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Preface

These lecture notes are based on the first five chapters of the book [4] by Heinz. W.
Engl. We also recommend the book by R. Kress [6].

1. Classification and examples

In general, an equation is called integral equation, when the unknown function appears
under an integral sign.

If, for instance, g : [0,1]> x R — R and f : [0,1] — R are given, then

£(s) - / g(s.ta(0)dt = f(s),  se0.1],

is an integral equation for the unknown function x. This is a general nonlinear integral
equation.

However, we will restrict ourselves to linear integral equations, where the following
classification is usual:

If the unknown function only appears under the integral, we speak of an integral equa-
tion of the first kind, otherwise of an equation of the second or third kind, depending
on whether the unknown function outside the integral is multiplied by a constant or a
function.

If the integration limits are fixed, the equation is called Fredholm equation. If one limit
of integration is a variable, the equation is called a Volterra equation.

For instance,
1
/ k(s et dt = f(s), s e[0,1], (1.1)
0
is a (linear) Fredholm integral equation of the first kind,

/05 k(s,Hz(t)dt = f(s),  sel0,1], (1.2)

is a (linear) Volterra integral equation of the first kind,

a(s)x(s) — /0 k(s,t)x(t)dt = f(s), s € [0,1], (1.3)

is a (linear) Fredholm integral equation of the third kind, and

2(s) — /\/Osk:(s,t)x(t) dt = f(s),  selo1],

is a (linear) Volterra integral equation of the second kind for the unknown function x.

This distinction is not always stringent. If for instance a(s) # 0 in (1.3) for all s € [0, 1],
so by dividing through a equation (1.3) kann be rewritten as an integral equation of
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the second kind. The Volterra equation (1.2), on the other hand, can be reformulated
as a Fredholm equation (1.1): with

~ k(s,t), t<s,
u&w:{o() 1=

equation (1.2) is equivalent to

A%@ﬁﬂﬂﬁ:ﬂ@, se0,1].

Since Volterra equations have special properties, this distinction is still meaningful.

Equations of the first kind differ in theory and numerics completely from those of
the second kind. Usually equations of the first kind are improperly posed and lead
to so called ill-posed problems, where we have to expect problems when we want to
solve them, since the solution no longer depends continuously on the data. Since these
problems are treated in a special course, we only concentrate on equations of the second

or third kind.

The function & in the examples above is called kernel of the integral equation. If the
kernel has a singularity, we speak of singular integral equations. Depending on the
quality of the singularity we distinguish between weakly singular and strongly singular
integral equations (see Definition 2.12)

do)- [ 2= g, selLal,

18—1

is for instance strongly singular and

z(s) —/ In|s —t|z(t)dt = f(s), s €[-1,1],

1

weakly singular.

The following examples illustrate, where integral equations usually occur:

Example 1.1. We consider the initial value problem
2"(t) = g(z(t)), te]l0,1], z(0) =1, 2/(0) =0, (1.4)
with continuous ¢ given. By integration we obtain that

t
2 (t) :/ g(x(r))dr+ ¢ and (s / / ))drdt +c15s+ca.
0

The initial conditions yield: ¢; = 0, ¢ = 1. Thus, due to Fubini’s theorem and noting
that D := {(¢t,7) : t € [0,s],7 € [0,t]} = {(¢t,7) : 7 € [0,s],t € [, 5]} (see Figure 1.1),

we get
z(s) = 1+// det—1+/Dg ,T)
= 1+ // dth—le/0 s—T1)g(x(r))dr.



Figure 1.1: Integration area

Hence, x is the solution of the following (nonlinear) Volterra integral equation of the
second kind:

z(s) =1+ /08(8 —t)g(x(t)) dt, s € [0,1]. (1.5)

It is rather obvious that initial value problems like the one in (1.4) yield Volterra integral
equations, since the solution in the point s may only depend on values x(t) with ¢ < s.
This is different for boundary value problems, where z(s) can also depend on future
values. This will then lead to Fredholm integral equations as the following example
shows.

Example 1.2. We consider the boundary value problem
2(t) = g(z(t)), te]l0,1], z(0) =2(1) =0,

with continuous g given. It follows as in Example 1.1 that

2(s) = / (s — )gla(®) dt + crs + o, s€[0,1].
0
1
The boundary conditions now yield: ¢ = 0 and ¢; = / (t — 1)g(z(t)) dt. Therefore,
0

z(s) = /OS(S—lt)g(w(t))cl7f+/0 s(t — 1)g(x(t)) dt
= /Osl(s—ﬂ tS(t—l)}g(x(t))dH/ s(t—1)g(z(t)) dt .

=t(s—1)

Thus, = now satisfies the (nonlinear) Fredholm integral equation of the second kind:

3:(3):/0 k(s,t)g(x(t))dt (1.6)

with kernel
1), t<s,

t(s — <
k(s’t):{ st—1), t>s
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The kernel & in (1.6) is continuous in [0, 1]?, the first partial derivatives of k are contin-
uous away from the diagonal {(¢,t) : t € [0, 1]} and have a jump on the diagonal. Such
kernels typically occur when treating boundary value probelms for ordinary differential
equations via integral equations. We will come back to such kernels in Chapter 5.

Example 1.3. Let f : (0,00) — R be continuous. The Laplace transform of f is defined
as the function -
Lh)s) = [ e rar
0
for all values s, where the improper integral exists. We will not discuss existence and
the domain of Lf here.

It is an essential property of the Laplace transform that it turns differentiation to an
algebraic operation:

(Lf)(s) = / e f'(t)dt = f(t)e™™
0
Note that, due to the existence of (Lf) it holds that tlim f(t)e™® = 0. Thus,
—00

(Lf)(s) =s-(Lf)(s) = f(0). (1.7)
In the same manner, one obtains expressions for the Laplace transform of higher order
derivatives. The property of the Laplace transform to turn differentiation into a multi-
plication with s can be used to transform (systems of) linear differential equations into
algebraic equations. If, for instance, we want to solve the initial value probelm (¢ > 0)

i)+ () = e, _ _
fé(t)_fl(t) — —et, f1(0>_1> fQ(O)—la

t=00

+ /000 se_Stf(t) dt = —f(()) +S- (Ef)(s)

t=0

for the unknown functions fi, f, using the Laplace transform, we proceed as follows:
since (Lexp)(s) = (s — 1)7!, for s > 1, (1.7) yields

s-(LN)(s) =1+ (Lf)(s) =
s (Lf2)(s) =1 = (LH)(s) =

This linear system for £f; and L f; has the solution
1 1 S

(LR)) =7 = and (LR)) = 5
Using a table for Laplace transforms, one can see that
S . 1
(Lcos)(s) = 1 and (Lsin)(s) = a1

Thus,
fit) =¢" —sint and fy(t) = cost.

If one would obtain right-hand sides that are not found in tables for Laplace transforms,
one would have to solve the following integral equations of the first kind:

/OOO () dt = (Lf)(s),  i=1,2.
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As mentioned above, this integral equation is improperly posed and one has to be very
careful when solving the equation numerically.

Much more important than the Laplace transform is the Fourier transform. For ap-
propriate functions f : R — R the Fourier transform f is defined by

/\

f(s) e (1) (1.8)

7l

If one wants to find f from a given Fourier transform, (1.8) is again an integral equation
of the first kind. However, it can be solved explicitly via:

f(t) e f(s) (1.9)

\/27r /
Thus, it turns out that equation (1.8) is well-posed and can be solved via (1.9) in a
stable way.

Example 1.4. Let f : R?> — R be a function with compact support. For s € Rt and
w = (cos®,sind), 6 € [0,27) let L(s,w) := sw + tw® be the line with normal vector w
and distance s from the origin. The function

(Rf)(s,w) := /Rf (sw + tw™) dt, weR?, |w||=1,5>0, (1.10)

is called Radon transform of f. The values of the Radon transform are all possible line
integrals of f. The inverse problem of determining f from Rf was posed and solved
analytically 1917 by the Austrian mathematician Johann Radon.

This problem is of great importance in applications of computerized tomography: let
D C R? be a compact domain with a spatially varying density f. In medical applica-
tions, D symbolizes a cross-section of the human body; in nondestructive testing, D is
a cross-section of the material to be tested. The aim is to recover the density f from
X-ray measurements in the plane where D lies. These X-rays travel along lines, which
are parameterized by L£(s,w) (see Figure 1.2).

Physical considerations lead to the following law: the intensity loss —AI of an X-ray
beam along a distance At is proportional to the intensity I, the density f, and the path
length At, i.e.,

Al (sw + twL) =—1 (sw + twL) f (sw + twL) At .

By letting At tend to 0, one obtains

d

%I (sw+twh) = —I (sw +tw") f (sw+ tw"). (1.11)
We denote by I (s,w) and Iy(s,w) the intensity of the X-ray beam measured at the
detector and at the emitter, respectively, where detector and emitter, connected by the

line L(s,w), are located outside of D so that we can as well assume that they are located
at infinity. Then, (1.11) has the solution

log In(s,w) — log I,(s,w) = /Rf(sw +twt)dt = (Rf)(s,w) .
6
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Figure 1.2: Computerized Tomography

Thus, the problem of computerized tomography corresponds to the inversion of the
Radon transform.

Example 1.5. The following problem was posed and solved by Niels Henrik Abel about
1823: find the equation of a plane curve for which an object sliding without friction in
uniform gravity to its lowest point from the height s takes the total time of descent
f(s).

Abel’s solution begins with the principle of conservation of energy: since the particle is
frictionless, and thus loses no energy to heat, its kinetic energy at any point is exactly
equal to the difference in potential energy from its starting point. The kinetic energy
is %mvz, the gravitational potential energy gained in falling from an initial height s to
a height ¢ is mg(s — t). Here m denotes the mass, g the gravitational acceleration and

v = v(t) the velocity. Thus: v(t) = \/2¢g(s — t)

Since the particle is constrained to move along a curve, the velocity satisfies the equation

v(t)sina(t) = —%, where 7 is the time and «(t) is the angle between the z-axis and

the tangent to the curve (see Figure 1.3).
Under the reasonable assumption that t is strictly monotone and differentiable with

respect to 7, the inverse 7(t) exists and we obtain

d 1 1
T —————x(t) with z(t) =

dt (s — 1)

Integrating with respect to ¢t from 0 to s yields:

sin a(t)

7(s

__ [ =)
)—T<0)_/0 !



gravity

aft)

Figure 1.3: Sketch of the curve

Due to the definition of f and the function 7, we have: 7(s) —7(0) = 0 — f(s). Thus, x
satisfies the following Volterra integral equation of the first kind:

Coa(t)
/Omdt—@f(s). (1.12)

Note that knowing x, one can uniqgely determin a and, hence, also the curve, since only
values in [Z,7) are reasonable.

s
2

This weakly singular integral equation is called Abel’s integral equation. The same
name is used for integral equations, whose kernel involves the expression (s — ¢)® with
a € (0,1) in the denominator (see Chapter 4).



2. Fredholm integral equations of the second kind

In this chapter we deal with equations of the following type:
Ax(s) — / k(s,t)z(t)dt = f(s), sed, (2.1)
a

with A # 0, where G C R” is compact and Jordan measurable with positive measure.
x is an unknown and f a given function. The parameter A will be of interest only for
eigenvalue problems. Therefore, we sometimes set A = 1.

The kernel k£ induces an integral operator K, defined by

(Kz)(s) = /G k(s )a(t) dt (2.2)

In the next theorem conditions for the kernel k are given so that the corresponding
operator K maps L?*(G) or C(G) to itself, respectively (see also Theorem 2.13 below).

Theorem 2.1. If k € C(Gx@Q), then K(L*(G)) C C(G), especially K(C(GQ)) C C(G).
If k € L?(G xG), then K(L*(G)) C L*(G). Here, K is the integral operator with kernel
k.

Proof: Let z € L*(G), k € C(G x G), s,0 € G. Then, due to the Cauchy-Schwarz

inequality,

[(Kz)(s) — (Kz)(0)]* < [/ |k(s,t) — k(o,t)] |z(t)| dt
/|k; 5.1) — k(o )2 dt |22

< sup |k(s,t) — k(o,0) PG| ||z]]; -
teG

IN

Since G' x G is compact, k is uniformly continuous. Hence:

lim sup |k(s,t) — k(o,t)| =0

g—S teG

Together with the estimate above this implies the continuity of Kz, i.e., Kz € C(G).

Let us now assume that & € L?(G x G). Then, due to the Cauchy-Schwarz inequality
and Fubini’s theorem,

|Kz)? = /| @Fds = [ | k020 d

< /[/ |k:st|2dt/|x |2dt}ds—//|k;s75|2dtds||x||2

= / [k(s, 1) d(s,t) |zl = [|k]I3 |5 < oo
GxG

2
ds
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Thus, Kz € L*(G). n

In the proof above and below, ||-||, always denotes the L*-norm on the appropriate
space, e.g., in the special case above the norm on L?(G x G) and on L?*(G), respectively.
Obviously, here and below, all integrals are Lebesgue integrals.

Theorem 2.1 tells us that depending on the type of the kernel the corresponding integral
operator can be considered as an operator from L*(G) to C(G) or L*(G) or from C(G) to
C(G) or also L*(G). The operator norm of this bounded operator depends on the image
and preimage spaces. It is, e.g., an immediate consequence of the proof of Theorem 2.1
that for K considered as an operator from L?(G) to L*(G), it holds that

1K < / k(s d(s. 1)

2.1. Degenerate kernels

Very simple kernels are so called degenerate kernels:

Definition 2.2. k£ : GxG — Riis called a degenerate kernel, if finitely many functions
©O1y s Py W1, ...,y € L*(Q) exist such that

k(s,t) = Z%(S)%(t) a.e. (2.3)

As above an equality of functions in L? is always meant almost everywhere (a.e.), even
though it is not always explicitly mentioned.

Degenerate kernels induce integral operators with finite-dimensional ranges and vice
versa as the following theorem shows:

Theorem 2.3. Let K : L*(G) — L*(G) be an integral operator with L?-kernel k and
range R(K). Then k is degenerate if and only if R(K) is finite-dimensional.

Proof: Let (-,-) denote the usual inner product in L?(G) or L*(G x G), respectively.

First we assume that £ is degenerate, i.e.,

E(s,t) =) @i(s)bi(t) with @1, @n, 01, .. 0 € L*(G).
i=1

Then
wae = gms)wi(t)x(wdt:é( [ wtoatoat) it
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= Kz €span{py,...,on} for all r € L*(G).

Therefore, R(K) C span{¢;,...,¢,} and, hence, R(K) is finite-dimensional.

Now we assume that n := dim R(K) < oo and that {1, ..., ¢,} is an orthonormal basis
of R(K). This basis can be completed to a complete orthonormal system {¢1, @2, ...}
of L*(G). Since, obviously,

/ i(5) 23 (0) P8 () d(5,8) = Big - By
GxG

and since, due to Fubini’s theorem, it is easy to show that for any k¥ € L*(G x G) with

/ k(s,t)pi(s)p;(t)d(s,t) =0 forall i,j€N
GxG

it follows that & = 0, it holds that {c;(s,t) = i(s)p;(t) : i,j € N} is a complete
orthonormal system of L?(G x G).

Since k € L*(G x @), it can be expanded into a Fourier series as follows: a sequence
(aij)(ijyenxn exists with

k= Z aijai;  (convergence in L*(G x G)) and Z a;, < oo.

i,jEN i,jEN

For all z € L*(G) and m € N we now obtain with Fubini’s theorem that

(Kz,0m) // s, t)x(t) dt pm,(s) ds :/G Gk:(s,t):p(t)gom(s) d(s,t) = (k,xm)

with z,,,(s,t) == ( )om(s). Thus, ( Kz, @, ) = Z a;j ( @ij, T ). Since, due to Fubini’s
i,jEN
theorem,

(G, Tm) = /G D 0ns) dis.
- / (1), (D) dt G%(S)%(S) ds = i (,07)

it follows that ( Kx, ., ) Z A

JEN
For m > n we have that ¢,, € R(K)* so that { Kz, ¢,,) = 0.

Choosing especially x = ¢, with r € N, we obtain for m > n:

0= <K(107“790m> :Zamj<907“790j> = Qmy- -
——

jEN =5,
Therefore, k = g E a;jcj, since the Fourier series can be reordered with respect to
i=1 j=1

{a;;} without influencing the L*-convergence. Setting 1 (t) Z a;j goj ), which is an

11



element of L*(G), since Z a3, < 0o, we obtain that

j=1
9 WINTTED 3y W0 Z% Jil)
i=1 j=1 i=1 j=1

Thus, the kernel £ is degenerate. |

Remark 2.4. It is an immediate consequence of the proof above that R(K) is spanned
by the functions ¢, ..., ¢, and has at most dimension n. A Fredholm integral equation
of the second kind with a degenerate kernel leads to a linear system:

We consider (2.1) with a kernel of type (2.3), where we assume w.l.og. that the functions
©1,- .., ¢y, are linearly independent. We assume that all functions are real valued. The
complex valued case can be treated analogously (see the remark after Theorem 2.6).

Plugging in (2.3) into (2.1), we obtain

- Z%(s)/Gwi(t):c(t) dt=f(s), s€G. (2.4)

Building the L?-inner products with ;, 1 < j < n, yields

3 [ el ds—Z/saz Jus(s) ds [ witgety e = [ Fs)ists

or eqivalently the linear system

N — Az = f (2.5)
with
T, = /x(s)wj(s)ds, 1<j5<n, Ti=(T1,...,Zn) ,
G
fi = [ f)i(s)ds, 1<5<n, f=0 )T (2.6)

G

Qij = / pi(s)Y;(s)ds, 1<i,j<n, A= (aji)1<ij<n -
¢

If X is no eigenvalue of A, system (2.5) has a unique solution. It then follows from (2.4)
that

1, 1.
x:Xf+Xizlxicpi. (2.7)

Le., this is the explicit formula of the (unique) solution of (2.4). It is an element of
L*(@) or of C(G) if f and ¢1,...,p, are continuous. Note that one needs the solution
of the linear system (2.5).

Solving a Fredholm integral equation of the second kind with a degenerate kernel is,
therefore, not an infinite-dimensional problem but a finite-dimensional one. Using well-
known results from Linear Algebra one can derive results about existence and unique-
ness of solutions of (2.4). We will formulate these results in such a way that we can
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later see that they are a special case of the so called Fredholm alternative for integral
equations of the second kind with a general kernel. We first formulate the Fredholm
alternative for real linear systems:

Theorem 2.5. Let B be an n x n-matrix with rank m < n. Then the homogeneous

systems
Bx =0 and B'y=0 (2.8)

have the same number of n — m linearly independent solutions. The inhomogeneous
equation
Br=f (2.9)

is solavable if and only if

(f,y)=0 (2.10)
for all y with BTy = 0. Here, (-, -) denotes the general inner product in R".

Proof: Since the column rank and row rank of a matrix are equal, also the rank of
BT is equal to m. The number of linearly independent solutions of the homogeneous
systems in (2.8), thus satisfies:

dimN(B) =n —dimR(B)=n—m =n—dimR(B") = dimN(B")

This proves the first assertion.

Let us now assume that (2.9) is solvable, i.e., Bz = f for some x € R™. Then it holds
for every y with BTy = 0 that

<.fay> = <B$,y> = <$7BTy>:O>

i.e., (2.10) holds. We have also shown that R(B) C N (BT)*.

Now we assume that (2.10) holds for all y with BTy = 0, i.e., for all y € N(B"). This
means that

feNBH). (2.11)
Since dimR(B) = m and dimN'(B")* = n — dimN(B") = n — (n —m) = m, we
obtain together with R(B) C N(BT)* (see above) that
R(B) = N(B")*.
Due to (2.11), this means that f € R(B) and, hence, (2.9) is solvable. |

Note that this proof includes some steps that are only possible in finite-dimensional
spaces.

The equation on the right-hand side of (2.8) is called adjoint homogeneous equation.

As an immediate consequence of Theorem 2.5 we obtain the Fredholm alternative for
Fredholm integral equations of the second kind with a degenerate kernel:

13



Theorem 2.6. Let k be a degenerate L-kernel, A\ # 0, and f € L*(G). Then the
equations

Aa(s) —/Gk;(s,t)x(t) =0, seq, (2.12)

and
Ay(s) —/ k(t,s)y(t)dt =0, seq, (2.13)

have the same number of linearly independent solutions.

The inhomogeneous equation (2.1) has a solution = € L?(G) if and only if all solutions
y € L*(G) of (2.13) satisfy

/G f(s)y(s)ds = 0.

Proof: For the special system (2.5) the adjoint homogeneous equation is given by
N — ATy =0. (2.14)

As for the derivation of (2.7), one can show that for every solution y of (2.14) the
function
1~
DY Z Ui
j=1

solves equation (2.13). And conversely for every solution y of (2.13) the vector

([ tmoa) L

solves (2.14). In this sense (2.14) and (2.13) are equivalent. Now Theorem 2.5 implies
that the homogeneous equation (2.12) and (2.13) have the same number of linearly
independent solutions. This number equals dim N (Al — A), i.e., the geometric multiple
of the eigenvalue A of A.

The inhomogeneous equation (2.1) is solvable if and only if (2.5) is solvable. Due to
Theorem 2.5, this is satisfied if and only if

Z figi =0
i—1

for all solutions y of (2.14). Noting that

| 16 (%Zyim(s)) ds = = Zyz | repts Zyzfz

it follows with the equivalence of (2.14) and (2.13) that (2.1) is solvable if and only if

| 1ts
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This proves the assertions. |

It is an immediate consequence of Theorem 2.6 that (2.1) is solvable for all right-hand
sides f € L*(@G) if (2.12) (or (2.13), respectively) only have the trivial solution z = 0
(or y = 0, respectively) or equivalently that A is no eigenvalue of the integral operator
induced by the kernel k.

The integral operator with kernel k(t,s) instead of k(s,t) is called adjoint integral
operator. In case of an L2-kernel its so-called adjoint kernel is only almost everywhere
uniquely determined. For equations with complex valued kernels and functions one can
either prove Theorem 2.6 in the same way or one can define the adjoint kernel by k(¢, s).
In the latter case one has to replace A by X in the adjoint equation (2.13).

Using functional analytic methods, one can show that the Fredholm alternative also
holds for general L?-kernels. Thereto, it is necessary to interpret all integral operators
as operators between Banach or Hilbert spaces.

A property that is very essential for the theory of linear integral equations is the com-
pactness of the corresponding integral operators.

2.2. Compact operators

Definition 2.7. Let X,Y be normed spaces and K : X — Y linear. K is called

compact if for any bounded set B C X it holds that K (B) is compact.

In the next theorem we collect some basic properties of compact linear operators:

Theorem 2.8. Let X, Y, Z be normed spaces and K : X — Y linear. Then the following
assertions hold:

(a) K is compact if and only if (Kx,) has a convergent subsequence for any bounded
sequence (z,,).

(b) If K is compact, then K is bounded, i.e., K € L(X,Y).
(c) Linear combinations of compact linear operators are compact.

(d) Let Ky € L(X,Y) and Ky € L(Y,Z). Then K, K, is compact if either K; or K>
is compact.

(e) Let Y be a Banach space and let K, : X — Y be linear and compact for all n € N.
Moreover, lim ||K — K,|| = 0. Then K is compact.
n—oo

(f) If K is bounded and dim R(K') < oo, then K is compact.

15



Proof:

(a)

Let K be compact and let (z,) be a bounded sequence in X. Then (Kz,) is a
sequence in a compact set. By definition of compact sets, it then has a convergent
subsequence.

Now assume that K is not compact. Then there exists a bounded set B C X
such that K(B) is not compact, i.e., a sequence (y,) exists in K(B) that has no
convergent subsequence. Note that y, € K(B) exists with ||y, — g,| < < for all
n € N. The sequence (y,) also has no convergent subsequence, because otherwise

there would exist y and (y,, ) with y,, — y. But then

1
i
19 =l < llgme =yl + = 2 0,

which is a contradiction to the choice of (¢,). Obviously for all n € N an z, € B
exists with Kz, = y,. Thus, we found a bounded sequence (z,), where (Kz,) has
no convergent subsequence.

Assume that K is not bounded. Then a sequence (z,) exists with ||z, || = 1 and
|Kz,|| — 0o as n — oo. But then (Kx,) cannot have a convergent subsequence.
This is a contradiction to (a). Thus, K is bounded and, hence, as a linear operator
also continuous.

Let K; and K5 be compact operators and let A, Ao € R. Moreover, let (z,) be
a bounded sequence. Since K is compact, there exists a y; and (ng) such that
Ky, — y1 as k — oo. Since x,, is also bounded, it follows with the compactness
of Ky that y, and (ny,) exist with Koy, — yo as [ — o0. Since also Kz, — 1
as [ — oo, we finally get that

ME T, + Ao Koxy, -~ AMY1+ Aaya

Due to (a), this shows that A\; K; + A2 K> is compact.

Assume that K, is compact and that K5 is bounded. For a bounded sequence
(x,) also (Kyz,) is bounded. Therefore, due to (a), (K;Ksx,) has a convergent
subsequence. Thus, K K5 is compact.

Now let K7 be bounded and K5 be compact. For a bounded sequence (z,,), due to
(a), there exists a convergent subsequence (Ksx,, ). But, due to the continuity of
K, then also (K; Kz, ) will converge. Thus, again K; K5 is compact.

Let (z,) be bounded in X with |lz,|| < C for all n € N. Since K is compact,
the sequence (K, )nen has a convergent subsequence (K1Zy,(x))ren- Since K, is
compact, the sequence (Ka2y, k))ren has a convergent subsequence (Ko, k))ken-
By induction we may construct subsequences (Zp,x))ken Of (Zn,_,(k))ren such that
(Kixni(k))keN converges for all © € N. Note that then also (Kixnj(k))keN converges
for all 4,5 € N with j > 4.

Setting #; := x,,(;) for all i € N, we have that (Z;);cy is a subsequence of (2,,)nen
and also that (Z;);>; is a subsequence of (z,,;())ren. We show that

(Kz;) is convergent. (2.15)
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Let € > 0 be arbitray, but fixed, and let n € N be such that
€
K, - K| <—.
1K~ K < o
This is possible, since lim,, o || K — K,|| = 0.
It follows from the definition of Z; that (K,Z;);eny converges. Let ig € N be such
that || K,2; — K,7;|| < § for all 4, j > 4. Then
Kz — Kzjl| < ||[K7 — Kp@iol| + | KnZy — K@y || + || KnZj — K

15 9 15
< K=K (Il + 17+ < Z20+ S =
< Izl + 170 + 5 < 3520+ 5 =€

for all i, j > iy. Thus, (KZ;) is a Cauchy sequence. Since Y is a Banach space and,
hence, complete, this implies (2.15). Since (x,,) was an arbitrary bounded sequence,
the compactness of K follows with (a).

(f) This assertion is an immediate consequence of the Heine-Borel theorem which tells
us that the closure of a bounded subset of the finite-dimensional space R(K) is

compact.
|

According to Theorem 2.8 (e) and (f), the norm limit of finite-dimensional bounded
linear operators is compact. This fact is used in several compactness proofs for inte-
gral operators. Under certain conditions one can prove a converse result, namely that
compact operators are limits of finite-dimensional operators:

Lemma 2.9. Let X and Y be Banach spacesandlet7,,,7 : X — Y, n € N, be bounded
linear operators satisfying that 7,, — 1" pointwise, i.e., T,z — Tz for all z € X. Then

I T, — Tyl =
Limm sup [|( )yl =0

for every compact set A C X.

Especially, if P, € L(Y), n € N, is such that dimR(FP,) < oo and that P, — I
pointwise, then ||P, K — K|| — 0 for any compact linear operator K : Z — Y, where
Z is a normed space.

Proof: Due to the Banach-Steinhaus theorem sup,,cy||7 — || < oo. Let A be a
compact subset of X and let ¢ > 0 be arbitrary, but fixed. Then there exist £ € N and
Ty, ..., € A so that inf{||z — ;|| : i € {1,...,k}} < e for all x € A. Therefore,

sug (T, —T)z|| < sup{|(T,, — T)a;|| :i € {1,...,k}}
e

+ (T, = T)|| inf{||x — x| : i € {1,...,k}}
< sup{||Tnz; — Tl i€ {1,...,k}} +esup || T, — T
meN

for all n € N. Since the first term in the estimate above converges to 0 as n — o0, it
holds that
limsupsup ||(7,, — T)z|| < esup || T — T -
A meN

n—oo xe
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Since this holds for all € > 0, it follows that lim sup ||(T,, — T)z|| = 0.

n—oo xe
Let now P, € L(Y) with P, — I pointwise and let K be compact. Then K (U) is
compact, where U denotes the unit sphere of Z. Using the result from above with
X:=Y,T,:=P,, T:=1,and A:= K(U), we obtain that

0 < limsupl||P,K — K| = limsupsup || P, Kz — Kz||

n—00 n—oo zeU
< limsup sup [|(F —Dyll =0
n—oo yEK(U)

and, hence, lim ||P,K — K| = 0. |
n—00

Obviously, the requirement that dim R(P,) < oo is not needed.

A practical example of a sequence of operators (P,) as in Lemma 2.9 is the sequence
of orthogonal projectors of a separable Hilbert space Y onto a sequence of finite-
dimensional subspaces (Y;,) with the property UneNY =Y. Thus, a compact linear
operator with values in a separable Hilbert space is the norm limit of finite-dimensional
bounded linear operators.

We will prove in Lemma 2.15 that the identity operator I : X — X is compact if
and only if X is finite-dimensional. Since [ is always bounded, the converse result of
Theorem 2.8 (b) is not true in infinite-dimensional spaces, i.e., there exist non-compact
bounded linear operators.

Next we deal with the question, under what conditions an integral operator is compact.

As a first result we show that an integral operator with a continuous kernel is compact
on L*(G) and C(G), respectively:

Theorem 2.10. Let £ € C(G x G) and let K be the corresponding integral operator
according to (2.2). Then K is compact as an operator from each of the spaces L?(G)
and C(G) to each of these spaces.

Proof: Actually, this theorem consists of four results depending on the chosen image
and preimage. Since ||z, < /|G| |z|, for all z € C(G), the embedding operator
FE : C(G) — L*(G) is bounded. Since the operators

K:CG)—C(G), K:0(G)— L*G), and K:L*(G)— L*(G)

each can be written as composition of the operator K : L*(G) — C(G) with the
embedding operator FE, it follows from Theorem 2.8 (d) that we only have to prove the
compactness of K : L*(G) — C(G). The well-definedness of this operator is already
guaranteed by Theorem 2.1.

We will do this by approximating K in operator norm sense by a sequence of finite-
dimensional operators and will then apply Theorem 2.8 (e).

Let Ay, ..., Anyn € RY n € N, be pairwise disjoint open Jordan measurable sets (e.g.,
Cartesian products of open intervals) with [ JI_, (A;,, N G) = G. Since G is bounded, a
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partition {A;,} can be chosen such that
lim max sup |[t—7]=0. (2.16)

n—o0 1<i<n 4 TEA;
Now we choose a system of intermediate points ¢;,, € A;,, N G and define
k,: GxG — R
]{7(8, ti,n) , t €& Ai,n NG,
(s:1) = {o, te G\U, Ay
with corresponding integral operator K, according to (2.2). The integral exists in the

Lebesgue sense, since G \ J;_; A, can only contain boundary points of the sets A;,
and boundaries are Jordan measurable null sets. Thus, |G\ U;_; Ai»| = 0 and

= k(s tin) / () dt
— As G
for all z € L*(G), s € G, and n € N.

This implies that K, is a linear operator from L?(G) to C(G) with finite-dimensional
range R(K,,) C span{k(.,t;,,) : 1 <i <n} C C(G). Since, due to the Cauchy-Schwarz
inequality,

1Kl < ||k(-,ti,n)||oo/ |z(8)] dt < ||k||oo/ ()] dt < [kl Izl V]G],
— Ai NG e
K, : L*(G) — C(Q) is bounded. Together with Theorem 2.8 (f) we get the compactness
of K, : L*(G) — C(G).

Let now ¢ > 0 be arbitrary, but fixed. Since k is uniformly continuous on the compact
set G x (G, a § > 0 exists such that

|t — 7] <& = |k(s,t) — k(s,7)| < \/% for all s € G .

Together with (2.16) this implies that ng € N exists such that
|k(s,t) —k(s,tin)| < ~° forall se G,n>ng,ie{l,....,n}, teA;,.

VIGI

This, together with the Cauchy-Schwarz inequality, yields that

Z / - t)x(t)dt—Zk(s,ti,n) / o (t) dt

AiynﬁG

|(Kz)(s) = (Knz)(s)] =

M

(k(s,t) — k(s,tin))x(t)dt

< \// k(s,t) — k(s tin)|? dt\// (t)|?dt
A NG A NG
< Z/ k(s,tin)|? dtZ/ (t)|? dt
\ ZnﬂG ,an
< \Z |G||AmﬂG| lzll; = el
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for all n > ny, * € L*(G), and s € G. This implies that

K — Kol = sup sup|(Kx)(s) — (Knz)(s)] <&,

l[z]l,<1 s€G

where || K — K, || denotes the operator norm for linear operators from L?*(G) to C(G).

Since € > 0 was arbitrary, this implies that lim,_, || — K| = 0, which together with
Theorem 2.8 (e) yields the compactness of K : L*(G) — C(G). |

Approximating integral operators with L2-kernels by operators with continuous kernels,
one can show that such operators are compact from L*(G) to L*(G):

Theorem 2.11. Let k € L?*(G x G) and let K be the corresponding integral operator
according to (2.2). Then K is compact from L?*(G) to L*(G).

Proof: Since C(G x @) is dense in L*(G x G), a sequence k, in C(G x G) exists with
lim,, o0 || kn — K|, — 0. Due to Theorem 2.10, the integral operators K, induced by the
kernels k, are compact from L?(G) to L?*(G). One can see as in the proof of Theorem 2.1
that || Ky — Kl o)) < llkn — Klly Therefore, limy, oo [ Ky — K| 172(q)) = 0. Thus,
Theorem 2.8 (e) implies the compactness of K : L?*(G) — L*(G). n

When dealing with boundary value problems for elliptic differential equations, integral
operators with kernels having singularities play an important role. It turns out that
the quality of the singularity decides about the compactness of the corresponding in-
tegral operator. We distinguish between weakly singular and strongly singular integral
operators. The distinction depends on the dimension N and is done such that weakly
singular in contrast to strongly singular operators are still compact.

We only consider the very important case where the singularities lie on the diagonal

{(s,s) : s € G}:

Definition 2.12. Let G C R" be compact and Jordan measurable with positive measure.
The kernel k : (GxG)\{(s,s) : s € G} — Ris called weakly singular if it is continuous
and if M > 0 and o > 0 exist such that

|k(s,t)] < M|s—t|]*™, s#£tedq. (2.17)

Here | - | denotes the Euclidean norm in RY.

Theorem 2.13. Let k be a weakly singular kernel and let K be the corresponding
integral operator according to (2.2). Then K is well-defined in C(G) (considering the
integral as an improper one) and compact from C(G) to C(QG).
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Proof: Let x € C(G) and s € G. Then it follows with (2.17) that

/|k(s,t)x(t)|dt < MHxHOO/ s — ¢ d
G G

< M| / 7o Ndr
{7:|7|<diam(G)}

diam(G) di Q)
= CMHxHOO/ rNN L gy = O o), BE(G)
0

In the last integral we switched to N-dimensional spherical coordinates, i.e.,

g:REx[0,7]V"2x[0,20] — RY
Gi(r, o1, ..., on_1) = rcos(pr),

i—1
gi(ra 2 PR 90N71> =T <H Sm(%’)) COS(()Oi) ) L= 27 ) N -1 ’
j=1

N-1
gn(ren,..oono1) = 1 [ ] sin(e))
=1

The determinant of the transformation matrix is given by

N-2

9'(r, 1, ona)| =7 H sin 7 (i) -
i=1

The integration with respect to ¢;, i =1,..., N — 1 yields the constant

N

22
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2

C =

Thus, the improper integral [, k(s,t)x(t) dt is absolutely convergent for all s € G and,
hence, the integral operator K is well-defined in L>°(G).

We will now approximate K by a sequence of integral operators (K,,) with continuous
kernels: for n € N let

k(s, t ¢ . rel0sl
bty i= { 0P HD 20 i )= 4 a1 e (1]
’ ’ 1, TZ%,

and let K, be the integral operator according to (2.2) with the continuous kernel k,.
Due to Theorem 2.10, K, is a compact linear operator from C'(G) to C(G) for all n € N.

For all x € C(G), n € N, and s € G we have the estimate:
(Kz)(s) — (Knz)(s)] < ||$||00/G|k(87t)—Pn(|8—t|)k(87t)\dt
- el [ (5,11 — pulls — 1)) e
{teG:|t—s|<1}

< ol | s, ) di
{tEG:\t—s|§%}
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<zl M [r]*~Ndr
friri<t)
1

n 1
= CMlal, [T = CM ol
0 an®

where we again switched to N-dimensional spherical coordinates in the last integral.

This implies that (K,x) converges uniformly (in s) towards Kz. Thus, Kz € C(G),
since for any s,5 € G

|Kz(s) — Kz(s)| < 2CM ||z, ogi + | Kpx(s) — Kpz(3)].

nOé

The convergence of (K,z) is also uniform with respect to = in bounded subsets of C(G)
so that ||K — K,|| — 0. This, due to Theorem 2.8 (e), yields the compactness of K. 1

The integral operator in Abel’s integral equation (1.12) can be written in the form (2.2)
with kernel

k(s 1) = { (s—1)"%, tel0,s),

0, t>s.

Since N = 1 this kernel satisfies (2.17) with o = % and M = 1. Due to Definition 2.12,
the kernel is weakly singular. Other typical examples of weakly singular integral oper-
ators are

(Kz)(s) := /0 In|s — t|z(t) dt or (Kz)(s) := L%dt, G CRY,

We will now derive properties of compact operators that are important for the solution
of Fredholm integral equations of the second kind. We start with results that do not
need the adjoint equation (compare Theorem 2.6).

2.3. Riesz theory

For the time being, we assume that K : X — X is compact, X is a normed space, and
L=1-K. (2.18)

The Riesz theory includes statements about such operators L, i.e., compact perturba-

tions of the identity. For the proof of the three Riesz theorems we need some preparatory
lemmata.

Lemma 2.14 (Riesz). Let X be a normed space, Y C X a closed subspace, and
e € (0,1). Then there exists an x € X with ||z|| = 1 so that ||y — x| > eforally € Y.
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Proof: Let z € X \ Y. Since Y is closed, a := inf{[[z —y[| : y € Y} > 0. Since ¢ > «,

we may choose a w € Y with a < ||z —w|| < 2. Let z := ==y LThen |z|| = 1 and
1
ly —zf| = o=l Iz —w = [lz = wlyl
= e Iz = wl)l
e
Iz —wl — (%)
for all y € Y. Note that w+ ||z —w|y € Y. |

This lemma immediately implies the following interesting result:

Lemma 2.15. The identity operator [ : X — X is compact if and only if X is a
finite-dimensional normed space.

Proof: If dim X < oo, then the compactness of I follows from Theorem 2.8 (f).

To prove the converse we assume that dim X = oo. We inductively define a sequence
(x,) in X and a sequence (Y;,) of closed subspaces as follows: choose z; € X with
|z1]| = 1 and Y := span{z; }.

Let us assume that Y, := span{zy, ..., x,} is already defined. Since Y}, is a proper closed
subspace of X, Lemma 2.14 (with ¢ = 1) implies that there exists an z,4; € X with
Tt = 1 and ||z41 — | > % for all m < n. We then define the finite-dimensional
subspace Y, 11 := span{xy, ..., &y, Tpi1}-

The sequence (z,,) lies in the bounded unit ball {z € X : ||z|| < 1} and has, due to its
construction, no convergent subsequence. Therefore, the unit ball is not compact and,
hence, I is not compact. |

Theorem 2.16. Let X be a normed space and let K : X — X be compact and L as
in (2.18). Then the following assertions hold:

(a) (1. Riesz theorem) dim N (L) < ooc.
(b) (2. Riesz theorem) R(L) is closed.

Proof:

(a) Since L is continuous, N'(L) = L~1({0}) is closed. Let K := K| nr)- It follows from
the definition of compact operators that the restriction of a compact operator to a
subspace is also compact. Thus, K is compact. If z € N (L), then Kx = x— Lz = z.
Therefore, K is the identity operator on A(L). Now Lemma 2.15 implies that
dim N (L) < oo.
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(b) Let y € R(L) be arbitrary but fixed. Then there exists a sequence (Z,) in X with
Lz, —v. (2.19)

For all n € N let z, € N(L) be such that
1

|Zn — znl| < d(Zn, N (L)) + e (2.20)
where d(z,,N(L)) denotes the minimal distance of z,, to N'(L), and let
Ty = Ty — Zp, - (2.21)
We show that
(x,) is bounded (2.22)
by assuming the contrary. Then a subsequence (z,, )ren exists with
||| >k, keN. (2.23)
Setting vy := H kH we have that (vg) is bounded. Since K is compact, (Kvy) has
a convergent subsequence
Kvy, — z€ X, (2.24)
Since, due to (2.19), (Lz,) is bounded and since Lz,, = LZ,, (2.23) implies that
1

| Lug|| = |HankH—>0 as k — 00

(K

Together with (2.24) this implies that
v, = Lo, + Kvy, — 2. (2.25)
Since L is continuous, this yields that

Lz = lim Lug; =0

]—)OO

and, hence, that z € N(L). But then also
Zn, + |0, || 2 € N(L), keN.
This together with (2.20) and (2.21) yields that

1
o2l = o e = Dol
ny,
L~ G+ ol 2] > (e, N(E))
= :CTL - Z’n, xn Z —_ xn,
T l] o~ (e s R

1 _ 1 1
> 7, = 2l = — ) = 1= —— — 1,
Ny

which is a contradiction to (2.25). Therefore, a subsequence with (2.23) cannot
exist, i.e., (2.22) holds.

Since K is compact, the sequence (Kx,) has a convergent subsequence (K, ).
Due to z,, = Lz, + Kz, = Lz, + Kz,,, it follows together with (2.19) that
(xn,) converges to some x € X. Since L is continuous, we now obtain that

Lx = lim Lx,, = lim Lz,, =y.
k—o00 k—o0

Thus, y € R(L). Since y € R(L) was arbitrary, this implies that R(L) is closed.
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Theorem 2.16 implies that the solution set of Fredholm integral equations of the second
kind is finite-dimensional. Moreover, if one approximates the right-hand side y by a
convergent sequence (y,) so that the equations with y, are solvable for all n € N, then
the original problem is also solvable.

For integral equations of the first kind these properties do not hold as the following
theorem suggests:

Theorem 2.17. Let X, Y be Banach spaces and let K : X — Y be compact and such
that a closed subspace Z C X exists with X = N(K)® Z. Then R(K) is closed if and
only if R(K) is finite-dimensional. In that case also Z is finite-dimensional.

Proof: If R(K) is finite-dimensional, then R(K) is closed.

Let us now assume that R(K) is closed and let K := K| : Z — R(K). Then R(K) is
a Banach space and K is a bijective linear operator. Due to the open mapping theorem
K~ is bounded. Therefore, Theorem 2.8 (d) implies that KK~! = I is compact.

Now Lemma 2.15 implies that R(K) is finite-dimensional. Since K~'K = I, this also
holds for Z. |

Remark 2.18. The condition on the existence of Z, i.e., the existence of a topological
complement of N(K), is always satisfied if X is a Hilbert space or if N(K) is finite-
dimensional. Therefore, Theorem 2.17 is applicable to integral equations of the first
kind in L? and yields the following result:

If the kernel is non-degenerate so that R(K) is infinite-dimensional (see Theorem 2.3),
then it is not closed. Therefore, the equation is not solvable for all right-hand sides.
Even if one has a convergent sequence of right-hand sides where the equation is always
solvable, the limit problem need not be solvable.

If N(K) = {0} so that K~ exists on R(K), the operator K ! is unbounded. Therefore,
the solutions of the integral equation do not depend continuously on the right-hand
sides, which obviously leads to problems if one wants to solve such equations numerically.

For the solution theory, it would be advantageous if it were possible to write X as a
direct sum of N'(L) and R(L). But this need not be possible even in finite-dimensional

spaces: if, for instance,
0 0
L,_<1 O),
then N(L) = {0} xR and R(L) = {0} xR = N(L). Thus N'(L)®R(L) # R? However,

2. (00
2= ()

so that NV(L?) = R?, R(L?) = {0}, and N(L?) & R(L?) = R

We will see that a similar decomposition is always possible for operators L = I — K with
compact K. We will show that v € Ny exists with X = N(L") & R(L"). This fact is
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part of the so-called Ries-Schauder theory which is essential for existence, uniqueness,
and stability results for integral equations of the second kind.

Theorem 2.19 (3. Riesz theorem). Let X be a normed space and let K : X — X
be compact and L as in (2.18). Then there exists a number v € Ny, called Riesz index
of L (or K), so that for all u € Ny

N(LM) SN if p<v, and N(LH) =NLAY) if u>v, (2.26)

R(LM) D R(LMY) if pw<v, and R(LH) =R(LM) if u>v. (2.27)
Note that v = 0 is possible.
Moreover, it holds that dim A/ (L") < oo and that

X = N(L¥) @ R(LY). (2.28)

The projectors onto N (L") and R(L"), induced by the decomposition (2.28), are con-
tinuous. L maps the closed subspace R(L") bijectively onto itself and has a continuous
inverse as restriction to R(L").

Proof: Since the proof is rather long, we split it into several steps.

(i) First, we show the existence of v; € Ny so that (2.26) holds with v = 1.

Obviously, N (L*) € N(L*1) for all & € N. If N(LF) = N(L*1), then also
N(LPTY) = N(LP) for all p > k. This can be seen as follows:

v e N(LPY) = 0= [Py = LM (1P *0) = LPFe e N(LFY) = N(LF)
— 0= LMLF ") = LPr = 2 € N(IP)

Thus, N (L) C N(LP). Since the other inclusion is always correct, we have shown
that N'(LP) = N(LPT1).

Therefore, we only have to show that a v, € Ny exists with N(L*1) = N (L"1T1).
Thereto, we assume the contrary, i.e., N'(L*) C N(L¥1) for all k € Ny. But then
Lemma 2.14 implies that for all k € Ny an 2, € N (LF™) exists with ||zx|| = 1 and
|zx — x| > 3 for all z € N(L¥). Note that Lemma 2.14 is applicable, since N'(L¥)
is closed. Let us consider this sequence (zy): for n > m we have that

L™(xy, + Lay, — Lxy,) = LV Ly L, — L L™y =0

and, therefore, &, + La, — La,, € N (L") and ||z, — (@ + Lz, — Lay,)| > 4, since
this inequality holds for all elements in N'(L™). Now

zn, — (¥, + Lz, — Lx,,) = K2,y — Kzpy

implies that || Kz, — Kz,,|| > 3 for all n > m so that (Kx,) cannot have a conver-
gent subsequence. Since (x,,) is bounded, this is a contradiction to the compactness
of K. Thus, our assumption was wrong and, therefore, 1y € Ny exists.
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(i)

(iii)

Now we show the existence of v, € Ny so that (2.27) holds with v = vs.
Obviously, R(L*) D R(L*) for all k € N. If R(L*) = R(L*™), then also
R(LPTY) = R(LP) for all p > k. This can be seen as follows:
r€R(LP) = x=1LPz=LP"LF2) N L2 € R(LF) = R(LF™M)
— Lkz _ Lk+1y A 1T = Lp—k(Lk—Hy) _ Lp—i-ly c R(LP-H)
Thus, R(LP) C R(LP*!). Since the other conclusion is always correct, we have
shown that R(LP) = R(LPT).

Therefore, we only have to show that a v, € Ny exists with R(L"2) = R(L*>™).
Thereto, we assume the conntrary, i.e., R(LF) 2 R(L*) for all k¥ € Ny. Since,
due to the binomial theorem,

I'=(I-K"=I-K, ith K, =S (="K 2.2
(1K) i Sen(G)e e

for all n € N and since products and sums of compact operators are again compact
(see Theorem 2.8 (c), (d)), K, is compact. Thus, Theorem 2.16 is also applicable
to L", especially R(L"™) is closed. Now Lemma 2.14 implies that for all £ € Ny a
yp € R(L) exists with |jyx]| = 1 and |lyx —y| > % for all y € R(L**). Let us
consider this sequence (y): since yx € R(L), z exists with L¥z; = y;. But then

Ym + Ly — Ly = LT (L™ " 2 + 2 — L™ "2,,) € R(L™Y) for m>néeN

so that 2 < |lyn — (Um + Lyn — Lyn)|| = [[Kyn — Kyml|| for m > n, which is a
contradiction to the compactness of K. Thus, our assumption was wrong and,
therefore, v, € Ny exists.

Let 11 and v, be minimal with the properties
N(@L™) = N(@L")  and  R(L™) = R(L™).

We still have to show that
vV = V. (230)

First we assume that 11 > 5. Then, due to the definition of v,
R(L™) =R(L" ™Y = ... = R(L"™).

Thus, L1z € R(L"' ') = R(L*') and, hence, 7 exists with L*'~'z = L"'7. Now,
due to the definition of v,

reEN(L") = 0=L"x=L""7 = e N(L") = N (L")
— 0=L"7z=L""'0 = e NIL").

Thus, N (L**) C N(L"'~1) holds which is a contradiction to the minimality of v;.
Therefore, 17 < 1s.

Now we assume that v; < 5. Then, due to the definition of v,
NI = NI = .= N(L»7H) = N(L7?) .
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Let y = L'z € R(L*™!). Then Ly = L"?x € R(L**) = R(L**™!) and, hence, T
exists with Ly = L***1z. Thus,
L?(x—L¥)=Ly—Ly=0 = x— Lz € N(L"?)=N(L"")
— 0=L"Y2—Lz)=L""'ov— Lz
= y=L""'r=L"1rcR(L™)

showing that R(L*>~') C R(L"?) holds which is a contradiction to the minimality
of v,. This proves (2.30), i.e., the existence of the Ries index v.

Since, due to (2.29), LY = I — K,,, Theorem 2.16 (a) implies that dim N (L") < oo.

In a next step, we prove (2.28): let € N(LY) N'R(LY). Then z = L*Z for some
T and LYz = 0. But then L*Z = 0, ie,, T € N(L*) = N(L*) and, hence,
x = LYz = 0. Therefore, we have shown that

N(L")NR(L") = {0}. (2.31)
Now we show that
X =N(L")+R(L"), (2.32)

which together with (2.31) implies (2.28). Thereto, let x € X be arbitrary, but
fixed. We have to construct elements in A/(L") and R(L") so that their sum equals
x: Since LYz € R(LY) = R(L*), T exists with LYz = L*. Let n := x — L"%.
Then

L'n=L"z - L*7=0=ncN(L").

Since & = n + L¥Z, it holds that x € N (L") + R(L"). This proves (2.32).
Now we prove the continuity of the projection operators induced by the decompo-
sition (2.28): for n. € N (L") let

In| ;== inf{||n+ 7| :r € R(L")} = inf{|jn — || : ¥ € R(L")} = d(n, R(L")

).
We show that | - | is a norm on N (LY): since R(L") is closed, |n| > 0 if n ¢ R(L").
Therefore, |n| = 0 implies that n € R(L"). But then (2.31) implies that n = 0.

If A € R\ {0}, then
[An| = inf{|[An+r|:reR(L")}
— inf{[) Hn+ gH 7€ R(LY)}
= N nf{||ln+7||: 7" € R(L")} = |A|n].
Obviously, ||n+m 41+ s|| < ||n+ 7| + ||m + s|| for all r,s € R(L"). Taking the

infimum of this inequality with respect to r and s yields |n +m| < |n|+ |m| for all
n,m € N(L"). Altogether we have shown that | - | is a norm on N (L").

Another norm on N(L") is the restriction of the original norm. Since N(L") is
finite-dimensional and since all norms on finite-dimensional spaces are equivalent,
there must exist a constant C' > 0 such that ||n| < C|n| for all n € N'(L").

This implies that

|Pz|| < C|Pz| = Cinf{| Pz + 7| : r € R(L")} < C||Px + (x — Pz)| = C ||z
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for all x € X, where P : X — N(L") denotes the projection onto N (L"). Note
that © — Pz € R(L"). Thus, P is bounded and, hence, continuous. The same is
obviously true for I — P, the projector onto R(L").

(vii) In a final step, we prove that L := L|g(vy is a continuously invertible bijection
onto R(L"). Since, due to (2.31),

R(L) = LR(LY) = R = R(LY)
N(L) = NL)NR(LY) € N(L)AR(L) = {0)

L : R(L") = R(L") is bijective. Hence, the inverse L' exists. We assume that
L~ is unbounded. Then a sequence (z,,) exists in R(L”) with [|z,| = 1 for all
n € Nand |[L7'z,|| = oo as n — oo. Let Z,, = I Then z,, — 0. Since

Gz
Hfflj:nH 1 and since K|g(r) as a restriction of a compact operator is also
compact, (K(L™'%,)) has a convergent subsequence (K(L™'%,,)), whose limit is

denoted by z. Since R(L") is closed, z € R(L"). Now
L'z, — K(L'z,) = LL™ 'z, = 2,

implies that
lim L™z, = lim (Z,, + K(L™'2,,)) = 2.

k—o0 k—o0

Thus, Lz = limy_,e0 L(L‘lzfnk) = limy ;00 T, = 0 and, hence, z = 0, which is a
contradiction to ||z]| = limg e [|[L ™'y, || = 1. Therefore, the assumption of L™
being unbounded was wrong, i.e., L™! is bounded.

Remark 2.20. In the last part of the proof above, the following principle was used:
construct a bounded sequence z, (here L™'Z,). Using the compactness a convergent
subsequence (K z,,) of (Kz,) is chosen. If w,, := z, — Kz, is convergent, then

Zny = W, + K2y,

is also convergent. This conclusion from the convergence of the image sequence (K 'z, )
to the preimage sequence (z,,) is only possible for equations of the second kind since
the unknown function also appears outside the compact operator K.

By the way, the last step of the proof would have been simpler if X had been complete:
the boundedness of L=! would have then been a consequence of the open mapping
theorem by Banach.

All results from Theorem 2.19 remain valid if L = S — K with compact K and a
continuously invertible S, since

Sx—Ke=f <+— x-S 'Ke=8"'f

and since S™!'K is compact, due to Theorem 2.8 (d).

We can draw the following conclusions from the theorems of Riesz for the equation

r—Kx=f (2.33)
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and its homogeneous version
x—Kz=0, (2.34)

when K : X — X is compact, including Fredholm integral equations of the second
kind:

If (2.34) only has the trivial solution x = 0, then (2.33) is uniquely solvable for all
f € X and this solution depends continuously on f. One then says that problem (2.33)
is correctly posed. This can be seen from Theorem 2.19 as follows: since N (I—K) = {0},
the Riesz index v = 0, i.e., R(I — K) = R((I — K)°) = X. Therefore, [ — K is surjective.
Moreover, L|g+) = L and, hence, L' is continuous.

Equation (2.34) has nontrivial solutions if and only if (2.33) is not solvable for all f € X.
If one only allows right-hand sides f € R(( — K)¥) and solutions z € R((I — K)"),
then (2.33) is uniquely solvable and the solution depends continuously on f. This is
especially important for the case v = 1 (see Theorem 2.29 below), since the set of
admissible right-hand sides then coincides with the set of right-hand sides, where a
solution exists at all. The considered solutions are then the ones without a contribution
from the null space.

The solution sets of (2.33) and (2.34) are always finite-dimensional.

2.4. Fredholm theory

In cases v > 1, the Riesz theory gives no information for which concrete right-hand sides
f equation (2.33) is solvable. Thereto, one needs an adjoint equation as in Theorem 2.6.
In Hilbert spaces this is quite obvious. In Banach spaces, one could use the adjoint
operator defined on the dual space. However, such dual spaces can be quite ugly, e.g.,
the dual space of continuous functions is the space of functions with bounded variation.
Therefore, it is more convenient to derive the Fredholm theory for so-called dual systems:

Definition 2.21. Let X, Y be normed spaces. A mapping (-,-) : X XY — C (or R) is
called bilinear form if

(@1 + aax2,y) = a1 (@1,y) +ag(22,y)
(2, b1y + Boy2) = Bz, 1)+ Ba (7, 92)
for all z, 21,20 € X, y,y1,92 € Y, and ay, as, 1, 2 € C (or R). The bilinear form is

called nondegenerate if for all z € X, © # 0, there exists a y € Y with (z,y) # 0,
and if for all y € Y, y # 0, there exists an x € X with (z,y) # 0.

The normed spaces X, Y equipped with a nondegenerate bilinear form are called a dual
system, denoted by ( X, Y").

The bilinear form is called bounded if a 7 > 0 exists such that | (z,y) | < v ||z| ||yl
forallz € X andy €Y.
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If one replaces the second requirement for a bilinear form by

(z,Biyr + Baya ) = Br (31 ) + Ba (2,92 )

one gets a so-called sesquilinear form, where an analogous theory can be derived.

Example 2.22.

(a)

Let X be a real Hilbert space with inner product (-,-). Then (X, X') is a dual
system (over R) with a bounded bilinear form. The boundedness (7 = 1) follows
from the Cauchy-Schwarz inequality.

This is the reason why we use the same notation for inner products and nondegen-
erate bilinear forms.

Let X be a Banach space with dual space X*. (-,-) : X x X* — C (or R) is
defined by (z, f) := f(x). Then (X, X*) is a dual system with bounded bilinear
form (v = 1). The nondegeneracy follows from the Hahn-Banach theorem.

Let X be a Banach space that is continuously and densely embedded in the real
Hilbert space H with inner product (-, ), i.e., I : X — H is continuous and /(X))
is dense in H. If we define (x,y) := (Iz,Iy), for all z,y € X, then (X, X ) is a
dual system with bounded bilinear form. The nondegeneracy is shown as follows:
let x € X be such that (z,y) =0forall y € X, ie., ([z,ly), =0foralye X.
Since I(X) is dense in H, it follows that (Ix,h), = 0 for all h € H and, hence,
Iz = x = 0. In an analogous way one shows the second part. The boundedness
follows from | (w,y)| = | { Lz, Iy | < Tzl |12yl < 111 Il Nyl

An important special case is the following: X = C(G), H = L*(G) with

(f.9)n = /G F(t)g(tyr(t) dt

where r : G — R™ is a continuous weight function. Then

lelfy = [ or(oar <ol |

rt)dt = ’y:HI|\§(H§/r(t)dt.
G ’ G

Most of the time r = 1 so that v = ||IH§(H < |G.

This example allows a comfortable formulation of the Fredholm theory in C(G)
without using its dual space.

Finally, we give an example of an unbounded nondegenerate bilinear form, due to
Kress [5]: let

X = {x € (0,1 : IM,a > 0Vt € (0,1] : |2(t)] < Mto‘*%}

with [[z]| := sup,e( (Vt|lz(t)]) and (z,y) = fol x(t)y(t) dt. The unboundedness
can be easily seen using the functions ,(t) := ¢« 2.
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Definition 2.23. Let ( X,Y ) be a dual system. A: X — X and B:Y — Y are called
adjoint to each other if forall z € X and y € Y: ( Az, y) = (x, By).

Remark 2.24. In case of Example 2.22 (a), (b), a linear bounded operator A : X — X
always has an adjoint, namely the Hilbert space adjoint A* : X — X in case (a) and
the Banach space adjoint A* : X* — X* in case (b).

For general dual systems the existence of an adjoint operator is not automatically
guaranteed: let, e.g., X = C[0,1], H = L*[0,1], and (-,-) as in Example 2.22 (c) with
r=1,1ie., (z,y):= fol x(t)y(t) dt. Moreover, A : X — X is defined by Axz(t) := z(0).
Let us assume that A has an adjoint operator B in the dual system (X, X ). Setting
v := By with y = 1, we get that

x(O):<Ax,y>:(x,By>:<a:,v>:/0 x(t)v(t) dt for all reX.

But then (z,v) = 0 for all x € D := {z € X : £(0) = 0}. Since D is dense in H,
(z,v) =0for all z € H. But then v = 0, so that (z,v) # z(0) for all functions « with
x(0) # 0. This is a contradiction. This argument shows that such a v can even not exist
in H = L*0,1]. Thus, A has no adjoint operator in this dual system.

It is an immediate consequence of the properties of a dual system that, whenever A has
an adjoint operator B, then B is uniquely determined and linear.

For integral operators the existence (and compactness) of an adjoint operator is always
guaranteed in the dual system (C(G),C(G)). One can even give an explicit formula
for it:

Theorem 2.25.

(a) Let k € L*(G x G) and let K be the induced integral operator, i.e.,

(Kz)(s) ::/Gk‘(s,t)x(t)dt

for all x € L*(G@) and s € G. Moreover,
()s) = [ kit s)u(oyde (2.35)
@l
for all y € L?(G) and s € G. Then K and K’ are adjoint to each other in the dual
system ( L*(GQ), L*(G)).

(b) Let k € C(G x Q) or let k be a weakly singular kernel with induced integral operator
K on C(G). Moreover, let K’ be defined as in (2.35) for all y € C'(G) and s € G.
Then K and K’ are adjoint to each other in the dual systems (C(G), C(G) ) with

(x,y) = [oz(t)y(t)dt.

In both cases K’ is again compact.
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Proof: According to Theorems 2.1, 2.11, and 2.13, in all cases K’ exists and is compact.
The fact that K and K’ are adjoint to each other follows from the equation

(Kz,y) = /G/Gk:(s,t)x(t)dty(s)ds = /Gx(t)/Gk(s,t)y(s) dsdt
= [ aoE @ = (r. k).

Interchanging the order of integration is allowed due to Fubini’s theorem, whose appli-
cability in case of a continuous or L?-kernel follows from the integrability of the function
(s,t) = |k(s,t)x(t)y(s)]. If k is weakly singular, then (Kx)(s) = lim,, o (K,z)(s) (uni-
formly in s) where K, are integral operators with continuous kernels k,(s,t) (see the
proof of Theorem 2.13). For the approximation operator K, it follows as above that K/
(with kernel k,(t, s)) is adjoint to K. Due to the uniformity of the convergence (in s),
we obtain

(Kr,y) = /GJLIEO(Knx)(s)y(s)ds = lim (K,z,y) = lim (z, K y)

n—o0 n—0o0

_ /G 2(s) lim (KLy)(s)ds = (z,K'y)

n—oo

for all z,y € C(G). |

For the proof of the main theorem of the Fredholm theory we need a lemma about the
existence of a biorthogonal system to finitely many linear independent vectors:

Lemma 2.26. Let ( X,Y") be a dual system and let n € N. Then to every set of linearly
independent elements z1,...,x, € X there exist elements y1,...,y, € Y such that

<$i,yj>:5ij, i,jzl,...,n.

The same statement holds with the roles of X and Y interchanged.

Proof: The proof is done by induction: if n = 1, the assertion is true, since (-,-) is
nondegenerate, i.e., y € Y exists with (x1,y) =: ¢ # 0. But then, setting y; := ¢ yields
that (x;,y1) = 1. Assume that the assertion holds for n € N linearly independent
elements.

Induction step: let xy,...,z,.1 € X be n + 1 linearly independent elements. Then,
due to the induction hypothesis, applied to x1,...,Zn_1,Tms1,-- -, Tni1, there exist
elements yim), e ,y;m_)l,yg?l, . ,yf{z)l €Y forallm=1,... ,n+ 1 such that
<xi,y§m>>:5ij, ijefl,... n+r1}\{m}. (2.36)
Due to the linear independence of x1, ..., X, 1,
n+1
i
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Since (-, -) is nondegenerate, this implies the existence of w,, € Y with

n+1 n+1
07é <xm_z<mm7yj('m)>xj>wm> = <xmawm_z<xj>wm>yj(‘m)> = Oy .

Jj=1 Jj=1

j;z'm j;"L
Setting
1 n+1
Ym ::Oé_ wm_z<£jawm>y§m) )
m =1
Jj#m

it obviously holds that (z,,,y, ) = 1 and that, due to (2.36),

1 n+1

<xi7ym>:a_ <x27wm>_Z<x]7wm,><xwyg(m)> =0
Jim
for all ¢ # m. Thus, we constructed elements y,...,yn4+1 € Y such that (z;,y;) = 0;;
forall i,5 = 1,...,n+ 1. The proof for the interchanged roles is analogous. |

Now we are in the position to prove the Fredholm alternative:

Theorem 2.27 (Fredholm alternative). Let ( X,Y ) be a dual system, K : X — X
and K’ : Y — Y are compact and adjoint to each other. Then the following assertions
hold:

The homogeneous equations
x—Kx=0 (2.37)

and
y—Ky=0 (2.38)

have the same finite number of linearly independent solutions, i.e.,

dim(N(I — K)) = dim(N(I — K')) < 0.

Moreover, the inhomogeneous equation
r—Kzx=f (2.39)

with f € X is solvable if and only if ( f,y) = 0 for all solutions y of (2.38), and the
inhomogeneous equation

y—Ky=g
with g € Y is solvable if and only if (x,¢) = 0 for all solutions x of (2.37).

Proof: It was already shown in Theorem 2.16 that

m := dim(N (I — K)) and n:=dim(N (I — K"))
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are finite. It remains to be shown that n = m. Let us assume that m < n.

Let 21, ..., 2, be a basis for N(I — K) (only possible for m > 0) and let yy,...,y, be
a basis for N (I — K'). Due to Lemma 2.26, there exist elements ay,...,a, € Y and
bl,...,bn € X with

<xi7aj>:5ij; ’i,jE{l,...,m}, <biayj>:6ij7 i,je{l,...,n}. (240)

Let T: X — X be defined by

Tx = Z(x,ai>bi. (2.41)

Note that 7" = 0 for m = 0. We show that
N({I—-K+T)={0}. (2.42)

This is trivial for m = 0, but has to be shown for m > 0. Let z € N(I — K +T). Using
that y; — K'y; = 0, it follows with (2.40) that

m

(z,0;) = <x,aj>+<x7yj—f<’yj>)=<%Z<bz~,yj>ai>+<x—K:c,yj>

=1

= <Z<x,ai>bi,yj>+<x—K:1:,yj> =(v—Koe+Tzx,y;) =0 (2.43)

1

for all j € {1,...,m}. Therefore, Tz = 0 and, hence, x € N(I — K). Since 1, ...,%y,
is a basis for N (I — K), there exist coefficients ay, ..., ay,, with © = " a;z;. Now
(2.40) and (2.43) imply that

aj=(z,a;) =0, je{l,....m} = =x=0.
This proves (2.42). Now we show that
RI-K+T)=X. (2.44)

Let v be the Riesz index of (I — K) and P : X — N((I — K)¥) the projector induced
by the decomposition (2.28). First, we show that

(I — K—P): X — X is bijective and continuously invertible . (2.45)

Since, due to Theorem 2.19, P is continuous and since dim(R(P)) = dim(N((I — K)")
is finite, Theorem 2.8 (f) implies that P is compact. Thus, also K + P is compact. Let
now x € N(I — K — P). Then (I — K)x = Pxz. Together with Pz € N((I — K)") this
implies that (I — K)"*'z = 0, and hence, due to the definition of v that (I — K)"z = 0,
ie.,x € N((I —K)"). But then x = Px = (I — K)z. This implies that

c=I-Ka=I-KPzr=..=(I—-K)\z=0.

Since x € N(I — K — P) was arbitrary, this shows that N(I — K — P) = {0}. Now
Theorem 2.19, applied to the compact operator K + P yields (2.45).
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To prove (2.44), we have to show that
I-K+T)x=z (2.46)
is solvable for any z € X. We will construct a solution using the operator
A:R(P+T)— X, definedby A:=(I—-K+T)I-K—-P)"'.
Since
A=(I-K—-P+P+T)I-K—-P)'=1+(P+T) I -K—-P)",

R(A) CR(P+T),ie., Amaps the finite-dimensional space R(P + T') into itself.

If w € N(A), then, due to (2.42), (I — K — P)"'w = 0 and, hence, w = 0. Therefore, A
is injective and, due to dim(R(P+17T)) < oo, also surjective as an operator to R(P+1T).
Thus, equation

v+ (P+T)[—K—-P)v=Av=(P+T)(I - K —P)"'z (2.47)
has a unique solution v € R(P +T). Setting x := (I — K — P)~!(z — v), we obtain that
I-K+T)x = I-K—-Plx+(P+T)x
= z2—v+Av—(P+T)I-K-P) "
= z—v+Av+(v—Av) = 2.
Thus, z solves (2.46). Since z € X was arbitrary, this proves (2.44) and together with
(2.42) that (I — K +T) is bijective.

As a consequence equation
(I — K+T)x=byu

has a unique solution z,,,1. Now (2.40), (2.41), and y,,11 € N(I — K') imply that
L = (bnt1,Yme1) = (Zmgr — K2pgr + TOp1, Yg1 )
m
= (Tmt1 — KTpmi1, Ymr1 ) + Z (Tm+1, i) (biy Yt )
i=1
= <xm+17ym+1 - K/ym+1> =0.
This is a contradiction. Thus, the assumption m < n was wrong. In an analogous way

one shows that the assumption m > n leads to a contradiction. This then proves that
m =n.

Finally, we have to prove the assertions about the inhomogeneous equations: let f € X,
z a solution of (2.39), and y an arbitrary solution of (2.38). Then

Let us now assume that { f,y) = 0 for all solutions y of (2.38). We have to prove the
solvability of (2.39) and distinguish two cases:

We have already shown that m := dim(N (I — K)) = dim(N (I — K')) < co. If m = 0,
then (2.39) is solvable, due to Theorem 2.19: since v = 0, R(I— K) = R((I-K)") = X.
Note that y = 0 is then the only solution of (2.38).
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If m > 0, then we have already shown that there exists a unique x with (I —K+T)x = f.
Together with (2.40), (2.41), and y; € N(I — K') we get that

<x’aj> = <$’yj_K/yj>+<x7aj>
= <$_Kx>yj>+z<$’ai><biayj>
i=1

= (¢ —Kz+Tzy;) = (fy;) = 0.
for all j € {1,...,m}. Thus, Tx = 0, i.e., x also solves (2.39).

The assertion about the other inhomogeneous equation follows analogoulsy. |

Remark 2.28. This version of the Fredholm alternative includes the Hilbert space ver-
sion and the Banach space version, where one uses the dual space (sometimes called
Schauder theory) (see Example 2.22 (a) and (b)). However, it is also applicable to
integral equations in C'(G), where the adjoint is considered on the same space (see
Example 2.22 (c¢) and Theorem 2.25).

As can be easily checked, all theorems above remain valid if in the dual form the bilinear
form is replaced by a sesquilinear form. This then includes complex Hilbert spaces, e.g.,

L*(G) with
(z,y) ::/va(t)wdt.

Note that then in (2.35) k(t, s) has to be replaced by k(t, s).

We now present a characterization for the case of Riesz index v = 1 in a dual system:

Theorem 2.29. Let (X,Y), K, and K’ be as in Theorem 2.27, and assume that
dim(N (I — K)) > 0. Then the following two assertions are equivalent:

(a) K and K’ have Riesz index 1.

(b) The matrix ({z;,y; ))ijeq1...my 1S regular for some bases 1. .., @y, of N( - K)

and y1,...,ym of N(I — K').

Proof: We prove that —(a) < —(b).

Noting that, due to Theorem 2.27, K and K’ have the same Riesz index v, it holds that
v > 1is equivalent to N'(I — K) C N ((I — K)?). But this is equivalent to the existence
of an x € X with

(I-K)’x=0 and (I -—K)x=:f#0

According to Theorem 2.27, this is equivalent to ( f,y) = 0 for some f € N(I—K)\{0}
and all y € N(I — K'). This, however, is equivalent to

m

0= <Z/\ia7i,yj> :Z(xi,yj>/\i forall jed{l,...,m}
i=1

i=1
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for any basis z1,..., 2, of N(I — K), any basis yi,...,ym of N(I — K’), and some
vector (Ar,..., Am) # 0. Finally, this is equivalent to the fact that ((z;,y;))
is singular.

i,5€{1,....m}

Remark 2.30. If the operator K is selfadjoint in the dual system ( X, X ), then the Riesz
index of K can either be 0 or 1. Because, if it’s not 0, then dim(N(I — K)) > 0 and
the condition of Theorem 2.29 (b) is satisfied for every basis of N (I — K) = N (I — K')
with y; = x;, since for any set of linearly independent elements z1, ..., z,,, the Gramian

matrix ((@;, ;)); ;1. IS regular.

2.5. Spectral theory for compact operators

In this section, we are interested for what values A € C the equation

Az(s) — /01 k(s,t)x(t)dt =0

has a nontrivial solution x. This leads us to the discussion of the spectrum of compact
operators.

Definition 2.31. Let X be a normed space and 7' € L(X). The spectrum of T is
defined by

o(T):={A€C: X[ —-T:X — X has no continuous inverse}

A € C is called eigenvalue of T if N(A\ — T') # {0}. Each element of N(A\] —T) is
called eigenvector or eigenfunction of 7' to the eigenvalue \.

The spectrum of T' consists of those spectral values \ € C, for which it does not hold
that the equation
e —Tx=f (2.48)

has a unique solution for all right-hand sides f and that it depends continuoulsy on
f. The value A can be in o(T) for different reasons: either the requirement for unique-
ness, or existence, or continuous dependence of a solution of (2.48), or several of these
requirements may be violated. \ is an eigenvalue if the requirement for uniqueness is
violated.

Example 2.32. In the spectrum there can also be values that are no eigenvalues: the
operator K : C[0,1] — C10, 1] defined by

(Kx)(s) == /Osx(t) dt
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is compact. Taking the derivative yields that (Kz)" = x. This implies that N'(K) = {0}.
Due to Theorem 2.17, R(K) = {f € C'[0,1] : f(0) = 0} is not closed. Therefore, K
does not exist. Thus, 0 € o(K), but 0 is no eigenvalue.

In the next theorem we collect some properties of the spectrum of compact operators:

Theorem 2.33. Let X be a normed space and let K : X — X be compact. Then it
holds:

(a) If dim X = oo, then 0 € o(K).

(b) If X € o(K)\ {0}, then X is an eigenvalue of K with finite geometrical multiplicity,

i.e., dim(N (A — K)) < cc.

(¢) o(K) is at most countable with 0 as the only possible accumulation point in

C U {o0}.

Proof:

(a)

(b)

Let dim X = oo and assume that 0 ¢ o(K), i.e., K~!' € L(X, X). Then, due to
Theorem 2.8 (d), I = K~'K is compact which is a contradiction to Lemma 2.15.
Therefore, the assumption was wrong.

We assume that A # 0 is no eigenvalue of K, i.e., N(A\[ — K) = {0}. But then
M — K has Riesz index 0 and, hence, R(AI — K) = X. According to Theorem 2.19,
Al — K has then a continuous inverse on R(A — K) = X. Thus, A ¢ o(K).

This shows that each A € o(K)\ {0} is an eigenvalue, i.e, N(A\I — K) # {0}. Then
Theorem 2.19 implies that dim(N (A — K)) < dim(N (Al — K)¥)) < .

Let A, Ag,... € o(K) \ {0} be pairwise different with A\, — A € C, i.e., A is an
accumulation point of o(K). Let us assume that A # 0.

According to (b), each \, is an eigenvalue. Therefore, an eigenvector x,, exists to
An. Note that each set of eigenvectors {zi,...,z,} is linearly independent as the
following argument shows: let (ay,. .., a;) be such that > " a;x; = 0. Then, due
to the definition of x;, also > ., ai)\f:cl- =0forall j=1,...,n. Since ()\f)
is a Vandermonde matrix, this implies that a; =0 for allz=1,...,n.

Let X, := span{zy,...,z,}. Then X; € Xy C X3 C .... Due to Lemma 2.14,
for all n € N an element z, € X, exists with ||z,|| = 1 and ||z, — z| > 5 for all

x € X,,_1. Since z, = Z?:l Oé(n)ﬂﬁi for some (a(n))z:l

7 7

ij=L1,..n

n, We obtain that

.....

n n—1
Kz, — Mz = Z agn)(Kxi — ;) = Z agn)(/\i —M)x € X
i=1 i=1

Obviously, Kz, € X,, C X,,_; for all m < n. Therefore,

Kz — (Kzy, — Apzy) € X1 forall m<n
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and, hence,
Kz, — Kzl = || Azn — (Kzm — (K2 — Anzn))||

Aal A
2 4

= |)‘n|

1
Zn — )\—(sz —(Kz, — )\nzn))H >
for n sufficiently large and m < n. Thus, (Kz,) has no convergent subsequence,
which is a contradiction to the compactness of K. Therefore, the assumption A # 0
was wrong. The contradiction proof above also works for the case |\,| — co. One
only has to replace % in the last estimate by 1. This shows that 0 is the only
possible accumulation point.

But then the sets A, := {\ € o(K) : |\| > £}, n € N, are finite-dimensional, since
otherwise A,, would have an accumulation point in {z € C: |z| > £} U {oo}. Thus,
o(K) C {0} UU, ey A, i-e., 0(K) is at most countable.

For selfadjoint operators in Hilbert spaces one can prove additional results about o(K).
For the time being, we assume that H # {0} is a real or complex Hilbert space with
inner product (-,-). Then ( H, H) is a dual system, where in the complex case one has
to use a sesquilinear form instead of a bilinear form (see Remark 2.28). According to
Definition 2.23, an operator K : H — H is selfadjoint if

(Kx,y)=(xz,Ky) forall x,ye H.

Due to Remark 2.30, AI — K has Riesz index 0 or 1 for all A # 0 if K is selfadjoint and
compact.

Thus, integral operators in L?(G) with a symmetric (or Hermite) L?-kernel k, i.e., where

k(s,t) = k(t,s) (or k(s,t) = k(t,s)) a.e. in G x G, are selfadjoint (see Theorem 2.25).

Such operators have at least one eigenvalue whose absolute value equals || K||:

Theorem 2.34. Let K : H — H be compact and selfadjoint. Then

{= K], K]} no(K) #0.

Proof: If K = 0, the assertion is trivial. Let now K # 0 and let (z,,) be a sequence in H
with ||z, || = 1 and ||Kz,|| — || K||. Such a sequence exists according to the definition
of ||K|. Noting that ( K2z, z) = |[Kz|,

0

IN

|52, — || K| 2]
= || K% — 2 Kl (K0, 20 ) + [ K |20
< K = [ Kwal* — 0.

Thus, K%z, — ||Kz, 2 x, — 0. Together with ||Kz,| — ||K|| this implies that
g p
K2z, — |K||*z, = 0. (2.49)

40



Since K? is compact, (K%r,) has a convergent subsequence (K2, ). Together with
(2.49) this implies the convergence of (x,,). Let x := limy_,o xp,. Then ||z|| =1 and

0= (K% —||K|I*z) = (K — | K| )(K + || K] I)x.

Therefore, either z is eigenvector of K to the eigenvalue — || K| or z := Kz +|| K ||z # 0,
is eigenvector of K to the eigenvalue || K||. |

Remark 2.35. The following two assertions hold for a selfadjoint operator K:

(a) The eigenvalues are real valued: if x # 0 and Kz = Az, then

Maz,z)=(Kz,z)=(z,Kz) =\ z,2) =— IeR.

(b) Eigenvectors to different eigenvalues are orthogonal to each other: if A\; # Ao,
Kz = Mz, and Kxy = Ao, then

Mz, m0) = (Kay,xe) = (1, Kxg ) = Mo (x1,20) =  (x1,22) =0.

So far we know that a compact selfadjoint operator K # 0 has at least one and at most
countably many non-zero eigenvalues. The eigenspace to each of these eigenvalues is
finite-dimensional. If we choose an orthonormal basis for each eigenspace, we obtain an
orthonormal system:

Definition 2.36. Let K : H — H be compact and selfadjoint with non-zero eigenval-
ues A1, Ao, A3, ..., where each eigenvalue is repeated according to its multiplicity. Let
x1,T9,... be an orthonormal system such that Kx; = \z; for all i € N. If K has
only finitely many eigenvalues, then (\;) and (z;) denote finite sequences. The system
(Ni, Ti)ien is called an eigensystem of K.

We say an and not the eigensystem, since the eigenvectors z; are not uniquely deter-
mined, even not when the eigenspaces are one-dimensional.

We will see that the knowledge of an eigensystem of a compact selfadjoint operator
allows its reconstruction. If it is an integral operator, one can even represent the kernel
using the eigensystem.

In a first step we show that the vectors x; span the range of the operators (in the sense
of a Hilbert space basis).

In the following, we always assume that K # 0. If K has only finitely many eigenvalues,
then all series have to be interpreted as finite sums.

Theorem 2.37. Let (\;, z;);en be an eigensystem of the compact selfadjoint operator
K :H — H. Then {z; : i € N} is an orthonormal basis of R(K).
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Proof: The orthonormality of the {z;} and the fact that z; € R(K') immediately follows
from the definition of an eigensystem.

Let E be the subspace of the Hilbert space H spanned by {x; : i € N}.
If v € B4 e, (x,7;) =0 for all i € N, then

(Kz,z;) = (x,Kz;) =N (x,x;) =0 forall ieN.

Thus, K(E+) C E*, and, hence, K|z is a compact selfadjoint map from E* into itself.
If EL {0}, we are done, since then £ = H. If E+ # {0}, then Theorem 2.34 implies
that K|z and also K has an eigenvalue whose absolute value equals || K|z ||. But then
it must hold that ||K|z.|| = 0, since otherwise the corresponding eigenvector would
have to be an element of £ and E*+ at the same time. Thus,

(r,2;) =0 forall ieN = Kz=0.

Let now y € R(K) be such that (y,z;) = 0 for all i € N and let x € X be such that
Kz =y. Then

0= (Kz,z;)=(z,Kzx;) = N (x,z;) =0 forall ieN = y=0.

This implies that the orthonormal system {z; : i € N} is complete in R(K), i.e.,
E =TR(K). N

Elements of R(K), i.e., Kx for any x, can be expanded in a series with respect to the
orthonormal system {z; : i € N}:

Corollary 2.38. Let K and (\;,z;);eny be as in Theorem 2.37. Then it holds for all
r € H that

K:c:i)\i<x,xi>xi. (2.50)

Proof: Since Kz € R(K), Theorem 2.37 implies that

[e.9] o0

Kx:Z(Kx,xi)xi:Z (x, Kx;) x; Z/\ T, x;)

i=1 i=1

One can interpret (2.50) as a diagonalization of the operator K: using the basis {z;},
the application of the operator K corresponds to the multiplication of the i-th coor-
dinate by ;. Obviously, one can use this diagonalization to solve equations involving
K by decoupling them into (usually infinitely many) equations in the one-dimensional
subspaces spanned by the eigenvectors:
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Proof: First, note that, due to Remark 2.35 (b) and Theorem 2.37,

is a basis of H. Together with Corollary 2.38 we obtain for all z, f € H that

M= Kr o= Y (A=X){(zaz)z+ 2> (z.n)n (2.57)
=1 €A
f o= Z(f,xi):ci—kz:(f,ni)ni. (2.58)

If A ¢ o(K), comparing the Fourier coefficients in (2.57) and (2.58) immediately yields
that x as in the first expression of (2.52) is the unique solution of (2.51). The second
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one follows from the facts that

o0

<f,nz> _1 1 N 1 _E_L
Z J\ ni—Xf_XZU’I’)xZ and A=X A AA=N)

iEA =1

If A € o(K) \ {0}, then comparing the Fourier coefficients in (2.57) and (2.58) yields
that a solution exists if and only if { f,z;) = 0 for all ¢ € N with A; = A. But then
(f,y) = 0 for all eigenvectors y to the eigenvalue . (This is already known from the
Fredholm alternative). Moreover, the solutions of (2.51) are given by (2.53).

Let us now assume that A = 0. Then a comparison of the Fourier coefficients in (2.57)
and (2.58) yields that (2.54) has a solution if and only if \; (z,x;) = ( f,z;) for all
i € Nand if f € N(K)'. But, due to Bessel’s inequality S2°°, | (x,2;) |> < ||z]|* < oo,
this is true if and only if (2.55) holds. The solution is then given by (2.56). |

Remark 2.40. The set A in (2.52) can be empty, finite or infinite. In a non-separable
Hilbert space it can even be uncountable. However, since for any y € H \ {0} only
countably many (y,n;) # 0, Y .., is always a common infinte series or finite sum.

An important example for (2.54) is a Fredholm integral equation of the first kind with
L*-kernel in L*(@). For such equations the Fredholm alternative does not hold. In this
case, the solvability is guaranteed if the so-called Picard condition (2.55) holds. But
even then the solution does not depend continuously on the data if dim(R(K)) = oo as
the following argument shows: assume that y° = y+dz;. Then y° € R(K), ||y — y‘sH =9,
and, due to (2.56), the error in the solution is given by /\i Since \; — 0, the error can
be arbitrarily large.

One can even represent the kernel of the integral operator as a series:

Theorem 2.41. Let k € L*(G x G) be a Hermite kernel with induced integral operator
K : [*(G) — L*(G) and let (\;,z;);eny be an eigensystem for the (then selfadjoint
compact) operator K. Then

k(s,t) =) Nai(s)ai(t) , (2.59)
where equality and convergence in (2.59) hold in the L*(G x G)-sense. Moreover,

5 = [ ks, 0Pdls,) = D02 (2:60)
GxG =1

Proof: Let ¢;;(s,t) := z;(s)x;(t) for all ¢,7 € N and s, € G. As in the proof of
Theorem 2.3 one can see that, due to Theorem 2.37, {¢;; : 4,7 € N} is an orthonormal
basis of a subspace of L*(G x G). Let

reN(K)=R(K)Y, yeclI*Q), a(st):=y(s)z(t), B(st):=z(s)y(t).
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Then
(ko) = [ bl 0ulale) ds.t)
= /G/Gk(s,t)x(t)dt@ds = (Kz,y) =0,
(k) = [ kel

= /Gy(t)/(;k(t,s)a:(s)dsdt = (y,Kz) =0,

where we used that k(s,t) = k(t,s). Thus, k is an element of the subspace spanned by
the functions ¢;;. Hence,

k(s,t) = Z (k, i) pii(s,t) in L*-sense. (2.61)

i,jEN

However,

(k,pi) = /Gxgk(s,t)goij(s,t)d(s,t) = /G/Gk(s,t):ri(s)a:j(t)dtds
= /G(Kxj)(S)mdS = X (zj,m;) = Aoy

for all 7,7 € N. Together with (2.61) this yields (2.59). Finally, (2.60) follows from
Parseval’s identity. |

Remark 2.42. In a similar way, one could show that (2.59) holds for all s € G with
Jo [E(s, 0)[*dt < oo, i.e., k(s,-) € L*(G). The convergence of the series is then meant in
L*(G@) with respect to t.

Remark 2.43. Formula (2.60) implies that the eigenvalues of an integral operator with
L?-kernel are in [2. This is, of course, not true for a general compact operator.

An integral operator with L?-kernel belongs to the class of Hilbert-Schmidt operators,
a subclass of compact operators, defined as follows: a linear operator L : H — H is
called Hilbert-Schmidt operator if

2 2
IZII5 =Y ILgill* < o0,
1=1

where (¢;) is a complete orthonormal system. ||L||, does not depend on the special
choice of the basis. It always holds that || L|| < ||L|],.

If K is a selfadjoint integral operator with L?-kernel k and eigensystem ();, z;), then
(2.60) implies that

MM=ZW@W:Zﬁ=/ ks, 0)[2d(s, 1) < 0o.
=1 i=1

GxG
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For matrices L the Hilbert-Schmidt norm || L||, is identical to the Frobenius norm. The
set of Hilbert-Schmidt operators endowed with the inner product

(L, M) 3:Z<L<Pi7MSOi> ;

where (y;) is an arbitrary complete orthonormal system, is a Hilbert space.

For continuous kernels one can even prove a stronger convergence in (2.50):

Theorem 2.44. Let k € C(G x G) be a Hermite kernel with induced integral operator
K : L*(G) — L*(G) and let (\;,x;)ien be an eigensystem for the operator K. Then

(Kz)(s) = > A (@) wils) (2.62)

for all z € L*(G) and s € G, where the convergence is absolute and uniform.

Proof: Since £ is continuous, a constant M > 0 exists such that
/ (s, 2 dt < M (2.63)
G

for all s € G. Theorem 2.41 and Remark 2.42 now imply that (2.59) holds for all
s € G with convergence of the series in the L?-sense with respect to t. Therefore,
(Kz)(s) = (k(s,-),T) satisfies the series representation (2.62) for all s € G.

The convergence of the series is absolute and uniform in s as the following argument
shows: using (2.59) and Parseval’s identity, we obtain that

[ kP = (s, = 3 Mfado)

for alle s € G. Together with the Cauchy-Schwarz inequality, (2.63) and Theorem 2.37
this implies that

0 < <Z|)\i<$a$i>$i(3)’> §Z|<«’Eaxz‘>|22)\f|%(3)|2

::ZWWWAWMMSMZWWW—W

n—oo
uniformly in s € G. |

It follows from the proof above that, actually, one does not need the continuity of &, but
only the weaker condition (2.63). A slightly stronger condition than the continuity of k is
needed to also guarantee absolute and uniform convergence of the kernel representation
(2.59). For that proof we need some results about positive semi-definite operators:

46



Definition 2.45. Let K € L(H) be selfadjoint. K is called positive semi-definite
if (Kz,z) > 0 for all x € H. K is called positive definite if ( Kz,z) > 0 for all
xz € H\ {0}.

Lemma 2.46.

(a) Let K € L(H) be compact and selfadjoint with eigensystem (\;, z;). Then K is

positive semi-definite if and only if A\; > 0 for all 7 € N.

(b) Let k € C(G x G) be a Hermite kernel with induced integral operator K in L*(G).

If K is positive semi-definite, then k(s,s) > 0 for all s € G.

Proof:

(a)

Let us assume that A, < 0 for some n € N. Then it follows for a corresponding
eigenvector z, that ( K, ,) = A, ||.||> < 0, which is a contradiction to the def-
inition of positive semi-definiteness. Since, due to the definition of an eigensystem,
all \; #£ 0, this shows that A\; > 0 for all 7 € N.

If, on the other hand, all \; > 0, then Corollary 2.38 implies that

(Kz,x) Z)\ x, ;) (T, x Z:)\|:10xZ Y2 >0

for all x € H. Thus, K is positive semi-definite.

Since k is a Hermite kernel, k(s,s) € R for all s € G. Assume that k(sg, s9) < 0
for some sy € G. Then, due to the continuity of &,

k
Rek(s,t) < %<0 forall  (s,¢) € Us, with
Us == {(s,t) e GXG:|s— 50| <]t —sol <}

and ¢ > 0 sufficiently small. Let

() ::{ 1, |t =soll <9,

0, ||[t—sol|>9.

Then z is real valued. Since, due to the selfadjointness of K, also ( Kz,z) € R,

(Kz,z) = (Kx,x) //Rek;st t)dtz(s)ds
- /Rek(s,t)d(s,t)§M|U5|<O
Us

holds, which is a contradiction to the positive semi-definiteness. Thus, k(s,s) > 0
for all s € G.
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Theorem 2.47 (Mercer). Let k € C(G x G) be a Hermite kernel and assume that
the induced integral operator K : L*(G) — L?(G) is positive semi-definite. Moreover,
(N, Z;)ien is an eigensystem for the operator K. Then the equality in the representation
(2.59) holds for all s,¢ € G and the convergence of the series is absolute and uniform.

Proof: Let us consider the kernel

ra(s,t) == k(s,t) — Z)\x ) s, te @G, (2.64)

for all n € N. Since eigenfunctions of an integral operator with continuous kernel are
continuous, the kernels r, are also continuous. Let R, denote the induced integral
operators, then they are compact and selfadjoint.

Let A € o(R,,) \ {0} with corresponding eigenvector x. Due to (2.50), it then holds that

)\x—Rx—Kw—Z)\ T, X)X Z)\ T, ) Ty

=1 i=n+1

Therefore, (x,2;) = 5 (Az,z;) = 0 for j < nsothat Az = Kz, i.e., A € o(K)\{0} and
x is an eigenvector of K. Since x is orthogonal to 1, ..., x,, ¢ € span{Z, 1, Tni2, ...}
On the other hand, \;z; = Kz; = R,z; for j > n so that \; € o(R,) \ {0} and z; is
an eigenvector of R,. Altogether this implies that (\;, x;);~, is an eigensystem for R,,.

Lemma 2.46 (a) implies that R, is positive semi-definite and Lemma 2.46 (b) implies
that
rn(s,s) >0, seq.

Together with (2.64) we obtain that

Z)\pc (5)]? < k(s,s), seG,neN. (2.65)

Integrating this formula with respect to s and using that ||z;|| = 1 yields

O<Z)\i§/k(s,s)ds, neN.
i=1 G

Since all A; > 0, this together with (2.65) implies the convergence of the series >~ A
and "7 \i|zi(s)]? for all s € G.

Let now ¢ > 0 and s,t € G be arbitrary, but fixed. Then an ny(s) € N exists such that

Z Nlxi(s)]? < e forall — m >n > ny(s).

i=n+1
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Together with (2.65) we now obtain that

(Z Ai|$i(5)M|) < (Z >\i|$i(3)|2> (Z )\i|$z'(t)|2>

t=n+1 i=n+1 i=n+1
< ek(tt) < ekl (2.66)

for all m > n > ng(s). Since ny(s) does not depend on ¢, it follows from the Cauchy
criterion that the series k(s,t) := > ") A\izi(s)x;(t) converges absolutely and uniformly
in ¢ for all s € G. But this implies that k is continuous in ¢ for all s.

Now Theorem 2.44 implies that

/G/Z;(s,t)x(t)dt = S m)as) = /Gk(s,t)x(t)dt

— /(k(s,t) (s, ))a(t) dt = 0

for all s € G and all x € L*(G). Choosing x(t) = z4(t) := k(s, 1) — k(s,t) together with
the continuity of k yields that k(s,t) = k(s,t) for all s,t € G.

Therefore, the sequence of continuous functions (37" | Ai|#;(s)]?), .y converges mono-
tonically to the continuous function k(s, s). Hence, due to Dini’s theorem, the conver-
gence is uniform. But this implies that the Cauchy condition (2.66) holds uniformly also
with respect to s yielding the absolute and uniform convergence in (2.59) with respect
to (s,1). |

Remark 2.48. One can see from the proof above that the results of the theorem of
Mercer are still valid if instead of the positive semi-definiteness of K one requires that
only finitely many eigenvalues are either negative or positive. In this form Mercer’s
theorem will be used in Chapter 5.

Using Mercer’s theorem, the fact that ||z;|| = 1, and elementwise integration in (2.59),
which is allowed due to the uniform convergence, yields

Z A = /Gk;(s, s)ds. (2.67)

This number is called trace of the integral operator. Under the conditions of Mercer’s
theorem the sequence of eigenvalues is not only in {2, but even in I!. This last property
characterizes the subclass of so-called nuclear or trace class operators.

For general L?-kernels the right-hand side in (2.67) makes no sense.

Remark 2.49. A class of integral operators having real eigenvalues are selfadjoint com-
pact operators according to Theorem 2.34. Another class are those with a positive
kernel, according to the following theorem due to Jentzsch:

Let k € C([0,1]?), k(s,t) > 0 for all s,t € [0,1], with induced integral operator K.
Then K has at least one positive eigenvalue. If A is the largest positive eigenvalue, then
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N(AI — K) = span{z}, where z(s) > 0 for all s € [0,1]. Moreover |u| < X for all
pea(K)\{A}).

Remark 2.50. A simple constructive method to solve a Fredholm integral equation
(2.1), i.e., an equation (2.51), where K is the integral operator induced by an L?-kernel
k in L*(G), is the method of successive approximation:

Thereto, one rewrites (2.51) into the equivalent fixpoint form

v =1 (Kot f)

and performs an iteration according to

1
Tyl = X(Kxn + f), neN, (2.68)

with o := 0. It is an immediate consequence of the fixpoint theorem due to Banach
that (z,) converges to a solution of (2.51) if

A>T (2.69)

Note that then the iteration operator z +— (Kz + f) satisfies a Lipschitz condition
with Lipschitz constant ||§KH < 1. (2.69) can only be satisfied for \ ¢ o(K).

A simple calculation shows that x,, defined by (2.68) is given by z,, = Z?:_ol ATCIKES
Thus, in case of (2.69), the solution x of (2.51) is given by the Neumann series

[e.e]

r=Y ANTK'f. (2.70)

1=0

The operators K* are again integral operators with so-called iterated kernels k; satisfying
the recursion formula

ki(s,t) = /Gk;(s,T)ki_l(T, t)dr, i>2, (2.71)

with k; = k. Assuming that (2.69) holds, (2.70) implies that the series

r (s,t, %) = Zf;/\—”k:i(s,t) (2.72)

converges in the L2-sense.

Using (2.71), one can show that the convergence above is even absolute and uniform if
k is continuous and satisfies instead of (2.69) the stronger condition

AL > Ikl G
i.e., r(s,t, ) is then continuous.
(2.70) implies that the solution x of (2.51) is given by

x(s):%f(s)%—%/GT(s,t,%) fBdt,  sea.
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Therefore, the function r is called resolvent kernel.

The series (2.70) does not only converge under condition (2.69) but also under the (in
the non-selfadjoint case) slightly weaker condition

Al > p(K) := sup{|u| - p € o(K)}

uniformly with respect to f on bounded sets, i.e., in the operator norm. p is called
spectral radius of K.

So far we have only dealt with compact integral operators. In practice also non-compact
operators appear. We present some examples and prove the non-compactness by showing
that the spectrum does not satisfy the properties of compact operators.

Example 2.51. Let X be a space of continuous functions on [0, 4+00) containing the

functions
s s
To(8) i= ——— —e Y s>0,
(s) a?+ 52 + \/g -

for all & > 0. Moreover, we assume that X is such that the operator T', defined by

< /2
Ta(s) = / \ﬁ sin(st)z(t)dt € X, 50, (2.73)
0 T
where the integral is an improper integral, and
Tx(0) := lim(Tz)(s)
s—0

maps X into X.

One can show that

/ e~ sin(st) dt =
0

° tsin(st
and #dt:ze_o‘s, a>0,s>0.
$2 + o2 0

For the second integral one needs the residue theorem (exercise !). This implies that
Ty, =z, a>0.

Therefore, 1 is an eigenvalue of T" with infinite multiplicity, since all z, are linearly

independent for o > 0. According to Theorem 2.33 (b), T' cannot be compact.

If one replaces the infinte integration intervall in (2.73) by the finite interval [a, b],
0 <a < b < oo, the integral operator will be compact on C|a, b] or L?[a, b]. Thus, such
an exchange of the integration interval radically changes the properties of the operator.

Example 2.52. Let X be a space of functions on R containing all functions cos(as) and
sin(as) for o > 0 and where the operator T': X — X, defined by

(Tx)(s) == /_+<>0 ety (t) dt

[e.o]

makes sense. A straight forward calculation shows that

400 o ot Zeiozs
/ e~ lstleint gy = , a>0,selR.
o 1+a?
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Splitting into the real and imaginary part yields that for all @« > 0 and s € R

+00 2
/ eIt cos(at) dt = a2 cos(as) ,
o a
+o00 2
/ e ltsin(at) dt = T a2 sin(as) .
o a

Therefore, H% is an eigenvalue of T for all a > 0, i.e., the whole interval (0, 2) consists

of eigenvalues. Due to Theorem 2.33 (c), T" cannot be compact. Again the operator
will be compact with a radically changed spectrum if the infinte integration interval is
replaced by a finite one.

Remark 2.53. There are many important examples of non-compact integral operators:

(a) Let k € L'(R). The convolution operator (see Example 2.52)

o0
(Tz)(s) :== / k(s —t)x(t) dt

e}

is well-defined on L?(R) (why ?). The spectrum is given by

{NeR:\=Fk(n) for some p € R},

which, in general, will be an uncountable set. If X is such that k(u) = A for all
w € la,b] for some a < b € R, then the eigenspace to this eigenvalue A is infinite-
dimensional.

(b) The strongly singular integral operator

(Tx)(s) := /_+°° z(t) dt

w S—1

can be well-defined on L?*(R) using the Fourier transform. T is called Hilbert
transform. Its spectrum consists only of iw and —iw. Both values are eigenvalues
with infinite-dimensional eigenspaces. The finite Hilbert transform on L?[—1,1] is

defined by X
(Tx)(s) ::/ ﬂdt.

1 S — t
Its spectrum is given by {ip : p € [—m, 7]}, i.e., it is also non-compact.
It follows from Definition 2.12 that in one dimension (N = 1) the kernel (s — )~
is weakly singular for o < 1 and, hence, the induced integral operator is compact.

This example shows that already in the limiting case o = 1 the compactness is
lost.
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3. Numerical solution of Fredholm equations

In this chapter, we discuss methods for the numerical solution of linear Fredholm integral
equations of the second kind, namely: approximation with degenerate kernels, projection
and collocation methods, and quadrature rule methods.

We consider the equation (2.1), i.e.,

Az(s) — / k(s,t)x(t)dt = f(s), sed,
G
with A # 0 and G as in Chapter 2. The kernel k is either continuous, weakly singular or

quadratically integrable so that the induced integral operator K is compact on C(G)
or L*(G), respectively.

3.1. Degenerate kernel approximation

As an approximation problem for the above equation we consider equations
wan(s) = [ Kls. et de = 79), s€G. (3.1)
a
where the kernels k&, are degenerate (see Definition 2.2), i.e.,
k(s t) = @i(s)vi(t)  ae.
i=1

The functions ¢; and ;, in general, also depend on n. The kernels k,, should be con-
structed in such a way that

lim [|[K — K,| =0, (3.2)
n—oo
where K, are the integral operators induced by k,, and ||-|| is the operator norm. Note

that (3.2) can only be satisfied for compact operators K (see Theorem 2.8 and The-
orem 2.3). The convergence of the approximate solutions is based on the following
theorem:

Theorem 3.1. Let K and K, be as above (considered as operators from C(G) or L*(G)
into iteself) such that (3.2) holds.

(a) If A ¢ o(K), then A\I — K, is continuously invertible for n € N sufficiently large. If
x and x,, are the unique solutions of (2.1) and (3.1), respectively, then
[AT = K) |

A = E)H[ | = K|

|z — x| < - |Kz — Kpx|| . (3.3)

(b) Let A ¢ o(K,,) for some n € N with

1K — Kol < [|(A = E) 7|
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Then A ¢ o(K). If z and x,, are the unique solutions of (2.1) and (3.1), respectively,

then .
(A = K,,)~ ]

[l — | <
1= [J(M = Ko) 7 [ K — K

K2y — Knanl| . (3.4)

Proof: The proof immediately follows from the theorem on inverses of neighbouring
operators applied to A\l — K and A — K,,, respectively. |

Remark 3.2. In the theorem above only condition (3.2) is important. The concrete form
of K, or K is not essential. In contrast to (3.3), (3.4) is a computable error estimate,
since only the approximation x, and not the exact solution z is used.

It was already shown in Remark 2.4, how the solution z,, of (3.1) can be calculated by
solving a linear system. Note that (2.5) is always uniquely solvable if A\ ¢ o(K,,) and if
the functions ¢y, ..., @, are linearly independent.

We now present some methods for constructing sequences of degenerate kernels so that
(3.2) holds.

Method 3.3 (Expansion by eigenfunctions). If k is a Hermite L?kernel, then Theo-
rem 2.41 implies that

in the L2-sense. Defining

we obtain that

[ Kn||2L(L2(G)) < Z e

i=n-+1
Since ();) € 1%, (3.2) holds.

In this case the linear system (2.5) has the special form a;; = X;0;;. Therefore, the
approximate solution x,, is given by

if A # \; for i = 1,...,n. This is identical to the second formula of (2.52) applied to
K,.

Method 3.4 (Expansion by orthonormal systems). Let k € L*(G x G) and let (y;)
be an arbitrary complete orthonormal system in L?*(G). Since k(-,t) € L*(G) for almost

all t € GG, it holds that
)=> @ils)ti(t) ae.
i=1
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with ;(t) := (k(-, = [ k(s,t)pi(s) ds, ie.,

U = K. (3.5)

We now approximate k by degenerate kernels

= wi(s)(t)
i=1
Due to (3.5) the coefficients of the matrix A in (2.6) are given by

Q5 = <§0'L7K*90]> = <K<P17<PJ>

Now -
(K = Ko)o)s) = | S el di= 3 (0 Ke) ols)
i=n+1 i=n+1
implies that
1K = KallL 2y < Y 1K @ill5- (3.6)

1=n-+1

Since K* as integral operator with an L?kernel is a Hilbert-Schmidt operator,
S IK*@ill7 < oo (see Remark 2.42) so that the estimate on the right-hand side
of (3.6) goes to 0 with n — oo, i.e., (3.2) holds.

Instead of expanding the kernel with respect to the variable s, one could look for
an expansion with respect to ¢ or with respect to both variables using the complete
orthonormal system (p;(s)p;(t)) in L*(G x G). Obviously, Method 3.3 is a special case
of Method 3.4.

Method 3.5 (Taylor series approximation). We only deal with the one-dimensional
case G := [0,1] and assume that the kernel k(s,t) only depends on the product s - ¢,

i.e., k(s,t) =r(s-t), where r has a Taylor series expansion in [0, 1] at 0, i.e.,
e , @ (0
:Zaiul, u € [0,1], ai:r,'().
— i!
Defining

n
) — § :ai_lsz—ltz—l
=1

yields the following formulas for the coefficients in (2.6):

(73] —= 1

i— i—

Qij =~ 7> fi= CYil/ s' 1f(5) ds
0

A straightforward calculation shows that (3.2) holds if
Z i |2(2i + 1)5_% < oo forsome e€>0.
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Method 3.6 (Approximation by interpolation). Again we only deal with the one-
dimensional case G := [0,1] and assume that k € C(G x G). We interpolate the kernel

with respect to s for all ¢, e.g., with linear splines. Using the uniform knots s; = =,

i €{0,...,n} and defining the functions

n(s—si—1), S€|[si-1,8),
li(s) == q n(siy1 —5), $€[si,8i11],
0

, else ,

we approximate k by
Fa(s,t) =Y k(s )li(s), st €[0,1].
This is equivalent to
kn(s,t) =n((s; — s) k(si—1,t) + (s — si-1) k(s4, 1)) , s € [si—1,8), t€[0,1].
The coefficients in (2.6) are given by

min{1,s;11}
wjzummnz/ ks, Ols(¢) dt

max{0,s;—1}

fio= (Kf)(s) = /0 k(.. 1) £ (1) dt.

i,j € {0,...,n}. If the kernel k is smooth enough, then (3.2) holds. For instance, if

k(.,t) € C?[0,1], then

0?k(s, 1)
0s?

1 1
KK < 1 dt.
| o) < 8n2/0 gne[%,}li] ‘

Remark 3.7. Since, under the conditions of Theorem 3.1, ||(A — K,,)~!|| is uniformly
bounded, the convergence rate of ||z — x,|| is determined by ||K — K,|| or, more pre-
cisely, by ||Kz, — K,x,| and ||Kzx — K,z||, respectively. To obtain a computable a-
posteriori error estimate one should not forget that estimate (3.4) not only contains
| K — K,||, but also [[(A\] — K,,)~!||. The last expression can be estimated as follows:

Let A be the matrix of (2.6) and let
(M — A)_1 =: (bij)1<ij<n -
Then (2.5) — (2.7) imply that
1 n
xn(s) = X (f(s) + Z bij/Gf(t)wj(t) dt @i(s)) :
ij=1
This together with z,, = (A\I — K,,)~! f implies that

> b (H)gi(s)

1,j=1

dt) |

1 1
WM—&JstgﬂmmG+ggL
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i.e., setting M,, := maxi<; j<n |bijl,

o1 8 i = gy 14 3 [ 3 st

i,7=1
In a similar way, one can derive an estimate for |[[(A] — K,) | 12(ay)-

The major disadvantage of degenerate kernel methods is that the integrations needed
for the calculation of the coefficients in (2.6) can be quite costly. In Method 3.4 even
double integrals have to be calculated. One advantage of Method 3.6 is that the integrals
for the computation of a;; only have to be evaluated over the support of the j-th basis
spline.

If £ or f have a special form, quite often the indefinite integrals necessary for the
calculation of the coefficients a;; and f; can be computed explicitly. Here computer
algebra methods are beneficial. In all other cases, the integrals have to be approximated
using quadrature rules leading to additional errors.

3.2. Projection methods

We start by formulating projection methods for the abstract version of (2.1), i.e., (see
(2.51))
e — Kz =f,

where K € L(X) is compact on the Banach space X (usually X = C(G) or X = L*(Q)),
f e X, AN ¢ o(K). For each n € N let X,, be a finite-dimensional (in general, n-
dimensional) subspace of X, P, : X — X, a bounded linear projector. The n-th
approximation of this method is defined by the equation

\x, — P,Kz, =P,f, Tn € X,. (3.7)

Note that for A # 0 each solution of \x — P,Kx = P, f is automatically in X,,. The
convergence analysis is again based on the theorem on inverses of neighbouring opera-
tors:

Theorem 3.8. Let K € L(X) be compact, A ¢ o(K), P, : X — X,, as above. If
—_11—1
12K ~ K| < |~ B) 7™ (38)

then A\ ¢ o(P,K) and (3.7) has a unique solution. If z and x,, are the solutions of (2.51)
and (3.7), respectively, then

and

1” |(A — K)71| ‘
T 1—[[(M - K)7H [P K — K|

|(M — P.K) (3.10)
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lim P,z =z forall ze X, (3.11)

n—oo

then (3.8) holds for all n € N sufficiently large.

Proof: The last assertion follows from Lemma 2.9. There it was shown that for a
compact K (3.11) implies that

lim |P,K — K| =0. (3.12)
n—oo

The invertibility of (A — P,K) and (3.10) follows from the theorem on inverses of
neighbouring operators applied to Al — K and A\ — P, K. It is an immediate consequence
of (2.51) and (3.7) that

(M — P,K)(x — x,) = P,(Ax — Kz) + ANz — P,x) — P,f = Mx — P,x)

and, hence,
r—x, =AM — P,K) (2 — P,x)

yielding (3.9). |

Remark 3.9. Estimate (3.9) implies that the convergence rate of ||z — x,|| is determined
by ||lx — P,z||. If X is a Hilbert space and P, the orthogonal projection, then the
convergence rate is optimal in the sense that no better rate can be obtained by an
approximation with elements from X, since then || — P,z| = inf,cx, ||z — z||. As in
Theorem 3.1 one could interchange the roles of K and P,K in Theorem 3.8 to obtain
an assertion, where one conclude from the unique solvability of (3.7) for n sufficiently
large to the one of (2.51).

Method 3.10 (Galerkin method). In this special projection method X = L*(G) and
X; C Xy C X35 C ... 1is asequence of finite-dimensional subspaces with

Ux.=x. (3.13)

neN

For each n € N let P, be the orthogonal projector onto X,,. The solution of (3.7) can
be calculated as follows:

Let {¢1,...,¢n} be a basis of X,,. Then (3.7) is equivalent to P,(Az,, — Kz,, — f) =0
and x, € X,,, i.e.,
A\t, — Kz, — f € X, Ty € Xy,

which is again equivalent to
(Ary, — Kz — fop;) =0 for je{l,...,n}, T, € X, . (3.14)

Since x,, € X,, has a representation
n
i=1
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(3.14) implies that the coefficients Z := (Zy,...,7,)" can be computed as solution of

the linear system -
(ABn - MnT>3_3 = Ju (316)
with
By= (000 icijan . Ma= ((Kpi, 05 )i<ij<n s
for=fopr)s s (Lron )T

If (3.8) holds, equation (3.16) has a unique solution. Due to (3.13), P,z — z for all z in
the dense subset J,,cy Xn- Since || P, || = 1 for all n € N, the Banach-Steinhaus theorem
implies (3.11) and, hence, (3.12).

An essential disadvantage of the Galerkin method is that integrals have to be calculated
for the computation of the elements of the matrices B,,, M,, and the right-hand side f,,.

Method 3.11 (Collocation). Here X = C(G). For n € N let sy,...,s, be pairwise
different points in G and let ¢1,..., ¢, € X be such that the matrix

By, = (pi(s5))1<ij<n (3.17)

is regular. Moreover, let X, := span{¢1,...,¢,} and let P, : X — X, be the projector
defined as follows: P,z is the element z, € X,, with z,(s;) = 2(s;) for all i € {1,...,n}.
Note that, due to the regularity of B,,, z, is unique.

It follows from simple facts of interpolation theory that P, is bounded. The norm of P,
is given by

1P =z 31t

where [y, ...,l, € X, is the so-called cardinal basis, i.e., [;(s;) = d;5, 1,5 € {1,...,n}.

Then the approximate solution x,, according to (3.7) is again given by (3.15), where the
coefficients 7 := (71,...,7,)" are determined as follows:

Azy(sj) — (Kwn)(s;) = f(s;),  j€{l,....n}.

This again yields equation (3.16), where B, is as in (3.17) and

M, = ((Ki)(s5))1<ij<n » fn = (f(s1),--, f(Sn)T-

Depending on the choice of the functions ¢; one speaks of polynomial or spline colloca-
tion. In polynomial collocation one very often uses the zeros of Tschebyscheff polyno-
mials as collocation points. Note that then condition (3.11) is not satisfied. However, it
is still possible that (3.12) holds (see [2]). The major problem in this method is again
the calculation of integrals. Here computer algebra methods might be helpful.
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3.3. Quadrature rule methods

Method 3.12 (Nystrom method). We present this method only for the one-
dimensional case G := [0, 1], i.e., we consider

/\x(s)—/o k(s () dt = f(s), s c[0.1], (3.18)

where k, f, and x are continuous; the corresponding integral operator K is defined on
10, 1].

The first step of the Nystréom method consists of approximating the integral operator
in (3.18) using a quadrature rule: let

Qnt = ijx(tj) s /0 x(t) dt (3.19)

be a quadrature rule for x € C10, 1] with nodes t1, ..., t, € [0,1] and weights wy, ..., wp;
actually, the t; and w; also depend on n. Moreover, we define

(o) () 1= Qulk(s,)2) = 3 wik(s, t)a(t;) (3.20)
j=1
for x € C[0,1] and s € [0, 1]. Then we look for a solution of the equation
e, — Kyz, = f. (3.21)
The full discretization step consists in choosing s =t;, i € {1,...,n}, in (3.21), i.e
Az, (£) Z% (ti, t))on(t;) = f(t:), ie{l,...,n}. (3.22)

Setting the vector Z,, = (Zp1, ..., Tun) = (Tn(t1),. .., za(t,)) and defining
My = wik(tith<ijen,  Joi= (ft), o FE)) T,
(3.22) is equivalent to the linear system
Aty — Mpz, = fo. (3.23)
Defining

xn(s) = % (f(s) + ijk(s,tj)xn,j> : s €1[0,1],

a straightforward calculation shows that xz, really solves (3.21).

The importance of this fact is that one gets the solution z,, of the infinite-dimensional
problem (3.21) by solving the finite-dimensional problem (3.23).

Formally, (3.21) has the same form as the abstract version of (3.1) so that one might
think that Theorem 3.1 is applicable. Unfortunately, this is not the case, since (3.2) does
not hold anymore. This gave the impulse for studying collectively compact operators
(see [1]) that allow convergence results, even when the approximation operators do not
converge in norm.
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Definition 3.13. Let X be a Banach space and let K be a set of linear operators from
X into iteself. IC is called collectively compact if for any bounded set B C X the set

K(B) := Ugex K(B) is compact.

Since every operator of a collectively compact set is compact, it is also bounded. As in
the proof of Theorem 2.8 (b) one can see that for a collectively compact set K it even
holds that

sup || K| < oo.

Kek

The following convergence concept will be important:

Definition 3.14. Let (K,) be a sequence of linear operators and let K be a linear
operator on X. (K,,) converges collectively compact to K, denoted by K, — K,
if (K,,) converges pointwise to K and {K,, : n € N} is collectively compact.

This convergence concept has the following important properties in common with norm
convergence that do not hold for simple pointwise convergence:

Lemma 3.15. If K,, — K, then K is compact.

Proof: Let B C X be bounded. Since Kz = lim,,_,., K,z for all x € B, it follows that
K(B) € U, ey Kn(B). This together with the collective compactness of {K,, : n € N}
yields the compactness of K. |

The following assertion serves, in a way, as a substitute for (3.2):

Lemma 3.16. If K,, — K, then

lim (K — K,)K| =0 and lim ||(K — K,)K,|| = 0. (3.24)
n—r00 n—o0

Proof: Since K, — K pointwise, Lemma 2.9 implies uniform convergence on the com-

pact sets K(U) and |J,cyy K (U), where U is the unit ball in X. This implies that
(K — K,)K and (K — K,,) K, converge uniformly to 0 on U which yields (3.24). |

We also need a version of the theorem on inverses of neighbouring operators based on
(3.24) instead of (3.2):
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Lemma 3.17. Let A be compact, T € L(X), A # 0, and X ¢ o(T'). Moreover, assume
that

qg:=||M-T)""(A-D)A| < |A| (3.25)
holds. Then A\ ¢ o(A) and the following estimates hold:

L+ [AM =T) 1Al

||()J . A)_1H < g ) (3.26)
|\ — A)~ 'z — (AT — T) 1|
A —=T)7 Y - |Ax — Tz|| + q||(M — T) x| ; (3.27)

- Al —¢

Proof: Let B := (M — T)"'(A — T)A. Since, according to (3.25), ¢ = ||B|| < |\l
(M — B) is continuously invertible. Noting that
(M-B) = M~ -T)Y(A-T)A

= M-T)'AM-T)—(A-T)A)

= A —=T) YA =T+ A\ - A),
we obtain that N (A — A) € N(A — B) = {0}. Since A is compact, Theorem 2.19
implies that A ¢ o(A).
Multiplying the equation above with (A — B)™! from the left and with (A] —A)~! from
the right, yields (\[ — A)™t = (M — B)" Y\ = T) Y ((\[ = T) + A), i.e.,

MNM—-A)'=N-B) "I+ -T)"A). (3.28)

Since ||B]| = ¢ < |A|, an expansion into a Neumann series implies that

1

M —-B)Y| < ,
O

(3.29)

which together with (3.28) implies (3.26).
(3.28) also implies that

M —-A)7 -\ -T)"

( I+ -=T)"A— N =B\ -T)1)

( Y PI+ N =T) " A= XXM -T) '+ B -T)™)
= M—-B) Y (M -T)*M-T+A-X)+BXN-T)"

( H N =T)  A-=T)+BMN -T)™1)

so that

|(AM = A) e — (M =T)""a
< A =B (| = )| | Az = Ta|| +IB]| [\ = T) =)
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for all x € X. Together with (3.25) and (3.29) this implies estimate (3.27). |
This lemma may be used to obatin a convergence result for the Nystréom method:
Theorem 3.18. Let X be a Banach space, let K : X — X be compact, A # 0,

A ¢ o(K), and f € X. Moreover, let (K,) be a sequence of linear operators with
K,, = K and define

@n = ||(M — K)™ (K — K,)K,||, neN. (3.30)
Then it holds that
lim ¢, =0. (3.31)
n—0o0

If n € N is such that ¢, < |A

, then \ ¢ o(K,,) and

4 A K) 1
’)‘| —qn

Let  and z,, denote the unique solutions of A\x — Kx = f and A\x,, — Kz, = f. Then

|(A — K) Y| Knf — Kf|| + gn |||
Al = g ’

I = o)™ <

2 — 2| < (3.32)

especially (z,,) converges to z.

Proof: Assertion (3.31) immediately follows from Lemma 3.16. The rest follows from
Lemma 3.17 with A := K, and T := K. |

Theorem 3.19. Let X := ([0, 1] and let K be the integral operator of (3.18). Moreover,
let @,, be a quadrature rule (3.19) for all n € N so that

n—oo

1
lim @Q,x :/ xz(t)dt forall z e C[0,1] (3.33)
0

holds. Using these @),,, K, is defined by (3.20). Then

K, K.

Proof: It follows from (3.33) and the Banach-Steinhaus theorem that

sup [|@Qy | < oo.
neN

Since ||Kpz|| . < ||Qnll k]l |l for all z € C|0, 1], this yields that for any bounded
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set B the set |J, .y Kn(B) is bounded. But this set is also equicontinuous, since

|(Knz)(s) — (Kaz)(0)| = ij(/f(&tj)—k(avtj))ﬂf(tj)

< @al sup [k (s, 1) = k(o )] 12l o

tel0,1

for all z € B, s,0 € [0,1], and n € N, and since k is uniformly continuous. Therefore,
due to the theorem of Arzela-Ascoli |J, oy Kn(B) is compact for any bounded set B.
Thus, {K,, : n € N} is collectively compact.

It remains to be shown that (K,) converges pointwise to K, i.e.,
|Kpz — Kz|| , — 0 forall ze C0,1].

Let x € C[0,1] and V, := {k(s,-)z : s € [0,1]} € C[0,1]. Due to the Arzela-Ascoli
theorem, the set V, is compact. Now Lemma 2.9 applied to

1
Y=R, T,=Q,, Tx ::/ x(t)dt, and A:=V,,
0
together with condition (3.33) implies that

1Kz — Kall,, = su
s€[0,1]

On(k(s, )z) — /Olk(s,t)x(t) dt‘ 50, (3.34)

i.e., (K,) converges pointwise to K. |

Combining both theorems above we obtain a result for the Nystrém method:

Corollary 3.20. Let the conditions of Theorem 3.19 hold and let A # 0, A ¢ o(K).
Then it holds: The approximation x,, obtained by method 3.12 is uniquely determined for
n sufficiently large. Moreover, (x,,) converges uniformly to the unique solution of (3.18)
and satisfies the error estimate (3.32) with ¢, as in (3.30) and K, as in (3.20).

Proof: Since x,, solves (3.21), Theorem 3.19 implies that Theorem 3.18 is applicable.
This yields the assertion. |

Remark 3.21. This corollary says that the Nystrom method converges if A ¢ o(K)
and if the quadrature rule is convergent, i.e., if (3.33) holds. But this is equivalent to
pointwise convergence of (),, holding for polynomials and that

n

(n)
sup w:’| < oo.
neN ; ‘ I ‘

If the quadrature rules are based on polynomial interpolation, the second condition is
automatically satisfied if all weights are non-negative. This is definitely the case for
Gaussian quadrature rules.
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As one can see from (3.32), the error estimate depends on error estimates for quadrature
rules and, hence, on the smoothness of x and k. These error estimates depending on x
and k show up in the expression || K,z — Kz| (see (3.34)) and also in ||(K, — K)K,||

and, hence, in g,.

Remark 3.22. The major advantage of the Nystréom method is that no integrals have to
be evaluated for the calculation of the coefficients of the linear system (3.23). However,
very often one needs a higher dimension to obtain the same quality of approximation
compared to, e.g., the Galerkin method. To avoid too large systems, one usually uses
iterative methods for the solution of (3.21) as follows: since

ey, — Ky, = Az, — Kpxy) + (K, — Kiy)op
1
= [+ X(Kn — Kp)(f + Kpzn)

for all m < n, this suggests the following iteration method, assuming an initial guess
2 .

1
For m < n this procedure has the advantage that a much smaller system has to be

solved. Under certain conditions one can prove that AL x, as k — oo. For details

see [2].

(M — K)a® ) = f 4 Z(K, — K,)(f + K,2®)
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4. Volterra equations

We consider linear Volterra equations of the second kind, i.e.,

Az (s) — /OS k(s,t)z(t)dt = f(s), s € [0, so] . (4.1)

This corresponds to an equation (2.51), i.e., \e— Kz = f, where K is a Volterra integral
operator, defined by

(Kz)(s) := / k(s,t)x(t)dt (4.2)
0
with given L?-kernel k on L?([0, so]?). A kernel k with the property
k(s,t) =0 for t>s

is called Volterra kernel.

4.1. Solvability

Obviously (4.1) is a special case of a Fredholm equation of the second kind so that all
results from Chapter 2 are applicable. It turns out, however, that a Volterra integral
operator has no eigenvalues different from 0 so that the Neumann series (2.70) converges
for all A # 0. The same is true for the series (2.72) of the resolvent kernel.

Theorem 4.1. Let k € L?([0, s¢]?) be a Volterra kernel, K the corresponding Volterra
integral operator on L?(0, so], defined as in (4.2). Then o(K) = {0}.

Proof: Due to Theorem 2.33, 0 € o(K). For all s,t € [0, so] we define

s = ([ \k(s,wr?dtf o= ([ |k<s,t>\2ds)é - D)= [ A .

Since k € L*([0, 50]%), A, B € L?[0, s]. Therefore, a C' > 0 exists with

D(sy) = /050 A(s)*ds < C, /050 B(t)*dt < C. (4.3)

Let k,, n € N, be the kernel of the integral operator K™. Then, due to (2.71), the
following recursion formula holds: k; = k and

/k(s,T)k“(T,t)dT, F<s,
t

ki(s,t) = i>2,s€l0,s0]. (4.4)
0, t>s,
We show by induction that
D - D 1—2
(s, O)[2 < As)2B (122 = D)) E<s,i>2. (4.5)




If:=2and t <s, then

(s, < ([\k<s,r>|\k<r,t>rdr)2

/05 (s, 7)|2 dr /t h(r D)2 dr = A(s)2B(1)?,

IN

e., (4.5) holds for ¢ = 2. Let now (4.5) hold for some 7 > 2. Then (4.4) implies that

hia (s, )] < /|k;s¢|2d7/ ei(r, )2 dr

< (s)z/t A(T)QB(t)zw(TzZ—_g)(t))z_

for t < s. Since A% € L0, s, D is absolutely continuous and D'(s) = A(s)? a.e. Thus,
one can use the substitution rule with the variable u := D(7) — D(t) to obtain

2O DO T p0-p0) _ (D(s) = D)
/tA(T) iz ¢ (@'—1)!)0 T

dr. (4.6)

This together with (4.6) shows that (4.5) holds for i + 1.
Since D is monotonically increasing (4.5) and (4.3) imply that

K|, = / (/k( )z ()dt)zds < Hx”z/ /|k (s,)|? dtds

" (D) ~ D(1)"
< el [ [ A T

< el [ f“@)?d"’/osoB(“Qd’tS oy el

for all z € L?[0, so] and 7 > 2 and some C' > 0. Thus,

\/C’
0< hm VK < lim ———— = 0. 4.7
Assume that A € o(K) exists with A # 0. Then, due to Theorem 2.33 (b), A is an

eigenvalue, i.e., z # 0 exists with Az = Kz and, hence, X'z = K'x for all i« € N. This
implies that
-

Together with (4.7) this yields that A = 0, which is a contradiction to the assumption.
Thus, o(K) = {0}. |

Nl = [[K ]| < [[K |l = A<

Theorem 4.1 together with Theorem 2.19 implies that the Volterra equation (4.1) with
L*-kernel k has a unique solution in L?[0, so] for all A # 0 and for all f € L?[0, so]. The
same is true for the adjoint equation with respect to L?[0, so] given by (see Theorem

2.25 (a))
Na(s) — / k(t $)x(t) dt = f(s), s € [0,50].
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If one allows solutions of (4.1) that are not in L?[0, so], then (4.1) is not necessarily
uniquely solvable anymore. Thus, the assertion of Theorem 4.1 clearly depends on the
spaces.

Example 4.2. Let

Bt 0<t<s<l,
k(s t) ;:{ 0 ol (4.8)

k is bounded and, hence, a Volterra kernel in L?([0, 1]?). Let

Then

s

k(s,t)zo(t) dt:/ sl dt:/ 57 dt = 5571 = x(s) .
0 0 0

Thus, equation
x(s) — / k(s,t)x(t)dt =0, s €0,1],
0

has the non-trivial solution xy. Therefore, 1 is an eigenvalue of this Volterra integral
operator if it is considered in a space containg xy. Due to Theorem 4.1, xy cannot be an
element of L?[0, 1], which can be easily shown directly. Equation (4.1) with A = 1 and
k as in (4.8) has a unique solution z; € L?[0, 1], but infinitly many solutions z1 + ax,
a € R, that are not in L?[0,1].

Under a simple condition, Volterra equations of the first kind may be reduced to equa-
tions of the second kind:

Theorem 4.3. Let k € C([0, s9)%) and assume that k is continuously differentiable with
respect to the first variable. Moreover, let f € C''[0, so] with f(0) = 0 and assume that

k(s,s)#0  forall  s€][0,so].

Then z € C]0, so| solves

/O k(s Oat)dt= f(s), s €[00, (4.9)
if and only if = solves
L Ok s, t)x = 1) s s
x(s) + 5.5) o 65( JO)x(t) dt h(5.5) € [0, so] - (4.10)

Proof: By differentiation it follows from (4.9) that
* Ok ,
(s, 9)2() + [ 85, alt)dt = f(5),
0
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i.e., (4.9) implies (4.10). Conversely, since

5 0k d 5
k — (s, t)x(t)dt = — k(s,t)x(t) dt
o9als) + [ Gttty = 5 ([ ksetar).
(4.10) and integration yields
| ks tiatrie = [ reya = ) - 50 = ).
0 0
i.e., (4.10) implies (4.9). |
Remark 4.4. This means that under the conditions of Theorem 4.3 one can conclude

that an equation of the first kind (4.9) is uniquely solvable for every f € C*[0, so] with
f(0) = 0, since (4.10) as a Volterra equation of the second kind has a unique solution

x € L*[0, so]. Since
2(s) = késs)) _ k(sl . /0 s%(s,t)x(t) dt

and since the right-hand side is continuous, which can be seen analogously to the proof
of Theorem 2.1, z is even continuous.

The range of the integral operator in (4.9) is infinite-dimensional, the nullspace in
C'10, so] equals {0}. Therefore, Theorem 2.17 implies that the range of the operator in
(4.9) is not closed in C[0, sp]. Thus, continuous functions f must exist, where (4.9) is
not solvable in C0, so]. Analogously one can see that f € L?[0, so] must exist so that
(4.9) has no solution in L?[0, so].

In case of unique solvability, solutions of equations of the second kind depend con-
tinuously on the right-hand side. This does not hold for solutions of equations of the
first kind, i.e., they are ill-posed. Note that the reduction of an equation (4.9) to an
equation (4.10) is no remedy for this fact, since the transition from f to f’ on the right-
hand side is discontinuous in C'[0, so]. However, it means that, under the conditions of
Theorem 4.3, problem (4.9) is as ill-posed as differentiation.

Theorem 4.3 is not applicable if k(s, s) = 0 for some s as, e.g., in the Volterra equation
(1.5) in Example 1.1. If, however, k(s,s) = 0 for all s € [0, s¢], then one can show by
an additional differentiation, assuming that f’(0) = 0, that (4.9) is equivalent to the
equation of the second kind,

1 * 0%k 1

(s,t)z(t) dt = 1"(s), s €0, so) -

5 (s.9)

z(s) + O (s,s) Jo 0s
Obviously, % has to be continuous and 2% (s, s) # 0 for all s € [0, so]. The discontinuous
dependence of the solution of (4.9) on f then consists in the transition of f to f”, which
is stronger than for the transition to (4.10). One can see that a degree of ill-posedness
of Volterra equations of the first kind in some special cases is possible by the number of
how often one has to differentiate the right-hand side to end up in an equation of the
second kind.

If k£(0,0) = 0, but k(s,s) # 0 for s > 0, then a transition of (4.9) to an equation of the
second kind is never possible in the interval [0, so] with so > 0.
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A special (weakly singular) Volterra integral equation of the first kind is Abel’s integral
equation (1.12) or its generalization

§ t

/ &’)ax(t) dt = f(s), s €0, sol, (4.11)
o (s—1)

with continuous g, ¢(s,s) # 0, and o € (0,1). An explicit solution formula can be

given for this equation that is based on the following transition of equation (4.11) to

an equivalent equation with continuous kernel.

Theorem 4.5. Let g € C([0,50)%), @ € (0,1), f,z € C[0, s0]. Then z is a solution of
(4.11) if and only if

/OT k(r,t)x(t) dt = f(T) ) T € [0, 0], (4.12)
with .
k(r 1) == /0 g %j&;?j) dr, mtel0 s, (4.13)
and s )
Fr) = /O Lo re). (4.14)

Proof: Note that the improper integrals in (4.13) and (4.14) exist and are continuous
functions. Let x be a solution of (4.11). Then multiplication by (7—s)*~! and integration
with respect to s from 0 to 7, 7 € [0, s¢], yields:

o = /i?#gmﬂsszﬁ_gkalxﬁiﬁﬂwﬁ@
B // T—s()f Zfézt) detZ/OT’f(T,t)w(t)dt,

i.e., (4.12) holds. The last identity follows from

T g(s,t) B ! gt +r(t—1),t) D dr = E(r
| e = s o R 0% =k,
Conversely, let x be a solution of (4.12), i.e.,
0 = / / t1+_r7n — arat) dr x(t )dt—/;%dt
B et asar — TG o
_ / / 7_51 N S_t) (t) dsdt /0 oy
)

= // T—slo‘s—t) x(t)dtdS—/oT(Ti(ﬁds

= / (1 —5)* 'h(s)ds with h(s) := J
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for all 7 € [0, 30] Multiplication by (¢ — 7)™ and integration with respect to 7 from 0
to o, 0 € [0, s¢], implies that

Ty —C R —C E——
ACLA ﬁ

Thus, [ h(s)ds = 0 for all o € [0, s9]. Therefore, h = 0, since h is continuous. From
the deﬁnltlon of h we finally conclude that z is a solution of (4.11). |

Remark 4.6. After transforming (4.11) to a Volterra integral equation of the first kind
with continuous kernel one can reduce it to an equivalent integral equation of the second
kind if g(s, s) # 0 for all s € [0, so|, g continuously differentiable with respect to the first
variable, and if f € C'[0, s¢]. Note that then also k(t,t) # 0 for all t € [0, s0] and that
k is continuously differentiable with respect to the first variable. According to Theorem
4.3, (4.12) can be reduced to

x(7)+k(i7) 0 g’j(f ta(t) dt = ') . T e0,50].

Example 4.7. Using Theorem 4.5, equation (4.11) can be solved explicitly if ¢ = 1.

Since
' B+ 1)I(y+1)
(1 —r)dr = , , 7> —1,
/0 =) L(B+~v+2) B
and since .
F(t)r(l - t) = Sin(%t) ) te <O7 1) )
we obtain in this case that
! I'l—ao)'(«a) 7r
— -] a—1 — _
k(T,t) /0 rT* (1 —r)*"dr o) Sin(ra)

so that (4.12) has the form

/Tx(t)dtzsm<m>/T( IOy o8,

T T — )l

Differentiation on both sides yields the solution formula

x(s)—wi/s(ﬂdt, s €10, so]

T ds s —t)l-«

holding for all f, where the right-hand side makes sense. If f € C'[0, s¢], a further
transformation is possible:

- / /Oslf_m
. / S_tla /0 S—tla




Thus,

2(s) = sin(ma) /OS af(t)+tf'(t) it € (0. 50].

TS (s —t)l—

As a special case, we get as solution of Abel’s integral equation (1.12) (see Example 1.5)

s f /
\/_/ A )dt, € (0, sol, (4.15)

A (8 j—
where we assume that f(0) = 0 and that f € C*[0, so]. The uniqueness of this solution

follows from the already mentioned connection with a Volterra integral equation of the
second kind.

From formula (4.15) one might guess the ill-posedness of (1.12): the right-hand side
has to be differentiated. The discontinuous dependence on f is then weakend by the
integration, however, due to the singularity (s — t)_% not strong enough. One can show
that solving (1.12) is half as ill-posed as differentiation.

Remark 4.8. An analytic method for the solution of Volterra equations with a difference
kernel is based on the Laplace transform. We only discuss basics and do not deal with
problems of the domain of the Laplace transform and present no proofs: we consider

Az(s) — / k(s —t)x(t)dt = f(s), s €10, s0], (4.16)
0
with continuous k, f, and A # 0. The Laplace convolution of g,h : Ry — R is defined

by .
(g% h)(s) ::/0 s —ht)dt,  scRE.

An important property of the Laplace transform, defined in Example 1.3, is that

L(g * h) = (Lg)(Lh).

Since (4.16) is equivalent to

Ax(s) — (kxz)(s) = f(s),  s€[0,s0],
we obtain that

_Lf

o= (Lk)(Lx) = (Lf) = Le=s—"—.

holding for those arguments where Lk # \. Therefore, Lz can be explicitly calculated.
It is not a good idea to numerically compute = from its Laplace transform, since this
is a very ill-posed problem. This method is only appropriate if Lz is a function that
appears in tables on Laplace transforms or if the application of the inversion formula

o(s) = o / e (L) o+ i) dB

21 J_ oo

makes sense. Here, « is larger than the real parts of all singularities.
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4.2. Numerical solution

Volterra integral equations contain as a special case initial value problems for ordinary
differential equations (see Example 1.1). It is, therefore, obvious to try to transfer
numerical methods for the solution of initial value problems to the solution of Volterra
integral equations. We only treat one example of a Runge-Kutta method.

Example 4.9. We consider the nonlinear Volterra integral equation
x(s) — / k(s,t,x(t))dt = f(s), s>0, (4.17)
0

with a continuous kernel k& and continuous f. Obviously, (4.17) also contains the linear
case.

An explicit Runge-Kutta method for the solution of the initial value problem
2'(s) = k(s,z(s)), s>0, z(0) =a, (4.18)
or equivalently
x(s) — /8 k(t,z(t))dt = a, s>0, (4.19)
has the form 0

Tjy1 1= ilfj+h2%80i(8j,xj), JEN,
i=1
where h is the step size, z; is an approximation of x(s;) with s; := jh, j € N, 2y := q,
m > 2, and

i—1
vi(s,x) =k <s+aih,$+h25ij¢j(s,x)> , i=1,...,m.

j=1

Here, a; := 0 and all other parameters, collected in the so-called Runge-Kutta scheme

ay | Ban
(877 Bml e ﬁm,m—l
‘ 4! T Ym—1 Tm

have to be determined in such a way that a prescribed order of consistency p is obtained,
ie.,

im(s)| = O(W")  with  h—0

for all s, where 7, is the local discretization error

S Ch h})L —a(s) ;%%(3, 2(5))

and z is the exact solution of (4.18). Equations for the coefficients are obtained via a
Taylor series expansion of 75, in h and a comparison of coefficients so that all terms for
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a power less than p vanish. Of course, it is the aim to make p as large as possible for a
given m.

For the special case m = 4, one can show that the best order is p = 4. It is obtained
with the standard fourth-order scheme:

[ e el

(4.20)

alRl O Ol
Wi Ol
Ll =

W=

or with the Kuntzmann scheme:

2
5
_3 3
20 4
19 _ 15 40
44 44 44
‘éi 125 125 55
360 360 360 360

= oW oo

These ideas that lead to a solution of the special Volterra equation (4.19) can be trans-
ferred to the general situation (4.17): an essential difference then is that the kernel also
depends on s. An m step Runge-Kutta like fomula looks as follows: let h be the step

size, s; = t; := jh, j € Ny, and T denotes the approximate solution, computed as
follows:
n—1
Z(s; + anh) == @j(s; + anh) + h Z Brik(s; + anh,t; + a;h, Z(t; + k),  (4.21)
i=0
where 0=y <oy <ay<...<a,=1,7€Ny;,n=1,...,m, and
-1 m
©i(s) == f(s) + hz Z%k(s, t + a;h, Z(t + a;h)) . (4.22)
1=0 i=0

Thus, Z(sj+1) = Z(s; + ash). The following initial settings are used:

2(0) = f(0),  wols) = f(s).

This procedure may be motivated as follows: if s € [s;, s;11], then (4.17) implies that

2(5) —f(s)+i/8l+l k(s,t,x(t))dtJr/%k(s,t,x(t))dt.

The function ¢; in (4.22) is an approximation of the first two terms, where the integrals
have been replaced by quadrature rules with nodes t;+a;h. The last integral corresponds
to the sum in (4.21). The Runge-Kutta aspect is that the computation of Z(s;4+1) is
performed in several steps. Similar considerations as for initial value problems lead to
formulas for the coefficients. For m = 4 one gets the following scheme (compare (4.20)):

Qyp = 0

a1 = % B0 = %

Qg = % P = 0 Por = %

a3 = 1|f3 = 0 f3 = 0 [z = 1

ay = 1| Py = Bu = Bi2 = Paz =
Yo = ¢ M =3 % =3 M = 3
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A large number of numerical methods for the solution of Volterra equations can be
found in [3]. A method that is used quite often is the so-called product integration:

Example 4.10. The principle of product integration is as follows: find functions
g, - - -, U, such that for given nodes ty, ..., t, € [0, sq]

n

/0 s k(s,Da(t)dt =Y wi(s)z(t;), s €050, (4.23)

=0

for all piecewise polynomial functions x of a certain order. The construction of such
formulas is similar to the one of quadrature rules. We treat the simple case of equidistant
nodes t; :=ih, i € {0,...,n}, with h := 2 where (4.23) should hold for all continuous

piecewise linear functions x.

Let x be a piecewise linear function such that x(¢;) = d;x. Then we obtain that

n min{ih,s}
ka(s)x(tk) = v(s) = l/ k(s,t)(t+ (1 —id)h)dt

k=0 h min{max{(i—1)h,0},s}

1 min{(i+1)h,s}
+—/ k(s, O)((1+D)h — t) dt
h min{ih,s}

This implies that

4 1 h

—/ k(s t)(h—t)dt, s<h,
_ ) hJo

E/ k(s t)(h—t)dt, h<s,n>1,

\ 0

(0, 0<s<(i—1)h,
1 S
_/ ks, ) (t+ (1 —)h)dt,  (i— Dh<s<ih,
h Ji-1yn
I (4.24)
—/ k(s,t)(t+ (1 —i)h)dt :
h Ji-vyn

(s)=4 1 [°
vils) = +E/ k(s,t)((1+d)h —t)dt, ih < s < (i+1)h,
ih
1 [ih
—/ k(s,t)(t+ (1 —id)h)dt
h Ji—1yn
LG

+E/ k(s,t)(L+d)h—t)dt, (i+1)h<s<sg,

\ ih

with ¢ € {1,...,n}. Note that the last case can only occur for i < n — 1 and the one

before last only for i < n.

When v; is as above, then (4.23) corresponds to the trapezoidal rule. Therefore, one can
show that it has convergence order O(h?) for sufficiently smooth functions z. If (4.23)
should be exact for piecewise quadratic functions, then one obtains a generalization of
Simpson’s rule with convergence order O(h?). Computer algebra tools are helpful for
the computation of the functions v;.

After approximating the integral operator via (4.23) one can combine that with colloca-
tion at the nodes tg, . .., t, to approximate the solution x of equation (4.17) (s € [0, so])
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at the nodes by the solution of the system

n

w(ty) = wilty)a(t:) = f(t;), j€{0,...,n}. (4.25)

1=0

Note that, if v; is given as in (4.24), then v;(¢;) = 0 for j < 4. Thus, the system matrix
in (4.25) is then a triangular matrix which can be simply solved.

Product integration is quite popular for weakly singular kernels. The singularity only
shows up in the computation of the functions v;.

This method can also be applied to so-called Hammerstein equations, i.e.,

x(s) — /OS k(s,t)o(t,x(t))dt = f(s), s €0, s0],

where ¢ is a a non-linear function. Instead of (4.25) one then obtains the nonlinear

system
n

w(t;) = Y vty x(t) = f(t;), G e€{0,...,n},

i=0
If one uses v; as in (4.24), one can solve it step by step, where in each step only one
nonlinear equation has to be solved for x(t;).
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5. Sturm-Liouville theory

5.1. Initial and boundary value problems

In this section we will transform initial and boudary value problems for second order
ordinary differential equations with variable coefficients into integral equations so that
we can use the results from Chapters 2 and 4.

We consider equation

p(s)2"(s) + 7 (s)2(s) + q(s)x(s) = f(s) (5.1)

on the intervall [a, b], where p, 7, ¢, and f are real continuous functions and p has no
zeros. Let

= ex @ S ':@75 S :p_s)—s
sy = ([ Ha), 9= B0 1) =B 5
7(s) (s)

for all s € [a,b]. Since p'(s) = () 5> multiplying (5.1) by ;ﬁ yields

f(s) = p(s)z"(s) + p'(s)2'(s) + als)x(s) = (pz')'(s) + q(s)x(s) .

Thus, (5.1) can be transformed into the problem

(p')'(s) + q(s)x(s) = f(s), s €lal], (5.2)

with p € C'a, b and ¢, f € C|a, b], where p does not vanish anywhere and p, ¢ are real.
In the following we use the abbreviation

(Lx)(s) == (pa')'(s) + a(s)x(s), s € [a,b], (5-3)

and always assume that p, ¢, and f have the above properties.

Theorem 5.1. Let a, 3 € R. Then there exists a unique solution z € C?[a, b] of the
initial value problem

(Lz)(s) = f(s),  s€lab],

z(a) =a, 2'(a)=20. (5:4)
The solution depends continuously on («, 3, f). x satisfies the Volterra integral equation
of the second kind

2(s) + / k(s Oa)dt = g(s), s €[ab], (5.5)
with s g

k(s,t) ::q(t)/t ]T:), s,t€fab], t<s,
and

g(s) ::a+p(a)ﬁ/$]%—|—/Sf(t)/:]%dt, s € [a,b]. (5.6)

(5.5) has a unique continuous solution.
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Proof: By integration (5.4) immediately yields

z(a) = «a, p(s)x'(s) — p(a)s +/ t)dt = / f(t) s € [a,b]. (5.7)

Note that, if x € C'[a,b] solves (5.7), then z € C?[a, b], since

x'(s):i)< 5+/ £t dt—/ ()a:(t)dt) (5.8)

and since the right-hand side above is continuously differentiable. On the other hand,
differentiation of (5.7) immediately yields (5.4) so that (5.7) and (5.4) are equivalent.

Due to Fubini’s theorem, integration of (5.8) leads to

2(s)—a = p B/ dr y//mﬁgﬁd—/ / %ftﬁm
_ 3/ W u//ﬂ,:da—/ / i;tMﬁ,

which implies (5.5). If = is a continuous solution of (5.5), then, due to the continuous
differentiability of s — g(s) — [ k(s,t)x(t) dt, we automatically get that z € C*[a, D).
Furthermore, dlfferentlatlon yields (5 8). Altogether we have shown that the following
two problems are equivalent:

(A) Find z € C?[a, b] solving (5.4).

(B) Find = € Cla, b] solving (5.5).

Let K be the integral operator with kernel k in C[a, b]. Then Theorem 4.1 implies that
only 0 can be an element of o(K'). Since if A € o(K)\{0}, then, due to Theorem 2.33 (b),
A would be an eigenvalue of K and, hence, also an eigenvalue of the integral operator
induced by k in L?[a,b]. But this would be a contradiction to Theorem 4.1. Thus,
(I + K) is continuously invertible. Therefore, (5.5) has exactly one solution depending

continuoulsy on g. Since, due to (5.6), g depends continuously on («, 3, f), the assertion
follows from the equivalence of the problems (A) and (B). |

Now we turn to special boundary value problems for equation (5.2). Thereto, let
aq, Og, 617 62 € R with
2 +p2#40 and a4 pBEHA0. (5.9)

We use the notations
Bi(z) := ayx(a) + f12'(a), Ba(x) := asx(b) + B2’ (b), r € Cla,b], (5.10)

and consider the boundary value problem

(Lz)(s) = f(s)

: € [a,b],
By(z) = By(x) =0,

(5.11)

with L as in (5.3), By, By as in (5.10), and p, ¢, f, a1, ag, B1, B2 as above. Note that the
boundary conditions above are homogeneous.
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We will see in the next section that for the solution of (5.11) it will be advantageous to
study the following eigenvalue problem,

(Lz)(s) = Ax(s), s € [a,b],

Bi(x) = Bay(x) =0 (5.12)

called Sturm-Liouville problem. The solution of (5.11) will be expressed as series with
respect to the eigenfunctions of (5.12).

The existence of nontrivial solutions of (5.12) does not only depend on L, but also on
the boundary conditions that somehow define the domain of L: let

Dp :={z € C*[a,b] : By(z) = By(x) =0}.

Dp is a normed space with the usual norm in C[a,b]. Lp denotes the restriction of L
onto Dg, i.e.,

Lg:=L| :Dg— Cla,bl. (5.13)

Dp

Theorem 5.2. Let Ly be defined by (5.13) and let (-, -) be the usual inner product in
L*a,b]. Then Lp is symmetric, i.e.,

<L3x>y>:<xaLBy>a xayEDB7 (514)

Proof: Since By (z) = By(z) = 0 = B;(y) = Ba(y), we obtain that

z(a)y(a) =a'(a)y(a)  and  x(b)y'(b) =2’ (D)y(b).

Therefore,

(Lowy) = [ (o)) + a9)a() 1) ds

- /x(S)((py’)’(S)+Q(S)y(8))x(8) ds = (z,Lpy)

for all x,y € Dpg, since p and ¢ are real. |

In the following we assume that
p(s) <0 for all s € [a,b]. (5.15)

Note that this is no restriction of the generality, since we assumed that p € C!|a, 0]
does not vanish anywhere.

Defining below a Green’s function for Lp we will be able to express the solution of
(5.11) as an integral operator applied to f.
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Definition 5.3. Let Lp be defined as in (5.13). A continuous function g : [a,b]* — R
is called Green’s function for Ly if g is twice continuously differentiable in

A ={(s,t) €[a,b]*: s <t} and A, :={(s,t) € [a,b]*: s>t}

and if the following three conditions hold:

Bi(g(-,t)) = Ba(g(-,t)) =0  forall ¢ € a,b], (5.16)
5 (9560)) + atslatent) =0 )
forall te€a,b] and s € [a,b]\{t},
lim @(t—i- h,t) — lim @(t — h,t) = L for all t € (a,b) (5.18)
h—0t Os ’ h—0+ Os ’ p(t) T '

Note that for every fixed t a Green’s function solves (5.11) (with f = 0) as a function
of s, except for s = t. There, g is not differentiable with respect to s, but satisfies the
jump condition (5.18). For the equation in (5.17) we shortly write

(Lag)(s,) =0,  s#t, (5.19)
where L, denotes the differential operator L applied to the variable s.

The next theorem says that such a Green’s function exists under a certain condition:

Theorem 5.4. Let Lp be as in (5.13). Then there exists a Green's function if the
homogeneous problem

Lz =0, By(x) = By(z) =0, (5.20)

only has the trivial solution x = 0.

Proof: Let u,v € C?[a,b], u # 0, v # 0 with
(Lu)(s) =0, s € [a,b], By(u) =0, (5.21)
(Lv)(s) =0, s € [a,b], By(v) =0. (5.22)
Such functions exist: according to Theorem 5.1, u could be chosen as solution of the
initial value problem Lu = 0, u(a) = —f, v/(a) = ;. Due to (5.9), u # 0. Analogously
one can see that v exists. Let now

| Cu(s)v(t), s<t,
g(s,t) = { Cvo(s)u(t), s>t,

where C' has to be chosen appropriately (see below). Due to (5.21) and (5.22), condi-
tions (5.16) and (5.17) hold independently from the choice of C. Moreover, g is twice
continuously differentiable in A; and in A, and continuous in [a, b]?>. We show that

p(v'u —u'v) is constant and different from 0 in  [a, b] . (5.23)
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For all s € [a,b] it holds that

% (p(v'u —u'v))(s) = P'(Wu—uv)+p'u+v'v —u"v—u"))(s)
= (u((pv) + qv) — v((p) + qu)) (s)
= u(s)(Lv)(s) —v(s)(Lu)(s) = 0.

Thus, p(v'u — w'v) is constant in [a,b]. Assume that this constant equals 0. Then,
since p does not vanish anywhere, v'u — v'v = 0. Especially, v'(a)u(a) = v/(a)v(a) and
V'(b)u(b) = v (b)v(a). But then (5.21) and (5.22) imply that B;(v) = Ba(u) = 0, i.e.,
u, v are solutions of (5.20) and, hence, due to the assumption of the theorem, identically
0. This is a contradiction to the construction of u and v. Therefore, (5.23) holds and

we may set
1

p(v'u — u'v)

With this choice we obtain for all ¢ € (a, b):

C .=

dg dg

. vy _ / . Y9, _ /
hli)%{r s (t+ h,t) = CV'(t)u(t) and hllgh’ s (t —h,t) = Cu'(t)v(t)
implying (5.18). Thus, g is a Green’s function for Lg. |

Remark 5.5. Note that the condition that (5.20) only has the trivial solution need not
be satisfied: e.g., the problem —z” = 0, (0) = 0, (1) — 2/(1) = 0 has the solution
z(s) = s.

The proof of Theorem 5.4 is constructive. One can actually determine a Green’s function
by solving the initial value problems (5.21) and (5.22). Doing this, one can also see if
(5.20) has non-trivial solutions. In the notation of the proof this is the case if and only
if v'u —u'v = 0.

Let us apply this construction to the following problem:
Ly :=—2"+x, By(x) :=x(0), By(x) :=x(1).
Then we obtain that

u(s) = sinh(s), v(s) = sinh(1 — s),

1
p(v'u —u'v) =sinh(l) = C= Snh(1)
A Green’s function is given by
(5.1) = 1 sinh(s)sinh(1 —¢), s<t,
gt = sinh(1) | sinh(l — s)sinh(t), s>t.

The next theorem tells us, how to find a solution of the boundary value problem (5.11)
for every f € (0, 1] using a Green’s function:
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Theorem 5.6. Let Lp be defined as in (5.13) and assume that (5.20) only has the
trivial solution # = 0. Moreover, let G be the integral operator in Cla, b] induced by a
Green's function g of Ly (called Green’s operator). Then: G = L}

Proof: It suffices to show the following three steps:

feCla,b) = Gfe€Dg, (5.24)
felCla,b = LGf=Ff, (5.25)
r€Dp — GLrxr==x. (5.26)

Let f € Cla,b] and let

s b
o(5) =GN = [ alsf@di+ [ gls0f@dr,  se .

Since g is twice continuously differentiable on both integration regions,
, ® g " g
() =gl )6+ [ S0 f@det [ 2050 dt - gls 9)f(s) (527
for all s € [a,b]. Thus,

b
Bils) = awla) + fu'@) = [ (englat) + 65 0) 10 d
b
~ [ Biat.saa =o.
, ’ dg
Ba(z) = asz(b)+ Bor’(b) = / (ang (b 1) + B 52 (0, ) (1) de

:/BM@mmwzu

Formula (5.27) for 2/ and the smoothness conditions of g imply that z € C*[a,b] and,
hence, x € Dp. Thus, (5.24) holds. Furthermore,

2

() = lim %(s+h,s)f(s)+/s@(s,t)f@)dt

h—0+ 0s?

. ag b829
—hli%i%(s—has)f(swr e

I, [P,
= p(s)+ ’ 852< SO f(t) dt

and, hence, (5.19) implies that
(Lz)(s) = p(s)a”(s) +p'(s)2'(s) + q(s)z(s)

b b
= )+ [ P Se0rmd [ 5505w i

(s, t)f(t)dt



for all s € [a,b]. Thus, (5.25) holds.

Let now x € Dp and f := Lgx = Lz € Cla,b]. Then (5.25) implies that LG f = f, i.e.,
LG Lx = Lz and, hence,
L(GLx —x)=0.

Since, due to (5.24), GLx — x € Dp, this implies that
Lp(GLx —x)=0.

Therefore, GLx — x is a solution of (5.20). But then, due to the assumption that (5.20)
only has the trivial solution, GLz — z = 0, i.e., (5.26) holds. |

Remark 5.7. Under the conditions of Theorem 5.6 problem (5.11) has a unique solution
given by

Gf = / gD (1) dt (5.28)

This also shows that the Green’s function is then unique.

Maybe problem (5.20) has a nontrivial solution or it is hard to find the Green’s function
for L, but it is much easier to find the Green’s function § of Lp with Lz := (pz')’ + §.
Since Lz = f is equivalent to Lz = f + (§ — ¢)z, (5.11) is equivalent to the integral
equation

b b
2(s) = / 35, 8)(@(t) — q(t))a(t) dt + / 3(s.0) (1) di (5.29)

The price for the easier computation of the Green’s function is that instead of the direct
evaluation in (5.28) one has to solve the integral equation (5.29).

The Green’s function g satisfies the differential equation (5.19) for all fixed ¢ and s # t.
In s =t it is not differentiable. Formally, based on the theory of distributions, instead
of (5.19) one often writes

(Lsg)(s,t) =d(s —t), s,t € a,b], (5.30)
i.e., one assigns a value to Lyg also at s = t. The )-distribution has the property that
b
[ o= osaa = 1)

should hold for sufficiently smooth f. Together with (5.30) this then formally yields
that

LGne) =L [ gls.nftydt= [ (La)sf@rd= [ o -0 = 5o

for all s € [a,b], i.e., that (5.25) holds. Equation (5.30) that can not be satisfied in the
classical sense also formally implies that

/:l % (p(s)%(s’t>> ds+ /t:hQ(S)g(s,ﬂ ds = /t:hé(s —t)ds =1

83



for h > 0. Thus,
dg
(ot
])as )

t+h t+h
| / a(s)g(s. t)ds = 1.
t=h t—h

Since the second integral vanishes with A — 0, we obtain that:

. Oy . Og _
p(t) (hll}ggr a—s(t +h,t) - i %(t — h,t)) =1,

i.e., (5.18). This consideration can, of course, only be a heuristic motivation for (5.18).

Checking the proof of Theorem 5.6, one can see that the jump in %, i.e., the exact

formulation of (5.30), was essential for L(Gf) = f to hold. This jump allows the
reproduction of the inhomogeneity f.

5.2. Sturm-Liouville problem

Now we will study the eigenvalue problem (5.12), called Sturm-Liouville problem.

Definition 5.8. Let Ly be defined as in (5.13). A € C is called eigenvalue of Ly if
x € Dp \ {0} exists with
Lpr = M\x.

x is called eigenfunction of Lg.

So far we did not need condition (5.15) that will be required in the next theorem. If
(5.15) is not satisfied, but p > 0, then the assertions are still true, however positive
eigenvalues will be negative then and vice versa.

Theorem 5.9. Let Ly be defined as in (5.13), assume that (5.15) holds and that 0 is
no eigenvalue of Lg, g is the Green's function of Lg with induced integral operator G
on L?[a,b]. Then the following assertions hold:

(a) G is selfadjoint.

(b) A # Ois an eigenvalue of L if and only if } is an eigenvalue of G. Each eigenfunction
to the eigenvalue \ of Lp is eigenfunction of GG to the eigenvalue % and vice versa.
All eigenvalues of Lp are real.

(¢) Lp (and G) has only finitely many negative eigenvalues.

(d) The set of eigenfunctions to each eigenvalue of Lp (and G) is one-dimensional.
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Proof:

(a)

Let z,y € Cla,b]. Then Theorem 5.6 and (5.14) imply that
(Gz,y) = (GLGx,LpGy) = ( LgGLGx,Gy) = (z,Gy) .

Since Cla, b] is dense in L?[a,b], this yields that (Gz,y) = (x, Gy) holds for all
z,y € L?[a,b].

This assertion immediately follows from Theorem 5.6, since Lpx = Ax is equivalent
to GLgx = AGz, ie., o = Gz with € C[a,b]. According to Theorem 2.1,
R(G) C Cla,b] so that all eigenfunctions of G to eigenvalues different from 0 are
in C[a,b] and, hence, due to (5.24), in Dp. Since G is selfadjoint, all eigenvalues
are real.

Let © € Dp be arbitrary, but fixed, with ||z||, = 1. We will construct a lower bound
for ( Lz, x ) that is independent from x: by partial integration we obtain that

b L b
(Lo,z) = / (p(3)2'(5))2(s) ds + / 4(3)[2(s) ? ds
[ oo @R s+ [Ca@lsoPds. (630

= pa'z
a

We will estimate each term on the right-hand side of (5.31) from below: since
lz|l, = 1, it holds that [Ha(r)?dr <1 for all t € (a,b]. But then an s € (a,t)

exists with |z(s)| < =, because otherwise [Ha(r)Pdr > [ILdr = 1. With
1

such an s we obtain that
2 () dr| +
| |+ =
1

< \//1dr/ /(7 |2d7+\/_ Vi—allz|l, + N

for all ¢ € (a, b]. Then this estimate also holds for the value t = tg, where the right-
hand side is minimized. This is the case for to := min{b, a + ||x’ ;') If tg = b, then
a+|2']|;" > to, ie., (to—a) ||2’||, < 1 and, hence, |z(a)| < \/7 If to = a+ 2|, ",

then |z(a)| < 24/||2’||,. Combining both cases, we obtain that

[z(a)] < Ja(s) —2(a)] + |z(s)] <

o(a) P < 4l + —

If x(a) = 0, then obviously (pz'z)(a) = 0. Otherwise, due to (5.9),

0= Bi(z) = az(a)+ fiz'(a) = i #0 and 2'(a) = —Ex(a)
and, hence,
prD@] < Ip(a)] | 5a(@)| [1@)] = lp@)] |5 [o(a)
S Cl ||JI/H2 + CQ (532)
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for some constants C7,Cy > 0 depending on p, oy, 51. Analogously, one can show
that constants C3, Cy > 0 depending on p, as, B2 exist such that

|(p2'Z)(b)] < Csl|2’[l, + Ci. (5.33)
Due to (5.15) and the continuity of ¢, constants C5 > 0 and Cg € R exist with
—p(s) > Cjs and  q(s) > Cs, s € la,b]. (5.34)
Combining (5.31), (5.32), (5.33), (5.34), and ||z||, = 1 yields
(La,z) 2 —Cillll, — Ca— Cylle'll, - Ca + Cs |2 + C

. O+ 05\ Cy + Cs)?
= (\/C’5||$||2—21—\/F53) +C6_O2_C4_%

(C + C3)?

> Cg—Cy—Cy— e
5

= CEeR. (5.35)

Let us now assume that \ is an eigenvalue of Lg with corresponding eigenfunction
x with L2-Norm 1. Then (5.35) implies that

C < (Lz,z)=(Ax,z)=\z|]|> = \.

This means that all eigenvalues of Lg are bounded from below by C. If A < 0 is
an eigenvalue of Lg, then C' < 0 and % < % < 0. But % is an eigenvalue of G.
Therefore, due to Theorem 2.33 (c), there can only exist finitely many negative
eigenvalues, because otherwise there would exist an accumulation point of the

eigenvalues of G in (—oo, &].

Let A # 0 be an eigenvalue of Lg and assume that = and y are two eigenfunctions.
Since By (z) = Bi(y) =0, (5.9) implies that the system

(J:(a) x’(a)) (a) _ 0
yla) y'(a) )\
has the nontrivial solution «y, 5;. This means that the vectors (z(a),2'(a)) and

(y(a),y'(a)) are linearly dependent. Therefore, v and § exist with v2 + 6% # 0 so
that

Y(z(a),2'(a)) + 6(y(a), y'(a)) = (0,0).
But then u := vyx + dy solves the initial value problem

(Lu — Au)(s) =0, s € [a,b],
u(a) =0, u'(a) =0.

Now Theorem 5.1 implies that « = 0. Thus, x and y are linearly dependent.
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Corollary 5.10. Let Lg be defined as in (5.13), assume that (5.15) holds and that 0 is
no eigenvalue of L. Then the following assertions hold:

Lp has countably many eigenvalues \,,, with oo as the only accumulation point. For
each )\, there exists (up to the sign) only one eigenfunction ¢,, with ||p,|| = 1. The
set {¢, : n € N} C Dp is a complete orthonormal system in L?[a, b]. Moreover, the
Green's function of Lg is given by

=> )\igon : (5.36)

n=1""

for all s,t € [a,b], where the convergence is absolute and uniform. Problem (5.11) is
uniquely solvable for all f € C|a,b] and this unique solution may be represented via the
absolutely and uniformly convergent series

=1
Z)\_ fQOn Spn( ) (537)
n=1""
Finally,
= 1l
n=1""

Proof: Due to Theorem 5.9 (a) and (c¢), we may apply Theorem 2.47 in combination
with Remark 2.48 to the integral operator G with kernel g. Then the assertions follow
together with Theorem 5.6 and Theorem 5.9 (b) and (d).

Note that, due to Theorem 5.6, R(G) = Dg. Therefore, Theorem 2.37 implies that the
functions {¢,} are a complete orthonormal system in R(G) = L?[a, b].

The representation (5.37) follows from Theorem 2.44 and the fact that, due to Theo-
rem 5.6, G f is the unique solution of (5.11). |

Remark 5.11. The corollary above says that, based on the solution theory for integral
equations, one can derive a solution formula for inhomogeneous Sturm-Liouville bound-
ary value problems using eigenvalues and eigenfunctions, leading to the absolutely and
uniformly convergent series (5.37).

It is also possible to interpret (5.37) in such a way that the series

:Z<°’”

is absolutely and uniformly convergent for all x € Dp. For the special case Lx := —x”

this yields assertions about the absolute and uniform convergence of Fourier series (see
Example 5.12). In addition, Corollary 5.10 provides the possibility to construct several
different complete orthonormal systems in L?[a,b], namely eigenfunctions of Sturm-
Liouville problems.
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Example 5.12. Let Lz := —2”, By(z) := z(0) and Bs(z) := z(m), i.e.,
Dp = {x € C?[0,7] : 2(0) = z(7) = 0} .
Since the general solution of Lx = Az is given by

z(s) = acos <\/Xs> + bsin <\/Xs> ,

it follows from the boundary conditions that nontrivial solutions of Lgx = Ax can only
exist if @ = 0 and v/A € N. Thus, the eigenvalues of Lz are the numbers n? with n € N.

The corresponding normed eigenfunctions are given by \/g sin(ns). Therefore, it follows
with (5.36) that the Green’s function g of Lg is given by

g(s,t) = %Z sin(ns) sin(nt) |

n2
n=1

where this series converges absolutely and uniformly in [0, 7]?. If one computes g via
the construction suggested in the proof of Theorem 5.4, one obtains

1{sm—w,s§u

g(s,t):; t(mr—s), s>t.

The solution z of
—2"(s) = f(s),  s€][0,7],
z(0) =xz(m) =0

with f € C[a,b] can be directly calculated via integration or written as an absolutely
and uniformly convergent series (see (5.37))

x(s) = %Z # /07r f(t)sin(nt) dt sin(ns) .

This is a representation in terms of the Fourier coefficients of f. By the way, it is a
consequence of (2.67) that

o 1 iy 1 iy 2
Z—Qz/g(s,s)dS:—/ S(T('—S)dS:ﬂ-—.
—~n 0 T Jo 6

Remark 5.13. Let us assume that the conditions of Theorem 5.9 are satisfied and that
g is the Green’s function of Lg, then one can transform problem

Lr=Xe+ f, By(z) = By(xz) =0, (5.38)
with f € Cfa,b] and A € R into the equivalent integral equation
1 1
r—\NGr=Gf <= Xx—G:E:XGfGR(G)QN(G)L. (5.39)

If A\, and ¢, are as in Corollary 5.10 and if A is no eigenvalue of Lp, then Corollary 2.39
implies that the solution of (5.39) and, hence, also of (5.38), is given by

xr = i Mgpn. (5.40)



Note that {£2 : n € N} is an eigensystem for G. Since
An

n

(5.40) implies that
_Z {(fin)
A — A7

Using Example 5.12, we obtain that, if A # n? for n € N and if f € C[0, 7], then the
unique solution of

+ f(s), s € [0,m7], (5.41)

is given by

x(s) = %Z > 1_ ) /07r f(t) sin(nt) dt sin(ns) .

In a similar way one can use (2.53) to find conditions for the solvability of (5.41) and
a representation of solutions if A = n?.

Using this study of problem (5.38), one can see what one can do if 0 is an eigenvalue
of Lg: one then considers the operator Lz = Lpx — Az, where A should not be an
eigenvalue of Lp. Since only countably many eigenvalues exist accumulating in co, one
can easily find such a A (compare Remark 5.7). 0 is now no eigenvalue of the operator
Lp. Using its Green’s function and the fact that Lgz = f is equivalent to Lz = f— Az,
one can solve Lgx = f.

A similar theory as for Sturm-Liouville problems treated above can be developed for
more general problems of the kind

;%W@ﬂw44m®]=ﬂ% se b,

arz(a) + ' (a) + yx(db) + d2'(b) = 0,
asr(a) + for’(a) + yox(b) + d22'(b) = 0,

where r is positive and continuous and the boundary conditions are independent. One

then uses the inner product
b —
— [ st a

in the space L*([a,b];r) :== {f : ([, [), < oo} = Lsla,b]. After finding the Green’s
function g, the induced integral operator is given by

wmg:/mm@www.

Even the case r(a) = 0 can be treated which is essential for Bessel’s differential equation
2

(s) + éx’( )+ ()\ - ’”-) 2(s) = 0

52
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in [0, 1]. It can also be written in the form

—2"(s) +q(s)z(s) = 0, s €[0,1],
z(0) = z(1) = 0,

has a prescribed sequence A, Ag, A3,... as eigenvalues — is called inverse Sturm-
Liouville problem. A possible interpretation is as follows: What mass distribution of
a clamped string guarantees prescribed eigenfrequencies? The results of this chapter
show that a solution is only possible if the sequence (\,) satisfies the following condi-

o 1

tions: it has at most finitely many negative values, it accumulates in oo, and )~ | +
is convergent.
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