogeneous equation

b
£(5) = ols) - / K (s, t)p(t) d, (4.10)

with the goal of reproducing Fredholm’s theory. As we have seen in the discussion of
Fredholm’s paper, a key problem is to compute bases for the left and right null spaces of
the right hand side of (4.10). Schmidt shows that they are eigenspaces of the symmetric
kernels K (s,t)+ K (t, s)—i—f; K(s,m)K(t,r)dr and K(s,t)+ K (t, s)—}—f; K(r,s)K(r,t)dr.
(However, he does not show that the dimensions of these spaces are the same.) He then
goes on to prove Fredholm’s theorems by reducing the solution to that of a symmetric
kernel.

Returning to eigensystems, in §14 Schmidt defines two functions ¢(s) and ¥ (s) to
be an adjoint pair of eigenfunctions of K if they satisfy the relations

b
o(s) = )\/ K (s, )b (t) dt

and )
P(s) = )\/ K(t,s)p(t) dt.

The value A is the corresponding eigenvalue. He shows that ¢(s) and 1 (s) are eigen-
functions of the symmetric kernels

b b
K(s,t):/ K(s,r)K(t,r)dr and K(s,t):/ K(r,s)K(r,t)dr

corresponding to the eigenvalue A\2. He goes on to show that ¢(s) and 9(s) can be taken
to be real valued functions and A to be taken to be positive. He then shows that “The
adjoint functions of a full normalized orthogonal system of the kernel K (s,t) form a full
normalized orthogonal system of the kernel K (s,t), and conversely.”
In §16, Schmidt establishes a generalization of his expansion theorem for symmetric
kernels. Specifically, if g(s) = f; K (t, s)h(t) dt for some continuous function h(t), then
b
o) = Yuuls) [ sutdr
v a
b
SDIE o RIEIOL
a

b
a

3 b
= > [KCoea [ ne
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He establishes a similar theorem involving the eigenfunctions 4, (s) for a function g(s)
that can be represented in the form g(s) = fab K(t,s)h(t) dt. Finally, he shows that

b b
[ K tawd =352 g a,

which “corresponds to the canonical decomposition of a bilinear form.”

This development is a magnificent tour de force, marred only by an unfortunate
choice of nomenclature. For it is clear that Schmidt’s construction amounts to a gen-
eralization of the singular value decomposition of Beltrami [2, 1873] and Jordan [13,
1874], as the quote in the last paragraph shows. Today eigenvalues are a part of the
spectrum of an operator, self-adjoint or not. The term singular value was first used by
Bateman [1, 1908] for the reciprocals of Schmidt’s eigenvalues. The reader is referred
to [22], where these matters are treated in detail.

The climax of the paper is Schmidt’s approximation theorem, which is established
in Chapter IV. Let ¢;(s) and ¥;(s) (i = 1,2,...) be a full adjoint system of orthonormal
functions for K (s,t). Consider an approximation to K (s,t) of the form

> pils)ait)
=1

and let
b b m 2
M, = K(s,t) — i () z(15)) ds dt.
/a /a ( ;p g

Then M,, is minimized by the approximation
r=m
t
Ay
v=1

The proof of this theorem is tricky, and most people (your translator included) get it
wrong the first time around. The reader of referred to [22] for a paraphrase of Schmidt’s
proof in modern terminology.

In §19, Schmidt shows that the quantity M,,, evaluated at (4.11), approaches zero
as m approaches oo, an early example of Ly convergence of a sequence of operators.

Schmidt’s approximation theorem in the finite-dimensional case was rediscovered by
C. Eckart and G. Young in 1936 [6] and is sometimes erroneously called the Eckart—
Young theorem.

We will pass by the last chapter, which is devoted to expansion theorems that are
unrelated the material on integral equations.
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With Schmidt’s paper the subject of integral equations came of age. To this day, the
results of Fredholm, Hilbert, and Schmidt occupy a large part of textbooks on integral
equations. There was, of course, much more to come. Just as integral equations had a
large role in the development of functional analysis so did functional analysis enhance
the further development of integral equations. For example, continuous kernels became
compact operators. Hilbert and Schmidt themselves were part of this development.
While Schmidt was transcribing his dissertation, Hilbert launched an investigation of
the theory of infinite systems of linear equations that was motivated by applications
to integral equations. Schmidt picked up Hilbert’s work and developed many of the
fundamental concepts of what are now known as (¢3) Hilbert spaces. But that is another
story.
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ON A CLASS OF FUNCTIONAL EQUATIONS

BY

IVAR FREDHOLM
STOCKHOLM

In certain works' ABEL was concerned with the problem of determining a function
¢(z) in such a way that it satisfies the functional equation

/ f(,y) () dy = (x), (a)

where f(z,y) and ¥ (x) are given functions. ABEL solved some special cases of this
functional equation, and he seems to be the first to have recongnized its importance. For
this reason I propose to call the functional equation (a) an Abelian functional equation.

In this note I will be chiefly concerned not with the Abelian equation but with the
functional equation

1
(@) + /0 F(y)ey) dy = (), (b)

which is closely related to the Abelian equation.
In fact, if in place of f(z,y) and ¢(z) we substitute § f(z,y) and Ap(z), then equa-
tion (b) becomes

1
Mp() + /0 f(,y)e(y) dy = (z), (c)

which can be transformed into equation (a) by setting A = 0. Thus the solution of (a)
can be regarded as implicitly subsumed by the solution of (b).

Regarding equation (b), it seems to me that it deserves the special attention of
mathematicians because most of the problems of mathematical physics that lead to

' Magazin for Naturvidenskaberne, Kristiania 1823 and Oeuvres compléts

33
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linear differential equations can be transformed into functional equations of the form
(b) or of the form

To see this one only has to recall the Dirichlet problem in which one tries to represent
the unknown potential between two plates in terms of the potential on the plates, as
well as analogous problems in the theory of magnetism and the theory of elasticity.

The first attempt to solve an instance of equation (b) was made by NEUMANN.
Specifically, NEUMANN’s famous method for the solution of the Dirichlet problem con-
sisted in the expansion of ¢(z) in increasing powers of the parameter % But NEUMANN'’s
expansion, which always converges in the case of DIRICHLET’s problem, may not con-
verge in the general case.

In an important work? M. VOLTERRA successfully applied the method of NEUMANN
to the functional equation

(@) + /0 " Hy)oly) dy = o). (d)

In the same work M. VOLTERRA also made clear the close connection of equation (d)
with the Abelian equation

/0 " y)ely) dy = ().

The equation I propose to study in the present work includes M. VOLTERRA’S
equation as a special case. For one immediately obtains equation (c¢) by supposing that
the function f(x,y) in (b) is zero for y > =.

In what follows the function f(x,y) will be subject to a certain condition. I will
assume that f(x,y) is such that for « less than one the function (z — y)®f(x,y) is
bounded and integrable. Thus I am not going to treat equation (b) in full generality.
But the applications of equation (b) to mathematical physics justify the condition I
have imposed on the function. I will return to these applications in another paper.

§ 1. On the construction and properties of the determinant
of the fundamental functional equation.

1. Suppose that f(z,y) is a finite function that is integrable with respect to the
variables x and y, either individually or together. For definiteness we will suppose that
x and y are positive and less than one.

2 Annali di Matematica, 1886
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In this case, there exists a quantity D; that plays the same role with respect to
the functional equation (b) as the determinant plays with respect to a system of linear
equations.

To define Dy I will introduce the abbreviated notation

f($17y1) f(xlayQ) f(xlayn)
f (xlu T2, vovy xn) — f($27y1) f($2792) f(3727yn) (1)
yl’ y2’ ey yn ...................................

and set

>
~
Il

1
1+/ flz,x)de + = // (2’ 332) dry dzy + -+

:Z / / (xl’ S m”) dzidzs - - dx,.
n! Y, Y2, ...y Un

2. To show that this expression is valid we need only invoke a theorem of M.
HADAMARD.?

This theorem says that the absolute value of a given determinant is no greater than
the square root of the principal term of the determinant obtained by multiplying the
given determinant with its complex conjugate determinant.*

Consequently, if F' is the upper bound of f(z,y), we have

(2)

i, X2, ..., In

‘f <(B17 €2, .., xn)‘ SWFH
Thus the series Dy converges as the absolutely convergent series

n!
n=0

3. It is not without interest to note that the convergence improves if f(x,y) is
assumed to have a certain kind of continuity.
Specifically, suppose that the values of the quotient

f(a:,y) B f(l’,z)
(y—2)>

3Bulletin des sciences mathématiques, 1893, p. 242.
*The multiplication here is matrix multiplication, not the multiplication of the values of the two
determinants.
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have a limit superior. Then obviously we can write

T1...Tp

But in determining the maximum it is clearly sufficient to consider variables that satisfy
the condition

<VnrAM (1 — 22) (12 — 23)Y - (Tp—1 — xR) .

X1 > Ty > > Ty,

since the left-hand side is a symmetric function of the variables 1, ..., z,.
In this case the maximum value of the product

(;Ul - .Tg)(.%'g - x3) cet (xn—l - $n)

is equal to

Consequently,

L L (n")z =@
— | | f ") drydxy - dr, < —— A"
n' 0 0 X1...Tp n'

4. In the same way that we demonstrated the validity of the expression for Dy, we
can demonstrate the validity of the following expressions, which I will call the minors

Ofo:
Dy <£1’ §2 oo €n>
”71; 772, ey 7’],”
1
:f(fla 627 cey fn)_‘_/ f<§1§n7 $>d$
n, M2, ..., Mn 0 M..-Mn, T
1 1 1 ...
+//f<§1 Snr - 21, x2>dx1dx2+-.,
2Jo Jo m-..-Mn, 1, T2
e’} 1 1 1
:Z/ / f<§1...§n, $1...xl,>d$1“.d$y.
,,:0’/! 0 0 N .o My T1...Ty

5. The minors satisfy some important relations, which we will now derive.
On expanding the determinant

f<£1, 52, fn, :II1...$V)

m, mn2, -.-- Mn, T1...Ty



Fredholm 37

along the elements of its first row we find that

f <§17 627 ey §n, X1...2y >
M, M2, ---s Mny, T1...7Ty

:f(§1,771>f (gggn, T1...Ty )

n...Mn, T1...Ty

— f&,m) f (52’ $--n, 210 ) + -

m, M3...Mn, TL1...Ty

- (—1)nf(51,77n)f< &2y T1... Ty >

m-.-Mn—-1, L1...Typ

s (2 )

m-..-Mm—1, Mn-.-Ty

_(_1)n+l/f(§1,xy>f( f2--~£n7 T1...Ty ) .

m-..-Mm—-1, Mn-.--Ty—1

If we multiply the two sides of this identity by dzy...dz, and integrate between 0
and 1, we get the formula

1”. 1f 51...&1, T1...Ty d(l? dx
0 0 M- Nny T1...Ty Lo O
—f(§ ) 1“' 1f 62..‘&1, r1...Ty d d
= f(&,m A ; o 1. x1...dx,
1 1
_ 52) 63"'5717 X1 ... Ty
f(§1,772)/0 /of<7717 e Mm%)dml...d:pyjt

1 1
_,//0 /0 f(fl’r)f(T’ §2---&ns xQ"'x”_1>dex1...de_1.

m, Mm2--.Mny, T1...Tp—1

1
P

If we now multiply by
important formula

&1...6, ! T, &...&,
by (nl--.nn > +/0 &, m) Dy (771, 721 > dr

= semDy (2705 ) = stenmny (& 8

and take the sum for v = 0 to v = 0o, we obtain the very

(4)
2---Mn N, N3.--Mn

In the same way, if we start by expanding the determinant by the elements of the
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first column, we get the formula

&1 & ! &, &...&
Dy (m---nn ) +/0 f(T’m)Df<T, N2 1 > dr
= Dy (2700 ) peamns (S0 8 ) e

For the case n = 1 these two formulas become

Dy (5) + j(e.n)Dy (;) dr = (&,1)Dy, (41)

oy (8)+ [ stwonmy (8) ar = semiy. o)

6. If we replace f(z,y) by Af(z,y) in Dy , we find that Dy; can be expanded in a
power series in A, which, because of H. HADAMARD’S lemma, converges for all values
of A. Thus D)y is an entire function of A.

Recalling the definition of Dy and its minors, we immediately get the relations

nan)\f 1 ! T1...Tp
A v _A ; D)\f 211, dridzs. .. dx,, (6)

which hold forn=1,2,3,....
These relations allow us us obtain an important result. Specifically, since D)y is an
entire function of A, each root of the equation

D)\fZO

is necessarily of finite multiplicity.

Consequently, one cannot find a value of A for which D) and all its derivatives are
ZEro.

In particular, if for A = 1 we have D)y = Dy = 0, then we can always find a minor
of Dy of least order that is not identically zero.

§ 2. On a class of functional transformations and their inversion.

7. Let us now consider the functional equation

1
o(x) + /0 £, 8)p(s5) ds = (), (7)

where ¢(z) is an unknown function and ¥ (x) is a finite, integrable function.
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Regarding equation (7) as transforming the function ¢(z) into a new function ¥ (x),
I will write the above equation as

Syp(x) = () (7)

and say that the transformation Sy belongs to f(z,y).
The transformations (7) form a group.* Specifically, consider another transformation
Sy belonging to the function g(z,y) which satisfies the same conditions of integrability

etc. as f(x,y).
Then it is easily seen that one can set

Sqb(x) = SgSyp(x) = Sre(x),
where

1
F(z,y) = g(z,y) + f(e,) + /0 o 1) [ (t,y) dt.

Regarding the inversion of (7), there are two possible cases: D¢ is nonzero or Dy = 0.

8. First suppose that the determinant Dy is nonzero and set

g(z,y) = — D,

Then from equation (51) we see that F' is identically zero. Consequently, the equation

SgSpy(x) = h(2)

is an identity, and the transformation S, is the inverse of Sy. Thus, if there exists a
solution of equation (7), it is unique and is given by the equation

p(x) = Syt ().
On the other hand, if in equation (7) we substitute Sgt)(z) in place of ¢(z), we get
Spp(x) = SpSe(x) = Spip(x), |

where by equation (41) F' is again equal to zero.
Consequently, we can state the following theorem.

*By a group Fredholm means a set of operators that is closed under multiplication. The existence of
inverses is not implied.
fThe function F in S is not the same as the F' defined above.



40 FrREDHOLM, HILBERT, SCHMIDT

If the determinant Dy of a functional equation of the form

1
(@) + /0 £, 8)pls) ds = $(),

where f(x,s) and ¥(x) are bounded integrable functions, is different from zero, then
there is a unique function @(x) satisfying the equation.
This function is given by the equation
T
D
! <y>

1
o) =v(@) - [ 5 dy

9. Let us now consider the case where Dy is zero.
We have seen that in this case there is a minor of Dy of least order that is not

identically zero.
oy (55
m...MNn

Let
be that minor. Because all minors of lower order are zero, the formula (4) can be written
§1~--§n) /1 <7, €2---fn)
D + ,T)D dr =0.
f(m--~nn 0 A P

That is to say that
z, &...&
x)=D
o) f<"71, 772---77n>

is a solution of the homogeneous equation

1
(@) + /0 F (. y)o(y) dy = 0. (7)

To find all such solutions, let Sy denote the transformation belonging to f and let
© be a solution of the equation

Sre(x) = 0.

Let us call S, the pseudo-inverse transformation of Sy if

Ny, mi...m
g(z,y) = — . ,
Df <771~--77n>
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where the parameters & and 7 are chosen in such a way that the denominator is
nonzero — something that by hypothesis is always possible.
Then

SySrp(r) = Spp(z) =0,
where

1
F(z,y) = f(,y) + g(z,y) + /0 o7V f(ry) dr

But by equation (5) we have

F(z,y) =
1 z, &2...6 &, =, &...&n
|:f(‘£17y)Df <7717 N2 ... M > _f(§27y)Df <7717 N2, n3777l> -

Dy <§1§72 >
o (“1)"f (e w) Dy (nﬁ n ﬂ ‘

1-++Mn

Alternatively, using an abbreviated notation, we have

F(z,y) ==Y [, y)®y(x). (10)
v=1

Now ¢(z) satisfies the equation
Sre(x) =0,

and hence we have

1 n 1
o) = — /0 Fla)p(o)dy =302 /0 FEy)oly) dy
\ (11)
= A,0,(x).
v=1

It is readily verified that this expression satisfies the equation

Spp(z) =0

whatever the coefficients A,,.
The functions @1, ..., ®, are linearly independent. For equation (4) shows that

0 if A0,

1
/o J&n2)@y() da = {1 A=,
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Hence the hypothesis that there is a linear relation
a1P1 +ax®Py+ -+ a, P, =0

among the ®, leads to the contradiction

[ Saten 3 atioa =Y d o
0 v=1 v=1

Thus, not only are the functions ®, linearly independent, but so are the functions
f(&,,x). We may sum up the results we have obtained in the following theorem.

A necessary and sufficient condition that there exists a nonzero solution of the equa-
tion
Srp(z) =0

is that Dy = 0. If n is the order of the first minor of Dy that is different from zero, the
above equation has n linearly independent solutions.

Let us now look for conditions for the existence of a solution of the equation

Spp(z) = (),

under the hypothesis that Dy = 0 and the minors of order less than n are zero.
First we must establish a certain formula. Since the function

T, a2...0n
a(x) =D
(x) =Dy <b1, bg...bn)
satisfies the equation

Sfa(w) = 0,

a(x) is a linear combination of the functions ®,. Recalling that «(z) also satisfies the
equation

Sra(x) =0

or alternatively the equation

1
a(z) = /0 Fz,y)aly) dy,

we immediately obtain the following expression for a/(z):

n

O‘(x) = - Z O‘(él/)q)u(x)' (12)

v=1
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Proceeding analogously with the function
ai, ag...ap
fla) = Df( z, bg...bn)
we get the expression

_Zﬂ(fu)‘yu(x)’ (13)
v=1

D <§17 S -€n>
I\ =, M2...7Mn
o (5 5)

f Mm---Mn

and so on. It can be shown that the n functions ¥ are linearly independent.

Let us now return to the equation in question and integrate it after multiplying by

ai, ag...an
Dy <x bg...bn> de.

where for brevity we have set

\Ill(x) = —

Then we find that
1
ay, ag. ag ...0an
/Ogo(x)Df<$’ by . >d$+// azny<7 bg...bn> dx dy
ai, agz...apn
/1/’ ( bQ...bn> de.

* we see that the left-hand side is zero whatever the function

But by equation (5),

().
Hence ¢ (z) must satisfy the relation

/ W(z (‘“’ ‘ZZ”) dr = 0, (15)

whatever the parameters a and b. The number of these constraints appears to be infinite,
but because of equation (13) this number reduces to n; namely, the n equations

1
/O@Z)(x)\lll,(x)dx:() (v=1,...,n). (15")

*Equation (4) in the original, which appears to be a mistake.
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Let us assume that these constraints are satisfied and see if, in this case, a solution of
equation (7) exists.

If, to this end, we apply the transformation S, to the two sides of equation (7), we
have

SgSfSD(w) = Srp(r) = Sgw(x)-
But

Srp(r) = p(r) — ZA,,‘I’V(x).
v=1

Thus

n

o(x) = Sgw(w) =+ ZAV<I>V(x).

v=1
Let us now see if the above value satisfies equation (7). To do this it is sufficient to

see if p(x) = Sg1(x) satisfies equation (7), since the second term is a solution of the
homogeneous equation and can be discarded. We have

Spp(x) = SpSy(x) = Saip(z),

where, by equation (4) and the definition of the functions ¥,, we have

v=1
Consequently from equation (15) we find that

1
/0 Gz, y)e(y)dy = O,

and hence
Sa(x) = P(x)
and
Sre(x) = P(x).
Thus equation (15) gives necessary and sufficient conditions for the equation
Srp(x) = ¢(x)
to have a solution.

10. The system of equations

1 n
@)+ [ 3 pula e dy = ia@) (=1..m) (16)
v=1
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can be reduced to a single equation of the original type.
To show this, define a function F(x,y) for values between 0 and n by the n? condi-

tions

- r—A+1
F(x,y)= fulx—A+1Ly—v+1), for 0< y—v+1 < 1.

Also define a function ¥ by the n conditions
Uz)=ta(x—A+1) for O<zxz—A+1<1.

Then if the determinant of the equation
o)+ [ Ple.)o) dy = (o (1)

is nonzero, the equation has a unique solution ®(z). If we then define the functions ¢y
by the conditions
O(zx)=¢gr(x—A+1) for O<z—-A+1<1

we see that these functions satisfy the original system.
We also see that this is the only solution that can satisfy the original system. For
otherwise there would be another function satisfying (17), which is impossible.

§ 3. On the first variation of the determinant Dy.
11. Let us first calculate the first variation of
I1...Tp
f (ml .. xn> )
If we denote the sequence of values x1, x2, ..., x, with the exception of z) by

1,22 ... (T)) ... T,

we can write

7 (§1$n> S iy (xl...(:r)\)...xn) (a0 ,).

.. I " x1...(xy) .. xp

Multiply the two sides by dx1,...dx, and integrate from 0 to 1. If we note that names
of the variables are immaterial, we clearly have

1 1
5//f<x1x"> dzy ... dz,
0 0 T1...Tp
! ! Tl o ...Tn—-1
:n/o /0 f<x1’ xzmxn_1>5f(x,x)dxdx1--.da:n_l

1 1
—n(n—l)/o /0 f<z’ xl”'m"2)5f($,y)dxdydm1---dacn_g.

T1...Tp—-2
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Multiplying by X -7 and taking the sum from n =1 to oo, we get

5Df—-/ﬁly5fm:rdx—l/!/ Df< >5fxgndxdy
5bg5Df::[f5f@?x (/ /ﬂ ( >5fxgﬁdxdy

or

Obviously

1 Dy <:f>
()~ [ —p s de = 576 ).

Hence we can also write

1
5long:/O [SJTICSf(x,y)]x:yda:.

By introducing the notation
Ty

1
+ /0 £y 2)(y) dy

we get another expression for the logarithmic variation of Dy: namely,

for the transformation

1
5logzzf::]€[I}léj(x,yﬂx:ydx.
§ 4. The product theorem.

12 To establish the product theorem, consider the two transformations
Sye(x / [, y)e(y) dy,
Sgp(x) = p(x) +/0 9(@,y)e(y) dy.

If we write the product of the two transformations as

S¢S, = Sp,

(18)

(18")
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then we have .
F(a,y) = f(z.y) + gla,y) + /0 f(x,8)g(t,y) dt.

If we likewise consider the transformations
Trp(x / [y, 2)o(y) dy,

Typ(x) = p(x) + /0 9y x)p(y) dy,

then we have
TyTy = Sa,

where

G(r,y) = f(y,z) +9(y,z /fy, (t,x)dt = F(y, ).

‘We have seen that

510g5DF—/ 5medm—/ / <>6Fﬂ:y)dﬂ:dy,

a formula that can also be written as in (18) thus:

1
6logDF:/0 [(S;Sy) rOF (2, y)]uey d. (19)

Moreover,
1
0log Dp = / (T,Ty) '6F (z,y)] sy da. (20)
0

Now

1
6F(z,y) =0 f(z,y) +df(z,y +/0 (z,t)dg(t,y) +g(t,y)of(x,t)] dt
=T,6f(z,y) + Spdg(x,y).

Hence on substituting this expression in (19) and (20), we find that
' 1 1
o Dr = [ (1,77 Ty (a.0) + (87,)Ssd9(a,p)lomy da

1
:/0 [T, 15f (2, y) + S, ' 0g(, y)]a=y da
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or
dlog Dp = dlog Dy + dlog Dy.

It follows that
log Dp —log Dy — log D,

does not depend on the functions f and g. Finally, because for f = g = 0, we have
D = Dy = D, = 1, we have the following theorem:

Dp = D¢ D,. (21)
§ 5. Various expansions.

13. We have seen that the function

(&) = ——+

satisfies the equation

1
plen)+ [ f&Dermdr = r(en) ()
Let us look for an expansion of the function ¢(&,n) in the form

(& mn) =v1(&n) —e2(&m) + @3(&m) — -+, (22)

where ¢, (£, 7n) is of dimension n with respect to f.
Substituting this series in equation (4;) and equating to zero the sum of terms having
the same dimensions with respect to f, we get the following equations:

901(5777) = f(éu 77)
1
onlEn) = /0 FE T ona(rm)dr (n=2,3,..).

From this it follows that

1 1
S%(&T]):/O /0 fE&n)f(r, ) flra—1,n)dr - drp1.

The resulting expansion converges provided the upper bound of f is sufficiently small.
Now recall the formula (6), which for n = 1 we may write as

legD)\f .

1
— /0 (€. ) de.
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If we replace (£, &) by the representation (22), we have the formula

1 2 1 1
log Day = A [ fla,a)de — 2 Fa,y)f(y,) dudy + -
0 2 Jo Jo

x2) f(w2,23) - f(@p—1,20) f(Tn, x1) doy - - - dy.

In particular, if the series on the right converges for A =1,

o0

_qyn-1 gl 1
logDy = Z (7)1/ .. / flz1,x2) f(xa,x3) -+ f(Xp—1,2n) f(zn, 1) day -+ - day,.
n=1 0 0
§ 6. The case where f(x,y) becomes unbounded in such a way that

x?
(x —y)*f(z,y) remains bounded.

Let f(x,y) be a bounded integrable function and i(x,y) be a function such that
(x — y)%¥i(x,y) is bounded and integrable. Suppose that D; is zero along with its
minors up to order n. If, in addition,

S¢S = S;S¢,
then obviously

S;®y(z pr =1,...,n), (23)

where ®1(z)...®,(x) are the n hnearly independent solutions of the equation

Srp(z) = 0.
If we let
Tyo(x / f(y,z)e(y) dy,
then .
TU(z) =Y gPu(z) (A=1,...,n), (24)
p=1

where Uy (z)... ¥, (z) are the n linearly independent solutions of the equation
Tr¥(z) = 0.

I claim that the determinant of the coefficients py, is equal to that of the coefficients
Arp-
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I will prove the assertion under the assumption that the determinant of the quantities

1
cM:/O Oy (2)V,(x) dx

is nonzero. Clearly, a simple continuity argument allows the proposition to be extended
to the case where this determinant is zero.
Noting that we have the identity

1 1
/ ()0 (x) da / () T30 (x) da
0 0

and taking into account equations (23) and (24), we get

n n
g CouPrxv = § Cwluy,
v=1 v=1

from which the desired result follows immediately.

15. Denote by i(z,y) a function to which the transformation S; belongs. We are go-
ing to look for conditions under which an inverse transformation for S; exists, supposing
that i(z,y) becomes unbounded in such a way that (r — y)®i(x,y) remains bounded.
Here « is a number less than one.

If we set

1 1
iy (,y) :/o /0 i(x,t1)i(t1,t2) - -i(ty—1,y) dty -~ dt,—q

and
k(iL',y) = —i(l‘,y) + i2(xv y) -t (_1)n_1in—1($7y)7

then we have
SiSi = 5; Sk = Sy,

where
f(xvy) = (_1)n717;n($’y)

If n is chosen so that .

n >
1—a’

then i, (z,y) can no longer become unbounded.
To show this, we note that one can write

1 dt U (o, B)
/0 | < (25)

=t —yl® |z -yttt
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where U(q, 3) is a function that is bounded as long as
0<a<l, 0<p<l, a+pg<l1.
The inequality (25) can easily be established by making a the change of variable
t=xz+(y—x)s

in the above integral. The repeated application of inequality (25) to the inequality

a

iz, y) < ——
i) <

easily leads to the result that

. a
liv (7, y)| < W,

as long as
va—v+1<0,

which is to say that

> L
1% .
l—«o
If a a
—1l<n—-1<
l-« " 1—a’

we have 1

‘ Ap_1adt

in(x, < . 25

’ n( y)’ /O |x_t‘(n—1)a—n+2’t_y|o¢ ( )

From this inequality it follows that i, (x,y) has a finite upper bound.
16. The results obtained above can be extended almost immediately to the more
general transformations

1 1
Sigo(m...xn):go(azl...xn)—l—/ / (1. Ty Yn)@(Y1 - Yn) dyr -+ - dyn,
0 0

by postulating that i(xy ... x,;y1 ... ys) becomes unbounded in such a way that

Tai(xl e Y1 )

remains bounded. Here « is a suitably chosen number less than n, and r is the distance
between the points whose Cartesian coordinates are x1 ...z, and y1 ... yp.

*Fredholm writes < here.
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Specifically, we have

n

Z(-TV - yu)2 >n T\L/szl (l‘l/ - yzz)g'

v=1

or n
1
T2 \/HH |2y — Y|

v=1

Hence there is a number a such that

i< —
T, |2 — gl

We define the functions i, in the same way as before; i.e., we set

1 1
iy(l'l xn) :/ / i(l’l ...:L’n;tl ...tn)’il,_l(tl tn) dtl dtn.
0 0

By an argument analogous to the one used in the preceding case, we establish the

inequality
ay

< Aa i1’
Il 2y —yul} =

and from this inequality we conclude that if A > 1_% then i) does not become un-

bounded.
17.  To shorten the presentation in showing how these results apply to the solution
of the equation

’i)\(wl ce e Tpy Y1 yn)‘

Sip(x) = (x),

I will restrict myself to the case where 4 depends only on two variables.
If we apply the transformation Sy to the two sides of the above equation, we have

SkSip(x) = Spp(x) = Sk ().

Here f and Skt (x) are bounded functions and clearly are also integrable. Hence we
can apply the procedures described in Section 2 to the equation

Syp(x) = Spip(x). (26)

To treat the most general case, let us suppose that Dy is zero along with its minors
up to order n. We will use the notation of § 2.

Applying the pseudo-inverse transformation of Sy to both sides of equation (7), we
have

SySro(r) = Spp(x) + SySky(x),
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or
n

p(r) = Sgskw(x) = chq)u(x)'
v=1
If there is a solution of the given equation, then one can determine the coefficients
in such a way that S;p(x) is equal to ¥(x).
18. Among the cases where this determination is possible, there is one that seems
to me to merit attention. It is the case where the equation

Sip(x) =0
has only the solution
p(x) = 0.
We obviously have
SiSy = 5;5;.

Hence

n
Si®x(z) =Y paplu().
p=1
Since the functions ®, are linearly independent and the equation

Sip(z) =0

has only the solution ¢(x) = 0, the determinant of the coefficients py,, is nonzero.
Since the determinant of the p),, is nonzero, the determinant of the g¢,, is also
nonzero. It follows that the equation

Tip(z) =0

has only the solution ¢(z) = 0 and we have

Sp®y =0, _
o } A=1,...,n) (27)

Given all this, if we set
po(x) = SgSkip(z),

we have

Steo(x) = SySeSkt(x) = SaSky(x)

n 1
= Sible) = 3 fwn) [ @)Sii(o) do
v=1 0
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But . .
| o)t de = [ o)) do =0
0 0

for all v. Consequently,

Srpo(x) — Skp(x) =0,
or

Sk (Sigo(z) —(z)) = 0.
From this we conclude that

n

Sipo(x) = (@) + Y a,P, (),

v=1

where the a, are known quantities.
If we now set

we get
5180(1') = ¢(33) + Z al,q),,(:v) + Z ZpAVCAq)V($)-
v=1 v=1)\=1

But because the determinant of the coefficients py, is nonzero, we can obviously deter-
mine the ¢, so that

Sip(z) = ().
QED
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Let K(s,t) be a function of the real variables s and ¢. Let f(s) be a given function
of s and let (s) be taken as a function of s to be determined. Each of the variables s
and t range over the interval from a to b. Then

b
£(s) = / K (s, t)p(t) dt

is called an integral equation of the first kind and

b
£(s) = (s) — A / K (s, t)p(t) dt

is called an integral equation of the second kind. Here A\ denotes a parameter. The
function K (s,t) is called the kernel of the integral equation.

GAUss was first led to a particular integral equation by boundary value problems
in potential theory. The term “integral equation” was first used by P. DU Bois-
RAYMOND.! The first method for solving the integral of the second kind was due
to C. NEUMANN.2 In his method the function ¢(s) appears directly as infinite series
in powers of the parameter A whose coefficients are certain functions of s defined by
multiple integrals. FREDHOLM? found a different formula for the solution of the integral
equation of the second kind, in which he was able to represent ¢(s) as a quotient, whose
numerator is an everywhere convergent power series in A with certain coefficients that
depend on s, while its denominator turns out to be a power series in A with numerical
coefficients. At my suggestion KELLOGG? produced a direct proof of the agreement of
the formulas of C. NEUMANN and FREDHOLM. In the special case of a certain boundary

!Bemerkungen iiber Az = 0. Journ. f. Math. Bd. 103 (1888).

2Ueber die Methode des arithmetische Mittels. Leipz. Abh. Bd. 13 (1887).

3Sur une classe d’équations fonctionnelles. Acta mathematica Bd. 27 (1903). Also the 1899 paper
cited there concerning the same topic.

4Zur Theorie der Integralgleichungen. Gétt. Nachr. 1902.
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value problem in potential theory, POINCARE® was the first to introduce the parameter
A and was also the first to show that the solution must necessarily be in the form of of
the quotient of two everywhere convergent power series in A. In a later paper in these
proceedings I will treat a third method for the solution of the integral equation of the
second kind that is at the same time also applicable to the integral equation of the first
kind. VOLTERRA® has obtained the solution of special integral equations. In certain
cases the integral equation of the first kind can be reduced to one of the second kind by
a method pointed out by me.”

A closer examination of the topic lead me to the realization that a systematic de-
velopment of a general theory of linear of linear integral equations is of the greatest
importance for analysis as a whole, in particular for the theory of the definite integral
and the theory of the expansion of arbitrary functions in infinite series and in addition
for the theory of linear differential equations as well as potential theory and the calculus
of variation. In a series of papers I intend to give a new treatment of the question of the
solution of integral equations, and above all to explore the interrelations and general
properties of their solutions. In this connection, I generally make an assumption that
is essential for my results—mnamely that the the kernel K(s,t) of the integral equa-
tion is a symmetric function of the variables s and ¢. In particular, in this first paper
I obtain formulas that yield the expansion of an arbitrary function in certain special
functions that I call eigenfunctions. This result subsumes as special cases the expansion
in trigonometric, Bessel, Kugel, Lamé and Sturm function, as well as the expansion in
those functions of several variables that POINCARE first established in his investigations
of certain boundary value problems of potential theory. My investigations will show
that the theory of the expansion of arbitrary functions by no means requires the intro-
duction of ordinary or partial differential equations; rather it is the integral equation
that constitutes the necessary basis and the natural starting point for a theory of ex-
pansion in series. The most remarkable result is that the expansion of a function by the
eigenfunctions belonging to a integral equation of the second kind turns out to depend
on the solvability of the corresponding integral equation of the first kind.

At the same time, the problem of the existence of eigenfunctions receives a new
and more nearly perfect solution. In the special case of the boundary value problems
of potential theory, H. WEBER,® as is well known, first tried to prove the existence
of eigenfunctions on the basis of the DIRICHLET-THOMSON minimum principle. Then
POINCARE actually produced the proof for this special problem by using a method

5Sur les équations de la physique mathématique. Rendiconti del circolo di Palermo t. 8 (1894). La
méthode de Neumann et le probléme de Dirichlet. Acta mathematica Bd. 20 (1896-97).

5Sopra alcune questioni di inversione de integrali definite. Annali di matematica s.2 t. 25 (1897)

"Cf. KELLOGG, Zur Theorie der Integralgleichungen. Inaugural-Dissertation, Géttingen 1902, as
well as Math. Ann. Bd. 58

8Ueber die Integration der partiellen Differentialgleichung Au + k*u = 0. Math. Ann. Bd. 1 (1868).
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developed by H. A. SCHWARTZ. Not only does the existence of eigenfunctions in the
most general case follows from an application of my theorems, but at the same time my
theory also gives in simple terms necessary and sufficient conditions for the existence
of infinitely many eigenfunctions. This result is basically predicated on the fact that I
do not, as has previously been done, proceed from an initial proof of the existence of
eigenvalues. On the contrary, I first establish a general expansion theorem (pp. 74-75),
and from this I can easily derive the conditions for the existence of eigenvalues and
eigenfunctions.

The strategy that I use in this first paper is the following. I start with an algebraic
problem, namely the problem of the orthogonal transformation a quadratic form in n
variables into a sum of squares. Then by a rigorous process of passing to the limit for
n = oo, I arrive at the solution of the transcendental problem that was to be treated.”
The basic idea has been used by many others as a heuristic expedient, in particular by
LORD RAYLEIGH.'? T have turned it into a rigorous principle.

For the sake of greater intelligibility and a shorter presentation in this communica-
tion, I have confined myself strictly to the case of an integral equation with a simple
integral. However, the strategy and results are also valid when the simple integral in
the integral equation given above is replaced by a double or multiple integral, so that
K denotes a symmetric function of two sequences of variables.

L

Solution of the Algebraic Problem

Let K(s,t), f(s), and ¢(s) have the meaning given at the beginning of this paper.
For simplicity, however, we take to interval of the variables s and ¢ to be the interval
from 0 to 1. In addition, let K (s,t) be a symmetric function of s and ¢. Furthermore, by
n we will understand a fixed positive integer and introduce the following abbreviations.

P q
qu:K(ﬁ’ﬁ) (p,g=1,2,...,n)

Kzy = Knioyr + Ki2z1y2 + Ko1xoy1 + -+ + KpnTnln
= Z Kpqxpyq, (Kpg = Kgp),
P.a

soszO(%), fp=f(5>, (p=12,...,n),

°T have presented the basic idea of this strategy repeatedly in my seminar and in lectures during
W.-S. 1900-1901.

10Cf. RAYLEIGH, The Theory of Sound, 2. ed. London 1894-1986 and PockELS-KLEIN, Ueber die
partielle Differentialgleichung Au+4K?u = 0 und deren Auftreten in der mathematischen Physik. Leipzig
1891.
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Kzx) = Kijjz1 + Kpgzo + -+ + Kiptn,
Kxg = Kojx1 + Koszo + -+ - + Kopty,

Kz, = Kyiz1 + Kpoxo + - - + Kppy,
[z,y] = T1y1 + T2y2 + -+ - + Tpyn.

It is obvious that
Ky = [Kz,y| = [Ky, z].

We will now introduce our algebraic problem: Determine the values of 1, @, ...

from the n linear equations

fl =¥1— K(Kllsal + - +K1n90n)a
fa =2 — LK1 + -+ Konpn),

)y Pn

(2)

Here the values f, and the coefficients K, are given, and likewise £ is to be taken as a
parameter with a known value. We will consider the properties of the solution together
with the connection with the problem of the orthogonal transformation of the quadratic

form Kxx .
In order to solve this algebraic problem we will use the determinants

1 VK1 —AKq9 - —A K,

aey = | e 1T e

—V K1 —A K9 14K,

and

0 T Ty - T,
. y1 1 =LKy —AKi2 - K1y
D <£7 > = Y2 Koy 1—(Ky --- —{Ky,
L
Yn —A K1 —AK, - 1 —AK,,

The first of these determinants is the discriminant of the quadratic form

[z,2] — Kz
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If we denote by D <€ , ; ) the determinant that results from replacing every occurrence
Yy
. x
of y, in D (E, y) by
Kyp = Kplyl + Kp2y2 + -+ Kpnyn7

then we have the easily following easily verified identity in z, y, and £:

a@pyy+p(&z)—ep<aég>:o. (3)

Our problem now consists of determining the n unknowns @1, @9, ..., ¢, from the
equations (1) or (2); that is, to find a linear form

[0, 9] = o1y1 + a2 + - + Onn

that satisfies the equation
[fsy] = e, y] — L[Kp, y]

identically in y. Since from
Kpg = Kop

it necessarily follows that
(K, y] = o, Ky],

the equation to be satisfied is equivalent to the equation
[f,y] = e, y] — L, Ky).
It is immediately clear from (3) that this equation is solved by the formula

/
mmz—Dggo. (4)

Thus if ¢ has the property that d(¢) # 0, the coefficients of the linear form (4) are the
values of the unknowns 1, ©s,..., v, that we have been seeking.
It is well known that the roots of the equation

d(f) =0

are all real. We denote them by
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and assume that they are distinct from one another.
If we denote by di11(£),...,dnn(¢) the minors of d(¢) with respect to its n diagonal
elements and if d'(¢) is the derivative of d(¢) with respect to ¢, then the equation

holds identically in £. Hence for ¢ = ¢(") it follows that
dii(0M) 4 - dy (0)) = —eMW g (M), (5)

According to our assumptions d’(¢(") cannot be zero. Hence the minors on the left-hand
side certainly cannot all be zero; that is, the homogeneous equations

.............. (6)

for ¢ = (™ has a certain solution system

h
901:<Pg )7"'7(;071:(10550

that is uniquely determined up to a common factor of these n quantities. By (3) the
coefficients of y1, ..., y, in the expression

D <g(h)7 33)
Yy

must be solutions of the homogeneous equations (6) that are independent of z. Hence
we have the proposition

D<ﬂm,§>=fwm#ﬂwmkm7

where the first factor in the right-hand side represents a linear form in 1, ..., z,. From
this and the symmetry of the expression on the left-hand side, it follows on exchanging
x and y that

X
D(W%y>=a¢WﬂwWwL

where C' is a constant that is independent of z and y. If we choose the the common
factor mentioned above suitably, we get

D <€(h), ;) = £, ][, y]. (7)
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From this equation, by comparing coefficients of the products

L1Y1ly -+ -y TnYn

on both sides, we get the special formula
din(€) + -+ dy (01 = F[p®), o], (8)
Hence from (5)
(o™, M) = 2™ ¢y, (h=1,2,...,n), (9)

and thence from (7)

(),
D (e, §) _ ™, 2][p™, ]
NRrIGR) ERREQ]

(h=1,2,...,n). (10)

Equation (9) shows that one must take the top or bottom sign in (7) and (8) according
as (M d (¢(M)) turns out to be positive or negative. We can write the equations (6) as
an identity in x as follows:

[p®, 2] = (W[, Ka]. (11)

Since for unequal indices /") and (%) are different, we obtain from (11) the relation

™ o™ =0,  (h#k).

Finally, to obtain the connection with the theory of the orthogonal transformation
of a quadratic form, we start with the expression

Dt )
i)y

Since the numerator is a function of degree n — 1 in ¢ and the numerator is of degree n,
from the rule for expansion in partial fractions and the use of (10) we get the formula

D(e,g)_p(m,g) . D(An),g) .

A0 @Emy = T T aam)y =

M), 2][pD), y]  £D) [p™, 2] (™), y] £

T M, o] —em T T, om) =g




62 FrREDHOLM, HILBERT, SCHMIDT

which is satisfied identically in x, y, and ¢. For ¢ = 0, this formula becomes

o z (n) %
[xy]:lw+...+lw (12)
’ (D (L) () g (£(n))
_lpWaallp®Wyl e ey (13)
[, )] [, ]
If we replace y by the linear combination Ky, in view of (11) we get
D (e, ) D (e, )
K:cyz[Kx,y]Z[x,Ky]:W+-~-+W (14)
_eWaalle®Wyl e el y) (15)
(D[, )] (M)[p™) )]

In addition, we append the particular formulas that result from the last two sets of
formulas by setting y equal to x:

D (¢, D (¢
[x,x]zM—f— --+M (16)
(o), 2] [p™), 2)?
T W] T o, o)
D (¢ T D (¢ &
Kzx = (Z(l)()%”(;&))) + -4 (K(“)()Qd”(;”))) (17)
(o), ] [p™), 2)?

T ORm, 0] T e, s

II.

Solution of the Transcendental Problem

Recalling the significance of the quantities K4, which were constructed from the
function K (s, t) at the beginning of Section I, we now assume that K (s, t) is a symmetric
continuous function of the variables s and ¢ in the interval of interest, namely [0, 1]. Our
strategy requires the rigorous passage to the limit n = co. The transcendental problem
of solving the integral equation of the second kind

1
() = (s) — )\/0 K(s,t) dt
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corresponds to the preliminary algebraic problem that we solved in Section I. In this
Section IT we essentially confine ourselves to using our strategy to derive the formulas
required to solve the integral equation, formulas that were first given by Fredholm.

If we expand d(¢) in powers of ¢ as follows

d(l) =1 —dil 4 dol?® — - £ d, 0"

and let h stand for any the indices 1,2,...,n, then we have
Kplpl KPlPQ P1Ph
dy, = Z Kpopr Kpops =+ Kpap, PL<P2<P3<:<Dh _
.................... PLaD2, PR = 1’27.”7n

(p1,p2,.--,Ph)
Kp,p,

The sum on the right-hand side consists of (Z) determinants. According to a well-
known theorem!! the absolute value of any of these determinants cannot exceed the
bound Vit K h where K denotes the maximum of the absolute values of the function
values K (s,t). From this we find that

|dn| < <Z> VhhK" < T(nmh < ("\j‘g)h

In other words,

On the other hand, we can easily show that if A is fixed, in the limit as n increases
without bound

lim —% = On, (19)

" HADAMARD, Bulletin des sciences mathématiques (2) XVII (1893).
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We now introduce the power series first given by FREDHOLM
S(A) =1 — 81N+ 0202 — 530° + -+,
which because of (20) is everywhere convergent. We can now establish the following

lemma.

A
LEMMA 1. As n increases without bound, the expression d ) converges to d(\),
n
and the convergence is uniform for all values of A whose absolute value lies below

1 A
an arbitrarily chosen positive bound A. In the same sense, the expression —d’ <>
n n

converges to ¢'(\).

To prove this lemma, we will suppose, on the contrary, that there exists a positive
quantity € such that for infinitely many integers n and corresponding values A with
absolute value not greater than A we have

‘d (i) - 5()\)‘ > €.

We now choose an integer m so large that the following conditions are satisfied. For all
A whose absolute value is not greater than A,

Gt N — 6o AH2 | < g (21)
Further, the inequalities
m > (2eK\)? (22)
and )
€
— <= 2
are to be satisfied. Then in view of (18) and (22) for each n we surely have
1 m m n
d| — zl—ﬁ)\—k'--id—/\mq: d +1)\m+1j:-~~j:d—)\”
n n nm nmtl nm
:17@)\+---id—m)\mii 0<9 <),
n nm 2m
By (23)
1 d dm
‘d()—(l—l)\eri)\m) << (24)
n n nm 3

The integer m having been determined in this way, we choose the integer n so large that

d dm
‘(1—;A+“'inmw) _(1_51A+52A2—---i5mw)’ <§. (25)
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Because of equation (19) such a choice of n is always possible. The inequalities (21),

(24), and (25) now show that the absolute value of the difference between d <)\> and
n

0(A) must be less than e. This result contradicts our assumption, and hence Lemma 1
is proved.

In order to discover how the passage to the limiting transcendental problem works
out for the determinants D <€, Z), we will take z(s) and y(s) to be two arbitrary
continuous functions of the variable s in the interval 0 to 1 and substitute

GO

X

into into the determinants D (E, y

¢ as follows:

D (e, x) - Dy (x> —D2<x>e+pg<x)g2 _...iDn_1<x)en1.
) ) Yy Yy Yy

It is easily seen that in the limit with infinitely increasing n and fixed h

D x
"0 )

n=oco N

). We then expand these determinants in powers of

where Ay, (Z) denotes the multiple integral

L L ( ()] K x(SI; K( 33(32; K m(shg

z = y S S1,S S ,S S ,S

a(T) = [l [ o0 Kl Keonw) = Keund| g,
y(sn) K(sn,s1) K(sp,s2) K(sp, sn)

If we now introduce the everywhere convergent power series

s(3) () sEpea ()

we get the following lemma by a proof analogous to the previous one.

1 A
LEMMA 2. As n increases without bound the expression —D (, Z) converges to
n n

A (/\, g) Moreover, this convergence is uniform for all A whose absolute value lies
below an arbitrarily chosen bound A.

Thus it is seen that A ()\, ‘5) is a power series in A whose coeflicients depend on

the arbitrary functions z(s) and y(s).
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We now proceed to determine the limit in the formula (3) for n = oco.
Bearing in mind that according to the abbreviations introduced at the beginning
Ky, is

Kyp = Kpiyr + Kpaya + -+ - + Kpnyn

= () () e () () e (20) o (3):

we obtain the following formula by the same method that led to Lemmas 1 and 2:

X
im Ao (2 %) = wm 22
n=o0o n2 n Ky n=oco N n Ky

_/\{A<>\ y>} ()= K(s,t)y(t) dt
LG,

A
Therefore if in formula (3) we set £ = — and divide the formula by n, then the limit as
n

S
S|

n grows without bound becomes

50 /0 L (s)y(s) ds + A </\, ’ ) 2 /0 1 {A </\, ’ > }y(s):K(&t) Lyt dt=0.  (26)

This formula is an identity in A and holds whenever z(s) and y(s) are continuous
functions of their arguments.
If in (26) we set
xz(r)=K(r,s) and y(r)= K(rt)

and introduce the abbreviation

A\ s, 1) = A {A <)\, ‘””) } — (VK (s, 1), (27)
y z(r)=K(r,s)
y(r)=K(rt)
then (26) becomes
SN K (s,t) + A(A;s,t) — / A(X;s,r)K(t,r)dr = 0. (28)
Finally, setting
A(N;s,t)

K(s,t) = fW,



Hilbert 67

we get
1
K(s,t) = Ks, 1) — /\/ K(s, ) K (t, 1) dr. (20)
0
In the above equations, A(\;s,t) and K(s,t) are symmetric functions of the real
variables s and ¢, and in addition, they contain the parameter A\. The formulas (28) and
(29) hold identically in s, t, and A.

The function K(s,t) is called the solution function for the kernel K(s,t).” Specifi-
cally, by means of it the original integral equation of the second kind,

1
£(5) = p(s) — A /O K(s,0)p(t) dt

can be solved as follows:

1
o(s) = £(s) + A /0 K(s,t) £ (t) dt.

We can see this immediately by substituting the right-hand side of the last formula into
the previous integral equation. At the same time we see that the solution of the integral
equation of the second kind is unique for any A that is not a zero of 6(\).

From the above material, we obtain the following power series for A(\; s, t):

A()‘a Svt) = _K(Sat) + Al(sat))‘ - A2(37t))\2 +=

where
K(S7t) K(5781) K(Sash)
1 [t 1
Ah(S,t):/ / K(slvt) K(Sl,Sl) K(Sl,Sh) dsy -+ - dsp,.
h Jo 0 |
K(Shvt) K(Shvsl) K(Sh,Sh)
The identity in A
1
§(\) = / d(N;s,8)ds (30)
0

follows easily from this formula.
The formulas obtained in this way are none other than the formulas of FREDHOLM,
which we have already mentioned several times.

I11.

The Transcendental Problem that Corresponds to the Transformation of a
Quadratic Form into a Sum of Squares.

*Hilbert’s solution function is also called the resolvent function. It was first introduced, but not
explicitly named, by Fredholm.
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Our most important task consists of transferring the algebraic inquiry of Section 1
concerning the orthogonal transformation of the quadratic form Kxx into the transcen-
dental domain by carrying out the passage to the limit for n = oco.

To this end we first will prove the following propositions about the zeros of §(\).

PROPOSITION 1. The function §(\) has no complex zeros.

For the proof we will assume on the contrary that we have such a zero at hand,
and we will construct a circle around it in the complex A-plane, whose periphery and
interior contain no other zeros of §(A\) and moreover such that ¢’(\) is not zero on its

A
periphery.* By Lemma 1, d <> converges uniformly to d(n) for infinitely increasing
n

1 A
n and —d’ <> converges to ¢'(\). Hence for sufficiently large values of n the quotient
n \n

A

n . d(A)
———~2 differs from
La(A &'(N)
n n

the circle. But then the difference of the integrals
A
40
/_dx and /

taken over the periphery of the circle would lie arbitrarily near zero. But this is impos-

by an arbitrarily small quantity on the entire periphery of

3(N)
50y

I, 0)

n n

A
sible. For the first integral has the value zero, since the zeros of d < are all real, and
n

on the other hand, the second integral will be equal to the integer that is the multiplicity
of the of the zero of §(\) at the center of the circle.

In a similar manner because of the uniform convergence stated in Lemma 1, we have
the following fact.
PROPOSITION 2. Suppose that the n roots of the equations d(£) = 0

are ordered by their absolute values in such a way that when equal roots of opposite signs
occur the positive ones come first and, moreover, multiple roots appear as often as their
multiplicities require. Let the zeros of 6(\), such as there may be, be ordered likewise.
Then

lim n¢M) = )\(1), lim n¢® = )\(2), lim n¢® = G .

n=oo n=oo n=oo

*As the proof below shows, the circle must not intersect the real axis.
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There is no way to conclude from Proposition 2 that that zeros of §(\) exist. For it
may well happen that as n increases without bound, the absolute value of nf(!) grows
beyond any specific bound.

We now introduce the following terminology: The zeros of §(A) will be called eigen-
values belonging to the kernel K(s,t).

Previously we have understood K(s,t) to be a symmetric function of the real vari-
ables s and t. Throughout this third section we now make the assumption that function
0(A) belonging to K (s,t) has no multiple roots, so that for any root of the equation
d(A) = 0 it must happen that ¢’(\) is different from zero.

We must further note that the transformation theory, developed toward the end of
Section I, of the quadratic form

Kxx:ZK<£’g>xpra (p,g=1,2,...,n)

presupposed that the determinants formed from K(s,t) had no multiple zeros. Now if
for any value of n the determinant d(¢) belonging to K (s,t) should have a multiple zero,
we can proceed as follows. For each such value of n we imagine that K(s,t) is replaced
by a modified function K(s,t), so that the zeros of the determinant d(¢) constructed
correspondingly from K (s,t) are all simple. Moreover, the difference between the values
of the modified function K (s,t) and the values of the original kernel are to be so small
that for all values of the variables s and ¢, for all indices h (= 1,2,...,n), and for all

pairs of continuous functions z(s) and y(s), the following inequalities are satisfied:

1
|K(s,t) — K(s,t)| < —
’dh—(ih| < 17

o — gy <« L
n2’

;). < w0

Here dj, and Dy, (2) denote the coefficients of the determinants d(¢) and D (E, g) con-

(h=1,2,...,n)

structed from K (z,t). Moreover, £(") denotes the corresponding zeros of d(¢), and M (x)
and M (y) are the maxima of the absolute values of the functions z(s) and y(s). Clearly,
as n increases without bound the expressions

Rs,t), d <2> ,
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approach the limits

Y

i.e., the same limits as the expressions constructed by means of the unmodified kernel.
We are therefore in the position to use the the theory of the quadratic form Kzx for
whose validity the absence of multiple zeros on d(¢) was a necessary condition. In
problematical cases we must work with the modified expressions, but to keep the big
picture in view during the following exposition we will use the original expressions
without the bars.

Let A(") denote the hth zero of §(\) with respect to the ordering defined on page 68.
From (26) it follows that

1
A (Mh), 96) _ ,\(h)/ {A (Mh), )} y(t) dt, (31)
Y 0 Y7 ) gr)=K(r)

and because of the symmetry of the expression & ()\, i) with respect to z(s) and y(s)

1
A<)\(h), $>:)\(h) / {A (w, )} 2(s) ds.
Y 0 Y7 ) #(r)=K(r.s)

If we set y(r) = K(r,t), we get

1 _
{A <A(h), x)} = Mh)/ {A <)\(h), x)} x(s) ds.
Y y(r)=K(rt) 0 Yy z(r)=K(r,s)

y(r)=K(rt)

K(s,t), 6(\), A()\, ”“’)

8]

we also have

&Kl

In view of (27)

1
{A ()\(h), ?)} :/ AAM; s Ha(s) ds. (32)
Y/ ) ym=K@e) Jo
From (31) and (32) we obtain
T 1 1
A (Mh), y) O / / AOD: 5 )2 (s)y(¢) ds dt. (33)
0 0

At the same time, if we substitute z(r) = K(r, s) in (32) and recall (27), we get

1
A()\(h)7 S,t) — )\(h) / A()\(h)ﬂn, t)K(T', 8) dr. (34)
0
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From now on let /(") denote the hth zero of d(¢) with respect to the ordering defined
above. Because of the formula (7) we have generally

D <g(h)7 x) D (g(h)’ x) = (e, ") p <g(h)7 {) 7
Yy Yy x Yy

and from this it follows that in the limit for infinitely increasing n

A <A(h)’ 1’) A <A(h>, ”C) —a(A®, D) (Aw)’ {) ,
Y Y x Y
provided that z* and y*, like x and y, represent continuous functions of their arguments.
In view of (27), it follows that

AN s ) A, s 1) = A s, s ) AN ¢, 17). (35)
Because of (30)
1
/ AP s, ) ds = 5 (). (36)
0
From our assumption that the zeros of §(\) are simple, it follows that &’ (A(") is different

from zero, and hence A()\(h); s, s) is not identically zero for all values of s. Let s* be a
particular value for which A()\(h); s*, s*) is nonzero. We now set

A(R)

A, s 37
A s | SATSS), (37)

M (s) = ‘

This defines ¢®(s) as a continuous function of the variable s. It will be called the
eigenfunction corresponding to eigenvalue A\ . On replacing t* with s* we obtain from
(35) and (37) the equation

AWAND; s, 1) = oM ()0 (2). (38)
With the help of (36) it follows that
1
/ (") ()2 ds = £AM 5 (AD),
0
Hence we see that the sign in the last two equations is plus or minus depending on

whether A"’ (A(M) is positive or negative.
In view of (33), we can derive the following formulas:

A (W, z> - /0 Lo (5)as) ds - /0 Lo (s)y(s) ds
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and

vy, _
NSO 1
(™) | as
0

Finally, formula (34) combined with (38) gives, after cancellation of the factor ¢ (t),

A (W “”) /0 o (s)a(s) ds - /0 o (s)y(s) ds

1
o) (s) = A / K (s, )™ (¢) dt.
0

From this we immediately derive the equation

[ 9 6e6ras =0 (k)
0

where () (s) denotes the eigenfunction belonging to a different eigenvalue ().
For the sake of brevity it is often preferable to use the functions

oM (s)
V(™ (s))2 ds

¥ (s) =

instead of the eigenfunctions ¢ (s). These functions may be called normalized eigen-
functions, or, when there appears to be no chance of misunderstanding, simply eigen-
functions. They satisfy the equations

A <A<h>7 x)
Yy
)

1 1
AW | @ s [T o® s)y(s)ds (39)
/ (0 (s))ds = 1,
0
/1 M (s)p®(s)yds =0 (h # k),
0
PP (s) =AM /0 1K(3,t)¢(h)(t) dt. (40)

We have now finished the preliminaries needed to treat the question of what we
obtain from the algebraic problem of the orthogonal transformation of a quadratic form
by passage to the limit as n increases without bound.
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At the end of Section I we obtained the formulas

L DU D) D)
gy T @a) ()
D) T (h) 2
(%, 3) _ Lp®.a] (h=1,2,....n).

(W@ (Em) ~ Jp®, ph]

The last formula shows that every term in the sum on the right-hand side of the ex-
pression for [z, z] is positive. Hence, when m is any integer less than n, we have the
inequality

D (¢t T D (¢m+2) T D (¢, T
( ’ x) 4 ( ’ SU) o ( ’ 33) < [ﬂj,l‘] (41)
g(m+1)d/(g(m+1)) g(m+2)d/(£(m+2)) g(n)d/(f(n))

Because

D (z<h)7 f;) 1 (D (e(h>, g) D (ﬂh)j z))
Y OrT .

(R Emy T g

Hence it follows from (41) that

D (dmen, 2 || p (), 0 (e, o)
+ Tt oo < 5@ el + [y, y)),
((m+1) g/ (p(m+1)) £(m+2) g/ (p(m+2)) ()’ (0(n) 2

and further that the absolute value of the sum of the last n —m terms in the right-hand
side of the formula (14) is not greater than

sz (71 + 2.

Therefore, in view of (14) we also have

Ky - 12/y1 + 22/y2 ot 2/y
(D2 (p)) — (02)2d(£(2)) (£m))2qr (p(m) (42)
1
< W([%x] + [y, 9))-
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As we have already done earlier, we wish to insert

K= K(20) (2 mn(2).

into the above formula and then take the limit for n = oo after dividing by n with m
held constant. Let us recall the following limits:

1 1
lim —Kzy = lim —2K (p, q) TpYp

noon2 n=oo n

= fo fo )y(t) dsdt,
lim ) = A®)

n=00
= Jo(a(s)?ds,  lim =25 = [y

noon n=oo nN

A 1 A

and also note that the by Lemmas 1 and 2 the expressions —D < , I) and —d’ <)
n n y n n

converge uniformly to A ()\, gj) and §'(\) for all A less than a fixed bound. Then the

inequality (42) in the limit becomes.

A /\(1)7 x A )\(2)’ x
0 0 ()\(1))25/()\(1)) 5/()\(2))25/()\(2))
A ( Alm) Z) . (43)
~ SOy | < g (o (@) ds + G (w() ds)

We now use the fact that if there are infinitely many of the eigenvalues A then
their absolute values increase unboundedly with increasing m. Hence with the help of
(39) we obtain the following theorem, in which we have replaced the limits of integration
0,1 with the more general limits a, b.

THEOREM. Let the kernel K(s,t) of then integral equation of the second kind

b
£(5) = p(s) — A / K (s, t)p(t) dt

be a symmetric continuous function of s and t. Moreover, let X\ be the the eigenvalues
of K(s,t) and M be the corresponding normalized eigenfunctions. Finally, let z(s)
and y(s) be any continuous functions of s. Then we have the expansion

[P K (s t)a(s)y(t) ds dt = i - ”w“) (s)a(s) ds - fj WD (s)y(s) ds

1 b (44)
_i_wfaw()( ds f¢ )d8+
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in which the right-hand side converges absolutely and uniformly for all functions x(s)
and y(s) for which the integrals

/ () ds, / () ds

remain below a fized, finite bound.

For z(s) = y(s), this is the theorem that corresponds to the algebraic theorem,
mentioned in I, concerning the transformation of a quadratic form into the sum of
squares of linear forms.

The following are some immediate consequences of this theorem.

The same eigenvalues A(") and eigenfunctions ¢)(®)(s) cannot belong to another kernel
that is different from K(s,t). On the contrary, the MM and M) in their entirety
completely determine the kernel K (s,t).

If we replace y(t) in the formula of the theorem by the integral ff K (r,t)y(r) dr then
in view of (40) we get the following formula:

1

Jo [T KK (s, t)2(s)y(s) ds dt = O SP O (8)a(s) ds - [Py (s)y(s) ds
+ ()\é))z f; ¢(2)(s)x(s) ds - f; 1/)(2)(8)3/(8) ds+---,

where for short we have written
b
KK(s,t) = / K(s,r)K(t,r)dr.
a

This function K K (s,t) may be called the the twofold combination of K(s,t). From (44)
we see that the twofold combination of K(s,t) has the same eigenfunctions as K(s,t),
while the eigenvalues are the squares of the eigenvalues of K(s,t).

This is also a suitable place for a generalization of the formula (29). We will use
the notation K(A;s,t) to express the dependence of the solution function K(s,t) on the
parameter A and set

b
F(s,t) = K(A;s,t) = K(p; s, 1) + (0 — )\)/ KA, s)K(p; 7, t) dr
a
as a temporary abbreviation. Then by repeated application of (29) we get the identity

Fs, 1) — A / " P s) K (rt) dr = 0
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It follows from a remark at the conclusion of II that F'(s,t) vanishes for any value of A
that is different from the eigenvalues A("). Hence F(s,t) is of necessity identically zero
for all arguments A, u, s, and t; i.e., the general formula

b
KO\ s,8) — K(jis s,1) = (L — ,,,)/ KO, 8)K (s, 1) dr. (45)

is valid.
We can also write this formula in the form

b
K(pi ) = KO+ s ) = A [ KO i K it (16)

Hence it follows that if take K(u; s,t) as the kernel of an integral equation of the second
kind, the corresponding solution function is necessarily K(A + p; s,¢). At the same time
we find that

P (s)

b
(h) : _
/aw (DK s, ) dt = S

From this we see that the same eigenfunctions that belong to the the kernel K (s,t) also

belong to the kernel K(u;s,t) while the corresponding eigenvalues are the quantities
P

Iv.

The Expansion of an arbitrary Function in Eigenfunctions.

The first important application of the theorem proved in Section III is to answer the
question of the existence of the eigenvalues A" This question is of particular interest
because the corresponding special problem in the theory of linear partial differential
equations — namely, to establish the existence of certain important values of parameters
appearing in the differential equation or the boundary conditions — has previously been
fraught with fundamental difficulties. The far more general problem of the existence
of eigenvalues belonging to an integral equation is resolved in a simple and complete
manner by the application of our theorems.

Specifically, if we we assume that there are no eigenvalues or only a finite number,
say m, then the series (44) appearing in our theorem is finite with m terms. Since the
formula (44) of this theorem is valid for all continuous functions, it necessarily follows
that

K(s,0) = 5000 @) + - <™ ()0 0),

In other words, if we regard one variable, say ¢, as a parameter and assign any constant
value to it, K (s,t) may be represented by only m independent functions of the other
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variable s. Conversely, if K(s,t) has this property, then, as one sees, all coefficients of
the power series for §(A) multiplying powers of A\ greater than m vanish; that is, §(\)
becomes an entire rational function, and there are, therefore, only m eigenvalues. Hence
we can state the following theorem.

THEOREM 3. The eigenvalues belonging to K(s,t) are always available in infinite
number. For suppose that K(s,t) is representable as a finite sum of products, each
of whose factors depends only on the variables s and t. In this case, the number of
eigenvalues is equal to the number of the terms in that sum and §(X) is an entire rational
function of degree equal to that number.

We now turn to the problem of the expansion of an arbitrary function in an infinite
series consisting of eigenfunctions. If in the formula (44) of our theorem we set

y(t) = K(r,t)

_ / ' / Ko, t) K (1) (s) dis

then, considering that according to (40)

and set

b b
[ sy = i [Pa@ut @ as

we find that the formula (44) of our theorem becomes

/f 5)ds -V /f s)ds - (r) +

In other words we have the following theorem.
THEOREM 4. If a function f(s) can be represented in the form

_ /ab /ab K(r, K (s, )h(r) dr dt,

where h(r) is a continuous function of r, then it can be expanded in a Fourier-like series
of eigenfunctions as follows:

£(5) = crpW(s) + e (s) + -+ |
em = [} F(s)(™(s) ds.

This series converges absolutely and uniformly.
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The assumption about f(s) made in this theorem is equivalent to the requirement
that there is a continuous function h(s) such that the integral representation

/KKst t)dt

holds. This is further equivalent to the requirement that there are two continuous
functions ¢(s) and h(s) such that

When K (s,t) is a symmetric function of s and ¢ for which the equation

b
/ K(s,t)g(s)ds =0

is never satisfied for all ¢ by any continuous, nonzero function g¢(s), then K(s,t) is
called a closed kernel. It is easy to see from Theorem 3 that a closed kernel always
has infinitely many eigenvalues. Moreover we can make the following assertion about a
closed kernel.

THEOREM 5. Let K(s,t) be a closed kernel and let (™ (s) be its eigenfunctions.
Then if h(s) is a continuous function such that for all m the equation

/b h(s)yp™ (s)ds = 0

holds, then h(s) is identically zero.
To prove this theorem, we set

By Theorem 4, f(s) admits an expansion in the eigenfunctions (™ (s), and in fact one
obtains for the coefficients

b
en= [ F6 )5 = s [ ooyt sy s =

b
(A(i))/ b0 (s) ds = 0.
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It follows that f(s) is identically zero. Since K (s,t) is assumed to be a closed kernel, if
follows first that g(s) = 0 and then that h(s) = 0.

THEOREM 6. Let K(s,t) be a closed kernel and f(s) any continuous function. If it
happens that the Fourier-like series

g (s) + e (s) + -

b
on= [ 1) ds,

converges uniformly, then it represents the function f(s).

In fact, by Theorem 5 it turns out that the difference between f(s) and the function
of s represented by the series is zero.

In Theorems 4 and 6 we have established certain conditions for the expandability
of an arbitrary function in terms of eigenfunctions. We can significantly simplify the
conditions of Theorem 4, if we make a certain assumption about the kernel K(s,t).
Specifically, we will call a symmetric continuous function K (s,t) a general kernel if for
every continuous function g(s) and every arbitrarily small positive €, it is always possible
to determine a continuous function h(s) such that if we set

b
2(s) = g(s) — / K (s, O)h(t) dt

then the inequality
b
/ (2(s))? < ¢

holds. In other words, the kernel K (s,t) is said to be general provided that the integral

ff K (s,t)h(t) dt can approximate, in the sense given above, any continuous function
g(s) by a suitable choice of of the continuous function hA(t). In this case, we have the
following theorem.

THEOREM 7. If K(s,t) is a general kernel, then any function that can be represented
by means of a continuous function g(s) in the form

ﬂﬁj[K@mmﬁ
is ezpandable in a series of eigenfunctions as follows:
£(s) =M (s) + cop®@(s) + -+,
en= [ 165
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The series converges absolutely and uniformly.
For the proof we denote by € any arbitrarily small positive quantity and by M the
maximum of the function

/b(K(s,t))2 dt

for s in the interval from a to b. Since K (s,t) is a general kernel and ¢(s) is a continuous
function, we can find a continuous function h(s) such that if we set

b
2(s) = g(s) — / K (s, O)h(t) dt

then the inequality

/ab(x(s))st < <3(12+€M)> (47)

b
G (s) = / K (s, )h(t) d,

is satisfied. We set

b
£ = [ Kls.tg' (o) ar
a
By Theorem 4 the function f*(s) has the following series expansion in eigenfunction:

11(s) = et (s) + 5P (s) + 5@ (s) + -
Because of the uniform and absolute convergence of this series it is certainly possible to
find an integer m such that for all s

115(s) = iV (s) = @ (s) = - = ™ (s)] < % (48)

and moreover the inequalities that result from replacing m with a larger integer also
hold.
Now

/bK(s,t):r(t) dt’ <\ s )2 dt [l dt

and in view of (47) the right-hand quantity above is

Because
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we have the inequality
[f(s) = 7 (s)] <
On the other hand, because of (49)

—c—//Kst YU (8)x(t) ds dt = /wj)

and therefore
@ﬁ@W%F/¢WW@w/K@WWMt (51)

_fbw' / / ()
A— ))2ds - K (s, t)ypV(t
L st

then because

wl o

If we set

|AB| < (A2 + B?)
the inequality
(¢ = &§)w(s)] <

L[ (e s)asyas)” [ b PN G

follows from (51).
We now return to the the formula (16). Since every term on the right hand side of
(16) is > 0, we have the inequality

€05 pE.H) e
W) T @) ) (¢0m)

If we now suppose, as before, that that we have substituted
P q p

K, =K ( ) Tp =21 <—) )
Pq n'n P n

in this formula and then after division by n we have taken the limit for n = co while m
is held constant, then we get the inequality

{/ v } {/W’) }
{/ v (s ()} S/O (2(s))” ds.

(53)
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If we sum (52) for ¢ = 1,2,...,m, then an application of the last inequality, in which
we assume that the integration limits from a to b have been restored, we get

N |

Y g —eW(s) <

Jj=1,....m

b
/ (x(s))?ds - (1 + M).

In view of (47) this last expression is

1 2e 1
<= = ¢
<33t =5
ie.,
e () 4 - et () — D) — - — e < S (54
From (48), (50), and (54) it follows that for all s
1£(5) = 1D (s) = eap® (s) =+ = enp™(5)] < e

and it is readily seen that this inequality continues to hold when one chooses a larger
value of m in the left hand side. This completes the proof of our theorem.

On the basis of Theorem 7, which was just proved, we can also show that the infinite

series
2

(/: P (s)x(s) ds>2 + </:¢(2)(S)x(8) ds) L

converges and has the value
b
/ (2(s))2 ds.
a

Here K (s,t) is assumed to be a general kernel and z(s) denotes an arbitrary continuous
function.

V.

The Variational Problem that Corresponds to the Algebraic Question of
the Minima and Maxima of a Quadratic Form

The theory developed in Sections III-1V has special significance for the calculus of
variations. Here I would like to treat just the transcendental problem that corresponds
to the algebraic of question of the relative maxima and minima of a quadratic form
when a second different form is held constant. Specifically, the problem is to find the
function x(s) for which the double integral

() = / ’ / " Ko tye(s)e(t) ds de
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has a minimal or maximal value, assuming that the side condition

b
/ (z(s))%ds = 1. (55)

is satisfied.

If the kernel K (s,t) has the property that the integral J(z) has only positive values
for continuous z(s) and is zero only when z(s) = 0, we will say that the kernel is definite.
In what follows we make the assumption that K(s,t) is a definite kernel.

If for some continuous function z(s) we have

/b K(s,t)z(t)dt =0

identically in s, then obviously J(x) = 0 and hence z(s) is also zero; that is, a definite
kernel is also a closed kernel. It must therefore have infinitely many eigenvalues and
eigenfunctions.

The eigenvalues of a definite kernel are always positive. For if on the contrary some
eigenvalue A" were negative, it follows from

J(z) = % {/ab¢(1)(s)x(s) dx}2 + % {/ab¢(2)(s)x(s) dm}2 _ (56)

that for z(s) = ") (s) the value of the double integral .J(z) would be negative.

The following theorems concern the minima and maxima of J(z).

THEOREM 8. There is no continuous function satisfying the side condition (55) that
causes J(x) to assume a minimum.

In fact, the eigenfunctions ¢(1(s),1®)(s),... all satisfy the side condition (55).

Because )
Wy — —_ @y -
J(T/) )_ )\(1)7 J(¢ )_ )\(2)7"'a

the minimum we seek can only be equal to zero. But J(z) obtains this value only for
z(s) = 0.

THEOREM 9. The largest value the double integral J(x) assumes when x(s) is a con-

tinuous function satisfying the side condition (55) is —. The double integral assumes

A
this value for x(s) = ™M (s).

If, on the contrary, there were a function z(s) which satisfied the side condition (55)
and for which

J(ac) > W,
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then there we would have to be able to choose an integer m such that the sum S(x) of
the first m terms in the right-hand side of (56) is greater than ﬁ We now set

2(s) = 1M (s) + e (s) + - + ety (s) + y(s),
where for short we have written
b
ch:/ M (s)x(s) ds (h=1,2,...,m).

Hence X
/ ¢(h)(3)y(s)ds:0 (h=1,2,...,m).

We then easily see that

b b
/(:L‘(s))2ds:c%+c%+...czn+/ (y(s))2 ds (57)

and ) ) ,
-9 %9 ., m
S(x) = NG + e + 4t m)” (58)
In view of (55) it follows from (57) that
c%+c%+...c?n <1,
and perforce we have
R RS N
A1) T A\@) Am) = A@)°

This equation contradicts (58), since S(z) was to be greater than ﬁ; the original
assumption therefore does not hold.

In an analogous manner we see that the following more general theorem is true.
THEOREM 10. The largest value that the double integral J(z) attains when x(s) is
a continuous function satisfying the side conditions

b
/ (z(s))*ds = 1,
/b¢<h>(s)x(s)ds —0,  (h=1,2...m—1)

is ﬁ The double integral attains this value for x(s) = Y™ (s).
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By similar arguments we can also obtain the solutions of more general maximal
problems. For example, one can find with no essential difficulty the function z(s) that
maximizes J(z) when, in addition to the side condition (55), the side condition

b
/ F(8)2(s) ds = 0 (59)

is satisfied, where f(s) denotes a given function.

The kernel K (s,t) is said to be relatively definite, if it has the property that it [i.e.,
J(z)] takes on only positive values when z(s) is a continuous function satisfying the
side condition (59).

At most one of the eigenvalues of a relative definite kernel is negative. For if, say,
AD and A@) were negative, one could determine constants c¢; and ¢y such that the
function

z(s) = 011/1(1)(3) + 021/1(2)(3)

satisfies the side condition (59) and in addition ¢} + ¢3 = 1. Then by (56), J(z) must
be negative.

VI

Supplementing and Extending the Theory.

Up to now in Sections I-V, we have consistently stipulated that K(s,t) be a contin-
uwous function of the variables s and t. Our next problem is to ascertain to what extent
this assumption can be relaxed.

We will say that K(s,t) has singularities of order less than % whenever there are a
finite number of analytical lines L of the forms

s=F(t) or t=G(s)

in the s,t-plane for which there is a a positive exponent « less than % such that the
product
(s—=F(t)*K(s,t) or (t—G(s))*K(s,t)

is continuous. We also assume that K(s,t) is continuous off the lines L. We can now
make the following assertion.

All the results proved in Sections III-V also hold provided the kernel K(s,t) of our
basic integral equation has singularities of order less than % At the same time the
functions xz(s) and y(s) appearing in our theory may also have singularities of order

less than % at a finite number of points, provided that they are otherwise continuous.

The following is the method by which we see the truth of this assertion. We cover
the lines L by a set of strips in the s,¢-plane of arbitrarily small width e. We then
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construct a function K,(s,t) that is zero in the domain of strips and outside is identical
to K(s,t). The function K(s,t) is everywhere continuous with the exception of the
boundary lines of the set of strips, where clearly jump discontinuities are encountered
Our earlier proofs are valid without any changes for a kernel like K,(s,t), whose values
are everywhere less than a finite bound, and are discontinuous in certain lines. To see
the validity for the kernel K(s,t) requires application of a passage to the limit € = 0.
In what follows we will show how this can be effected.

To this end, we first turn to the power series 6(\) (p.64) and A ()\, g) (p.65). The

coefficients d;, and Ay, (5) cannot be formed if K (s, s) regarded as a function of s has no
meaning; i.e. whenever the line s = ¢ or a part of it belongs to the singular lines of the
kernel. We will take care of this difficulty by introducing the the formulas

X ) 0 K(s1,s2) -+ K(s1,58p)
1
=y [ [ Rl Rlow) sy asy
“Jo 0
K(sn,s1) K(sn,s2) 0
and
0 x(s1) x(s2) x(sp)
A (E 1 1”. ! y(s1) 0 K(s1,s2) K (s1,8n) d s
"\y alJ, o | h
y(sn) K(sn,s1) K(sp,s2) 0

in place of the formulas used earlier for &, (p.64) and A(;) (p.65). It is seen that the
new expressions for d;, and Ay (z) differ from the originals in that the diagonal elements

of the determinants are everywhere zero. The power series §(A\) and A (/\, g) formed
from the new coefficients agree with the originals up to an negligible exponential factor.

AN E
This factor is the same for §(\) and A ()\, Zj) and drops out when the quotient M

is formed.12

LEMMA 3. For our kernel K(z,y) the new expressions 6, and Ay (z) are uniquely
defined and the power series §(\) and A ()\, i) formed from them are everywhere con-
vergent.

For simplicity we will prove this lemma only for the case that s = ¢ is the sole
singular line of K (s,t). In the h-fold integral the variables of integration si,..., sy are
to run through all values between 0 and 1. We first consider the 1/h!th part of the

128ee Kellogg, Zur Theorie der Integralgleichungen, §5. Géttinger Nachr. 1902.
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h-dimensional domain of integration characterized by the inequalities

§1 >89 > -+ > Sp.
In the determinant with A rows that appears in the expression for d;, we suppose that
the elements of the

first row are multiplied by |s1 — so|®
second row are multiplied by {|s1— s2|7® + |s2 — s3]~}
third  horizontal row are multiplied by {|sa — s3]~ + |s3 — 84| 7%} !

hth row are multiplied by |sh—1 — sp|®

As can easily be seen, we obtain a determinant the absolute values of whose elements
for all values of the variables are less than a finite positive quantity K. The value of
this determinant is certainly less than or equal to VhPK". Hence, we have the following
upper bound for the h-fold integral taken over T

VIRE - [l(s1 = s2) ™ {Is1 = s2 ™ + |s2 — s3]~}
{s3 — s2| 7+ |s2 — s3| 7} |(Sh—1 — Sn) | ds1dsa - - - dsp, (60)
1>s8>58>-->s5,>0.
If in this h-fold integral we introduce the new variables
S1 — 892 = 01,8 — 83 = 03,...,8,_1 — Shp = Oh,Sp = O,

and multiply out the product under the integral sign, we find that this integral is
composed of 2"~2 h-fold integrals of the form

[ [oro5? - optdordoy - - - doy,
o1 >0,00>0,...,0,>0 (61)
o1+og+--opt+ <1

Here the exponents a1, as, ..., ap have the values 0, —a or —2a while their sum «; +
ag+ -+ -+ a1 is always equal to —ha. A calculation involving the integral (61) gives the
following expression for an upper bound for the integral:

Al Bh
T(L+h—ah) = ph0—a)

Here A, B denote certain positive quantities that are independent of h. From this we
get an upper bound
Ch

e o
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for (60). Here again C' is a positive quantity that is independent of h. The expression
(62) is also an upper bound for the part of the h-fold integral that appears in &y, taken
over T'. Since all the remaining h! — 1 parts of this h-fold integral have the same values
(as can be seen by interchanging the integration variables), it follows that the complete
h-fold integral that appears in d;, has has the product of (62) by h! as an upper bound;
i.e.,

Ch

opl < ———.
| h| > hh(%_a)

(63)

113

From this follows the correctness of Lemma 3 with respect to 6(\) since a < 3.

The same proof strategy works for the power series A ()\, gj)

We now return to the function K(s,t). If we recall how K,(s,t) was formed from
K (s,t) by the elimination of singularities, we see that K(s,t) is to be considered de-
pendent on the strip width e. Since for a fixed € the absolute value K,(s,t) always stays
below a finite bound, our earlier theory is valid without alteration for K.(s,t). We de-
note the power series in A belonging to K.(s,t) by d.(\) and A, (/\, :,5) The inequality
(63) and the corresponding inequality for Ay, (Z ), obviously hold for the coefficients of
the power series 0.(A) and A, <)\, g) Hence by the same techniques used in the proof

of Lemma 1 we see the correctness of the following facts.

LEMMA 4. The functions 0(\) and A, ()\, ‘5) converge for € = 0 to §(\) and
A (/\, g) Moreover, the convergence is uniform for all values of X whose absolute

value lies below an arbitrarily chosen positive bound A.

After these preliminaries, it is not difficult to extend the validity of our basic theorem
(p.74) to the case where the kernel K (s,t) has singularities of order less than 3.

We already know that our theorem is valid for the kernel K,(s,t) provided that the
zeros of the associated function 6.(\) are all simple. Should this assumption not hold for
a kernel K (s,t), we imagine the kernel as being slightly modified — as was done at the

beginning of Section III—so that the assumption is satisfied and so that the modified
kernel still converges uniformly to the same limits K (s,t), 6(A), and A ()\, ‘5)

Now let A be any positive quantity. From Lemma 4 we can conclude that the the
zeros A\ of de(A) whose absolute values remain less than A in the limit for € = 0 go
over in the limit for € = 0 to the zeros A" of §()\) whose absolute values lie below

A. Moreover, the value of A, (Aéh), 5) belonging to the zero )\Eh) goes over to the

corresponding value of A ()\(h), “Z)

13The presentation of this proof in the Dissertations of Kellogg and Andrae cited earlier is incorrect.
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We denote by wél)(s), 22)(3), ... the eigenfunctions belonging to the kernel K(s,t).
By (53) (p.81) for every value of m however large we have the inequality

{/ab ¢§1>x(s)ds}2 + {/b wéz)x(s)ds}Q 4
. {/b ¢§m>x(s)ds}2 < /ab(w(s))zds.

2

S [ e} < [wor (64

aMsay 7

It then follows that

We now replace y(s) by z(s) in formula (44) of our theorem and write the resulting
formula in the form

/ab/abKe(s,t)a;(s)x(t)dsdt (1 {/ () }
v [}

EYRBIN! 5

(65)

Here the first sum on the right-hand side is to be taken over all eigenfunctions whose
corresponding eigenvalues are less in absolute value than A, while the second sum on
the right hand side contains all remaining terms, just like the sum on the left-hand side
of (64). Because of (64) it follows from (65) that

/ab /abKE(s,t)a:(s)x(t) ds dt — (1{/ O }

(h) <A)

4 A/a (@()?  (0<v<1).

From this equation we get by passage to the limit for e =0

//Kst (t)ds dt = h){/w) }

/\(h) A)
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If A is now allowed to grow without bound, we get the formula (44) in our theorem for
the case that x(s) = y(s). This last limitation can easily be disposed of.

We can see without difficulty that all the consequences of our theorem are valid —in
particular, Theorems 4 and 7 on the expansion of arbitrary functions in the eigenfunc-
tions of K (s,t).

Should the kernel K (s,t) have singular lines of order greater than % but less than
one, our theorems require certain modifications. This is easily seen if one forms the
two-fold and higher-fold combinations of K (s,t). Considering that among these kernels
there must always exist kernels for which the theory presented above is valid, we obtain
the desired conclusions for the kernel K (s,t).

Previously — even in the development of this section IV — we have consistently made
the assumption that for our basic kernel K(s,t) the power series d(\) has only simple
zeros. We must now determine the modifications our theory must undergo when we
drop this hypothesis.

To this end, let K (s,t) be a kernel for which for which A" s an ny,-fold eigenvalue,
i.e., \M) s any,-fold zero of & (A\). Then there are no substantial, fundamental difficulties
in finding a kernel K, (s, t) with the following properties. The kernel K, (s,t) is a power
series in u, whose coefficients are continuous functions of s and ¢. The power series
converges for sufficiently small values of u, so that for 4 = 0 becomes K(s,t). Let
9, () be the usual power series belonging to K, (s, t), so that for =0, §,(\) converges
to the power series d(\) belonging to K(s,t). As can be easily seen from the earlier
proof, d,()) is a power series in A that converges for all A and sufficiently small p. The
convergence is uniform for all A whose absolute value lies below a finite bound A and for
all sufficiently small . Thus 0,()) is represented by power series in A and p. Finally,
let the parameter p so restricted that the in a neighborhood of A = A(")| the equation

0u(A\) =0
has the following ny, solutions:
h) _
AP = B(u)
)\(h+1) — 8
L 1(p) (66)
)\Z-‘rnh—l _ Bnhfl(,u)
Here B(p),B1(p),...,Bn,—1(p) denote power series in p and among these no two are

identically equal in . This last stipulation gives substance to a property of the function
K, (s,t) that will be essential for the following development: namely, for all sufficiently
small, nonzero value of the parameter p, the function K,(s,t) represents a kernel that
has only simple eigenvalues.
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In the manner of (27), we now construct for K, (s,t) the power series A, (\;s,t),
which for 1 = 0 becomes the power series A(); s,t) belonging to K (s,t). Just like d,,()),
the power series A, (); s,t) is uniformly convergent for all A and sufficiently small ;¢ and,
moreover, can be represented as a power series in A and p. Finally we construct for
K, (s,t) the normalized eigenfunctions

P (s), M (s), .. it (s)

corresponding to
/\(h) )\(h-i—l) )\(h+nh+1)
b AL T A ,

by replacing in turn A in 6,,(A) and A, (A; s,t) by the values of )\/(Jh)7 )\;(;hﬂ)v .

from (66) regarded as power series in pu. First of all we get

A\ st .
B 0) = Sl W ) W k),
n
A,uO‘(h—H); S, t)
%()‘(hﬂ))

)\/(jl-‘rnh)—l

cey

D ()0 (1) = = O (5,8) + U (5 )t -,

A“(/\(hﬂlhfl); s, t)

_ ,,ten, — (h+np—1)
5, (A1) = p o U (s, 1)

w/&h+nh—1) (8)¢£h+nh—l) (t) _

F D g

Here e, eq,...,ep,—1 are rational exponents that are greater than or equal to zero and
the expressions U(s,t) on the right-hand side denote continuous functions of s and ¢.
From this it is not difficult to derive formulas of the following kind for the eigenfunction
we seek:

o (s) = w0 (s) 4 o D )t
................................ (67)
G (s) = et O () gD (),

Here, as before, f, fi,..., fn,—1 are certain rational exponents that are greater than or
equal to zero. Moreover, the expressions () (s) on the right-hand side denote continuous
functions of s, and in particular we may assume that among the functions

M (s), p " (s), ... =l (s) (68)

none are identically zero in s. On the other hand, since for all sufficiently small, nonzero
1, the equations

b b
/ (W) ds=1,... / (D)2 ds = 1,
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must be satisfied, it follows that the exponents f, fi,..., fn,—1 must all be zero. Then
the formula (67) shows that for ;1 = 0 the functions

W(s), e (), T (s),

become the functions in (68). These functions are called the eigenfunctions correspond-
ing to the ny,-fold eigenvalue X", By passing to the limit for g = 0 in the formula for
the eigenfunctions (" ("D we see that the eigenfunctions corresponding to A(")
satisfy the following equations:
b
[woyras =1,

a
b
/ WPy ds = o,
(kK =h,h+1,... h+n,— 1k #k).

We will now apply the formula (43) to the kernel K (s,t), where p denotes a suffi-
ciently small nonzero value. Considering the formula (39), we get

1 1 1
; /0 K, (s, t)x(s)y(t) dsdt — /1/} )ds/ wl(})y(s)ds
‘w/o o) [[ Pt ds
m
1 1
o [ vl s /O Wy (s) ds
m
1 1 1
SW“H< [atrass [peras).

If we take the limit for 4 = 0 and then let m grow unboundedly, we see that for the
kernel K (s,t), formula (44) of our fundamental theorem remains valid without change.
For the case of of an ny-fold eigenvalue we have only to take into account, one after the
other, the ny, different eigenfunctions corresponding to A\, so that in each of these ny,
terms the reciprocal of the same eigenvalue A" appears as a factor.

We can find a simple method for calculating the eigenfunctions (68) by proceeding
from the formula

/ab /ab KAz s, t)z(t)y(t) = / WM (s)a(s) ds /{lb¢(h)(s)y(s) ds

(h 1727
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If we set
d(A;s,t)

K(S,t) == 5()\) )

multiply the formula by A — A\, and pass to the limit A = A, we conclude that

[%A(A; s, t)]
A=A

Ny

PO () (6) + D (D) 4+ 0D ()l ),

The eigenfunctions (68) corresponding to the ny-fold eigenvalues are uniquely deter-
mined by this equation, provided we ignore trivial orthogonal combinations with con-
stant coefficients of the eigenvectors.

By means of the generalization of our basic theorem that we have just proved we are
in a position to easily handle the remaining theorems in the case of multiple eigenvalues.

In a second communication I will treat some applications of the above theory of inte-
gral equations of the second kind to the theory of linear ordinary and partial differential
equations.






On the Theory of Linear and Nonlinear Integral Equations.

Part I: The Expansion of Arbitrary Functions by
Prescribed Systems.!

by

Eruarp ScamipT at Bonn.

Introduction.

Fredholm? discovered a formula for the solution of the inhomogeneous linear integral
equation

b
£s) = (s) =X [ K(s.0(0) .

This formula has the consequence that if A is not a zero of a certain entire transcendental
function §(A) then the equation can always be solved for ¢(s). As Fredholm went on
to show, for these and only these values of A—in Hilbert’s nomenclature the so-called
eigenvalues of the kernel K (s,t)—the homogeneous equation

b
0= o(s) — )\/ K (s, )o(t) i

admits a solution, which, following Hilbert, we will call the eigenfunction corresponding
to the eigenvalue A of the kernel K(s,t). In the theory of partial and ordinary differen-
tial equations, Hilbert? used Green’s function to reduce the important question of the
existence of so-called normal functions and the expandability of arbitrary functions in
terms of them to a far more general problem: namely that of establishing the existence
of eigenfunctions for a symmetric kernel K (s,t) and setting down the conditions for the

'Except for the newly added Chapter IV, § 13 and some minor alterations in the remaining chapters,
this part is a reprint of my Goétting Inaugural Dissertation, which appeared in July, 1905.

2 Acta Mathematica, V. 27.

3Nachrichten der K. Gesellschaft der Wissenschaften zu Géttingen. Mathem.-Phys. Cl. 1904 Num-
ber 3.
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expandability of arbitrary functions in terms of them. The Green’s function itself is de-
termined by an integral equation with an unsymmetric kernel, which is how Fredholm’s
formula comes into play. Now by considering the double integral

/: /:K@,t)x(s)y(t) ds dt,

where z(s) and y(t) are arbitrary continuous functions, as a quadratic form in infinitely
many variables, Hilbert obtained by passage to the limit the decomposition

b rb b b
[ [ Beta@@dsd =3 & [Caoeods [y

a formula that corresponds to the canonical orthogonal decomposition of a quadratic
form. Here the ¢, (s) range over all eigenfunctions of the kernel-—each scaled so that the
integral of their squares is one—and the A, range over the corresponding eigenvalues. An
immediate consequence of this result is that any symmetric kernel has eigenfunctions.
Under the assumption that the kernel is general—that is, for any continuous function
a(s) and any arbitrarily small positive number e, there is a function (3(s) such that

b b
/ {a(s) — / K(s,t)p(t)dt}*ds < €

holds—under this assumption Hilbert then derived the fundamental expansion theorem
that any function g(s) that can be represented in terms of a continuous function h(t)
by the integral

b
g(s):/ K(s,t)h(t)dt

can be expanded in a absolutely and uniformly convergent series of the eigenfunctions
of the kernel K (s,t). In addition, these theorems imply their analogues for the integral
equation

b
0= (s) — A / G(s, p(t)(t) dt,

where G(s,t) is symmetric and p(¢) > 0. For this equation can be reduced to the one
above, namely

b
0=p(s) A / K (s, 1)p(t) dt,

4Nachrichten der K. Gesellschaft der Wissenschaften zu Gottingen. Mathem.-Phys. Cl. 1904 Num-
ber 1.
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by the substitutions

p(s) - ¥(s) = w(s),  Vp(s) - G(s,t) - /p(t) = K(s,1).

Stekloff® has obtained a series of related and partially equivalent theorems by means of
the Schwarz-Poincaré method, which he greatly extended.

In the first chapter of this work we establish some supporting lemmas. In the second
we give very simple proofs of Hilbert’s theorems that avoid passing to the limit from
algebraic theorems. First, the existence of eigenvalues is established by a method based
on a famous proof of H. A. Schwarz,% which in the language of Fredholm’s formula
amounts to solving the equation

0(A)=0

by Bernouli’s method. The expansion theorem then follows from the existence theorem
in a manner analogous to the way the expansion of an entire function in a product of
linear factors follows from the fundamental theorem of algebra. In this connection, it
turns out that the validity of Hilbert’s theorem is unconditional; in particular, it does
not require the “generality” of the kernel postulated by Hilbert. The decomposition
theorem of Hilbert, mentioned above, that corresponds to the canonical orthogonal
decomposition of a quadratic form is obtained immediately from the expansion theorem
by integration. The complications caused by multiple zeros of the function d(\) do not
arise in the method of proof given here. Fredholm’s formula is not used, and more
important the unrestricted validity of the expansion theorem for the case of symmetric
kernels gives a new representation of the solution of the inhomogeneous linear integral
equation.” Also any unsymmetric linear integral equation can be reduced to a symmetric
equation by a simple substitution, as is shown in § 13.

In the third chapter we drop the assumption that the kernel is symmetric and define
the functions ¢, (s) and ¥, (s) to be a pair of adjoint eigenfunctions of the kernel K (s,t)
corresponding to the eigenvalue A if the equations

b
() = A / K (s, 1), () dt

b
Uo(s) = Ay / K (L, 8)pu (1) dt

5Mémoires de ’Académie des Sciences de Saint-Pétersbourg 1904, p.7 ff. Annales del la Fac. de
Toulouse 22 S., VI 1905.

SH. A. Schwarz, Gesammelte Abhandlungen V. 1, pp. 241-262.

cf. Hilbert’s new, comprehensive development—published while present work was in press—of the
theory of integral equations based on his theory of quadratic forms in infinitely many variables. Gottinger
Nachrichten 1906, fourth and fifth communications.
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are satisfied. The function ¢, (s) may be called an eigenfunction of the first kind; 1, (s),
an eigenfunction of the second kind. The expansion theorem then takes the following
form. If the continuous function g(s) can be represented in terms of the continuous
function h(s) by the integral

b
g(s):/ K(s,t)h(t)dt,

then ¢(s) can be expanded in an absolutely and uniformly convergent series consisting
of eigenfunctions of the first kind. If

b
o(s) = [ Kit.sh(o)d,

then g(s) can be expanded in the same way in a series of eigenfunctions of the second
kind. From this theorem we get by integration the decomposition theorem corresponding
to the orthogonal decomposition of bilinear forms:

b rb b b
[ [ Eena@uodsic =3 & s [y

To the best of my knowledge, the theorems of this third chapter were unknown before
now.

The expansion of functions of two variables in powers, in trigonometric functions,
in Kugel functions, and in many other functions can be written in the form of a series
whose terms are products of a function of one variable with a function of the other
variable.

A question in the calculus of variations that arises in connection with this last
observation is the object of the fourth chapter. Let K(s,t) be a continuous function
of two variables s and t. We want to find a system of at most m pairs of continuous
functions, one in s and one in ¢, such that the sum of their products approximates
the given function K(s,t) as well as possible. As usual we will define the measure of
the approximation, whose minimum is required by the statement of the problem, to be
the double integral of the square of the error. We will show that the solution of the
problem is formed from the first m pairs of adjoint eigenfunction of the kernel K (s,t).
In consequence, the measure M, of the best approximation is given by the formula

v=m

M, = /:/ab (K(s.0) dsdt — " .

v=1

where the A, are the first m eigenvalues of the the kernel K(s,t). It follows that the
measure of the best approximation vanishes with increasing m.
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All theorems and proofs in the first four chapters remain valid when s and ¢ are points
from a bounded n-dimensional domain consisting of a finite number of analytic pieces
in an (n 4+ m)-dimensional space. Here ds and dt are the corresponding [differentiall
elements.

The fifth chapter assumes nothing from the second, third, and fourth chapters—
only the lemmas established in the first chapter. The theory of expansion of functions
in in powers and polynomials, in Fourier series and infinite series of finite trigonometric
series, in Kugel functions, and in normal functions of partial and ordinary differential
equations suggests the following question. We are given an infinite series 1 (z), v2(x),

-+, @y(x), -+ of continuous, real valued functions defined in the interval a < z < b.
What are the conditions under which any continuous function defined in the interval
a < z < b can be expanded in a uniformly convergent series of the functions ¢, (z)
or of finite linear combinations of them? In other words, under what conditions can
any continuous function defined in the interval a < x < b be uniformly approximated
by functions from the system of functions that are be formed from the sequence of the
¢y (x) by the operations of multiplying by a constant and addition? And when such is
the case, how can we determine the coefficients of such an expansion?

Let us call the system of function ¢, in question closed if there is no continuous
nonzero function f(z) such that for every v

b
/ F(@)u () dz = 0.

Then it is clear that the closure of the system of the ¢, represents a necessary condition
for the solution of our problem.® For otherwise all expandable functions would have
to satisfy the condition that their products with f(z) integrate to zero from a to b,
and this condition would not be satisfied by, e.g., f(z) itself and all sufficiently small
perturbations of f(x).

We will then show that just as the closure of the given system of functions if a
necessary condition for the solution of our problem, the closure of the system of its
second derivatives is sufficient, provided, if need be, the functions 1 and x are adjoined.
If the function to be represented is also continuously differentiable, then the coefficients
of the representation have simple formulas that are valid in complete generality.

In a paper that is a direct continuation of the present paper, we will treat a new and
very simple method for solving unsymmetric linear integral equations. The underly-
ing principles of this method also permit the treatment of nonlinear integral equations,
which is the subject of the second part of this paper. By a nonlinear equation I un-
derstand a functional equation that defines the unknown function by requiring that a
given function be equal to a convergent infinite series whose terms are formed from

8J. P. Gram has already made this observation in Crelles Journal v.94, p.94.
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the unknown function and other given functions by the operations of integration and
multiplication, and hence the operation of taking positive integer powers. Thus, for
example,

f(s) - / / K(s.t,7) (9()™ (p(r))" dtdr =0

is a nonlinear integral equation. Here ¢(s) is unknown and f(s) and K(s,t,r) are given.
Now the ordinary nonlinear equation

y = f(x)

admits one and only one solution in the neighborhood of a solution provided f’(x) does
not vanish, but otherwise branching [into two or more solutions] occurs. Analogously,
the nature of the solution of a nonlinear integral equation in the neighborhood of a
solution depends on a derived linear integral equation. If the Fredholm denominator §(\)
of this latter equation does not vanish, then the nonlinear equation in the neighborhood
has one and only one solution. But if §(\) vanishes, functional branching occurs, for
which it suffices to invoke the equivalent of Priseux’s theorems.

In the case of nonlinear elliptical partial differential equation of the second order,
for example, these theorems make it possible to track the dependence of the solution
surfaces on the boundary values—and with complete knowledge of branching; that is, of
solutions in whose neighborhood even for arbitrarily small perturbation of the boundary
values there is no longer a single solution but several. The nature of the branching
depends on whether or not the Jacobian linearization of the differential equation has
nonzero solutions for zero boundary values. This can be determined by considering a
linear integral equation.

In particular, the bifurcation, discovered by Poincaré, in the theory of rotating
balanced figures is this kind of branching of a nonlinear integral equation. In a third
paper I will give a detailed exposition of this and several other applications.

Chapter 1

Preliminary Results on Orthogonal Functions.

§ 1.

The Bessel and Schwarz Inequalities.

Let ¢1(x), ¥a(x), -+, ¥n(x) be continuous real functions defined in the interval
a < z < b that are pairwise orthogonal; i.e., for each pair of distinct indices p and v the
equation

b
/ )by () dx = 0
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is satisfied. Furthermore, let all the functions be normalized; i.e., for each v the equation

b
/ (0 (2))? do = 1

is satisfied. Then Bessel’s identity

/ (f@) = 3 () / F()u(y) dy)? = / () do— 3 ( / F () (y) dy),

v=n b b
F, () dy)? < [ (f(x))? da.
;(/a Y)Uu(y) dy) /a

holds for any real continuous function f(x). If the sequence of pairwise orthogonal,
normalized functions is infinite, then the last inequality implies the convergence of the

sum o
> ([ twv.w ),
v=1 a

since all the terms in the sum are positive.

Now let f(z) and ¢(z) be two real continuous functions. If we set ¢ (z) =
o(x)

VL (e())? dy’

then 91 () is normalized, and Bessel’s inequality for the case n = 1 gives

b b
([ s@n e < [ (5)? da

b b b
( / f(@)p(x) dz)? < / (F(2))? da- / (p(2))? da

This is the well-known Schwarz inequality. Bessel’s identity and all results derived from
it in this section remain valid when f(z) is a real integrable function whose square when
integrated from a to b gives a finite value. In this case, the finiteness and existence of

b
| @) ds
follows from the inequality

f(@) - du(x) < (f(@)* + (Wu(2))
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82
A Convergence Theorem

Let Q(z,z) be a real function defined in the domain a < x < b, a < z < b that is
integrable with respect to x, and suppose that for all a < z <b

b
/ (Q(z,ar:))2 dr < A,

where A denotes a constant. Further let 1 (z), ¥9o(x), ---, ¥,(x), --- be an infinite
sequence of real, continuous functions that, in the nomenclature of the last section, are
normalized and are pairwise orthogonal. If f(x) denotes an arbitrary real integrable
function whose square integrated from a to b is finite, then the series

v=00 b
fWu(y)dy- | Qz,2)u(z)de= )  Uy(z)
;/a Y)Y (y) dy /a

converges absolutely and uniformly for a < z < b. In fact,

ZOO Un(2)] < 2VA VZOO(/abf(y)w,,(y) dy)Q,

v=00 b 9
and because of the convergence of the series Z ( / FW)vu(y) dy) , which was es-
v=n a

tablished in the last section, the right hand side of the above expression vanishes with
increasing n.

PRrROOF. Let
v=n—+m
Z Uy (2)| = ZUk(Z) - ZUp(z),
v=n k P
where k runs through the the indices n, n+1, - - -, n+m for which the terms of the sum

are positive at the particular value of z, and p runs through the indices corresponding
to negative terms.

If the sum and the integral on the left hand side are interchanged, it follows from
the inequality of Schwarz, which was given in the last section, that

IECE \/ [ (@ || b(; @) [ 1o )’ de
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Since the functions are pairwise orthogonal and normalized,

/Zwk ) [ st an)” =3 /f () dy)

<3 ([ )’

and hence

> Uilz) < VA kfjo( / " Hul) )’
=\

k

We get the same inequality for

_ZUP(Z)

and the inequality to be established follows upon adding these two inequalities.

COROLLARY. If we take Q(z,z) to the the discontinuous function that is +1 for
x < z and 0 for z > z, it follows that the series

?j [ 1wty [ o

is absolutely and uniformly convergent for a < z <b.
§ 3.
The Replacement of Linearly Independent Systems of Functions by

Orthogonal Systems

Let ¢1(x), ¢1(x), -+, wn(x) be n continuous, real functions defined for a < z < b
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that are assumed to be linearly independent. Then we construct the functions®)

Uy (z) = —21@)

b

S (o1(v))* dy

’ b

p2(z) — 1(2) [ pa(2)¥1(2) dz

Pa(x) = a

b b

[ (e20) = 1) [ 2(2)01(2) d2)d

p=n—1 b
on(z) — Up(@) [ on(2)9p(2) dz
Yn () = = =
b p=n—1 b
[ (enly) - bo(y) [ on(2)p(2) dz)* dy

By means of these formulas, for each v, 1, () is represented recursively as a linear
homogeneous combination of ¢1(x), ps(x), -+, ¢, (x) with constant coefficients, and
conversely, ¢, () is similarly represented by 1(z), ¥a(z), -+, ¥y (x). To wit, no de-
nominator in any of the formulas can vanish. For if v were the first index for which it
happened, we would have to have

p=r—1

b
QOV(:E) - Z %(ﬂi)/ @y(2)¢p(2’) dz = 0.
p=1 @

Since the 1,(z) can be written as linear, homogeneous combinations of ¢i(z), p2(x),

-+, py—1(x) with constant coefficients, we would then obtain a contradiction of the
assumed linear independence of the functions ¢1(z), p1(x), -+, @n(z). Moreover, the
functions Y1 (x), Po(x), -+, Yp(x) form a system of orthogonal, normalized functions;
that is, they satisfy the equation

b
/ bp(@) (@) ds =0 or 1,

according as u and v are distinct or equal. To begin with, this is clear for the functions
1(x) and Yo(x). If we now assume the normality and the orthogonality of the system

8*) In essence, J. P. GRAM presented the same formulas in the paper “Ueber die Entwickelung reeler
Functionen in Reihen mittelst der Methode der kleinsten Quadrate,” Crelles Journal V. 94.
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P1(x), Ya(x), -+, Py_1(x), then the same follows for the system 1(x), ¥a(z), - -,
Yy_1(x), ¥y (z); for

b b
/ (1, (x))* dz =1 and / Yy (x)pp(r)dr =0 for p<wv-—1.

If the functions ¢i(x), w2(x), -+, @n—1(z) form a linearly independent system but
the functions ¢i(z), p2(x), ---, @n(x) do not, then the linear dependence of the last
sequence is given by the equation

p=n—1

b
on(@) = 3 yla) / on(2bp(2) dz = 0.
p=1 @

For if this expression did not vanish identically, then the functions (), a(x), - -,
tn(x) could be represented as a linear homogeneous combination with constant co-
efficients of the functions ¢;(x), w2(x), -+, ¢n(x), and hence—because of the linear
dependence of the latter functions—of the functions ¢1(x), @a(z), -+, @n—1(x). Thus
the functions ¥ (z), ¥2(x), -+, ¥n(x) would have to be linearly dependent. But that
is impossible; for in a orthogonal system there can be no equation of the form

> ath(z) =0,

unless all the ¢, are zero, a fact that follows on multiplying this equation by ¥, (z) dz
and integrating from a to b.

Thus in the numerators of the expressions under consideration we have a sequence of
homogeneous linear forms of the functions p1(x), pa(x), -+, @n(x) with the following
property. If the functions are linearly dependent, the vanishing of one of the forms is
not just a necessary and sufficient condition indicating the dependence but exhibits the
dependence itself.

CONCLUDING REMARK. All the formulas and results of this chapter, with the
exception of the corollary in § 2, remain valid when x, y, and z are points from a
bounded n-dimensional domain consisting of a finite number of analytic pieces in an
(n+m)-dimensional space. In this case dx, dy, and dz are the corresponding [differential]
elements.
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Chapter 11

On the Linear Symmetric Integral Equation.

§ 4.
The Concept of Eigenfunction.

Let K(s,t) be a real continuous function defined for a < s < b, a <t < b that is
symmetric in s and ¢. If ¢(s) is any continuous function, real or complex, that does not
vanish identically and that satisfies

b
o(s) = )\/ K(s,t)p(t)dt

identically in s (here X is a constant), then ¢(s) is called an an eigenfunction of the
kernel K (s,t) corresponding to the eigenvalue A.

Two eigenfunctions ¢, (s) and ¢, (s) corresponding to distinct eigenvalues are mu-
tually orthogonal; i.e., they satisfy the the equation

b
/ () (s) ds = 0.

For we have )
ouls) = | Kls.tgut)di
and

b
pu(s) = Au/ K(s,t)p,(t) dt.

If we multiply the first of these equations by A, ¢, (s)ds, the second by A,p,(s)ds,
integrate from a to b, and subtract, then by the symmetry of K(s,t) we get

b
(v — M) / on()pu(s)ds =0,

from which the equation to be established follows.

If ¢, (s) were an eigenfunction of K (s, t) corresponding to a complex eigenvalue, then
the function conjugate to ¢, (s) would correspond to the conjugate eigenvalue. Because
these two eigenvalues are distinct, ¢, (s) and the function conjugate to ¢, (s) would have
to be orthogonal, which is impossible since the integral of the product of two conjugate
functions is always greater than 0. Thus, all eigenvalues of the kernel K(s,t) are real.
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If 9(s) is a complex eigenfunction, it follows from the fact that the corresponding
eigenvalue must be real that ¢(s) = ¢(s)+i@(s), where ¢(s) and ¢(s) are real eigenfunc-
tions corresponding to the same eigenvalue. Because of this, only real eigenfunctions
will be treated in the remaining theorems of this chapter, and the term “eigenfunction”
will refer only to real eigenfunctions.

§ 5.
The Full Normalized Orthogonal System.

The number of linearly independent eigemfunctions corresponding to a particular
etgenvalue is finite.

Proor: Any linear, homogeneous combination of eigenfunctions corresponding to the
same eigenvalue yields an eigenfunction that also corresponds to that eigenvalue. Hence
if the construction of § 3 is applied to any system of linearly independent eigenfunctions
corresponding to the eigenvalue A, the result is a normalized and mutually orthogonal
system of just as many eigenfunctions of the same eigenvalue. Denote these by ¢1(s),
©2(8), ..., pn(s). By Bessel’s inequality from § 1, for each s

/( (s,1)) dt>Z/Kst<p,, t) dt) :%i

If we multiply this inequality by ds and integrate from a to b, then taking into account

the fact that ,
[ teuts =1

n</\2// dsdt

which establishes the assertion.

If the number of linearly independent eigenfunctions corresponding to an eigenvalue
is equal to m, the eigenvalue in question is said to be m-fold.

We will call a system of normalized and mutually orthogonal eigenfunctions of the
kernel K(s,t) a full® normalized orthogonal system of the kernel if each eigenfunction
of the kernel can be represented as a homogeneous linear combination with constant
coefficients of a finite number of functions of the system.

The functions appearing in the representation of an eigenfunction by functions of
the system along with the function itself must all correspond to the same eigenvalue.

we get the relation

*“Complete” is a more natural translation of the German Volistindig. However, the term complete
has come to be used in a somewhat different sense in functional analysis.
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For let

Y(s) = chgpy(s)
be such a representation of the eigenfunction v (s) in terms of functions of the system.
Then because of the orthogonality of the ¢, (s), we have

¢ = / " b(s)u(s) ds

But as we showed earlier, this expression vanishes when (s) and ¢, (s) corresponding
to different eigenvalues.

A full normalized orthogonal system for the kernel K(s,t) may be obtained by ap-
plying the construction of § 3 to each eigenvalue A to form as many normalized and
mutually orthogonal eigenfunctions as the multiplicity of .

If ¢,(t) runs through an arbitrary finite number of functions from a full normalized
orthogonal system of the kernel K (s,t), then the inequality

/( (s,1)) dt>Z/Kstcpp dt) ZL%(%())L

p

// (s,t)) dsdzg%
P
)

follows from Bessel’s inequality. From this it follows that the eigenvalues of a kernel
K (s,t), numbered according to their multiplicities, cannot have a finite point of accu-
mulation. Therefore, if they are arranged in a sequence according to their absolute values
and if there are infinitely many of them, then their absolute values grow without bound.

or

§6
The Iterated Kernels.*)

We define
Kl(s,t) = K(s,1),

K?(s,t) = /b K(s,7)K*!(r,t)dr,

K"(s,t) = /bK(s,r)Kl’l(r,t) dr.

8%) Cf. H. A. Schwartz l.c. Fredholm l.c. p.384. Hilbert l.c. pp.244-247.
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If one regards K"™"1(s,t) as an n-fold integral of the explicit product of n + 1 kernels,
then it is obvious that

KHt(s,t) = /b K*(s,r)K"(r,t)dr (1)

and
K" (s,t) = K"(t,s).

Moreover, none of the functions K™ (s, t) can vanish identically in s and ¢. For if it were
true that

K"(s,t) =0,
then
K"H(s,t) =0.

According to (1) we would then have

b
/ K™ (s,r)K™ (r,t)dr =0,

n

5 and ”T‘H that is an integer. Hence

where ny denotes the one of the the two numbers
we would have

b b
0—/ K”l(s,T)K"I(r,t)dr—/ (K™ (s,r))? dr,

from which it would follow that K™ wvanishes identically in s and ¢. By repeating
this reduction sufficiently many times, we would find that K (s,t) vanishes identically,
contrary to hypothesis.

Let

b
o(s) = A / K (s, t)p(t) dt.

Then ,
o(s) = )\"/ K"(s,t)p(t)dt.

Thus any eigenfunction of the kernel K(s,t) is also and eigenfunction of the kernel
K™ (s,t).
Conversely, suppose

b
W(s) = ¢ / K"(s, )ib(1) dt.
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Let the function x,(s) be defined by the equation
b b
muls) = 0(s) o [ K(s,0wle) de 1 [ K2 s 0pueyde 4o

b
+w*/zW*@wwwﬁ (v =1,2,3,-- ,n),

v=n
where h, runs through the roots of the equation A" = c¢. Then because Z hF is nonzero

v=1
if and only if k is divisible by n, we have

b = 3 wls) 2)
v=1

Moreover, we have
b
Xv(s) = hy/ K (s,t)x,(t)dt.

Therefore, as long as x,(s) does not vanish identically, which according to (2) cannot
be the case for all v, it is an eigenfunction of the kernel K (s,t). Since by § 4 the kernel
has only real eigenvalues, x, (s) must vanish identically for all nonreal h,. Hence if n is
odd and one writes h; = {/c for the real root of the equation h"™ = ¢, then

b
vls) = Ve [ K(s.u(t) dr

On the other hand, if n is even, ¢ must be positive. Thus if we write hy = + {/c and
he = — {/c for the two real roots of the equation h"™ = ¢, then

Y(s) = x1(s) + x2(s),
b
Xl(s) - +{L/E/ K(Svt)XI(t) dta

b
x2(s) = —%/ K (s,t)x2(t) dt,

which implies that at most one of the two functions x1(s) and x2(s) can vanish iden-
tically. Therefore, if n is odd, each eigenfunction of K™(s,t) is an eigenfunction of
K(s,t). On the other hand, if n is even, each eigenfunction of K™(s,t) is either an
eigenfunction of K(s,t) or is a sum of two such eigenfunctions.

Any full normalized orthogonal system of the kernel K(s,t) is also a full normalized
orthogonal system for the kernel K™(s,t).
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§ 7.

The Fundamental Theorem.

Fach kernel K(s,t) that does not vanish identically has at least one eigenfunction.
In order not to disturb the flow of ideas, I will leave the proof for this fundamental
theorem for § 11.

§ 8.
Expansion of the Kernel and Its Iterates.

Let the functions ¢1(s), @2(s), -+, @u(s), --+ form a full normalized orthogonal
system of the kernel K(s,t), and let their eigenvalues A1, A2, -+, A, -+ be ordered
according to absolute value. If the series

Z ev(s)eu(t)
Av
v
converges uniformly fora < s <b,a <t <b, then

K(s1) = 3 22, 3)

In particular, it follows that this equation is always true if the number of eigenfunctions
of the full normalized orthogonal system is finite.
Proor: We set

K(s,t) = ) 2432 = Q(s,1).
Then Q(s,t) is also a continuous symmetric function of s and ¢, and
b
/ Q(s,t)pu(t)dt =0 (4)

for all values of v. Now if Q(s,t) were not identically zero, by the fundamental theorem
of the last section there would have to be a continuous function 1 (s) such that

b
b(s) = ¢ / Q(s, 1y (t) dt.

From (4) it follows that for all values of v

b
/ B(5)u(s) ds = 0. (5)
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b b
[ G = [ Ko
b
s):c/ K (s, £)0(t) di

Thus v (s) would be an eigenfunction for the kernel K(s,t) which, by equation (5),
is orthogonal to all the functions ¢, and which cannot be represented by them as a
homogeneous linear combination with constant coefficients, contradicting the hypothesis
that the functions p1(s), wa(s), -+, @u(s), - - - form a full normalized orthogonal system
of the kernel K(s,t). Therefore, Q(s,t) is identically zero, which is what was to be
shown.

From this we conclude: It is always true that

t) = Z (pl’(i)\%pl’(t)? (6)

Hence

and

and the series on the right converges absolutely and uniformly. For by § 6 the functions
¢, (s) form a full normalized orthogonal system of the kernel K*(s,t) with corresponding
eigenvalues \Z. Hence our assertion follows from the one just proved, provided only that
the absolute and uniform convergence of the series can be established. But

v=n+m ( ) v=n+m (ou ))2 v=n+m
Pris <PV prv(s
S |t <ok (3 ety =),
v=n v=n v=n

Since by Bessel’s inequality

b v= n+m 2 v=n+m 5
/ (K(s,t))* dt > (/ K(s tgol,()dt> = > leph

it follows that

v= n+m

Pv 8)901/ ‘ < 2)\2 / (S,t))2 dt,

from which follows the absolute and uniform convergence that was to be establish.

v=n
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§9
Expansion of Arbitrary Functions.”

As in the previous sections, let the functions ¢1(s), p2(s), -+, @u(s), -+ form a
full normalized orthogonal system for the kernel K(s,t), and let their eigenvalues A1,

A2, <o+, Ay, -+ be ordered according to absolute value. If h(s) is a continuous function
such that

b
/ K (s, D)h(t) di = 0,
a
then by multiplying this equation by ¢, (s) and integrating from a to b we get the equation
b
[ 1enis)ds =0,
a

which is valid for all v. Conversely if this equation holds for all v, then
b
/ K(s,t)h(t)dt = 0.

Proor. If the equation
Ki(s,t) = 2500,
v

which was established in the last section, is multiplied by h(s)h(t) ds dt and integrated
with respect to s and ¢ from a to b, it follows that

0= /ab/ab K (s, t)h(s)h(t) ds di
:/abdr/abK2(s,r)h(s)ds/abKQ(t,r)h(t) dt

:/&bdr(/abK2(s7r)h(S) ds)”.

Hence

/b K%(s,r)h(s)ds =0

9Cf. Hilbert l.c. pp.72-78, Stekloff l.c. pp.404-425.
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identically in 7, and consequently

b rb
= 28 S S .
O_/a/a K2(s, )h(s)h(t) ds dt

By repeating the reduction we have just used we get

/b K(r,s)h(s)ds =0

identically in 7, which is what was to be proved.
Let the continuous function g(s) be represented by the equation

b
s):/ K(s,t)p(t)dt

where p(t) is a continuous function. Then

=Y / (0t = 37 540 / (1) di
:; / K(s,t)p,(t)dt / p(t)pu(t) dt,

and the series on the right converges absolutely and uniformly.
Proor. We can deduce the absolute and uniform convergence of the series from the
third form of its general term and the convergence theorem proved in § 2.

If we set
2%/ (Do () dt = hs),

/ b / " h()eu(s) ds =0, (7)

and hence by the theorem just established

/bK(s, Dh(t) dt = 0. (8)
b b b b
/ (h(s))? = / h(s)g(s)ds — Y / h(s)gu(s) ds / o (t) dt.

then for all v

Now
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Since by (7) the sum on the right vanishes, we have by (8)

/ab (h(s))? = /ab h(s)g(s)ds = /abp(r)dr /abK(s,r)h(s) ds = 0.

Hence h(s) is identically zero, which is what was to be established.
Let p(s) and ¢(s) be two continuous functions. If the equation just established is
multiplied by ¢(s) ds and integrated from a to b, the result is

b rb b b
[ [ menaepdsie=3" % [Casras)ds [ pre e

This is Hilbert’s fundamental formula, which he obtained from the canonical decompo-
sition of a quadratic form by passage to the limit. From it he then derived the results of
§ 8 and the first theorem of § 9 for all kernels and the expansion theorem for “general”
kernels.

§ 10.

The Inhomogeneous Linear Integral Equation.

Given a continuous function f(s), we wish to determine a continuous function ¢(s)
such that

b
£(5) = (s) — A / K (s, t)p(t) dt. (9)

Set
o(s) = (s) + g(s).
Then
b
4(s) = A / K(s.0) (£(1) + g(t)) dt. (10)

Hence from the expansion theorem of the last section,
b
95)= S 0u(s) [ ationoyd, ()

where the ¢, (s) range over a full normalized orthogonal system for the kernel K(s,t)
and the series is absolutely and uniformly convergent. Multiplying (10) by ¢, (s) ds and
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integrating, we get

/abg<s>%<s>ds—x/b<f<>+g dt/hm()d

b

/ gt (t) dt = 2 / ey dt + / (12)
b

/ o (t) dt = 52 / F(t)pu(t) dt

Hence by (11)
b
0(5) = 1)+ A ¢4 [ o0 (13)

Conversely, when A is distinct from all A\,, the above series converges absolutely and
uniformly by the results of § 2 since

b b b
3 [rwedna =t [ Ko [ foe. 0

Moreover, if we substitute equation (13) into equation (9) and take into account the

equation , \
/ K(s,0)f(t)dt = 3 20 / (e (t) dt

which follows from the expansion theorem of the previous section, we find that (13)
represents a solution of equation (9). We therefore see that if A is not an eigenvalue of
the kernel K (s,t) then equation (9) has one and only solution given by equation (13).
However, if X is a k-fold eigenvalue, it follows from (12) that for equation (9) to have a

solution the k equations
b
/ f()ontu(t)dt =0

must be satisfied, where n+ 1, n+ 2, ..., n+ k are the indices of the eigenfunction of
the full normalized orthogonal system that correspond to the k-fold eigenvalue. In this
case, as substitution in equation (9) shows,

o(s) = f(s) + arpnt1(s) + azpna(s) + - + ak@mk( )

AT, £ PP S0 d
where v ranges through all indices of the orthogonal system with the exception of n+ 1,
n+2, ..., n+k anday, as, ..., ag, are arbitrary constants. These results for symmetric

kernels are essentially the same as the [general] theorems that Fredholm proved by means
of his series.




Schmidt 117

§ 11.

Proof of the Fundamental Theorem

We now turn to the proof of the fundamental theorem —every kernel has at least
one eigenfunction — which we postponed in § 7.
Set

b b b
U1:/ K(s,s)ds, ng/ K?(s,s)ds,- -, Un:/ K"(s,s)ds

Then it follows from (1) in § 6 that

b b
Uu+l,:// KH(s,r)K"(s,r)drds, (14)

b
Uyy = / (K"(s, 1)) dr ds. (15)

Now since K”(s,t) cannot vanish identically, as we showed in § 6, it follows that all Us,
are different from zero and positive. Let n > 2. If we substitute n+ 1 for v and n—1 for
w in (14) and apply Schwarz’s inequality from § 1 (which according to the concluding
remark in the first chapter is also valid for multiple integrals), we get

2
U3, < Uszp—2Uzp 49,

or
p < .
If we now set
G2 — ¢, (16)
then
Cn—1 < Cp. (17)
Now by equation (1) of § 6,
b
KHtv(s,t) = / KH(s (r,t)dr,

/\

b b
(v (5, 1)) < / (B (s / (K (t,7))? dr,

a

b rb b rb
// (KH*(s,1)) dsdt<// (K" (s,7))* drds - // (KY(t,r))* drdt.



118 FrREDHOLM, HILBERT, SCHMIDT

Therefore by (15)

Uspyov < Usy - Uy,
Uz > UQ#T”;
and by (16) and (17)
Uy > ¢},
In view of (17),
;}Hgo Cu = ¢,

where c is a finite, positive number. Moreover

U2u>1

cV

Because ¢, < ¢, it follows from (16) that

From (19) and (20) it follows that

where U > 1 is finite.

Now
K2”+2m(s,t) B KZ"(s,t)
Cn+7n cn

b b
1 K2n+2m72 ry,T K2n72 ri,T )
s // K(S,'f'l){ Cn+7n7(11 2) - El 2

a a

Hence

(K2n+2m(8,t) K2n(s t / /
cntm - cn = 62

} K(’l"Q,t) d’l’l d’f’Q.

1"2, t))2 d’l“l d?"g X

K21 2(r1,r2)

K2n+2m 2 1,12 2 K2n+2m72 T1,T2)K2n72(7"1,7"2
/ / dry dry { onFm (1 ) —2 £2n+m—2 )

From this, in view of (14) and (15), it follows that

(Eed - E2L0) < 4 / (K (s,71))? dry / (K (t,72))? drax

Cn+m cn

Usntam—a Usn+2m—a
02n+2m—2 62n+m—2

(19)

(20)

(21)

)}
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Now as n increases, the expression on the right side becomes infinitely small, inde-
K2n

pendently of m, s, and ¢t. From this it follows that with increasing n, # converges
c

uniformly to a necessarily continuous function u(s,t), which, since

b bK2”( ) Uan
/u(s,s)ds:lim =22 ds = lim — =U > 1,

n=00 [, n=o00 Cp

cannot vanish identically in s and ¢t. Moreover, from

K2n+2 S t / K2 Q’VL(T’t) dr’

cn+1
1 b
= / K2(s,r)u(r,t) dr.
c a

If we now choose a value ¢; for which u(s, 1) does not vanish identically in s, then by
the last equation u(s,t1) is an eigenfunction of the kernel K2(s,t). From this it follows
according to § 6 that K (s,t) must also have an eigenfunction, which is what was to be
proved.

it follows that

§12.
Generalization of the Hypotheses

We can allow the symmetric kernel to be discontinuous in cases that satisfy the
following conditions.
I. The point set in the s, ¢-plane consisting of the points of discontinuity of K (s,t)

(and which is therefore closed) has outer content zero on any line s = const.
b

IL. / (K (s,t))* dt is defined and finite for < s < b and represents a continuous

function of s.

Let the square domain of definition of K(s,t) be divided into 22" equal squares
by lines parallel to the sides and let @),, denote the region formed from the union of
the squares that have points of discontinuity of K (s,t¢) in their interiors or on their
boundaries. Then the following result can be proved with no difficulty from I and II:
for any arbitrarily small positive quantity € there is a number n such that for all lines
s = const. the total size of the region covered by @), and the value of the integral

/ (K(s,t))* dt
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taken over the totality of this region are both less than e.*)
From this it first of all follows that for all lines s = const.

/ K (s,t)|dt < e.
Qn

For by the Schwarz inequality

([ e niays [ weota [ ase

From the inequality just established it easily follows that the planar content of the
set of points of discontinuity of K(s,t) is zero. For any continuous function m(t),

b b
/ (K (s,t)) m(t)dt and / (K(s,t))*m(t)dt is well determined and finite for a < s <

b and represents a continuous function of s. Similarly one can easily prove by an
application of the Schwarz inequality to the integral over the product of two kernels
that

K?%(s,t) = /b K(s,r)K(r,t)dr

is well determined and finite for a < s < b, a < s < b and represents a continuous
function of s and ¢, which because

b
K2(s,s):/ (K (s,7))’ dr

can vanish identically only if K (s,t) vanishes identically in its region of continuity.

These consequences of the assumptions I and II easily ensure that all the operations
occurring in §§ 4, 5, 6, especially the frequent exchange of the order of integration, are
legitimate.*) Thus the theorems and proofs of §§ 4, 5, 6 remain valid as they are. The
fundamental theorem stated in § 7 still stands, since K?, which is a continuous kernel,
must have eigenfunctions, and from this the existence of eigenfunctions of K (s, t) follows
as in § 6.

In § 8 the validity of equation (3) is confined to the region of continuity of the kernel,
while equation (6) is remains valid as is. In §§ 9 and 10 all theorems and proofs are
unchanged.

It is also permissible for the conditions I and II to be violated along a finite number
of lines s = const., where the kernel takes on different values at the two boundaries
of each line. However, I and II must be assumed to hold in each of the rectangles,

9*)Instead of the assumptions I and II, one can require that T and this inequality be satisfied. From
these assumptions II easily follows.

9See, e.g., Jordan, Cours d’Analyse, V. II, Ch. TI, I [sic].
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including their boundaries, into which the square of definition of the kernel is divided
by the lines. Moreover, both the eigenfunctions and the solutions of the inhomogeneous
integral equation must be allowed to jump at the values of s in question.

Further, the range of validity of the development theorem in § 9 can be extended
by replacing the assumption of the continuity of p(¢) by the integrability of p(¢) and its
square.

Likewise, nothing changes in the theorems and proofs of this chapter if s,¢,7,... are
points from a bounded n-dimensional domain consisting of a finite number of analytic
pieces in an (n + m)-dimensional space. In this case ds,dt,dr, ... are the corresponding
[differential] elements.

In this case too the conditions I and II determine a permissible range of discontinuity.

Chapter II1

On the linear unsymmetric integral Equation.

§ 13.

The inhomogeneous integral equation.

Let the kernel K (s,t), which is no longer assumed to be symmetric, and the function
f(s) be real continuous functions defined for a < s < b, a <t < b. We seek a real
continuous function ¢(s) that satisfies the integral equation

- /b K(s,t)p(t) dt. (22)
b
"j/ K (s,)x(s) ds, (23)

/Kst /Qst (24)
/a<<>> ds‘/a /Qst dt) ds (25)

b
Q@ﬂ:K@w+K@$i/KQMKwMW

If we set

we get the identities

where

is necessarily symmetric.
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Any real, continuous, nonzero function that causes the right-hand side of equation
(22) to vanish will be called a null solution in s of the kernel. Any real, continuous,
nonzero function that causes the right hand side of equation (23) to vanish will be called
a null solution in t. According to the first theorem of § 5 for A = 1, whose proof does not
use the assumption of the symmetry of the kernel, the number of linearly independent
null solutions in s, as well as in ¢, is finite. If x(¢) is a null solution in ¢, if follows from
(23) and (24) that x(t) is an eigenfunction of the symmetric kernel Q(s, t) corresponding
to the eigenvalue A = 1. The converse follows from (25) and (23). Hence we obtain
the first set of functions as we form the second set, since they have been shown to be
identical.

Now a necessary and sufficient condition for the solution of equation (22) is the
orthogonality of f(s) to all possible null solutions in t. Moreover, all solutions may be
obtained from a single solution by the additive combination with all null solutions in
5.%)

For the necessity of this condition is easily seen by multiplying equation (22) by
a null solution in ¢ and integrating. The straightforward application of the existence
theorem of § 10 to the symmetric integral equation

b
£(s) = x(s) - / Qs (1) dt

shows that the condition is sufficient. For by (24) the equation (22) can be reduced to
this equation by the substitution

b
o(t) = x(t) — / K(s,t)x(s) ds.

§ 14.

The Concept of Eigenfunction

Let K(s,t), defined for a < s < b, a <t < b, be a real continuous function that will
not be assumed symmetric. If ¢(s) and 1(s) are real or complex functions that are not
identically zero and that together satisfy the equations

b
o) = A / K (s, 1) (t) dt (26)

and

b
P(s) = )\/ K(t,s)p(t) dt, (27)

9%)This theorem was first proved by by Fredholm, loc. cit.
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then they will be said to be a pair of adjoint eigenfunctions of the kernel K(s,t) corre-
sponding to the eigenvalue .
We now define

b
R(s,1) = / K(s,7)K(L,7) dr (28)

and )
K(s1) = / K(r, $)K(r,1) dr. (29)

Then K(s,t) and K(s,t) are symmetric.
If we substitute (27) into (26) and (26) into (27), we get the equations

b
o(s) = )\2/ K(s,t)p(t)dt (30)

and )
w(s):)\Q/ K (s,t))(t) dt. (31)

Now if we were to have

©(s) = p1(s) +ipa(s) and P(s) = P1(s) + ipa(s),

then, since \? is the eigenvalue of the symmetric kernel K (s,t) and hence, as was shown
in § 4, is real, we would have from (30) the following equations

b
/ i) ds = 3 [ [ ou(s)R(s, ) (t) ds dt
‘ ab ¢ b b
= )\2/ dr/ K(s,r)gpl(s)ds/ K(t,r)p1(t) dt
b ab ab Z
[ eaezas = 2 [ar( [ Kisnas )’
In the same way it follows that

/ab (p2(s))2 ds = N2 /ade(/ab K (s,r)pa(s) ds)Q.

Now since for at least one of these two equations both sides cannot be identically zero,
it follows that A? is positive and hence that that X is real. Therefore, at least one of the
pairs ©1(s) and ¥1(s) and pa(s) and 12(s) must be adjoint eigenfunctions of the kernel
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K (s,t). For this reason we will treat only real pairs of adjoint eigenfunctions in what
follows and the term eigenfunction will refer only to real pairs. By a suitable choice of
the sign of 1(s) we can assume that the eigenvalues of an unsymmetric kernel are all
positive.

Equation (26) follows from (30) if ¢(s) is defined by (27), and (31) follows follows by
the substitution of (26) in (27). Likewise, (27) follows from (31) if ¢(s) is defined by (26),
and (30) follows by the substitution of (27) in (26). Therefore, to each eigenfunction
of the symmetric kernel K (s,t) there corresponds an eigenfunction of the symmetric
Kernel K(s,t) and conversely — and in such a way that this pair of functions forms a
pair of eigenfunctions of the unsymmetric kernel K(s,t).

§ 15

The full normalized orthogonal system of an unsymmetric kernel.

The adjoint functions of a full normalized orthogonal system of the kernel K(s,t)
form a full normalized orthogonal system of the kernel K(s,t), and conversely.
PROOF.

[t = [Cars, ["Kena@an [ Koot
b

Y / R (s,)pu(t)pu(s) ds dt.

It follows from (30) that

/wu Yo (s) ds = /sou $)puls

It therefore follows from this equation that if the functions @1, @9, ,@n, -+ form
a full normalized orthogonal system of the kernel K(s,t), then the adjoint functions
1,19, iy, -+ are all normalized and pairwise orthogonal. Now let 1(s) be an
eigenfunction of K (s,t) and let ¢(s) be its adjoint, which is therefore and eigenfunction
of K(s,t). Then according to our assumption [of the fullness of the system of the ,]

we have
) =Y copp(s)
p

where p runs through a finite number of indices. By § 5 all the ¢,(s) correspond to the
same eigenvalue as ¢(s). Then from the equations
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it follows that

Y(s) = Z cphp(s).

p

Hence the functions 1,99, - - - , ¥y, - - - form a full normalized orthogonal system for the
kernel K (s,t), which is what was to be proved. The converse is established similarly.

By a full normalized orthogonal system of the unsymmetric kernel K(s,t) we will
understand the above pair of adjoint normalized orthogonal systems of the kernels K (s, t)
and K(s,t).

16
Expansion of Arbitrary Functions

Let the functions
©1(), p2(8), -+, on(s), - -
PY1(8),b2(s), -, Pn(s), -

corresponding to the eigenvalues Aj, Ag, -+, A, -+ (which are ordered by magnitude)
form a full normalized orthogonal system of the unsymmetric kernel K(s,t) as defined
in the previous section. Then we have the following theorem:

If h(s) is a continuous function and

/bK(t, SYh(t) dt = 0

identically in s, then for all v

b
/ h(s)pu(s)ds = 0.

This can be shown by multiplying equation (26) by h(s)ds and integrating from a to b.
Similarly, if

b
/ K(s, 0)h(t) dt = 0
identically in s, then for all v
b
/ h(s)y,(s)ds = 0.

Conversely, if for all v

b
/ h(s)py(s)ds = 0.
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then the equation

/b K(t, $)h(t) di = 0
holds; and if for all v ’

[ oo s =o,
then the equation ’

/b K(s,t)h(t) dt = 0

holds.

ProOOF. We will prove only the first assertion, since the proof of the second is
the same. Since by hypothesis h(s) is orthogonal to all functions of a full normalized
orthogonal system for the symmetric kernel K(s,t), it follows from § 9 that

/ab K(s,t)h(t)dt =0
and
b b
0 — /b/ K(bs,t)h(s)h(t)dsdtb
= /a dr/a K(s,r)h(s)ds/a K(t,r)h(t)dt

b b
= / dr(/ K(s,r)h(s) ds)Q.
It follows that b
/ K(s,m)h(s)ds =0

identically in » — which is what was to be proven.

If ,
o(5) = [ Ks,0n(o) e,

where h(t) is a continuous function, then
b

o) = Yoo [ aetd
” b

D3y RICTIOL

b
a

5 b
= > / K(s,t)p,(t)dt / h(t)y,(t) dt.
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_ / Kt h(0) de

o6 = Sl / o (1) di
b
] / Bt (1) dt

b b
- Z/ K(tvs)wu(t)dt/ h(t)p,(t) dt.

The series in the right-hand sides of both equations converge absolutely and uniformly.
ProOOF. We will only prove the first assertion, since the proof of the second is the

same. From the third representation of the general term in the series, the convergence

theorem in § 2 allows us to conclude that the series converges absolutely and uniformly.

If we now set
)= s /’ e t) dt = £(5)

If

then

then it follows that )
| toeusds=o. (32)
a
From this and the theorem we have just proved it follows that

/ " K(t ) (1) di = 0. (33)

Now by (33)

/ ds—/ £(s ds—/:h(t)dt/abf((s,t)f(s)ds:o.

Hence f(s) = 0, which was what was to be proven.
Let p(s) and ¢(s) be two continuous functions. Then the theorem we just proved

gives
L%ﬂ&t _ Yl /' i (1) dt

Multiplying this equations by p(s) ds and integrating from a to b, we get

b b b b
| [ Keopasdsie =3 [ peens)ds [ ai



128 FrREDHOLM, HILBERT, SCHMIDT

This theorem corresponds to the canonical decomposition of a bilinear form.
From the theorem just proven it follows that if Z%ﬁ/p”@ converges uniformly,

v

K(s,t) =Y e, (34)

then

In particular, this equation always holds if the full normalized orthogonal system of the
kernel K(s,t) consists of only a finite number of pairs of functions.

§ 17.

Generalization of the Hypotheses

As an argument fully analogous to the one in § 12 shows, we can permit the discon-
tinuity of the unsymmetric kernel in cases that satisfy the following conditions.
I. The point set in the s,t-plane consisting of the points of discontinuity of K(s,t)

must have zero outer content on any line s = const., ¢ = const..
b

b
I1. / (K(s,t))? dt and / (K(t,s))* dt must be finite and well defined for a < s < b
and rep?esent continuous functions of s that are not identically zero.

Then all the theorems and proofs of this chapter continue to hold. Only the validity
of equation (34) depends on the continuity of K (s,t).

Likewise, nothing is changed in the theorems and proofs in this chapter, when s, ¢,
and r are points from a bounded n-dimensional domain consisting of a finite number
of analytic pieces in an (n 4+ m)-dimensional space. Here ds, dt, and dr are the corre-
sponding [differential] elements. In this case too, the conditions I and II determine a
realm in which discontinuity is permitted.

Chapter IV

On the Best Approximation of Functions of Two Variables by
Sums of Projects of Functions of One Variable

§ 18.

The approximation theorem.

Let K(s,t) be a real continuous function defined on a < s < b, a <t < b. We
wish to approximate K (s,t) as well as possible by a sum of at most m products of a
continuous function of s and a continuous function of t. Here, as usual, we will take
as the measure [of the quality]| of the approximation the double integral of the square
error ranging over the domain of definition of the given function.
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Let the functions
301(5),@2(8), T 7901/(5)’ T
¢1(3)7¢2(3)a“' 71%(5)7"' )

corresponding to the eigenvalues A1, Ao, -+ , A\, -+ arranged in ascending order form a
full normalized orthogonal system of the unsymmetric kernel K(s,t) as defined in § 15.
In the case where the number of adjoint eigenfunctions traversed by the index v is less
than or equal to m, then equation (34) gives an immediate and trivial solution of our
problem. If, however, if this number is infinite or finite and greater than or equal to m,
then the solution is given by the sum of products

Viz ou ()0 (1)
Av .
v=1

PRrROOF. The measure of the approximation M,,, whose minimum is required by the
statement of the problem, by hypothesis is defined as

b b v=m 2
M, = / / Z euls o) gs dt.

From the definitions (26) and (27) and in view of the of the orthogonality and
normalization of the system of functions ¢, (s) and the system of functions #,(s), the
above expression is easily reduced to the formula

My, // ?dsdt — Z - (35)
We must therefore show that
b rb =m
// (K(s,1t) Zozyﬂ,, dsdt>// 2 dsdt — Z%r (36)
aJa v=1 Y

holds for all systems of n continuous function pairs

where n < m. Here we have written «,, for a,,(s) and 3, for §,(s). We may assume that
the functions 31, B2, - , 8, are normalized and pairwise orthogonal. For if that were
not so, we could, as in § 3, represent them by a homogeneous combination of at most n
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such functions with linear coefficients and then order the sum of products according to
the latter. It then follows that

v=m

/ab/ab(K(s,t) Z Otuﬂy)zdsdt /b/b (K(5,1))? ds dt
! S )
+Z_:1/ (a3—2ay/a K(s,t)8, dt) ds
:/ab/ab (K(s,1))” dsdt —I—Vz_fl/ab(ay—Qay/abK(s,t)ﬁydt)st
—S/ab(/ubff(syt)ﬂydt)zds.

The inequality (36), which we are to prove, therefore follows immediately from the
inequality

(37)

v=m v=n .} b
0<> & —Z/ (/ K(s,t)8, dt)* ds.
v=1 v=172 a
Moreover, since m < n, this inequality follows immediately from
v=n v=n .} b )
0<) - Z/ (/ K(s,1)B, dt)" ds, (38)
v=1 y=17¢ a

which we will now establish.
According to the expansion theorem given in § 16, we have

b b
[ s a =52 [ g0 (39)
a p a

where the sum ranges over pairs of adjunct functions ¢,(s), ¥,(t) of the full normalized
orthogonal system. In view of the orthonormality of the system of functions ¢(s), it
follows easily from equation (39) that

b b b
[ ([ weomayas=3 4k [ vwa (40)

Now according to Bessel’s inequality in § 1

b b
1= [ gra= ([ s’ (41)
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and hence the above sum converges. It then follows from a simple transformation of the
right-hand side of equation (40) that

b 2
//Kstﬁ,,dt ds—vaZ %—Ali)(/ﬁmu(t)dt)
b
=G - (] Bty dr)? - B (t) i)’
S0k ([ o 2l ([ st

where k£ runs through all indices of the full orthogonal system that are greater than n.
By hypothesis the inequality

(42)

is satisfied for all values of k. This and the inequality (41) show that

S /ﬁuwk (t)dt)* > 0

and

L= /ﬁywp £) dt)?

Hence the inequality (38) to be established follows directly from the inequality

v=n pu=n

0 < zp—wzz bk /m {)dt)?
lll/,l,l
— Z(ﬁ_% 1— /ﬁywp dt

But the fact that the last expression is nonnegative follows from the inequality
A < Ansy

which is true by hypothesis, and from Bessel’s inequality

b v=n b
1= [ o) = 3 JRACECON

which true because the system of functions 3, is orthonormal.
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§ 19.

The measure of the best approximation.

The measure M,,, defined in the previous section, of the best approximation to a
function K(s,t) by a sum of at most m products of a function of s and a function of t
vanishes as m grows unboundedly.

PROOF. According to equation (35) the assertion to be proved can be written in

the form -
Z;:/ / (K(s,t))? dsdt, (43)
P a Ja
14

where A\, runs through all the eigenvalues of the unsymmetric kernel K(s,t), each
counted according to its multiplicity.
By the expansion theorem of § 16, we have

b b
/ K(s,HK(r,t)dt = ' 2pls) / K(r,tyg,(t) dt = &2, (44)
a L a [
2 P

in which the sum converges uniformly in r for fixed s and uniformly in s for fixed r. If
we set r = s, we get

/ C(K(s ) de =Y fean)? (45)

p

Equation (43), which is to be established, follows from (45) by integrating in s from a to
b, provided we can integrate the the right-hand side termwise —in particular, provided
the series on the right-hand side of (45) converges uniformly. A theorem of Deni*)
is sufficient to establish the uniform convergence of the series (45) that is required to
conclude the proof, and moreover to prove the uniform convergence of (44) in s and ¢
because

w(s;;o(r) <1 ((%/\(;))2 4 (%/\(;))2) '
p b p
Dini’s theorem states that if a series of positive, continuous functions of the variable
s defined for a < s < b converges so that the sum represents a continuous function then
the convergence is also uniform.
ProOF. Let

V=00

o(s) = D wl(s), (46)

v=1

where v(s) and the u,(s) are continuous and nonnegative for a < s < b.

9*) Dini, “Fondamenti per la teoria funzioni di variabili reali,” Pisa 1878, §99.
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Denote by P, the point set consisting of all points for which the continuous function
rv=n
Rp(s) =v(s) = > _ ()
v=1

attains its maximum, which we will denote by Max(R,;). Then let a single point «,
be chosen from each of the point sets P,, and let o be an accumulation point of the
point set consisting of the points aq, a9, -+ ,ay,,--. Now let € be an arbitrarily small,
positive, nonzero quantity. By the assumed convergence of the series (46), there is an
index p such that

Ry(a) < 5. (47)

By the continuity of R,(s) and because « is an accumulation point of the point set
1,9, , 0y, -+, we can find an index ¢ > p such that

|Rp(cg) — Rp(a)| < 5. (48)

It follows from (47) and (48) that
R,(0yg) < e.

Now because the functions u,(s) are assumed to be positive, R, (s) cannot be negative
an for fixed z cannot grow with increasing n. Therefore, for m > ¢ > p

0 < Max(Rm) = Rm(am) < Ry(am) < Max(Ry) = Ry(aq) < Rp(ag) < e.

Therefore
lim Max(R,,) =0,

n=oo
which is what was to be proved.
CONCLUDING REMARKS.
Again, under the conditions stated in § 17, discontinuity in the kernel is permitted.
Likewise, nothing is changed in the theorems and proofs in this chapter, when
s,t,r, ... are points from a bounded n-dimensional domain consisting of a finite number
of analytic pieces in an (n + m)-dimensional space. Here ds, dt, and dr,... are the
corresponding elements.
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Chapter V
On the Expansion of Arbitrary Functions by Prescribe Systems

§ 20.

The prescribed system of functions vanishes at the
endpoints of the interval of definition

Let p1(x), p2(x), -, pu(x),- - be an infinite sequence of real, continuous, and twice
continuously differentiable functions on the interval a < x < b that furthermore vanish
for both = a and x = b. In addition, let the system

(@), o5 (@), (), -,

2
where we have written /() for ° 5;2@, be a closed system; that is (as we have stated
in the introduction) a system for which there is no continuous function f(z) other than

the zero function for which the equation

is satisfied for all . We then form

_ e1(z)
vil@) 1L (wl(y))

p2(2) =t x)f i (2)¥4 (=) dz
a(x) =
\/f (-t [ ¢ z//(z)dz) dy

v (@)=Y~ lwp@c I2 b ()9 (2) dz
\/f %(y) Sy y) [Pz w/(Z)dZ) dy

()

. d d
where we have written ¢, (x) and v/, (x) for % and %.

We also note the following. As was shown in § 3, a denominator in the above
expression can vanish if and only if the corresponding function ¢'(x) can be represented
as a homogeneous, linear combination with constant coefficients of its predecessors. But
because

pv(a) =0,
any such linear, homogeneous relation between the ¢, () remains valid for the ¢, (z)
and conversely. It therefore follows that a denominator vanishes if and only if the
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corresponding function ¢, (x) is linearly dependent on its predecessors. In this case we
ignore the corresponding function ¢, (z) and proceed with the formation of the functions
¥y, () as if the function ¢, (x) had never appeared in the first place. Then by the above
formulas, all ¥, (z) are represented homogeneous linear combinations of the ¢, (x), and
vice versa.

Now let g(x) be a continuously differentiable function in the interval a < x < b that
vanishes for x = a and x = b. Then

Zm / (), (y) dy,

and the sum on the right-hand side converges absolutely and uniformly.
PrOOF. By § 3 we have the equations

b
/¢u(ﬂf)wy(x)dx:1 or 0,

depending on whether p and v are equal or unequal. The absolute and uniform conver-
gence of the series on the right-hand side of the equation to be proved follows from the
the corollary of § 2. We now set

Zwy / (1), (y) dy, = f(2).

Then because ) b
/ g(e)Y!! (@) d = — / ¢ (@) (z) de
and

/1/Ju x)dr = — /1/},, wp x)dr=-1 or 0

depending on whether v and p are equal or unequal, it follows that for each p

/f x)dx = 0.

But since each function ¢!/(z) can be represented as a homogeneous linear combination
with constant coefficients of a finite number of the ¢/, it follows that for each v

Hence the assumed closure of the system of the ¢! allows us to conclude that f(z)
vanishes identically—which is what was to be proved.
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§ 21.

The general case.

Let p1(x), p2(x), -+, pu(x),- - be an infinite sequence of real, continuous, and twice
continuously differentiable functions on the interval a < x < b but which are subject to
no boundary conditions. Moreover let the system

Pi(2), 05 (x), - py(a), -
be a closed system. If for each index v we define
r—a

Gv(z) = u(r) — wu(a) — —a (ou(b) = pu(a)),

then the following equations hold:

ev(a) = @u(b)=0
Pu(r) = ¢().
Hence the system ¢/ (x), @5 (), -, @l(x),- - is also a closed system. As in the previous
section, we now construct the sequence of functions
Ui (z) = ¢1(z)

G (@)= 2]~ lwp(wf 2)y)(2) dz
\/f %(y) SO ) [ @ (= w’(Z)dZ) dy

Then if g(x) is an arbitrary continuous and continuously differentiable function in
the interval a < x < b and if we set

g(z) = g(z) — g(a) — 5=5 (9(b) — g(a)),
gla) =g(b) =0

then the expansion theorem established in the previous paragraph implies that

V=00 b
=Y wl@ [ doew
v=1 a

or

glx) = ble)=0a®) 4 5 o0) +Zw / ()0, (y) dy,
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and the series on the right converges absolutely and uniformly.

In the proof of the expansion theorems in this and the previous section, we have
assumed that the system of the ¢! (z) is a closed system. But it would have been
sufficient to have assumed a little less—specifically, that any function that is orthogonal
to all the ¢! (x) is linear. For the vanishing of f(x), which was required by the proof
given in the previous section, results from the fact that f(z) must be linear because of
the vanishing of f(z) at the endpoints.

Since any continuous can be uniformly approximated by a continuously differentiable
function, from the last theorem we have the following theorem. Let ¢1(x), pa(z), -,
oy (x), -+ be an infinite sequence of real, twice continuously differentiable functions de-
fined on a < x < b whose second derivatives form a closed system. Then any continuous
function defined in a < x < b can be expanded in a uniformly convergent sequence of
finite linear combinations of the functions 1,x,v1(x), pa(z), -+, pu(x), -



