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Preface

This monograph is concerned with partial integral operators and so-called integro-
differential equations of Barbashin type. Partial integral operators are, loosely speaking,
linear or nonlinear operators with integrals which depend on a parameter. Barbashin
equations are special integro-differential equations whose right-hand sides contain both
a multiplication operator and an integral operator. Both notions are closely related; for
example, an initial value problem for a Barbashin integro-differential equation, linear
or nonlinear, leads in a natural way to a fixed point problem involving a partial integral
operator.

Although partial integral equations and integro-differential equations arise in many
applied problems of mechanics, physics, engineering, and even biology, there is no
systematic treatize of their theory, methods, and applications so far. Of course, many
special results are scattered over a large number of research papers, as may be seen
from the impressive list of references at the end. The authors therefore think that
there should be some interest in collecting the basic facts of the corresponding theory,
presenting some of the methods which have turned out to be useful in the field,
and illustrating the abstract results by means of some selected, though typical and
important, examples and applications. This is the purpose of the present monograph.

As a matter of fact, many of the research papers contained in the list of references
appeared in the former Soviet Union and are referred to here for the first time in book
form. Thus, this monograph may also serve as a guide to the “state-of-the-art” in the
Russian literature.

This book is the outcome of numerous meetings of the authors and some of their
colleagues in Germany, Russia, Belorussia, Italy, and in the United States. Travel
expenses and living costs were generously supported by the German Science Foundation
(DFG), the German Academic Exchange Service (DAAD), the Belorussian Foundation
for Fundamental Scientific Research, the International Soros Science Education Program,
and the Italian National Research Council (CNR). To all of them the authors express
their deep and sincere gratitude. The first author acknowledges with particular thankfulness
a DFG grant (Ap 40/6-1 and Ap 40/6-2) over several years which considerably improved
our research activity at the University of Wiirzburg.

Wiirzburg, Lipetsk, Minsk The authors






Introduction

This monograph consists of four chapters. The first two chapters are concerned with
integro-differential equation of the form

(1) E)x((;; s) =c(t,s)x(t,s) + / k(t,s,o)x(t,o)do + f(t,s).

Here ¢ : J x [a,b] — R, k : J x [a,b] X [a,0] — R, and f : J x [a,b] — R are given
functions, where J is a bounded or unbounded interval; the function z is unknown.

The equation (1) has been studied first by Barbashin and his pupils (see BARBASHIN
[1957, 1958], BARBASHIN-BISJARINA [1963|, BARBASHIN-LIBERMAN [1958|, BISJARINA
[1963, 1964, 1964a, 1967, BYKOV [1953, 1953a, 1961, 1962, 1962a, 1962b, 1962c,
1983], BYKOV-KULTAEV [1984], BYKOV-TANKIEV [1982], BYKOVA [1967, 1968, 1971],
BykovA-Bykova [1969], KamyTov [1976], KHOTEEV [1976, 1984], KRIVOSHEJN-
BYKOVA [1974], LIBERMAN [1958], MAMYTOV [1985], SALGAPAROV [1962], ATAMANOV
[1977], BoJkov [1985], IMANDIEV-DZHURAEV-PANKOV [1974], KALIEV [1974], and
SAMEDOVA [1958]. For this reason this equation is nowadays called integro-differential
equation of Barbashin type or simply Barbashin equation.

Identifying a real function z = z(¢, s) of two variables (¢, s) with the abstract function
z = z(t) of one variable t € J which takes its values in some Banach space X of real
functions on [a, b] and is defined by z(t)(s) = z(t, s), one may write equation (1) as an
ordinary differential equation

dz
(2) — = Alt)z + f(1)

dt
in X. This identification which is a common device in the theory of partial differential
equations when passing from a parabolic equation to an abstract evolution equation

turns out to be useful also here.

Observe that the operator function A(t) in (2) has a very special form: it is the sum
(3) A(t) = C(t) + K(t)
of a multiplication operator
(4) C(t)a(s) = c(t, s)x(s)

generated by the multiplier ¢, and an integral operator

b
(5) K(t)a:(s):/ k(t,s,o)x(o)do

generated by the kernel k; we shall call operators of this form Barbashin operators
in what follows. This pleasant fact allows us to combine methods of the theory of
differential equations in Banach spaces with methods of the theory of linear integral
operators. As a consequence, we obtain a theory which is far more complete and richer
than the theory of differential equations (2) containing an arbitrary operator function

A(t).



In particular, in many cases it is useful to study first the “reduced” equation

(© X ot + 100

with C(t) being defined by (4), and then to consider the “full” equation (2) as an
integral perturbation of (6). This philosophy will be used over and over again in our
study of the Barbashin equation (1).

Let us illustrate this by means of a simple example. It is a well-known fact that, under
some natural hypotheses, the differential equation (2) defines a continuous operator
function U = U(t, 7) of two variables, called the evolution operator (or Cauchy operator)
of (2). This operator may be defined as the unique solution of the integral equation

U(t,T) = I+/tA(T)U(t,T) dr (t,7 € J).

The integral operator with kernel U may then be considered as the right inverse of the

differential operator i A(t); in particular, the unique solution x of (2) satisfying the
initial condition

(7) z(a) = x,

is given by

2(t) = Ut, a)zq + / U(t,7)f(r)dr.

Now, the evolution operator Uy = Uy(t, T) of the reduced equation (6) may be calculated
explicitly: as one expects, it is just the multiplication operator

(8) Uop(t, 7)x(s) = e(t, T, s)x(s)

generated by the multiplier

9) e(t,7,s) =exp {/: c(&,s) d{} .

On the other hand, since the difference K(t) = A(t) — C(¢) is an integral operator,
it is natural to expect that also the difference H(t,7) = U(t,7) — Uy(t,7) of the
corresponding evolution operators is an integral operator

H(t,T)x(s):/ h(t,T,s,0)x(c)do

containing some kernel h which may be evaluated in terms of the kernel k. This is in
fact true in many Banach spaces X which occur in applications.

A particularly simple, though important, special case is that of the stationary
integro-differential equation of Barbashin type

0z (t, s)

(10) s c(s)z(t,s) —i—/ k(s,0)x(t,o)do + f(t,s),




i.e. the multiplier ¢ and the kernel k£ do not depend on t. In this case the differential
equation (2) reduces to

do _

11 A t

(1) W A1),
where A = C' + K is a stationary Barbashin operator with
(12) Cz(s) = c(s)x(s)

and

(13) z(x(s>::h/1kxs,a)x(a)da.

Of course, much more can be said in this case; for example, the evolution operator of

the full equation (14) is then simply the exponential operator U(t,7) = A7),

We point out that the operator K in (5) is not a usual integral operator, since
the kernel k& depends on a parameter ¢, but the unknown solution = does not. Such
operators are called partial integral operators, inasmuch as the integration is carried
out only with respect to some arguments, while the other arguments of the integrand
are “frozen”. This is of course analogous to partial differential operators.

Apart from Barbashin equations, partial integral operators constitute the second
topic of this monograph. In the most general form, a partial integral operator may be
written in the form

Pzx(t,s) = c(t, s)x(t, s) —i—/Tl(t,s,T)x(T, s)dr
(14)
—i—/sm(t,s,a)m(t,a) da—l—/T/Sn(t,s,T, o)x(r,0)dodr,

where T and S are arbitrary measure spaces (for example, bounded domains in Euclidean
space). Introducing the operators

(15) Lx(t,s):/Tl(t,s,T)x(T,s) dr,

(16) zwma@:i/nuu&angﬂamn
s

and
(17) Nzxz(t,s) = / /n(t, s,7,0)x(T,0) do dr,

TJs
we may write the operator (14) again as a sum P = C + K of the operators
(18) Czx(t,s) = c(t, s)x(t, s)
and the operator

(19) K=L+M+N.



Observe that the operators L and M are partial integral operators, while the operator
N is an ordinary integral operator acting on spaces of functions of two variables.

In contrast to ordinary integral operators, partial integral operators may have rather
unpleasant properties. For instance, the operators (15) and (16) are in general not
compact. This is probably the reason why partial integral operators (and partial integral
equations) have not been studied yet as systematically as ordinary integral operators
and equations, although they arise in many problems. For example, the partial integral
equation

(20) x(t,s) = Kz(t,s) + g(t, s),

where K is the operator (19), occurs in various problems of mechanics and physics.

Integro-differential equations of Barbashin type and partial integral equations are
connected to each other in several ways. To give an example, suppose we are interested
in finding a solution of equation (1) which satisfies the initial condition

x(a, s) = x4(s)

for some given function z, € X (see (7)). Putting y(¢, s) = 0x(t, s) /0t we arrive at the
equation

y(t,s) = /at c(t, s)y(r,s)dr + /at /ab k(t,s,o)y(r,0)dodr + g(t, s),

where
g(t,s) = f(t,s) +c(t, s)x.(s) +/ k(t,s,0)x,(0o)do.

This is a partial integral equation of type (20) with m(t,s,0) =0, I(t,s,7) = c(t, ),
and n(t,s, 7,0) = k(t,s,o). Consequently, all abstract results on the existence and
uniqueness of solutions to the partial integral equation (20) may be used to obtain
existence and uniqueness theorems for the integro-differential equation (1).

Let us now describe the contents of the four chapters of this monograph more in
detail. Chapter I is devoted to the general theory of the integro-differential equations
of Barbashin type (1) and (10). In § 1 we discuss the connections between the integro-
differential equations (1) and (10) with the corresponding differential equations (2) and
(11) in a Banach space X, respectively, with a particular emphasis on the important
cases X = C([a,b]) and X = L,([a,b]) (1 < p < o0). Here we study also relations
between the evolution operators of the equations (2) and (6) sketched above.

The following § 2 and § 3 are devoted to a thorough study of the operator (3) in
the Chebyshev space X = C(a,b]) and the Lebesgue space X = L,(|a, b)), respectively.
For instance, we give sufficient (sometimes also necessary) conditions for the strong
continuity and the norm continuity of the operator function (3) in X, as well as
representation theorems for the corresponding evolution operator. We are also interested
in algebraic properties of the system £,(X) of all Barbashin operators, considered as a
subset of the algebra £(X) of bounded linear operators on X.

The Lebesgue spaces L, are important examples of so-called ideal spaces (or Loo-
Banach lattices) of measurable functions we consider in § 4. Other typical examples of



ideal spaces are Orlicz spaces (which are useful in problems involving strong nonlinearities),
or Lorentz and Marcinkiewicz spaces (which naturally arise in interpolation theory for
linear operators). It turns out that many results established in § 3 for Lebesgue spaces
carry over to general ideal spaces; this considerably enlarges the applicability of the
integro-differential equation (1).

In Chapter II we study basic analytic properties of Barbashin operators and equations,
again mainly in the spaces C([a,b]) and L,([a,b]). First we consider the Ljapunov
exponent

_— t
o — T 1og LU0
t—o00 t
and the Ljapunov-Bohl exponent
" U, )l

wt = lim log
t—7T—o00

of equation (2); as is well known, these exponents are of great importance in stability
theory. The basic idea in § 5 is again to consider the operator (3) as an integral
perturbation of the operator (4): in fact, we may use the explicit formula for the
Ljapunov-Bohl exponent wg of the reduced equation (6), namely

S 1 t
wy = lim esssup /c(f,s)df

T—00

t—T1—00 aSSSb -7

(see (8)/(9)), and the fact that the Ljapunov-Bohl exponent is stable under small
perturbations, to obtain information on the Ljapunov-Bohl exponent of the full equation
(2).

While large parts of Chapter I are concerned with existence and uniqueness results,
we study the continuous dependence of solutions on a (small) scalar parameter in §
6. We give conditions for the continuous dependence of the evolution operator on a
parameter; more regular (e.g. smooth) dependence is also studied.

Bounded and periodic solutions of the Barbashin equation (1) are studied in § 7. In
this connection, the Green function of the Barbashin operator (3) plays a crucial role.
Again, we obtain information on the Green function of equation (2) from analogous
information on the Green function of the reduced equation (6). Moreover, we prove
a result on the continuous dependence of Green’s function for (2) on a small scalar
parameter . In particular, if the dependence becomes “singular” as € — 0, this may be
considered as an analogue to Bogoljubov’s famous averaging principle for the differential

equation
dx t
—=A(-)=
dt (5) v

Very little is known about periodic solutions of equation (1); we restrict ourselves to
some elementary remarks in § 7, reducing the existence of periodic solutions, as usual,
to a fixed point problem for the corresponding Poincaré operator.

§ 8 is concerned with Barbashin equations containing degenerate kernels. Here one
may, at least in some special cases, construct solutions explicitly.

The following two sections are devoted to boundary value problems for the Barbashin
equation (1). More precisely, we study the stationary equation (10) in § 9 and the



nonstationary equation (1) in § 10, both for 0 <¢ < T and —1 < s < 1. The imposed
two-point boundary conditions are

z(0,5) = ¢(s) (0 <s<1), x(T,s) =9(s) (-1 <s<0),

where ¢ : (0,1] — R and ¢ : [-1,0) — R are given. To this end, we first reduce this
boundary value problem to an operator equation in a suitable function space in such
a way that we may apply the classical Fredholm theory. In the second part we apply
more sophisticated methods, such as (nonstandard) fized point principles and spectral
estimates.

Let us now pass to the description of Chapter III which is concerned with partial
integral operators and partial integral equations. Apart from continuity properties of
the operator (19), we are also interested in algebraic properties of certain subclasses of
partial integral operators, e.g. those operators for which one of the kernels [, m, or n is
zero. This will be the subject of § 11. Of course, the operator (19) has to be studied in
spaces of functions of two variables. An important class of such spaces are the so-called
spaces with mized norm which are discussed, both from the theoretical viewpoint and
in view of examples, in § 12. The most prominent example of a space with mixed norm
is of course the space U = [L,(T) — Ly(S)] or V = [L,(T) < Ly(S)] (1 < p,q < 0)
of all measurable functions x : T' x S — R with norms

||:cr|U:{ [ x(t,swdtr/pds}l/q, ||a:\|v={ [/ \x(t,s>wsr/th}

These spaces arise naturally in the description of linear integral operators between L,
and L,. For instance, kernels belonging to these spaces generate bounded linear integral
operators between L, and L,.

1/p

The following § 13 is concerned with a systematic study of the partial integral
operator (14) in the space X = C(T'x S) of continuous functions on 7'x.S. In particular,
we give conditions (both necessary and sufficient) for the boundedness and continuity of
this operator. Moreover, we study again some algebraic properties of various subclasses
of such operators in the algebra £(X).

Spectral properties of partial integral operators are studied in detail in § 14, mainly
for the (stationary) operator

(21) Ka(t,s) = /T Ut 7)(r, ) dr + /S m(s,0)(t, o) do.

Since this operator may be written as a tensor product K = L ® I + I @ M with
(22) Lu(t) = /Tl(t,T)u(T) dr

and

(23) Mou(s) = /Sm(s,a)v(a) do,

it is not surprising that one may get information on the spectrum of the operator (21)
in terms of the spectra of the operators (22) and (23). Some estimates for the spectral
radius of these operators and an indez formula for (21) are given in § 14, too.



The partial integral equation (20) is studied in § 15; in particular, we are interested
in the existence and uniqueness of solutions to this equation. Although such equations
occur rather frequently in applications, they have not yet been studied systematically.

The final Chapter IV is concerned with generalizations and applications. In § 16

we pass to functions of three variables and study the generalized integro-differential
equation

du(p,t, s)

21— cptostulpntis) + [ Uit rulorr,s)dr
¥

(24) !

—l—/m(gp,t, s, o) u(p, t, o) da—i—//n(gp,t,s,T, o)u(p,T,0)do dr.
s TJs

Equations of this form occur, for example, when applying Fourier transforms to a
stationary Schrodinger equation.

While all operators and equations considered so far are linear, in the following § 17
we study nonlinear operators and equations. For instance, the nonlinear analogue to
(1) is the Barbashin equation

ox(t, s)
ot

(25) = c(t, s)x(t, s) +/ k(t,s,o,x(t,0))do + f(t,s)

which contains a nonlinear integral operator of Uryson type. Similarly, the nonlinear
analogue to (14) is

Px(t,s) = c(t, s)x(t, s) + / l(t,s,7,2(r,s))dr

T

(26)
—|—/Sm(s,a,x(t,a))da+/T/Sn(t,s,T,a,x(T,U))dUdT,

which contains nonlinear partial integral operators of Uryson type. A particularly important
special case is when the kernels of these operators are of Hammerstein type, i.e.

(27) axg;, ) ot s)a(t,s) + / k(t, s, 0)h(t, 0, 2(t, o)) do + f(t, )
and

Pzx(t,s) = c(t,s)x(t,s) + / l(t,s, T)h(T,s,x(T,s))dr
(28) y

+/Sm(t,s,a)h(t,a,x(t,a))da+/T/Sn(t,S,T, o)h(r,0,z(1,0)) do dr,

respectively. In this case, the study of (27) and (28) reduces to that of the linear
equations (1) and (14), respectively, and well-known properties of the Nemytskij operator

(29) Hy(t,s) = h(t, s, y(t,s))

generated by the nonlinear function h. We will show in § 17 that the operator (28) may
be studied by topological methods, monotonicity methods, and variational methods.



As a matter of fact, another useful method for solving nonlinear operator equations
is the Newton-Kantorovich method. In § 18 we discuss the applicability of this method
to the nonlinear partial integral equation = Pz, with P given by (28). The abstract
results are illustrated in the spaces C' and L, for 1 < p < oco. Here it turns out that the
hypotheses of the classical Newton-Kantorovich method lead to a strong degeneracy
for the kernels I, m, and n in (28).

Finally, § 19 and § 20 are concerned with selected applications. As mentioned before,
both Barbashin equations and partial integral equations apply to very different fields
of mathematics, mechanics, physics, engineering, and natural sciences. In § 19 we
discuss applications of Barbashin equations to probability theory, evolution equations,
and systems with substantially distributed parameters. We also give typical applications
to mathematical biology and transport problems in § 19.

Partial integral equations occur in a large number of “real life” problems. Let us just
give a sample list of such applications with corresponding references:

Random integral equations (ARINO-KIMMEL [1987]):

6 (t)
z(t,w) = h(t,w) +/O h(t, 7,w)f (T, x(T,w)) dr.

Random integral equations (DING [1984]):

z(w,t) = xo(w, t) +/ k(w,t,s,x(w,s))ds.

to

Random integral equations (JOSHI [1987]):

z(s,w) = /0 E(s,t,w)f(t,z(t,w),w)dt = y(s,w).

Random integral equations (SZYNAL-WEDRYCHOWICZ [1987]):

z(t,w) = zo(t,w) —|—/ k(t,w,s,z(s,w))ds.

to

Biology and physics (PACHPATTE [1986]):

u(t,z) = f(t,x) —i—/o Plt,z,u(s, x)]ds

+ /Q Qlt, .y, ult, y)] dy + / t /Q Flt,,5,y,u(s, )] dy ds.

Differential equations (PACHPATTE [1983]):
y oy
z(z,y) = F(:c,y,z(x,y),/ / filz,y, s, t, (s, t)] ds dt,

/ folz,y, s, 2(s,y)] / falz,y, t, z(x, )] dt).



Differential equations (PACHPATTE [1984]):

a(z,y) pb(zy)
2(x,y) = F(z,v, z(a:,y),/ / filz,y, s, t, 2(s,t)] ds dt,
0 0

c(z,y) d(x,y)
/0 folw,y, s, 2(s,p(z,9))] ds,/o fslw,y,t, 2(q(x, y), )] dt).

Stochastic equations (RAO [1983]):

z(t,w) = f(t,w) —l—/o a(t,s,w)g(s, z(s,w))ds + /000 b(t, s,w)h(s,x(s,w)) ds.

Quasiconformal mappings (SARVAS [1982]):

U(to, t,x) =z + tF(s,w(to, s,x))ds.

to

Stochastic equations (LOBUZOV [1982]):
X(s,t) =z + /t b(X (z,1)) dW (1) + /tU(X(x, 1))dl.
0 0
Stochastic equations (LOBUZOV [1982]):
Y(z,t) =x+ /Ota(Y(z,l), s—=10)dW(l)+ /Ota(Y(z,l), s—1)dl.

Stochastic equations (DALETSKIJ-TSVINTARNAJA [1982]):

(t1,t2)
x(ty, ty) — z(t9,19) = /0 ) {ai[uq, ug, (uy, us)| duy + asluy, ug, x(uy, usg)] dusg
(83,:t3)

—|—b1 [Ul, Ua, l’(ul, Ug)] dw1 (Ul) + b2 [ul, Ua, x(ul, Uz)] du)Q(UQ)}.

Parameter-dependent problems (LORD [1980]):

u(t,\) =g(t,\) + )\/0 k(t,y,u(y, \)) dy.

Abstract Volterra equations (KIFFE [1980]):

u(t,z) = /0 a(t — s){Au(s,z) + glu(s,z)|} ds = f(t, ).

Hammerstein equations (POVOLOTSKIJ-KALITVIN [1985, 1985al):

x(tl,tg)_/ k1<t1,8)f1[8,t2,$<3,t2)]d8+/ kg(tg,t)fg[tl,t,x(tl,t)]dt.
T1 Ty

Volterra-Sobolev equations (MURESAN [1982, 1984]):

u(t,z) = f(x) —|—/ Kls,z,u(s,z),u(zx,s)]ds.



Volterra-Hammerstein equations (THIEME [1980]):

u(t,z) = uo(t,x) + /Ot/Df[y,u(t — s,y)]h(x,y,s)dsdy.

Biomathematics (HADELER [1986]):

u(t, x) = u(z@az)/ u(t,x + s)do(s) —/0 u(t,y)/ u(t,y + s)do(s)dyu(t,z).

—r —r

Biomathematics (BURGER [1986]):

L) fm(a) —m(Olpla, )+l # e, 1) — pla 1),
wepe) = [ ate =yl dy, i) = [ m@pte de

Boltzmann equations (HEROD [1983]):

oY (L, x)
— d
5 / / (t,y — 2)Y(t, 2)dz dy.

Random integral inclusion (PHAN [1984, 1984a)):

¢
zr(w,t) € a(w,t) + / m(w, s,t)Flw, s, z(w, s)] ds.
To(w)

Radiation problems (KELLEY [1980]):

1
H(x,p,c) = 1+c/ (v / H(t,pu,e)H(t,v,c)e "™ I)(ﬁf%)w(t) dt.
0

Some applications of partial integral equations will be studied in § 20 in order to
illustrate our abstract mathematical results. Since these equations are the result of a
mathematical modelling process, it is clear that the data involved (kernel functions,
multiplicator functions, inhomogeneities, numerical parameters etc.) have a precise,
say, physical or biological meaning. Consequently, one should expect that also the
results which are provided by the mathematical theory have then a physical or biological
interpretation. However, the sample results we are going to discuss in the last sections
of this book are certainly far from being exhaustive, and we strongly believe that this
may be a source of an extensive and fruitful research in the future.



Chapter 1

Integro-Differential Equations

of Barbashin Type






§ 1. Connections with differential equations in Banach spaces

In this section we show how to write an integro-differential equation of Barbashin
type as a differential equation in a suitable Banach space, and we discuss some problems
occurring in this connection. Moreover, we study the evolution operator (Cauchy operator)
of the resulting inhomogeneous differential equation which allows us to give an explicit
integral representation of the solution of an initial value problem. Many contributions
contained in this and the following sections are due to DIALLO [1988, 1988a, 1988b,
1989).

1.1. Integro-differential equations of Barbashin type

In this subsection we study the linear integro-differential equation of Barbashin type

o0x(t, s)
ot

b
(1.1) = c(t, s)x(t, s) +/ k(t,s,o)x(t,o)do + f(t,s).
Here ¢ = ¢(t, s), k = k(t,s,0), and f = f(t,s) are given real functions on J X [a, b], J X
[a, b] X [a, b], and J X [a, b], respectively, with —oco < a < b < oo and J being a bounded
or unbounded interval; the function z = z(¢, s) is unknown. In case f (¢, s) = 0 equation
(1.1) is called homogeneous, in the other case nonhomogeneous.

One basic tool in the study of the Barbashin equation (1.1) is to treat this equation
as a linear differential equation in some appropriate Banach space X. Formally, this
may be done by writing (1.1) simply as
dx

(1.2) — =A(t)x + f(1),
dt

where the operator A(t) : X — X is given by

(1.3) A(t)z(s) = c(t, s)xz(s) +/ k(t,s,o)x(o)do (telJ),
and the function f(t) € X by
(1.4 F0 =1t (te)

In other words, we identify the real function (¢,s) — x(¢,s) on J x [a,b] with the
X-valued function ¢ — z(¢,-) on J, where X may be, at least formally, an arbitrary
Banach space of real functions on [a, b]. However, this makes sense only under certain
hypotheses on the functions ¢,k and f which guarantee that the vector function (1.4)
and the operator function (1.3) take values in the chosen Banach space X and in the
space £(X) of all bounded linear operators on X, respectively. Moreover, even if these
hypotheses are satisfied, the equations (1.1) and (1.2) need not be equivalent. First
of all, equation (1.1) may have a solution = which may not be regarded as a vector
function with values in X (for instance, because the solution z(¢,-) does not belong to
X for some t € J). Second, the solutions of (1.2) need not be (classical) solutions of
(1.1) (for instance, because the derivatives dz/0t in (1.1) and dz/dt in (1.2) are not
meant in the same sense).

The simplest situation occurs if X is the Chebyshev space C' = C([a,b]) of all
continuous functions on [a, b]. In this case the operator A(t) and the function f(¢) have



to be continuous, and one can give a precise description (see e.g. KRASNOSEL'SKIJ
[1966], HILLE-PHILLIPS [1957]) of all continuously differentiable vector functions with
values in C. In fact, each such function = = x(t) (t € J) corresponds precisely to one
function x = z(t,s) of two variables (¢t € J,s € [a,b]) such that both x and dz/0t
are continuous on J X [a, b]; simply put z(¢, s) := z(t)(s). This observation implies the
following

Lemma 1.1. Any solution x = x(t,s) of the integro-differential equation (1.1)
defines a solution x(t) := x(t,-) of the differential equation (1.2) in the space X = C
if and only if both functions (t,s) — x(t,s) and (t,s) — Oxz(t,s)/0t are continuous.
Conversely, any solution x = x(t) of the differential equation (1.2) in the space X = C
defines a solution x(t,s) := x(t)(s) of the integro-differential equation (1.1).

If the space C' is replaced by the Lebesgue space L, = L,([a,b]) of all p-summable
(1 < p < o0) or essentially bounded (p = oo) functions on [a, b], the situation becomes
much more complicated. The main difficulty is here due to the fact that the elements
of L, are not just functions, but classes of equivalent functions (i.e. functions which
coincide almost everywhere). Thus, if one has to consider an L,-valued function x = x(¢)
on J as a real function x = x(t,s) of two variables on J X [a,b], one has to choose
a representation of z(t) € X in such a way that the function (¢,s) — x(t,s) has
“nice” properties (at least measurability, say). This problem was studied in BURGESS
[1954] and HILLE-PHILLIPS [1957]; in particular, it is shown there that, given any
differentiable L,-valued function x(t) (t € J), one may find a measurable function
r = z(t,s) on J X [a,b] which is absolutely continuous in ¢ for all s € [a,b] and
admits a partial derivative 0z (¢, s)/0t such that z(t) is equivalent to x(t,-), and z'(¢)
is equivalent to dz(t,-)/0t. This result, however, does not guarantee in general that, if
X is a Banach space and = = x(t) is an X-valued continuously differentiable solution
of (1.2) on J, then the corresponding real function z(t,s) is a solution of (1.1) on
J X [a,b]. One may only claim that x satisfies (1.1) almost everywhere; in what follows,
we shall call such functions generalized solutions of (1.1). Thus, a generalized solution
x = x(t, s) of (1.1) is characterized by three properties: (a) x is measurable on J x [a, b];
(b) z(-, s) is absolutely continuous on J for each s € [a, b]; (c) z satisfies the equation
(1.1) almost everywhere on J x [a, b].

For further reference, we introduce some notation. Given a Banach space X of real
functions over [a,b], by C;(X) we denote the space of all functions of two variables
x: Jx[a,b] — R such that ¢ — x(t, -) is continuous from J into X. Likewise, by C} (X)
we denote the space of all z € C(X) such that z(-, s) is continuously differentiable on
J for each s € [a,b] and dz/0t belongs to C(X) as well.

Using this terminology, we may state the following L, analogue of Lemma 1.1:

Lemma 1.2. Any generalized solution x = x(t, s) of the integro-differential equation
(1.1) defines a solution x(t) := xz(t,-) of the differential equation (1.2) in the space
X =1L, <p<o0)ifand only if v € C}(L,). Conversely, any solution x = x(t)
of the differential equation (1.2) in the space X = L, defines a generalized solution
x(t,s) := x(t)(s) of the integro-differential equation (1.1).

Similar statements hold not only for the Lebesgue space L, but also for Orlicz
spaces and their generalizations, for Marcinkiewicz spaces, Lorentz spaces, general ideal



spaces, and other spaces of measurable functions (see § 4). A large class of spaces
in which an analogue of Lemma 1.2 holds (so-called spaces of L type) is described in
HivLLE-PHILLIPS [1957]. We shall treat this problem more systematically in Subsection
4.1.

We point out that Lemma 1.1 and Lemma 1.2 are true only if we consider just
classical solutions of the differential equation (1.2) in the usual sense, i.e. as continuously
differentiable functions x = x(¢) which satisfy (1.2) for all ¢ € J. The interpretation
of such solutions in the Carathéodory sense, i.e. as absolutely continuous functions
x = x(t) which satisfy (1.2) only almost everywhere on J will not be considered.

The Barbashin equation (1.1) is of course particularly easy to handle if either
c(t,s) = 0 or k(t,s,0) = 0. Observe that the special case ¢(t,s) = 0 may always
be achieved by the “variation of constants” idea. In fact, let us define y : J x [a,b] — R
by the formula

y(t,s) =
with

e(t,s) = exp/0 c(&,s) d¢.

Under the weak assumption that 0y /0t exists (in the same sense as dx/0t) we get then
that (1.1) is equivalent to the reduced equation

s b -
W) [Thesolyte.o)do + fies)
where
k(t,s, o) = e(t’a)k:(t s,0) f(t,s) = UG s)‘
Y Y €(t7 s) ) Y ) Y e(t) S)

Conversely, in some cases it might be a good idea first to transform (1.1) in this way, but
then to transform the reduced equation back in the opposite direction with a “better”
function ¢ = ¢(t, s). We point out, however, that this is a purely formal simplification
inasmuch as the “structural” properties of the function ¢ may change.

1.2. The evolution operator

Let us recall the basic properties of linear differential equations like (1.2) with a
strongly continuous operator function A = A(t) in a Banach space X. As usual, by
£(X,Y) we denote the linear space of all bounded linear operators from X into Y’; in
particular, £(X, X) =: £(X). An operator function A : J — £(X) is called strongly
continuous if, for each x € X, the map ¢t — A(t)x is continuous from J into X. (By
“abuse of language”, we say then that “the operator function A = A(t) is strongly
continuous in X”.) It is not hard to see that the integral equation

(15) 20=1+ [ Az

has a solution U = U(t,7) (t,7 € J) which is unique in the class of all integrable
operator functions over J with values in the space £(X). This solution may be obtained
either as limit (in £(X)) of the successive approximations

(1.6) Zus®) =1+ [ AQZ,€)dE (0 =0.1,...:Z0(t) = 1),



or as limit (also in £(X)) of the series

(1.7) U(t,7) :1+§:/t /tl.../tn1A(t1)A(t2)...A(tn) dt, . .. dty dts

which converges uniformly on J. Since

t t1 tn—1
‘// / At A(ts) . A(ty) dt . .. dts dty

(1.8) g/ /1.../n_1||A(t1)H AW~ [[A(E)]| dt - .. dts dty

L[ w=12

and

(19) e [ 1ac@os = 3= [ [ e ]

the estimate
¢
(1.10) Ut 7)]| Sexp/ A d§  (t,7 € J)

holds. We summarize the basic properties of the operator function U = U(t,7) in the
following two lemmas.

Lemma 1.3. Suppose that the operator function t — A(t) is strongly continuous in
X. Then the operator function (t,7) — U(t,T) is continuous on J x J, and the vector
function (t,7) — U(t,T)x is differentiable in t and T for each x € X. Moreover, the
operator function QU (t,T)/0t is continuous in T, uniformly with respect to t € J, and
strongly continuous in t, uniformly with respect to v € J. Finally, the operator function
OU(t,7)/0T is continuous in t, uniformly with respect to T € J, and strongly continuous
in T, uniformly with respect to t € J.

Lemma 1.4. Suppose that the operator function t — A(t) is strongly continuous in
X. Then the operator function (t, )+ U(t,T) has the following properties:

(a) U(t,t) =1 (t e J);
(b) U(t,s)U(s,7) =U(t, T) (t,7,s € J);
() U(t,7)" ' =U(r,1) (t,7 € J).

Both lemmas are proved by standard arguments. Under weaker assumptions (Bochner-
integrability of the map ¢ — A(t)) Lemma 1.3 and Lemma 1.4 have been proved in
DALETSKI1J-KREJN [1970], under stronger assumptions (continuity of the map t — A(t)
in £(%)) in CARTAN [1967].

The operator function U = U(t, ) is usually called evolution operator or Cauchy
operator. The first name is explained by the following fundamental



Theorem 1.1. Suppose that the operator function t — A(t) is strongly continuous
in X. Then, for each fizred T € J,x. € X, and f € Cy(X), the differential equation

(1.11) Z—f — At + F(1)

has a unique solution x = x(t) satisfying the initial condition
(1.12) z(1) = 2.

This solution is given by

(1.13) z(t) =U(t, 7))z, + /t U(t, &) f(€)de.

The proof of Theorem 1.1 is the same as in the classical theory of differential
equations; under somewhat different assumptions the statement may be found in DALETSK1J-
KREJN [1970] and CARTAN [1967].

In some situations it is more convenient to consider, instead of the operator function
U = U(t, ), the operator function of one variable

(1.14) U(t) = Ult, to),

where ty is some fixed element of J (usually t; = 0). By Lemma 1.4, the operator
function U(t, 7) may be recovered from U(t) by means of the formula

(1.15) Ult,7) = U®)U(r) "

In this way, the problem of analyzing the operator function (1.7) of two variables ¢ and
7 is equivalent to studying the operator function (1.14) of one variable ¢.

1.3. Special cases and examples

We describe now an important special case when the evolution operator U (¢, 7) may
be represented in a more explicit form.

Suppose that the operator (1.3) does not depend on t, i.e. A(t) = A. Throughout
the following, this case will be called stationary (or constant), while the case A = A(t)
will be called non-stationary (or variable). In the stationary case (see e.g. DALETSKIJ-
KREJN [1970]) we have

(1.16) U(t, 7) = At

here the operator function e?* is defined by the usual exponential series
As 1 noAn
(1.17) e’ = Z —s"A

or the Riesz integral

1
(1.18) et = — /eASR(/\,A)dA,
r



where R(\, A) = (M — A)~! is the resolvent of the operator A, and T is any simple
closed contour moving counterclockwise around the spectrum o(A) of A in the complex
plane.

In the scalar case, the evolution operator is simply given by

(1.19) Ut r) = exp{/TtA(f) dg};

in the general case, however, (1.19) is not true. A necessary and sufficient condition
for (1.19) is that the family of operators {A(t) : t € J} commutes (ERUGIN [1963],
HiLLE-PHILLIPS [1957)), i.e.

(1.20) AA(T) = A(T)A[)  (t, 7€ J);

this is a quite restrictive condition.
As is pointed out in ERUGIN [1963], the condition

(1.21) Aft) ( / A d&) - ( / Al df) Alt) (e )

to to

is sufficient for the representation of the operator (1.14) in the form

U(t) = exp { / A©) d&} |

and hence, by (1.15), of the operator (1.7) in the form

(1.22) U(t,7) = exp {/t:A(g) dg} exp {—/tOTA(g) dg} .

However, the condition (1.21) is not necessary for the representation (1.22) to hold.

There are some other special cases when the operator function U = U(t,7) may
be expressed through the operator function A = A(t) in a rather simple manner. For
a rather complete survey of such cases we refer to ERUGIN [1963] and the references
therein.

1.4. Some auxiliary results

Observe that the operator function ¢ — A(t) defined in (1.3) has a very special
structure: it is representable as a sum

(1.23) A(t) =C(t) + K(t)
of two operator function, namely the multiplication operator
(1.24) C(t)x(s) = c(t, s)x(s)

induced by a fixed coefficient (or multiplier) ¢ = c(t, s), and the integral operator

(1.25) K(t)x(s):/ k(t,s,o)x(o)do,



induced by a fixed kernel k = k(t, s, o). In what follows, we call an operator of the form
(1.23), with C(t) given by (1.24) and K(t) given by (1.25), a Barbashin operator. As
a consequence of the special form of a Barbashin operator, one could expect a richer
theory for the differential equation (1.2) in case of a Barbashin operator A(t) than in
case of an arbitrary bounded linear operator A(t). This is in fact true, and this will be
illustrated over and over again in this and the following chapters.

To begin with, one could expect, for example, that the evolution operator operator
U(t, ) associated with the linear differential equation

C oty + KW + 1)

(1.26) 7

has more specific properties than the evolution operator of (1.2) for general A(t). In
particular, it seems interesting to compare the evolution operator U(t, 7) of (1.26) with
the evolution operator Uy(t,7) of the “reduced” equation

dx

& _ o)+ f().

(1.27) 7

First of all, we point out that the evolution operator Uy(t,7) of (1.27) may be given
explicitly; it is also a multiplication operator:

Lemma 1.5. Suppose that ¢ : J x [a,b] — R is bounded, and the corresponding
operator function (1.24) is strongly continuous in X . Then the evolution operator Uy =
Uo(t, ) of equation (1.27) is given by

(1.28) Up(t, T)x(s) = e(t, T, s)x(s),

where

(1.29) e(t, 7, 8) = exp {/t c(€, 5) dg} .

O Fix x € X. By (1.7) we have

oo t prt1 tn—1
n=1 T T T

where the series converges in X. Since the function ¢ is bounded we conclude that

+Z// / c(ty, s)c(ta, 8) -+ c(tn, 8)x(s) dt, - - - dty dity
+Z L] [ e nae] st =t ute

converges for all s € [a, b], so the limits must coincide. W

The multiplier (1.29) is of fundamental importance in the study of equation (1.1)
and will be used over and over again in what follows.



We observe that the evolution operators of (1.27) and (1.26) are related by the
equality

(1.30) U(t,7) = Dot 7) + / Un(t, €K (©)U(E,7) de

(see VALEEV-ZHAUTYKOV [1974], DALETSKIJ-KREJN [1970]).

The main problem we shall be interested in below is the following. Let 9 be some
subclass of the space £(X) of bounded linear operators on X, and suppose that K(t) €
M for all t € J. Is it true that the difference U(t, 7)—Uy(t, 7) belongs then also to 9t for
all t,7 € J? In other words, are the properties of the difference A(t) — C(t) “inherited”
by the difference U(t, ) — Uy(t, T) of the corresponding evolution operators?

The answer is positive if 91 is some closed ideal in £(X), for example, the ideal of
compact operators. For the following, however, we need a ‘“refinement” of this statement.
In the sequel, let £,(X) be a fixed Banach algebra which is continuously imbedded in
the algebra £(X).

Lemma 1.6. Suppose that the operator function t — A(t) is bounded on J with
values in £o(X). Then the operator function (t,7) — U(t,T) is bounded on J x J and
takes also values in L£,(%).

O To see this, observe that the series (1.7) converges (in the algebra £,(X))
uniformly on J x J, by the estimate (1.7); therefore its limit belongs to £,(X) for
all t € J and 7 € J. Since £,(X) is continuously imbedded in £(X), the series
(1.7) converges in £(X) as well; but its limit in £(X) is just U(t, 7). This shows hat
U(t,7) € £,(X) for all t, 7 € J. Furthermore, the continuity of the map (¢,7) — U(t, T)
between J x J and £,(X) follows from the equality

vt =1+ [ A©UE )

which obviously holds in £,(X) as well. W

Suppose now that 91 is a closed ideal in £,(X), where £,(X) is continuously imbedded
in £(X) as before.

Theorem 1.2. Suppose that the operator function t — C(t) is bounded on J with
values in £(X), and the operator function t — K(t) is bounded on J with values in

M. Then
(1.31) U(t,7) — Uy(t, 7) € M

for all (t,7) € J x J.

O By Lemma 1.6, applied to the operators C(t) and C(t) + K(t), both evolution
operators Uy(t, 7) and U(t, 7) belong to £,(X) for t,7 € J. The relation K (t) € 9 (t €
J) implies then that Uy(t,§) K (§)U (&, 1) € M as well (7 < € < t). It remains to use the
equality (1.28) from Lemma 1.5 which implies that the difference U (¢, 7) —Uy(t, 7) is the
limit (in £,(X)) of linear combinations of operators Uy(t,{) K (U (&, 7) (1 < <t). W



Theorem 1.2 contains, of course, the well known fact that the compactness of K(t)
implies the compactness of U(t,7) — Uy(t, 7), as well as similar statements which may
be obtained choosing £,(X) = £(%).

1.5. Degenerate kernels

As a model example we shall consider now and in the sequel the case of a degenerate
kernel k, i.e.

(1.32) k(t,s, o) = Za] (t,s)B;(0

where the functions o : J x [a,b] — R and f; : [a,b] — R are supposed to be bounded
for the time being. The set M, of corresponding integral operators

s) = Zozj(t, s)/ Bi(o)z(o) do

is obviously a closed ideal in £(X): in fact, an operator K € £(X) belongs to 9,
if and only if its range has dimension < n. From Theorem 1.2 we conclude that the
evolution operator of equation (1.26) has then the form

(1.33) U(t,T)x(s) = Up(t, 7)x(s) + H(t, 7)x(s),

where Up(t, 7) is given by (1.28) and H (¢, 7) is an integral operator
b

(1.34) H(t,m)z(s) :/ h(t,7,s,0)x(c)do

with degenerate kernel

(1.35) h(t,7,s,0) Z'yjth (t,7,0).

More specifically, we have to choose v; and ¢; such that

0
0= gU(t T)x(s) — AU (t, 7)x(s)

_Z/ §;(t,7,0)x(0) do [gyj(tfs) (t,S)%’(f,ﬂS)]
+Z:;[/ab%5j(t,7,o) 2(o )da] Yyt 7 8) — [/ B;(0)e(t,7,0) (a)da] 0 (1, 5)
5 [ it } U 5ult, 7, 0)e(o )da} ot 5).

k=1 a

This is a complicated integro-differential equation for the unknown functions v; and
d; (7 =1,...,n). We shall return to this equation later (see § 8); here we just confine
ourselves to a very elementary example for n = 1.



Example 1.1. Let c(t,s) := 4t and k(t,s,0) := —6tso over [a,b] = [0, 1], i.e. we
consider the integro-differential equation

0x(t, s)
ot

1
(1.36) = dtx(t,s) — 6ts/ ox(t,o) do.
0

Denoting the integral in (1.36) by £(t) we get

) = /0 aaxg; %) s — /0 ol4tz(t, o) — Gtot(t)] do — 26E(t)

hence £(t) = e, Thus we arrive at the linear first-order differential equation

ox(t, s)
ot

= dtx(t, s) — 6tse’

for x, with solution z(t,s) = 3set’. By what has been observed above, the evolution
operator for (1.36) has the form

1
U(t,T)xo(s) = e ag(s) + / h(t, T, s,0)z0(0) do,
0

where the kernel h is of the form (1.35), i.e.
h(t,7,s,0) =(t,7,5)6(t,7,0),

and zo(s) = x(0, s). A straightforward, but somewhat cumbersome calculation leads to
the functions
(2—r2)

v(t,T,8) = le — s, (¢, 7, 0) = 30.

In particular, the unique solution of the equation (1.36) with initial condition (0, s) = s

is given by z(t,s) = se’’.

1.6. Symmetric kernels

Let us consider the equation

(1.37) 02l5) _ it s) + / k(s,0)a(t, o) do + f(s)

ot

with initial condition
(1.38) z(0,s) = zo(s),

for 0 <t < T and a < s < b, where ¢ : [0,7] — R is continuous, and f : [a,b] — R
and k : [a,b] X [a,b] — R are square integrable. In addition, we suppose now that the
kernel £ is symmetric. Under this assumption, a solution of the problem (1.37)/(1.38)
may be constructed by expanding the kernel into a series of eigenfunctions. Following
VASIL'EVA-TIKHONOV [1989], we shall seek the solution z in the form

(1.39) x(t,s) = z(t,s) + z(t, s),



where 7 is a solution of the problem

ax(att, s) _ c(t)i(t,s)+ f(s) if 0<t<Tanda<s<b,
50,5) = o) i a<s<b

Then

(1.40) F(t, 5) = wo(s) exp {/Ot o(7) dT} + f(s) /Ot exp {/t c(€) dg} dr,

and z is a solution, for a < s < band 0 <t < T, of the problem

0z(t,s) b
(1.41) o~ Wt s) + / k(s, 0)a(t, o) do + f(s),
2(0,s) = 0;

here we have put

f(t,s) ::/ k(s,0)Z(t,0)do.

We shall seek z(t, s) in the form
(1.42) 2(t,s) = za(t)kn(s),
n=1
where the eigenfunctions k,, of the kernel k are supposed to form an orthonormal basis
in L?([a,b]). Substituting (1.42) into (1.41) we be obtain

(1.43) dz;—;t) = c(t)zn(t) + Anzn(t) + AaZn(t), 2,(0) =0,
where
(1.44)

Fa(t) = /abiz(t, $)hn () ds = 2 (s) exp {/Ot o(r) dr} s /Ot exp {/t (€) dg} dr,

with z,, and f, (n =1,2,...) being the Fourier coefficients of z, and f, respectively.
Obviously, a solution of the problem (1.43) is given by

(1.45) ) = My /Ot exp {/t o(€) dE + At — T)} % () dr

From (1.45) and (1.44) it follows that the series (1.42) converges in Ly, uniformly with
respect to t € [0, T]. Consequently, z € Cy(Ls), where Cy(X) is defined as in Subsection
1.1. Analogously, the convergence of the series

n=1

in Ly, uniformly with respect to t € [0, 77, follows from (1.45), (1.44) and (1.43). This
implies again that 0z/0t € Cy(Ly), i.e. z € C}(Ly). We conclude that the unique
solution of the problem (1.37)/(1.38) is given by (1.39), where Z is the function (1.40),
and z is the series (1.42). The functions z, from (1.42) in turn have the form (1.45),

where A, is the n-th eigenvalue of the kernel £ with eigenfunction k,,, and Z,, is given
by (1.44).



§ 2. Barbashin equations in the space C

In this section we give a systematic account of the basic properties of Barbashin
operators in the Chebyshev space C' of continuous functions over [a, b]. In particular,
we derive sufficient conditions (which sometimes are also necessary) for the strong
continuity or norm-continuity of Barbashin operators in both the stationary and non-
stationary case. A representation theorem for the evolution operator in the space C' is
also given.

2.1. Linear operators in the space C'

Consider the stationary Barbashin operator

(2.1) Ax(s) = c(s)x(s) —|—/ k(s,o)x(o)do;

where ¢ = ¢(s) and k = k(s, o) are given measurable functions on [a, b] and [a, b] X [a, b],
respectively. We are interested in conditions on ¢ and k& under which the operator
(2.1) is bounded in the space C of all continuous functions on [a,b]. The complete
answer to this problem may be given rather easily by means of the classical Radon
theorem (GLIVENKO [1936], DUNFORD-SCHWARTZ [1963], KANTOROVICH-AKILOV
[1977], NATANSON [1950], RADON [1919]). Consider the functions

(2.2) al(s) :== c(s) —|—/ k(s,o)do,
and
(2.3) B(z,s) = /Z[c(s)x(s, o)+ (z—o0)k(s,0)]do (a <2z<D),

with x(s,-) denoting the characteristic function of the unbounded interval [s, 00), as
well as the function

b
(2.4) s) = lel)] + [ k(s o) do

Lemma 2.1. The linear operator (2.1) is continuous in the space C if and only if
the functions (2.2) and (2.3) are continuous, and the function (2.4) is bounded. In this
case, the operator (2.1) is bounded with norm

(2.5) | Al| gy = sup (s).

a<s<b

O First of all, we show that the operator (2.1) is bounded whenever it is defined
on the space C. In fact, in this case it follows that, applying the operator (2.1) to the
function z;(s) = 1, the function k(s, -) is Lebesgue integrable on [a, b] for each s € [a, b],
and the function w : [a,b] — R defined by

w(s) = /ab|k:(s,0)|da



is measurable, by Fubini’s theorem. This implies that (2.1) is continuous, considered
as an operator from the space C' into the space S of all measurable functions on [a, b];
consequently, (2.1) is closed as an operator in the space C. The continuity of (2.1)
follows now from the closed graph theorem.

Let us rewrite (2.1) in the form

(2.6) Az(s) = / x(o)dg(s, o),
where
(2.7) g(s,0) =c(s)x(s,0) + /(7 k(s,7)dr.

By the Riesz representation theorem on the general form of continuous linear functionals
on the space C the equality (2.6) may be regarded as the Radon representation (see
again GLIVENKO [1936]) of the bounded linear operator (2.1). But Radon’s theorem
implies also that the vector function ¢* : [a,b] — BV defined by

(2.8) g9°(s)(0) == g(s,0)

with values in the space BV = BV ([a, b]) of all functions of bounded variation on [a, b]
is weakly continuous.

Various conditions for the weak continuity of BV -valued vector functions are reported
in GLIVENKO [1936]. The most appropriate one is the Riesz criterion which states that
the vector function (2.8) is weakly continuous on BV if and only if (2.8) is bounded
and the scalar functions s — g*(s)(b) — g*(s)(a) and s — [~ g*(s)(0) do are continuous.
By standard formulas (see e.g. NATANSON [1950]), the total variation of g*(s) on [a, b]
is

b
19" ()l By = Varppg™(s) = [e(s)] + / |k (s, 0)| do = ~(s);

consequently, the boundedness of the vector function (2.8) in BV is equivalent to the
boundedness of the function (2.4). Moreover, by the obvious formulas

and

/: g°(s)(0) do = /:[c(sbc(s, o) + / k(s,7)dr] do = B(z, s),

the boundedness of the operator (2.1) on C' implies the continuity of both functions
(2.2) and (2.3). Thus we have shown that, whenever the operator (2.1) acts in the space
C, the functions (2.2) and (2.3) are continuous, and the function (2.4) is bounded.

The converse is also true: if the functions (2.2) and (2.3) are continuous and the
function (2.4) is bounded, then the vector function (2.8) is weakly continuous on the
space BV, and this is in turn equivalent to the fact that the operator (2.1) acts in the
space C.



It remains to prove the relation (2.5). But this is an immediate consequence of the
formula

b
1 Allee) = sup  sup /x(O)dg*(S)(O)Z sup [|g"(s)|lpv = sup ~(s).

a<s<b ||z||c<1 a<s<b a<s<b
The proof is complete . B

As a matter of fact, the Radon representation of a bounded linear operator is not
unique. However, Theorem 2.1 implies that the representation (2.1) for the operator A
is unique. In fact, if there were two representations

we would have

b
[c1(s) — ca(s)]z(s) +/ [k(s,0) — ko(s,0)]z(0) do = 0.

Consequently, by Lemma 2.1 (applied to the zero operator) we would get

le1(s) — ea(s)] +/ |k1(s,0) — ka(s,0)|do =0 (a<s<b),

and hence ¢;(s) = ca(s) for all s € [a,b], as well as ki(s,0) = ka(s, o) for all s € [a, D]
and almost all o € [a, b].

2.2. The spaces £,(¢) and £,(€) & £,(¢)

The set of all operators of type (2.1) is a subspace of the space £(€) which we shall
denote throughout by £4(€) (where the subscript b stands for “Barbashin operator”).
Lemma 2.1 gives a precise characterization of all operators in the class £4(¢). In
particular, we have the following

Lemma 2.2. The subspace L£4(€) is closed in £(T).
O In fact, suppose that

b
Apx(s) = cp(s)x(s) + / kn(s,0)x(o)do (n=1,2,...)

is a sequence of operators in £4(€) converging (in £(€)) to some A € £(€). Then (A,),
is a Cauchy sequence in £4(€), and the relation

lim sup {|cm(s) —cn(9)] +/ |k (s,0) — kn(s,0)|do| =0

m,n—00 agsgb
holds, by Lemma 2.1. This relation is equivalent to both

(2.9) lim  sup |en(s) —cn(s)] =0

mn—oo ;< s<ph



and

b
(2.10) lim  sup / Uiy (5,0) — (s, 0)| dor = 0.

mn—00 ;< s<ph

Now, (2.9) shows that (c,), is a Cauchy sequence in the space of all bounded functions
on [a,b] (with the supremum norm). Since this space is complete, we have

(2.11) lim  sup |eu(s) —c(s)] =0

n—oo (lSSSb

for some bounded (measurable) function ¢ on [a, b]. Similarly, (2.10) shows that (k).
is a Cauchy sequence in the space [L; — L] with mixed norm (see Subsection 12.1
below). Since this space is also complete, we have again

lim ||k, — k||iz, 1. = hm ess sup / kn(s,0) — k(s,0)|do =0

a<s<b

for some measurable function k € [L; — Ly]. This means that

lim Sup / |kn(s,0) — k(s,0)|do =0,

=0 s€la,b]\Do

for some null set Dy C [a, b]. For s € Dy, the sequence (k,(s,-)), is Cauchy in the space

N X

L1, by (2.10); consequently, there is another function k& = k(s, o) such that
nhjEO ||kn(57 ) - I%(S’ ')||L1 =0,
uniformly with respect to s € Dy, again by (2.10). The function

Ks.0) = { k(s,o) if s € [a,b]\ Dy,

~

k(s,o) if sé€ Dy

is then measurable, by construction, and satisfies

b
(2.12) lim sup / |kn(s,0) — k(s,0)| do = 0.

n—00 <s<b

Consider now the linear operator

b
(2.13) Ax(s) = c(s)x(s) —|—/ k(s,o0)z(0)do;

we claim that this operator belongs to £,(€) and is the limit (in £4(¢)) of the sequence
(An)n. To prove that A € £4(€) it suffices to show that, for any fixed x € C, the
sequence (A,x), converges uniformly to Az. But this follows immediately from (2.11),
(2.12), and the obvious estimate

| Ant(s) — Ax(s)] < lea(s) — c(s)] [2(s)] +/ |kn(s,0) = k(s, 0)| |x(a)] do-



Finally, by Lemma 2.1 we have
|An — Al|ge) = sup ch — (s H—/ |kn(s,0) — Ek(s,0)|do],

and thus the convergence of (A,), to A in the space £4(€) is a consequence of (2.11)
and (2.12). W

The space £(€), equipped with the composition of operators as multiplication, is
a Banach algebra. It is natural to ask whether or not the subclass £4(€) is also an
algebra, or even an ideal in £(¢).

To see that £4(€) is not an ideal in £(€) is easy: just consider the composition of
some operator from £4(€) with the evalution operator Fz(s) = x(s) at some point
so € [a,b]. Nevertheless, the following holds.

Lemma 2.3. The subspace £4(€) is a subalgebra of £(&). More precisely, if A, B €
L6(€) are given by

Ax(s) = c(s)x(s) —i—/ k(s,0)x(o)do
and ,
Bzx(s) = d(s)z(s) +/ l(s,0)x(0) do,

then AB € £4(€) is given by

(2.14) ABz(s) / m(s,o)x

where

and

b
m(s,o) :=c(s)l(s,0) + k(s,0)d(0) +/ k(s,&)I(&, 0)dE.

O The formula (2.14) follows from

b
ABzx(s) = c(s)d(s)x(s) +/ c(s)l(s,0)x(o)do

+ / ’ k(5. 0)d(0)x(0) do + / bk(s?{) [ / bl(g,a)m(a)da} d,

where the order of integration may be changed by Fubini’s theorem; in fact, the equality

//\k &)/ 1€, )| [2(o)| dor dt = /rk |/ab|1<§,a>| 2(0)| dor de

implies that the function (0,&) — k(s,&)I(£,0)x(o) is integrable on [a,b] X [a,b] for
each s € [a,b]. By (2.14), we see that AB € £,(¢). B



By definition, every operator A € £4(€) is the sum of a multiplication operator C'
generated by some multiplier ¢ = ¢(s), and an integral operator K generated by some
kernel k = k(s, o). One should expect that, whenever A is a bounded linear operator in
the space C, each of the corresponding parts C' and K are also bounded linear operators
in the space C. Surprisingly enough, this is not true!

Example 2.1. Consider the linear operator A defined by

1
x(s) if 0<s< 2
AI(S) = 2 s d f 1 .
if -<s<L
28_1/1/2£C<0') o if 5<s<
By Lemma 2.1, this operator acts in the space C' = C([0, 1]) and has the form (2.1),
where
1 if 0<s<3,
c(s) =
0 if $<s<1,
and

2 iflco<s<l,
k(S,O’) _ { 2s—1 2

0 otherwise,

and satisfies ||A||ge) = 1. Nevertheless, since the function ¢ is discontinuous at s = 3,

the corresponding multiplication operator Cz(s) = ¢(s)x(s) (and hence also the integral
operator K = A — C with kernel k) does not act in the space C.

Thus the problem arises to study those operators A € £,(€) more in detail for which
both terms in (2.1) are bounded linear operators in the space C. To this end, denote
by L£m(€) the class of all multiplication operators

and by £;(€) the class of all integral operators

Kx(s):/ k(s,0)z(o)do

in £(€). The operators we are interested in belong to the proper subclass £,,(€) ® £(€)
of £4(A). From Lemma 2.1 and Lemma 2.2 we get the following

Lemma 2.4. The subspace £,(€) ® £i(€) is closed in Ly(T).

O Observe, first of all, that an operator A € £,(€) belongs to £,(€) & £(€) if and
only if the multiplicator function ¢ = ¢(s) is continuous on [a, b]. Now, if the successive
approximations

Anx(s) = cu(s)x(s) + / kn(s,o)x(0)do (n=0,1,...)

belong to £,(€) @ £i(€) and converge (in £(¢)) to some operator

Ax(s) = c(s)x(s) +/ k(s,0)x(o)do



in £4(2), then, by formula (2.5) of Lemma 2.1,

lim sup |eq(s) —c(s)] =0,
n—oo aSsSb

and thus the function ¢ is continuous as well. This shows that actually A € £,(€) @
£i(¢). n

An additional statement about the algebraic properties of the class £,(€) @ £(€)
is given in the following

Lemma 2.5. The subspace £i(€) is an ideal in both the algebra £4,(C) & £i(€) and
the algebra £y(€). The subspace Ln(€) & L£i(€) is a subalgebra of the algebra L£4(C).
O We show that £,(€) is an ideal in £,(€) @ £i(€). To this end, let K be an

integral operator with kernel & = k(s, ), and B an arbitrary operator from the class

Ln(C) & £i(), ie.
b
Bzx(s) = d(s)z(s) +/ l(s,0)x(0) do.
By (2.14), the operators KB and BK have the form

K Ba(s) = / (s, 0)d(o) + / k(s, OI(E, o) de]a(o) dor,

and
b b
BKa(s) = / (d(s)k(s, o) + / (s, V(€. o) dE]a (o) do,

and hence both belong to £;(€). The fact that £i(€) is an ideal in £,(Z) is proved in the
same way. Finally, if A and B are two operators in £,,(€) & £(€), their “multiplicative
parts” Cz(s) = c(s)x(s) and Dz(s) = d(s)z(s), say, are generated by continuous
functions ¢ and d; consequently, by the continuity of the product ¢(s)d(s) and formula
(2.4) we have AB € £,(€) @ £(€) and BA € £,(€) & £(€) as well. W

We remark that the set £i(€) of all integral operators is not an ideal in the algebra
£(€) of all bounded linear operators on C.

2.3. Compact and weakly compact operators

Let us recall some further facts from the theory of bounded linear operators in the
space C' of continuous functions. An operator A in C is called compact if A maps
bounded sets into precompact sets, and weakly compact if A maps bounded sets into
weakly precompact sets. By the well known Grothendieck theorem (see e.g. DUNFORD-
SCHWARTZ [1963]), a bounded linear operator A in C' is weakly compact if and only if
A maps weakly convergent sequences into strongly convergent sequences. In particular,
this implies the classical Dunford-Pettis theorem which states that the composition of
two weakly compact operators in C' is a compact operator.

It is well known that the classes £.(€) and £,,(€) of all compact respectively weakly
compact operators in the space C' is an ideal in the algebra £(¢).

We are mainly interested in compact or weakly compact operators of the form (2.1),
of course, i.e. in the classes £4(€)NL(C) and L£4(€) N L (C). We are going to formulate
two criteria for the (weak) compactness of an operator A € £4(C).



Lemma 2.6. A linear operator A € £4(€) is compact if and only if c(s) = 0 and
the Ly-valued vector function s — k(s,-) is continuous, i.e.

(2.15) élm/ |k(&, o (s,0)]doc =0 (a<s<b).

O The assertion follows from the following general compactness criterion for bounded
linear operators on the space C' (see e.g. DUNFORD-SCHWARTZ [1963]): the operator
(2.1) is compact in C' if and only if the BV -valued vector function (2.8) is continuous.
Since the function (2.8) is also C-weakly continuous, this is in turn equivalent to the
norm-continuity of (2.8). But in the norm of the space BV we have

1g"(§) — g"(s)|lpv = Varpylg(&, ) — g(s, )]

= O]+ 16 + [ Ies) s, do

(see e.g. NATANSON [1950]), and thus the continuity of (2.8) at each s € la,b] is
obviously equivalent to the requirement that c¢(s) = 0. B

Lemma 2.7. A linear operator A € £4(€) is weakly compact if and only if ¢(s) =0
and the Ly-valued vector function s — k(s,-) has a weakly compact range, i.e.

(2.16) hm sup / |k(s,0)|do =0,

D)—0 g<s<b

where p(D) denotes the Lebesgue measure of D C [a, b].

O Here we apply the following general criterion for the weak compactness of bounded
linear operators on C' (see again DUNFORD-SCHWARTZ [1963]): the operator (2.1) is
weakly compact in C'if and only if the BV -valued vector function (2.8) is C**-weakly
continuous. By the Lebesgue theorem (see e.g. NATANSON [1950]), the space BV is a
direct sum of the subspace AC of all absolutely continuous functions, the subspace SC'
of all singularly continuous functions, and the subspace PC' of all piecewise constant
functions. The formula (2.7) implies, in turn, that the vector function (2.8) is a direct
sum of the two functions

(2.17) Gac(s,0) = /U k(s,7)dr, gp(s,0) =c(s)x(s,0),

where g,. is absolutely continuous and g, is the “piecewise constant” part of g on [a, b].
Consequently, from Lebesgue’s theorem it follows that the vector function (2.8) is C**-
weakly continuous if and only if both components in (2.17) are C**-weakly continuous.
Now, the C**-weak continuity of g,. in BV is equivalent to the weak continuity of
the Li-valued vector function s — k(s,-), and this is in turn equivalent, by the De
la Vallée-Poussin theorem (NATANSON [1950]) to the weak compactness of the range
of this function, i.e. to (2.16). On the other hand, the C**-weak continuity of g,.
in BV is equivalent to the weak compactness (in C) of the multiplication operator
Cz(s) = c(s)z(s). But this operator maps weakly convergent (i.e. pointwise convergent)
sequences in C' into strongly convergent (i.e. uniformly convergent) sequences in C' if
and only if ¢(s) =0. W



Lemma 2.6 and Lemma 2.7 imply, in particular, that any (weakly) compact operator
A € £4(2) is necessarily an integral operator; the converse, of course, is not true. In
other words, we have

L6(€) N £:(€) = £(€) N Le(€) C L(C) N L0(€) = L£6(€) N L£o(€) C Li(C),

where both inclusions are strict. From Lemma 2.5 we may deduce, in addition, the
following

Lemma 2.8. The classes £,(€) N L£(€) and £i(€) N L£(€) are closed ideals in the
spaces L£4(€) and L£,(€) & £i(€).

2.4. Strongly continuous operator functions

Consider now the non-stationary operator function

(2.18) A(t)z(s) = c(t, s)z(s) +/ k(t,s,o)x(o)do

defined for ¢ € J and taking values in £4(€). In this subsection we shall be concerned
with conditions on the functions ¢ = ¢(t, s) and k = k(¢, s, o) under which the operator
function A = A(t) is strongly continuous in the space £(€) of bounded linear operators
in C. In analogy to the functions (2.2), (2.3), and (2.4), we now introduce the functions

(2.19) a(t,s) :==c(t,s) + /b k(t,s,o)do,

(2.20) B(z,t,8) = /Z[c(t, s)x(s,0) + (z —0)k(t,s,0)]do  (a < z<b),
and

(2.21) v(t, 8) :=|c(t, s)| +/ |k(t,s,0)|do.

Theorem 2.1. The operator function (2.18) is strongly continuous in the space C
if and only if the functions (2.19) and (2.20) are continuous, and the function (2.21) is
bounded on each bounded subset of J X [a,b].

O In the proof of Lemma 2.1 we established, for fixed ¢ € .J, the relations
alt, s) = At)(s),

B(z,t,s) = A(t)E.(s),
and
sup (¢, s) = |[A()|]e(e);

a<s<b

here z1(s) = 1 and £.(s) := max {0, z — s}. By the classical Banach-Steinhaus theorem,
these relations imply the “only if” part of the assertion.



To prove the “if” part it suffices to show, by (2.5) and again by the Banach-Steinhaus
theorem, that, given some dense subset M C C, the functions t — A(t)x are continuous
on J for each x € M. For simplicity, as dense subset M we take the system of all
piecewise linear functions on [a,b]. Given x € M, we may write z in the form (see e.g.
GLIVENKO [1936]),

z(s) = A+ Z A;max {0, z; — s},

j=1
i.e. as a linear combination of the functions x; and &,,,...,&,, (see above). But the
functions ¢ +— A(t)r; = aft,-) and t — A(t)E., = B(z,t,-) (j = 1,...,n) are
continuous on J, by hypothesis, and hence ¢ — A(t)x is continuous for any = € M,
since A(t) is linear. This completes the proof. W

2.5. Norm-continuous operator functions

Lemma 2.1 was the main tool in the proof of Theorem 2.1. This proposition allows
us also to formulate rather easily a criterion for the continuity of the operator function
(2.18) in norm which means that

lim [[A(t) — A(to)[| =0 (to € J).

t—to

Of course, norm-continuity is stronger than strong continuity; therefore the hypotheses
in the following theorem are more restrictive than those given in Theorem 2.1.

Theorem 2.2. Suppose that the operator function (2.18) belongs to £4(&) for each
t € J. Then this operator function is continuous in the norm of the space £(€) if and
only if the following three conditions are satisfied:

(a) the function t — c(t,s) is continuous on J, uniformly with respect to s € [a,bl;

(b) the function t — k(t,s,o) is continuous on J, as well as continuous in measure
as a function of o, uniformly with respect to s € |a,b|, i.e.

lim sup wp({o:|k(t,s,0) — k(to,s,0)| >h})=0 (h>0);

t=to g<s<p

(c) the function t — k(t,s,o) is continuous on J, as well as absolutely continuous
in mean as a function of o, uniformly with respect to s € [a,b], i.e.

lim lim  sup / \k(t,s,0) — k(tg, s,0)| do = 0.
D

t=to p(D)—0 g<s<b

O We prove first the necessity of the conditions (a), (b), and (c). If the operator
function (2.18) is norm-continuous in £4(€), the equality

b
lim sup [|c(t, s) — c(to, s)| +/ |k(t,s,0) — k(to,s,0)|do| =0

tﬂto (lSSSb

holds for each tg € J, by Lemma 2.1. This implies that (a) holds and, moreover,

b
(2.22) lim sup / |k(t,s,0) — k(ty,s,0)|do = 0.

t=to q<s<b



By the obvious estimates

b
hu({o : |k(t,s,0) — k(to, s, 0)] > h}) < / |k(t,s,0) — k(ty,s,0)|do

and ,
/ |k(t,s,0) — k(tg, s,0)|do < / |k(t, s,0) — k(to, s,0)| do,

(2.22) implies (b) and (c).

Conversely, suppose that the conditions (a), (b), and (c) hold. Again by Lemma 2.1,
it suffices to show (2.22). To this end, fix ¢ > 0, let h = €/2(b — a), and consider the
estimate

b
(2.23) / |k(t,s,0) — k(to,s,0)|do < h(b—a) +/ |k(t,s, o) — k(ty, s, 0)|do,

D(t,to,s,0)
where D(t,t9,s,h) = {0 : |k(t,s,o) — k(to,s,o)| > h}. By condition (b), we have

lim sSup M(D(tvthsvh)) = 07

t—=to g<s<b

hence, by (c), also

lim sup / |k(t,s,0) — k(to, s,0)|do = 0.
D(t,to,s,h)

t=to g<s<b

Consequently, from (2.23) we conclude that

b
sup / |k(t,s,0) — k(ty,s,0)|do < e
a<s<b

for t sufficiently close to ty. Since € > 0 was arbitrary, we are done. W

In applications it often happens that the kernel o — k(t,s,0) has an absolutely
continuous Lj-norm for each ¢ € J, uniformly with respect to s € [a, b], i.e.

(2.24) hm sup / |k(t, s,0)| do = 0.

D)—0 g<s<b

In this case, condition (c) of Theorem 2.2 may be replaced by the simpler condition

(2.25) hm sup / \k(1,s,0)]do =0,

a<s<b
\T t|<1

which usually may be verified quite easily by means of majorant techniques (see e.g.
KRASNOSEL'SKI1J-ZABREJKO-PUSTYL'NIK-SOBOLEVSKIJ [1966]).

2.6. A representation theorem for the evolution operator

Let us return to the differential equation (1.2) with operator function (1.3) in the
space C' of continuous functions. In this subsection we shall suppose throughout that



the hypotheses of Theorem 2.1 are satisfied, and hence the operator function (1.3) is
strongly continuous in C.

Since the operator function (1.3) is representable as a sum of the multiplication
operator (1.23) and the integral operator (1.24), it is natural to expect that also the
evolution operator U = U(t, 7) for the equation (1.2) admits a representation as a sum
of the evolution operator Uy = Uy(t, T) of the “reduced” equation

dx

2.2 - =
(2.26) - =Clt)
and some integral operator
b
(2.27) H(t,7)x(s) = / h(t,T,s,0)x(o)do.

This is in fact a consequence of Theorem 1.2 and Lemma 2.8. Indeed, the following
stronger assertion is true:

Theorem 2.3. Suppose that the operator function (2.18) is strongly continuous in
the space C. Then the evolution operator U = U(t, ) for the differential equation (1.2)
belongs to £4(€) for all t, 7 € J, i.e. admits a representation

(2.28) U(t,m)x(s) = e(t, 7, s)x(s) + H(t, 7)x(s),

where e(t, T, s) is given by (1.29), and H is defined by (2.27) with h = h(t, T, s,0) being
a measurable function on J x J X [a,b] X [a,b]. Moreover, U(t,7) € L£,(€) & £i(C) if
At) € Ln(€) ® Li(C), H(t,7) € Li(E)NLw(€) if K(t) € £i(€) N Lw(€), and H(t,T) €
L(€) N L(T) of K(t) € £i(€) N £(€).

O As was shown in Subsection 1.2, the evolution operator U (¢, 7) for equation (1.2) is
representable as a series (1.7) which converges in the norm of the space £(€), uniformly
for ¢ in a bounded interval. By Lemma 2.3, each of the operators A(t;)--- A(t,) (n =
1,2,...) occuring in (1.7) is strongly continuous as a function of ty,...,t, € J and
belongs to £4(€), i.e. admits a representation

(2.29)  A(ty) - A(tn)x(s) = c(t1, 8) ... c(tn, s)z(s) + / ro(te, ... tn, s,0)x(0) do;

here r, = r,(t1,...,tn,s,0) (n = 1,2,...) are measurable functions which satisfy the
estimate

b
(2.30) s<u8b/ 70t - oy s,0) [ do < ||A(t)]|g(e) - - - [|AER) || ece)s

by Lemma 2.1. Integrating (2.29) over ti,...,t, yields

(2.31) o |
u /T1"'/Tn_lA(tl)--.A(tn)dtn...dtl] 2(s)
:%{/th(f,S)dirx(S)Jr/ab [/Tt,,,/:"_l rn(tl,...,tn,s,a)dtn...dtll (o) do,



where the change of order of integration is justified by (2.30) and Fubini’s theorem.
Again by (2.30), we may change the integrals (2.31) with the series (1.7) and obtain
(2.28), where H is given by (2.27) with

o0 t t1 tn—1
(2.32) h(t,T,s,0) = Z / / / To(tly ..o tn, s,0)dt, ... dt;.
Tl:1 T T T

The last part follows from Theorem 1.2, applied to £,(€) = £4(€) and M = £(¢),
M = L£i(C) N Lp(C), or M= £(C)NL(C). W

2.7. Stamping and infra-stamping operators

The main result in the preceding subsections was Lemma 2.1 and, in particular,
formula (2.5) for the norm of the operator (2.1) which we used several times. In the
special case ¢(s) = 1, this formula reduces to

(2.33) I+ K[ =1+ |[K]],

since

b
| K| ge) = sup / k(s,0)| do.

a<s<b

The somewhat surprising equality (2.33) was noticed first, in case of general completely
continuous operators K, by DAUGAVET [1963]. Afterwards, (2.33) was proved by LOZANOVSKI1J
[1966]| for integral operators K, and by KRASNOSEL'SK1J [1967| for a fairly general class

of operators called stamping operators; for some more related results, see also KHOLUB

[1987], KAMOWITZ [1984], and SYNNATZSCHKE [1984]. It is natural to expect that the
formula (2.5) carries over also to operators of the form

(2.34) Ax(s) = c(s)x(s) + Kz(s),

where K is not necessarily a linear integral operator. In this case, (2.5) should hold
true if the definition (2.4) of the function + is replaced with the more general definition

(2.35) 7(s) = le(s)] + [[w(s)]],

where £(s) is the linear functional defined by k(s)z := Kxz(s) on the space C.

Recall that, by Radon’s theorem, the linear operator K admits a representation

(2.36) K:p(s):/ x(o)dg(s, o),

where ¢(-,0) is weakly continuous, g(s,-) is of bounded variation on [a,b], and the
functional

(2.37) r(s) = Varpyg(s,-)

is upper semi-continuous. From (2.36) we conclude that the operator admits a similar
representation

(2.38) Ax(s) = / (o) dle(s)x(s,0) + g5, 0)]:



with x = x(s, o) denoting the characteristic function of the triangular domain {(s, o) :
a < s <o <b}. Again by Radon’s theorem, the bounded linear functional a(s) defined
by a(s) := Axz(s) on C' admits a representation

(2.39) a(s) = Varylc(s)x(s,-) + g(s,-)].
Finally, we associate with the operator (2.36) a function dx : [a,b] — R defined by

(2.40) dx(s) =g(s,s+0)—g(s,s —0).

Lemma 2.9. The equality

(2.41) a(s) — K(s) = |c(s) + 0k (s)] — [0k (s)]
holds for a < s <b.

O Leta=s)< 81 <...<S8n1 <8, =>0be an arbitrary fixed partition of the
interval [a, b]. We have

Z X(s,85) —c(s)x(s,s5-1) + g(s,s;) — g(sj-1)]

< |C< ) (87 Sk) - C(S)X<Sv Sk—l) + g(S, Sk) - g(S, Sk—l)’

+Z\ (8,85) — c(s)x(s,85-1) + 9(s,55) — g(s,55-1)]

J#k

= le(s) + g(s,56) = g5, s6-1)| = lg(s, s8) = g(s, 561 + Z 19(s,55) = g(s,55-1)]

< le(s) + g(s, sk) — g(s, s5—1)| — |g(s, s1) — g(s, sp—1)| + Varjyg(s, )
here the index k is chosen in such a way that sy 1 < s < s;. Since the partition
{s0,-..,8m} was arbitrary, and since

li%ﬂg(S,U):g(S,S—O), li?lg(870->:g(875+0>

we conclude that

a(s) = Varjaylc(s)x(s,-) + g(s, )|
< le(s) + g(s,s+0) —g(s,5s —0)| — |g(s,5+0) — g(s,s — 0)| + Varg49(s, -)
= le(s) + 0xc(s)] — 10K (s)] + K (s).
Similarly, the estimate

m

> la(s,s5) = g(s,85-1)] < —le(s) + g(s,56) — g(s. s1-1)| + g(s, 51) — g(s, 51-1))]

i=1
m

+3 " le(s)x(s, 85) = e(s)x (s, 8-1) + (s, 55) — g(s, 55-1))

J=1



for sp_1 < s < s implies that
r(s) = Vargg(s,-) < —le(s) + g(s,s +0) — g(s,5 = 0)]
+1g(s,s +0) — g(s, s — 0)[ + Vargle(s)x(s, ) + g(s,-)]
= —le(s) + 0k (s)| + |0k (s)] + a(s).
Consequently, (2.41) holds. W

Let us call an operator K as in (2.36) infra-stamping if the function (2.40) is zero
almost everywhere on [a, b].

Theorem 2.4. Suppose that the function ¢ = ¢(s) is continuous, and the operator
K is infra-stamping. Then formula (2.5) holds with ~ given by (2.35).

O Obviously, it suffices to show that

(2.42) lc(s)] 4+ Varg gg(s, ) < sup «(s).

a<s<b

As already mentioned, the function 7(s) defined by (2.35) is upper semi-continuous;
consequently, for any € > 0, the set D, of all s € [a,b] such that v(s) > sup {y(c) —¢:
a < o < b} is non-empty and open. Choose a point s. € D, where the function (2.40)
vanishes, i.e. g (s.) = 0. For any s € [a, b], we have then

|e(s)] + Varpayg(s, ) < sup v(s) < y(se) +¢

a<s<b

= |c(s:)| + Varyg(se, -) + € = |e(se) + 6x(s:)| — |0k (se)| + Vargyg(se, ) + €,
hence, by Lemma 2.1,

lc(s)| 4 Varg5g(s, -) < Vargglc(s)x(se, <) + 9(se,-)] + e < a(s:) +¢ < sup a(s) +e.

a<s<b
Since £ > 0 was arbitrary, (2.42) is proved. W

As was shown by DIALLO-ZABREJKO [1987], every integral operator or stamping
operator (in Krasnosel’skij’s sense) is infra-stamping. In this way, Theorem 2.4 generalizes
and extends the results by DAUGAVET [1963], KRASNOSEL'SK1J [1967], and LOZANOVSKIJ
[1966]. On the other hand, there exist infra-stamping operators which are neither
integral operators nor stamping; just consider the operator Kxz(s) = x(s/2) on the
space C' = C([0, 1]). Theorem 2.4 is mentioned in DIALLO-ZABREJKO [1987] even for
the space C' = C(Q) of continuous functions on an arbitrary compact metric space Q.
In contrast to Lemma 2.1, however, the continuity of the function ¢ = ¢(s) is required
in Theorem 2.4. As will be shown in the next chapter, this requirement is superfluous
if K is considered as a bounded linear operator from C into L., and the function ¢,
rather than being continuous, has merely the property that the operator (2.34) acts in
the space C. This situation is typical in many applications of Lemma 2.1.



§ 3. Barbashin equations in Lebesgue spaces

In this section we give a systematic account of the basic properties of Barbashin
operators in the Lebesgue space L, of p-summable (1 < p < 00) or essentially bounded
(p = oo) functions over [a,b]. In particular, we derive sufficient conditions (which
sometimes are also necessary) for the strong continuity or norm-continuity of Barbashin
operators in both the stationary and non-stationary case. To this end, we study some
special kernel classes and make use of interpolation theorems for integral operators. A
representation theorem for the evolution operator in the space L, is also given.

3.1. Linear operators in the space L,

Let us recall some basic properties of bounded linear operators of the form

b
(3.1) Az(s) = c(s)x(s) —l—/ k(s,0)z(o)do

in the Lebesgue spaces L, (1 < p < 00); as in § 2, we assume that ¢ = ¢(s) and
k = k(s,o) are given measurable functions on [a,b] and [a, b] X [a, b], respectively.

We are especially interested in conditions on the functions ¢ and k£ which ensure
the boundedness of the operator (3.1) in some Lebesgue space L, of p-integrable (1 <
p < 00) or essentially bounded (p = co) functions on [a, b]. In contrast to the situation
in the space C, there are no simple theorems on the general form of bounded linear
operators in L, (see e.g. DUNFORD-SCHWARTZ [1963|, KRASNOSEL'SK1J-ZABREJKO-
PUSTYL'NIK-SOBOLEVSKIJ [1966]). This is the reason why the theory of operators of
the form (3.1) to be developed below is not as simple and complete as the corresponding
theory in the space C' developed in the preceding paragraph. No systematic account
on the operator (3.1) in Lebesgue spaces is known in the literature. Nevertheless, there
is a vast literature on linear integral operators (i.e. operators (3.1) with ¢(s) = 0);
we refer, in particular, to the monographs KRASNOSEL’SKI1J-ZABREJKO-PUSTYL NIK-
SOBOLEVSKIJ [1966], HALMOS-SUNDER [1978], KOROTKOV [1983]. We shall show that
the basic facts from KRASNOSEL'SKIJ-ZABREJKO-PUSTYL'NIK-SOBOLEVSKIJ [1966|
on linear integral operators carry over to the more general operators (3.1) as well.

One of the most important facts on linear integral operators in Lebesgue spaces
is the classical Banach theorem on the “automatic” continuity of such operators (see
e.g. BANACH [1932]|, KRASNOSEL'SKI1J-ZABREJKO-PUSTYL'NIK-SOBOLEVSKIJ [1966]).
This theorem holds also for operators of the form (3.1):

Lemma 3.1. Suppose that the linear operator (3.1) acts in the space L, (1 < p < 00).
Then the operator (3.1) is continuous.

O Fix x € L,; by hypothesis, we have then Az € L,, with A given by (3.1). In
particular, the function k(s,-)x(-) is integrable on [a,b| for almost all s € [a,b], and

hence also the function |k(s, )| |z(-)|. By Fubini’s theorem, the function v : [a,b] — R
defined by

b
v(s) ::/ |k(s,0)] |z(o)| do

is measurable on [a,b].



To prove the continuity of the operator (3.1), it suffices to prove its closedness, by
the closed graph theorem. Thus, let (z,), be a sequence in L, converging to zero,
say, and assume that the sequence (Ax,,), converges to some function z € L,. Without
loss of generality, we may suppose (see e.g. KRASNOSEL‘SKI1J-ZABREJKO-PUSTYL'NIK-
SOBOLEVSKIJ [1966]) that the functions x,, are uniformly bounded on [a,b] by some
function u € Ly, i.e. |z,(s)] < |u(s)| almost everywhere on [a,b]. The convergence
of the sequence (z,), to zero in the norm of L, implies its convergence in measure.
Consequently, the sequences c¢(-)z,(-) and k(s, -)x,(-) converge in measure, too. Since

[k(s, 0)zn(0)] < |K(s,0)[ |u(o)]  (n=1,2,...),

the sequence (vy,),, of functions

on(s) = / k(5. 0Vt (0) do

converges, for almost all s € [a,b], to zero, by Lebesgue’s theorem on dominated
convergence. Altogether, this shows that the sequence

Az, (s) = c(s)xn(s) —|—/ k(s,0)x,(0)do

converges in measure to zero; consequently, z(s) = 0 almost everywhere on |[a, b], and
so we are done. W

Recall that a linear operator A in the space L, is called regularif A may be written as
a difference of two positive linear operators in L,; a regular operator is always bounded.
Given a regular linear operator A in L,, one may define its module |A| as the minimal
of all positive bounded linear operators A in L, satisfying

(3.2) |Az| < 121(|x]) (x e L,).

It was shown in KANTOROVICH-VULIKH-PINSKER [1950] and KRASNOSEL'SK1J-ZABREJKO-
PUSTYL'NIK-SOBOLEVSKIJ [1966] that a linear integral operator K generated by a
kernel k = k(s,o) is regular in L, if and only if the linear integral operator K|
generated by the kernel |k| = |k(s,0)| also acts in L,; moreover, |K| =]K] in this
case. The same is true for the operator (3.1):

Lemma 3.2. Suppose that the linear operator (3.1) acts in the space L, (1 < p < 00).
Then the operator (3.1) is regular if and only if the linear operator |A[ defined by

b
(3.3) JA[z(s) = le(s) |2 (s) +/ |k(s,0)|x(0) do;
acts in L, as well; moreover, the equality
(3.4) Al =1A]

holds in this case.

O The inequality |Axz| <]A[|z| is obvious. Therefore, if the operator (3.3) acts in
the space L,, then the operator (3.1) is regular and satisfies the estimate |A| <]A[;



here the inequality is meant in the sense of the ordering on £(£,) induced by the cone
of positive linear operators in L.

Conversely, suppose that (3.1) is regular, and let € L, be a nonnegative function
Since L, is a K-space of countable type (for the terminology see e.g. DUNFORD-SCHWARTZ
[1963] or KANTOROVICH-VULIKH-PINSKER [1950]), there exists a countable subset M
of the conic interval [—x,z] = {2 : z € L, |z| < x} such that

w =sup{|Az| : z € [-x,x]} =sup{|Az|: z € M}.

Without loss of generality we may suppose that M is dense (with respect to convergence
in measure) in [—z, z].

Denote by © the system of all subintervals D = [«, 5] C [a, b] with rational endpoints
a, (3, and let
M* = {z sign (cxp) + 2Xjap)\p : 2 € M, D € D};

here xp is, of course, the characteristic function of D € . The set M* is then also
countable and dense (in measure) in the conic intervall [—x,x]. Observe that, given
s € [a,b], we may find a sequence of sets D,, € © such that s € D,, and u(D,) — 0 as
n — oo.

The least upper bound of a countable subset of L, may be “calculated” for almost
all s € [a,b]. Since M C M* C [—z,z], we have

w(s) = sup{|Az(s)|: z € M*}.

Now fix s € [a, b], let (z,), be a sequence in M converging (in measure) to the function
sign k(s,-)z(:), and let (D,), be a sequence in ® such that s € D, (n = 1,2,...)
and p(D,) — 0 as n — oo. Then the functions z; = x sign (cxp,) + ZnX[ap)\D, alsO
converge (in measure) to the function sign k(s,-)x(-). Since

b b
e()25(s) + / K(s,0)22(0) do| = ||e(s)|4(s) + / K(s,0)2%(0) do]
and , ,
nllig k:(s,a)z;;(a)da:/ |k(s,0)|x(0) do

by Lebesgue’s theorem, we obtain

T}LTO|C(S)Z;(S)+/;/€(S o) (o) do| = / (s, o)z (o

From this it follows that
w(s) =sup{|Az(s)| : z € M*} > lim |Az}(s)|

+/ |k(s,0)|x(0)do =]Alx(s).

Consequently, for almost all s € [a,b] we have that |A[z(s) < w(s), and hence |A[z €
L,. In other words, the linear operator (3.3) maps any nonnegative function z € L,



again into a function |A[x € L,. Since every L, function is representable as a difference
of two nonnegative L, functions, the operator (3.3) acts in the space L,,.

It remains to observe that any positive linear operator A satisfying (3.2) in L, has
the property that w(s) < Axz(s), and so

JAa(s) < Ax(s)

for all © € L,. This shows that | A[ is the minimal of all operators satisfying (3.2), and
thus |A[ < |A] as claimed. W

In what follows, we identify the dual space L, in case 1 < p < oo, as usual, with the
space L, with ¢ = p/(p — 1); in fact, the duality

b
(@) = [ sl ds
gives a 1-1 representation of any bounded linear functional [ € L7 in the form

(3.5) l(z) = (,),

where ly € L, with [|l||; = [|lo||r,. Thus, if the operator A in (3.1) acts in the space
L, (1 <p < o0),its adjoint A* acts in the space L, (¢ = p/(p—1)); the question arises
whether or not A* admits also a representation in the form (3.1).

Recall that the dual space L% of L., may not be identified with the space L.
However, L, is a closed subspace of L} , inasmuch as every element [y € L, defines a
bounded linear functional [ on L., by (3.5), where ||l||z:. = ||lo||:. In this connection, L,
is sometimes called the Kdthe dual (or associate space) of the space Lo, and denoted
by L; thus, we have L® = L, = L, (¢ = p/(p—1)) in case 1 < p < oo, and
L D L = L; in case p = oo. In the latter case, it is more natural to consider,
rather than the adjoint A* of the operator (3.1) on L¥ , the restriction A’ of A* on the
subspace L = Ly; A’ is sometimes called the Kdthe adjoint (or associate operator) of
A. Thus, if A is defined by (3.1), we are interested in the existence of its Kéthe adjoint

A, and also in conditions which allow us to represent A" again in the form (3.1).

In ZABREJKO [1968] it is shown that, if K is a linear integral operator with kernel
k = k(s,0)in L, (1 < p < 00), then the Kéthe adjoint K’ always exists, but is not
necessarily an integral operator. However, for every y € L, (¢ = p/(p — 1)) which
belongs to the domain of definition of the linear integral operator

K#y(s):/ k*(s,0)y(o) do

generated by the kernel k% = k#(s,0) = k(o, s), one has K'y = K#y. In particular, if
the operator K is regular then the operator K# is defined for each y € L,, and thus
K' = K# on the whole space L,. A similar result holds for the operator (3.1), as was
shown in KALITVIN-ZABREJKO [1991]:

Lemma 3.3. Suppose that the linear operator (3.1) acts in the space L, (1 < p < 00).
Then the operator (3.1) admits the Kdthe adjoint

(3.6) Aly(s) = A%y(s),



where

(3.7) A%y(s) = c(s)y(s) +/ k*(s,0)y(o) do

for any functiony € L, for which the right-hand side of (3.6) makes sense. In particular,
if the operator (3.1) is regular, then (3.6) holds for all y € L.

In connection with the results given above, the problem arises how to find simple
conditions (at least sufficient) on the functions ¢ = ¢(s) and k = k(s, o) under which the
operator (3.1) is continuous or regular in some L, space (1 < p < 00). Such conditions
may be found by combining analogous conditions for each of the two components of
(3.1), i.e. the multiplication operator

(3.8) Cz(s) = c(s)z(s)

and the integral operator

(3.9) K:U(s):/ k(s,0)z(0)do.

By means of Kantorovich’s regularity theorems for bounded linear operators in L.,
one may conclude from Lemma 3.2 and Lemma 3.3 that, in case p = 1 or p = o0,
the operator (3.1) acts in L, if and only if both components (3.8) and (3.9) act in L,,.
In case 1 < p < oo, however, an analogous result is not known. On the one hand, a
necessary and sufficient condition for the linear multiplication operator (3.8) to act in
L, is, of course, that ¢ € L. On the other hand, a necessary and sufficient condition
on the kernel k& = k(s, o) for the linear integral operator (3.9) to act in L, is known
only in case p = 1 or p = oo. Some sufficient conditions on k, however, which guarantee
that the operator (3.9) acts in L, for 1 < p < oo will be given in the next subsections
of this chapter.

3.2. The space £;(£,)

In analogy to what we have done in Subsection 2.2 by introducing the class £4(€), we
could try to develop a parallel theory on linear operators of type (3.1) in the Lebesgue
spaces L.

However, this would be extremely difficult and unsatisfactory, mainly because the
class of all linear integral operators in Lebesgue spaces has not been very well studied
up to the present. Nevertheless, since most integral operators which occur in significant
applications are a prior: known to be regular, one could be less ambitious and try at
least to develop a theory of regular linear operators of type (3.1). It turns out, in fact,
that this may be done quite successfully.

In the sequel, we denote by £§(£,) the class of all regular Barbashin operators
(i.e. regular operators of the form (3.1)) which act in the space L, (1 < p < o0);
of course, this is a subspace of the space £(£,) of all bounded linear operators in
L,. Observe that the space £f(£,) is not closed in £(£,) (see e.g. KRASNOSEL'SKIJ-
ZABREJKO-PUSTYL'NIK-SOBOLEVSKIJ [1966], HALMOS-SUNDER [1978|), and thus a
direct analogue to Lemma 2.2. for Lebesgue spaces is not true.



A somewhat weaker statement, however, is possible. To this end, let us introduce
the norm

(3.10) Al ey = I 1Al ] 2cep)
on the space £f(£,), where |A| denotes the module of A (see Lemma 3.2).

Lemma 3.4. The subspace £;(£,) with norm (3.10) is a Banach space which is
continuously imbedded in £(L,,).

O First of all, observe that the continuous imbedding
(3.11) Lo(Lp) CL(Lp),  |[Alece,) < 11A]e5 e

follows from the definition of |A| (see (3.3) and (3.4)). Further, for any A € £{(£,) we
have, by Lemma 3.2,

(3.12) O] g0y < 1A

ece K]l cen < Allgg e

with C' and K being the components (3.8) and (3.9) of the operator A. Suppose now
that

Apx(s) = cn(s)x(s) +/ kn(s,0)x(o) do,

is a Cauchy sequence of operators A, € £{(£,). By (3.11), the sequence (4,,), is also
Cauchy in £(£,), and hence converges (in £(£,)) to some operator A € £(£,). On the
other hand, by (3.12), both components C,, and K,, corresponding to A, are Cauchy
sequences in £§(£,). Now, the obvious equality

1Ci = Cill ez (2n) = llei — ¢l

shows that the sequence of functions (¢, ), is also Cauchy in L..; by the completeness of
the space Lo, this sequence converges (in Ly,) to some ¢ € L. Again by the equality

IC = Gl

(L) = lle = cnllra

it follows that the sequence of operators (C,,), converges (in £{(£,)) to the operator
Cz(s) = c(s)z(s).

To analyze the convergence behaviour of the sequence (K, ),, observe first that

b
(3.13) ||/ [ki(,0) = k;(, 0) (o) dol|e, < [|Ki = Kjlleg e, (2], <1)

and hence, by the particular choice x(s) = 1,

b b
(3.14) //]ki(s,a)—k’j(s,aﬂdsdag||K,-—Kj|]g;(gp).

The last estimate implies that the sequence of functions (k,), is Cauchy in the space
Ly = Ly([a, b] x [a, b]). Since this space is complete, too, this sequence converges (in L)
to some k € L. By passing, if necessary, to a subsequence we may assume, without loss
of generality, that (k,,), converges to k almost everywhere on [a, b] X [a, b]. In particular,



the sequence (ky(s,-)), converges, for almost all s € [a,b], almost everywhere on [a, b]
to the function k(s, ).

Now let x be an arbitrary nonnegative function in the unit ball of L,,. Setting i = n
in (3.13) and letting j — oo yields, by Fatou’s lemma,

b
I at0) = ke o)lalo) dolle, < Fim 1K~ Kl e

The right-hand side of this inequality tends to zero as n — oo, since the sequence (ky,),
is Cauchy in £;(£,). Moreover, the right-hand side does not depend on x; therefore,

b
m s | / (-, 0) — (-, 0) () dor| |, = 0,
n—oo Hﬂcl\Lpﬁl a

x>0

and hence, by the obvious inequality

| / k(5.0 — k(s, 0)|z(0) do] < / k(5.0 — K(s, 0)|x(0)] dor,

it follows that

b
lim sup ||/ kn(+,0) = k(+,0)|z(0) dol|L, = 0.

o0 el L, <1

This means exactly that the sequence (K, ),, converges (in £§(£,)) to the linear integral
operator K generated by the kernel k = k(s,0), i.e. to the operator (3.9). We have
shown that the operators C,, and K, converge in £{(£,) to the operators C' and K,
respectively, and thus the operators A,, = C,,+ K,, converge to the operator A = C+ K.
[

The space £(£,) of all bounded linear operators in L, is a Banach algebra with
respect to the usual composition of operators. It would be useful to know if the same is
true for the space £(£,). Moreover, the same question as in § 2 arises, whether or not
the subspace of integral operators (or regular integral operators) in L, is an ideal in
L£(Ly) or £§(£y). It turns out that the situation here is not as simple as in the space C
treated in § 2. For instance (KRASNOSEL'SKIJ-ZABREJKO-PUSTYL'NIK-SOBOLEVSKIJ
[1966]), the composition of two integral operators is not necessarily again an integral
operator. Nevertheless, the following result holds which is parallel to Lemma 2.3 and
Lemma 2.5:

Lemma 3.5. The subspace £§(£,) is a subalgebra of £(L,), and the subspace £i(£,)
is an ideal in the algebra £5(L,). More precisely, if A, B € £;(£,) are given by

Ax(s) = c(s)x(s) +/ k(s,o0)x(o)do

and

Bx(s) = d(s)xz(s) +/ [(s,0)x(0) do



then AB € £{(£,) is given by

b
(3.15) ABz(s) = e(s)x(s) +/ m(s,o)x(o)do

where

and

b
m(s,o) :=c(s)l(s,0) + k(s,0)d(0) +/ k(s,&)Il(&, o) dE.

O The formula (3.15) follows from

ABx(s) = c(s)d(s)x(s) +/ c(s)l(s,0)z(0)do

+ /abk(s,a)d(a)do—i-/abk(S,f; Uabl(f,a)w(a) d(f} dg;

here one may change the order of integration by Fubini’s theorem; in fact, the regularity
of the operators A and B implies the regularity of the integral operators K (with kernel
k) and L (with kernel /), and the equalitiy

//|k= o) do de = /wc |Uabu<f,a>||x<a>|da] dé = | K||L2(s)

implies that the function (0,&) — k(s,&)I(§,0)x(0o) is integrable on [a,b] X [a,b] for
almost all s € [a,b]. By (3.15), we have that AB € £{(£,). Moreover, the evident
inequality |[AB| < |A||B| and the definition (3.10) of the norm in £(£,) imply that

|AB||g: g,y = [[|AB| | ee,) < I AIB] ] (gp)

and

A ecen Bl ey = [[All g e[| Bllgg 29
and thus the first assertion is proved. The second assertion follows immediately from
(3.15): in fact, if A, say, is a “pure” integral operator, then ¢(s) = 0, hence ¢(s)d(s) = 0,
and thus AB is also an integral operator. W

3.3. Sufficient conditions for regularity

In this subsection we shall formulate some important sufficient conditions for the
operator (3.1) to belong to the class £§(£,). Such conditions may be obtained, loosely
speaking, from sufficient conditions for the integral operator (3.9) to be regular in the
space L, (KRASNOSEL’SK1J-ZABREJKO-PUSTYL'NIK-SOBOLEVSKIJ [1966]|, ZABREJKO-
KOSHELEV-KRASNOSEL'SKIJ-MIKHLIN-RAKOVSHCHIK-STETSENKO [1968]). For our
purpose, however, it is more convenient to formulate such conditions through imbedding
theorems for classes of kernels on [a, b] X [a, b]. Following KRASNOSEL'SKI1J-ZABREJKO-
PUSTYL'NIK-SOBOLEVSKIJ [1966], we denote by 3, (1 < p < 0o) the (Zaanen) class of
all measurable functions z = 2(s, o) on [a,b] X [a, b] for which the norm

(3.16) |2]|3, = sup //|zsa )y(s)| do ds
llall ., <1
llyllzy <1



(¢ = p/(p — 1)) is finite. The importance of this class is seen from the fact that
every function in 3, is the kernel of some regular linear integral operator in L,, and,
conversely, every kernel of a reqular linear integral operator in L, is a function in 3,.

Combining this fact with Lemma 3.2 we arrive at the following important

Lemma 3.6. The linear operator
b
(3.17) Ax(s) = c(s)x(s) —i—/ k(s,0)x(o)do

belongs to the class £;(Ly) if and only if ¢ € Ly and k € 3,. Moreover, in this case
the two-sided estimate

1
(3.18) SUlellze +115l15,) < [[Allgg e < llellza + 11K,
holds.

We can reformulate this result as follows. If we denote, in analogy to Subsection 2.3,
by £m(£y) the class of all multiplication operators (3.8) in L,, (note that a multiplication
operator in L, is always regular), and by £f(£,) the class of all regular integral operators
(3.9) in L,, then the decomposition

Lo(£p) = Lun(Ly) ® L£i(£p)

holds. In particular, we cannot find a parallel counterexample to Example 2.1 for regular
Barbashin operators in Lebesgue spaces.

At first glance it seems that the problem of describing the class £§(£,) is completely
solved by Lemma 3.6. However, there is an essential flaw: it is very hard, in general, to
find explicit formulas or estimates for the norm of a function in 3,, and just the problem
of characterizing the elements in 3, is not solved even for very simple functions arising
frequently in applications (e.g. functions with polynomial or logarithmic singularities on
the diagonal s = o). Conditions which are merely sufficient, of course, are well known
(see KRASNOSEL'SK1J-ZABREJKO-PUSTYL'NIK-SOBOLEVSKIJ [1966] and below).

Some more auxiliary classes of kernels on [a, b] X [a, b] are in order. Given a measurable
set D C [a,b], let

_f x(s) if seD,
(3.19) Ppx(s) .—{ 0 i s D

denote the characteristic operatorof D C [a, b], i.e. the multiplication operator generated
by the characteristic function xp of D. By 3, we denote the space of all z € 3, such
that

(3.20) lim / /| (s,0) Ppa(o)y(s)| do ds = 0.

wD)=0 e HL <1
<1
Hyqu

Similarly, by 3,7 we denote the space of all z € 3, such that

(3.21) lim / /| s,0)2(0) Ppy(s)| do ds = 0.

wD)=0 o HL <1
nyqu



Finally, let
3y =13, N3}

It is well known that in case 1 < p < oo all three classes 3; ,3; and 32 coincide
and consist of all kernels which generate compact regular integral operators (3.9) in L,
(more precisely, they generate all regular operators (3.9) such that both K and |K|
are compact). In case p = 1 we have 3; = {0}, and 3] consists of all kernel functions
which generate weakly compact integral operators in L;. Similarly, in case p = oo we
have 31 = {0}, and 3 consists of all kernels which generate weakly compact integral
operators in L.

As already mentioned, the kernels k € 3, are precisely those which generate integral
operators K € £5(£,). Let us denote by £77(£,), £77(£,), and £7°(£,) the class of
all integral operators K € £{(£,) which are generated by kernels k € 3,7, 3, and 3},
respectively. From well known properties of compact and weakly compact operators we
get the following useful result (which, by the way, may also be obtained directly):

Lemma 3.7. The subspaces £77(£,), £77(L,), and £7°(L,) are ideals in the algebra
L5(Lp)-

Now we introduce some important subclasses of the kernel class 3,. For 1 <p,q <
00, denote by U(p, ¢) the linear space of all measurable functions z = z(s, o) on [a, b] x
[a, b] for which the so-called mized norm

(3.22)
( b b a/p 1/q
{/ {/ |z(s,0)|pda] ds} if 1<p,q< o0,
b 1/p
2llv@.g = ess sup [/ |z(s,0)P da} if 1<p<ooandgqg= o0,
a<s<b a
b 1/q
{/ esssup|z(s,a)|qu} if 1<g<ooandp=oc0
a a<o<b

\

is finite; similarly, denote by V' (p,q) the linear space of all measurable functions z =
2(s,0) on |a,b] X [a,b] for which the mixed norm

(3.23)
( b b a/p 1/a
{/ [/ |z(s,0)|pds] da} if 1<p,q< o0,
b 1/p
Izllvpg) = { esssup {/ |z(s,0)|? ds] if 1<p<ooandq= o0,
CLSO’SI) a
b 1/q
{/ esssup|z(s,0)|qd0} if 1<g<ooandp=o0
L a a<s<b

is finite. The functionals (3.22) and (3.23) are norms which turn U(p,q) and V(p, q)
into Banach spaces.

The following two propositions provide some relations between the kernel classes
introduced so far; they may be regarded as reformulation of well known sufficient acting



conditions for integral operators in L,, expressed in terms of the corresponding kernels
(HILLE-TAMARKIN [1930], see also KANTOROVICH-AKILOV [1977| or KRASNOSEL'SKIJ-
ZABREJKO-PUSTYL'NIK-SOBOLEVSKIJ [1966]):

Lemma 3.8. Let 1 < p < o0 and ¢ = p/(p — 1). Then U(q,p) is continuously
imbedded in 3,, i.e.

(3.24) lzll3, < llzllu@e (2 € Ulg,p)).
Moreover, U(1,00) = 3, U(g,p) C 32 for 1 < p< oo, and U(oo,1) C 37.

Lemma 3.9. Let 1 < p < o0 and ¢ = p/(p — 1). Then V(p,q) is continuously
imbedded in 3,, i.e.

(3.25) l2ll3, < llellvpg (2 € Vip,q)).
Moreover, V(1,00) = 31, V(p,q) C 32 for 1 < p < oo, and V(oo,1) C 3.

The following result is much more precise and difficult and is essentially due to
Kantorovich (see KANTOROVICH [1956], KANTOROVICH-AKILOV [1977], KRASNOSEL'SK1J-
ZABREJKO-PUSTYL'NIK-SOBOLEVSKIJ [1966]):

Lemma 3.10. Let p, po,p1, o, 1 € [1,00] and X\ € [0,1] be real numbers satisfying

I-X2 A 1 1-X A
_ - <<

Do @op o 1
Then U(po, qo) NV (p1,q1) is imbedded in 3, and

1

<326) ||Z||3p S C||z||[1]_(;\0,q0) ||Z||€\/(p17‘ﬂ)'
Moreover, U(po, qo) NV (p1,q1) € 32 if either qo < 00 or q1 < 0.

Observe that Lemma 3.10 is a kind of “interpolation” between Lemma 3.8 and
Lemma 3.9; in fact, for A = 0,py = ¢, and gy = p, (3.26) coincides with (3.24), while
for A\ =1,p1 = p, and ¢1 = q, (3.26) coincides with (3.25).

Lemma 3.10 makes it possible to treat kernels z = z(s, o) with polynomial singularities
on the diagonal s = o as elements of 3,. Nevertheless, Lemma 3.10 does not allow us to
recover all kernels from 3, in particular, not those which generate noncompact integral
operators in L, (observe that the inclusion 32 C 3, is always strict for 1 < p < 00).

Other descriptions of the elements of 3, are possible by means of interpolation
theorems in Lebesgue spaces (see e.g. BERGH-LOFSTROM [1976], KREJN-PETUNIN-
SEMENOV [1978|). The first theorems of this type have been established by Riesz
and Marcinkiewicz, afterwards by Stein and Weiss, Dikarev and Matsaev; a certain
completion of the theory was reached with the “sharp” interpolation theorem by OVCHINNIKOV
[1983]. In what follows, we shall give a formulation of this theorem in the spirit of the
book ZABREJKO-KOSHELEV-KRASNOSEL'SKIJ-MIKHLIN-RAKOVSHCHIK-STETSENKO
[1968].



Denote by W(a, ) (0 < a,f < 1) the linear space of all measurable functions
z = z(s,0) on [a,b] X [a,b] for which the norm

320 lelwes = swp (D) u0) [ [ fe(s.0)ldods
Dy J Do

D;,D>Cla,b]

is finite; similarly, by W%(a, 3) we mean the subspace of all 2 € W (a, 3) satisfying

w(Dy)—0
1(Dg)—0

(3.28) lim ,u(Dl)_"‘,u(Dg)_’g/D /D |2(s,0)| dods = 0.

Lemma 3.11. Let ag, a1, 5o, 1 € [0,1],p € [1,00], and X € [0,1] be real numbers

satisfying
1
1—(1—)\)0[0—)\0[1 S — S (1—)\>ﬁ0+Aﬁ1

S

Then W (ap, Bo) N W(aq, 1) is imbedded in 3, and

(3.29) 12113, < e ll215 0,00 12! (.00

for some ¢ > 0. Moreover, W°(ay, Bo) N W(ay, 1) € 39 if Bo > 0, and W (ao, Bo) N
WOy, 1) € 39 if 61 > 0.

All results concerning the kernel classes U(p, q),V(p,q), or W(«, 3) given in this
subsection provide conditions on the parameters p,q, a, 3 under which these classes
are subspaces of 3, (or even 32). Each of these kernel classes induces, of course, a
corresponding space of linear integral operators (3.9). The question arises which of
these space are ideals (or at least subalgebras) of the algebra £f(£,). For some of these
classes (e.g. for U(p,q) and V(p,q)), the answer is positive; this follows from basic
properties of so-called u-bounded and v-cobounded operators in Lebesgue spaces (see
e.g. KRASNOSEL'SK1J-ZABREJKO-PUSTYL'NIK-SOBOLEVSKIJ [1966]). For some other
classes, the answer is unknown.

Let us discuss still another aspect of the operator (3.1). In Lemma 2.1 we established
the explicit formula (2.5) for the norm of the operator (3.1) in the space C' which
may be expressed rather simply in terms of the corresponding functions ¢ = ¢(s)
and k = k(s,0). A parallel formula may be obtained in the space L,, at least in the
“extreme” cases p =1 and p = cc.

Lemma 3.12. Suppose that the linear operator (3.17) acts in the space Ly or in the
space Lo,. Then the operator (3.17) is bounded with norm

I[A|lecey = lnllr

respectively
1Al e(g0) = [17o0] |2

where

(3.30) n(s) = le(s)| + / k(0. 5)| do



and

b
(3.31) Yool(8) = |c(9)] —l—/ |k(s,0)|do.

O The boundedness of the operator (3.17) follows from Lemma 3.1; moreover, by
Lemma 3.7, the estimates

(3.32) Al g2,y < [Inllre
and
(3.33) [A[l g(200) < Vo0l 2ee

hold. Let first p = co. Since the unit ball in L., consists of all functions |z| < 1, we
have, by Lemma 3.2,
sup Az (s)] = yoo(s).

llz]| Lo <1

Further, since for any subset M of L., we have (see e.g. KANTOROVICH-VULIKH-
PINSKER [1950] or KANTOROVICH-AKILOV [1977])
sup {||z|| : # € M} = [[sup {[z[ - x € M}],

we conclude that

Alleewy = sup [[AZ[|zo. = [[[Alz1]|20c = l1o0ll e

2] Loo <1

where x1(s) = 1. This proves the assertion in case p = co. In case p = 1, the statement
follows from Lemma 3.3 by passing to the Kothe dual Ly = L/ of L., and the Kéthe
adjoint A" of A. W

Observe that, in the special case ¢(s) = 1, the formulas (3.30) and (3.31) become
I+ K[| =1+ |[K]]

with K given by (3.9); this is of course parallel to the situation in the space C' (see
(2.33) in Subsection 2.7). Such formulas have been obtained by LOZANOVSKIJ [1966]
by slightly different methods; these methods, however, apply also to more general
operators of the form (3.17).

3.4. Strongly continuous operator functions

Consider again the operator function
b
(3.34) A(t)z(s) = c(t, s)z(s) + / k(t,s,o)x(o)do.

on a bounded or unbounded interval J. By Lemma 3.6, formula (3.34) defines an
operator function A with values in £(£;) if ¢(¢,-) € Lo and k(¢,-,-) € 3, for t € J. The
purpose of this subsection is to find conditions on the functions ¢ and k under which this
operator function is strongly continuous. If the operator function (3.34) takes values



not only in £(£,), but in the subclass £f(£,), then (3.34) may be represented, by
Lemma 3.6, as sum of the two simpler operator functions

(3.35) C(t)x(s) = c(t, s)x(s),

and

(3.36) K(t)a(s) = / k(t, 5, 0)2(0) do

therefore the problem reduces to studying the strong continuity of (3.35) and (3.36)
separately.

Lemma 3.13. Letc, € Lo (n=1,2,...) and ¢ € Ly, and let C,, and C, respectively,
be the corresponding multiplication operators (3.8). Then the sequence (Cy,),, converges
strongly in L, (p < oo0) to C if and only if the sequence (c,), ts bounded in Lo
and converges to c either in measure or in Ly; likewise, the sequence (C,), converges
strongly in Lo, to Cif and only if (c,), converges to ¢ in Lu.

O Let first p < oco. The necessity of the boundedness of (¢,), follows then from
the Banach-Steinhaus theorem on the uniform boundedness of strongly convergent
operator sequences and the trivial equality ||Cy||¢ce,) = ||cnl|zo.. The necessity of the
convergence of (¢, ), either in measure or in L, is a consequence of the obvious equalities
Cn 1 = ¢, and Czy = ¢ (z1(s) = 1). Conversely, the sufficiency of these two conditions
follows from the Lebesgue theorem on dominated convergence.

In case p = oo the proof is even simpler: indeed, the statement follows directly from
the equality ||(C,, — C)x1l|r. = |len — ¢||r.. B

Lemma 3.14. Let k, € 3,(n=1,2,...) and k € 3,, and let K,, and K, respectively,
be the corresponding integral operators (3.9). Then the sequence (K,), converges strongly
in L, to K if and only if the sequence (k). ts bounded in 3, and if, in case p < oo,
the sequence

Kn($,2) = /Z k. (s,0)do (a < z<b)

converges in L, to the function

K(s, 2) :/zk(s,o)da (a <z <b).

O The proof is a simple consequence of the Banach - Steinhaus theorem and the
fact that the linear hull of the characteristic functions x(,. (@ < 2 < b) is dense in L,
for p < oo, while the linear hull of all characteristic functions xp (D C [a,b]) is dense
in Lo,. &

Combining Lemma 3.13 and Lemma 3.14 we arrive at a (sufficient) condition for the
strong continuity of the operator function (3.34) in L, which we state as

Theorem 3.1. Suppose that ¢ = c(t,s) and k = k(t, s, o) are measurable on J x [a, b]
and J X [a,b] X [a,b], respectively, and satisfy the following conditions:



(a) for each t € J, the function c(t,-) belongs to L., and in case p < oo the function
t — c(t,-) is bounded from J into Ly, and continuous from J into Ly, while in case
p = oo the function t — c(t,-) is continuous from J into Ls;

(b) for each t € J, the function k(t,-,-) belongs to 3,, and the function t — k(t,-,-)
is bounded from J into 3,;

(c) in case p < 00, the function

tr—>/ k(t,-, o) do

is continuous from J into L, for each ¢ € |a,b], while in case p = 0o the function

t— / k(t,-, o)do
D

is continuous from J into Lo, for each D C [a,b].

Then the operator function A = A(t) defined by (3.34) is strongly continuous in L.

The hypotheses of Theorem 3.1 are rather easy to verify; the only difficult part is
the verification of (b), since the norm of the class 3, is somewhat complicated. In most
applications, however, one may use the Lemmas 3.8 - 3.11 proved in the preceding
subsection.

We point out that the conditions (a) - (¢) of Theorem 3.1 are not only sufficient in
case p = 1 and p = oo, but also necessary; this follows from the fact that £,(£,) and
£4(£y) coincide in this case, and from the Banach-Steinhaus theorem.

3.5. Norm-continuous operator functions

Generally speaking, necessary and sufficient conditions neither for the strong continuity
of the operator function (3.34), nor for its continuity in the norm of £(£,), are easy to
obtain. It is easy, however, to find conditions which are merely sufficient. Moreover, if
we consider (3.34) as an operator function with values in £§(£,), rather than £(£,),
then it is in fact possible to give continuity conditions which are both necessary and
sufficient. More precisely, such conditions may be given for all operator functions whose
integral part (3.36) is, for fixed ¢t € J an integral operator in £7°(£,); this situation
occurs very often in applications.

Lemma 3.15. Letc, € Lo (n=1,2,...) and ¢ € Ly, and let C,, and C| respectively,
be the corresponding multiplication operators (3.8). Then the sequence (Cy,),, converges
in the norm of £(£,) to C if and only if the sequence (c,), converges to c in Lo

O The statement follows trivially from the fact that the norm of the operator (3.8)
in £(£,) is exactly ||c/|z... ®

Recall (KRASNOSEL'SKIJ-ZABREJKO-PUSTYL'NIK-SOBOLEVSKIJ [1966]) that a set
M C L, is called absolutely bounded if

lim sup/|x )P ds =0,

w(D)—=0 zeM



i.e. the elements of M have uniformly absolutely continuous nmorms. Likewise, a set
M C 3, is called n-absolutely bounded if

b b
(3.37) lim sup sup //]z(s,J)PDlx(J)PDQy(s)]dads:O.
MONTe 2EM el <t Ja Ja
2 llvllpg <t

It is not hard to see that every n-absolutely bounded set in 3, is bounded in norm; the
converse is, of course, false.

Lemma 3.16. For 1 < p < oo, let k, € 3) (n =1,2,...) and k € 3, and let K,
and K, respectively, be the corresponding integral operators (3.9). Then the sequence
(K,.)n converges in the norm of £7°(£,) to K if and only if the sequences (uy), and
(Un)n defined by

b b
(3.38) U (8) :/ |kn(s,0)|do, vy (0) :/ |kn(s,0)|ds

are absolutely bounded in L, and L, respectively, and the sequence (ky), converges in
Ly to k and is n-absolutely bounded in 32.

O The necessity of the given conditions follows from the continuity of the imbedding
3, € L; and from the absolute boundedness of a convergent sequence in L, (see e.g.
KRASNOSEL'SKI1J-ZABREJKO-PUSTYL'NIK-SOBOLEVSK1J [1966]). For instance, the first
condition follows from the elementary estimates

1P |z, < ||Pof / ku(.0) — K 0)|do) ||z, + 1P / Ik(s,0)] do) Iz,

< s [ [ o) KosoMldods + s [ [ ks, Poyts)aoas

lyllzy <1 lyll2, <1

< (b= a)"?|lkn = Kll3, + ||Pp| K |21]|,

with z1(s) = 1.
The proof of the sufficiency is harder. Observe, first of all, that, by the convergence
of (kn), to kin Ly, we have

n—oo

b b
(3.39) lim / / |kn(s,0) — k(s,0)|dods = 0.

Further, the absolute boundedness of the sequence (uy,),, in L, (see (3.38)) implies that
of the sequence (u}), defined by

ur(s) = / |k (s,0) — k(s,0)|do.

On the other hand, this sequence converges in L; to zero, by (3.39), hence also in
measure; consequently (see e.g. KRASNOSEL'SK1J-ZABREJKO-PUSTYL'NIK-SOBOLEVSKIJ
[1966]), this sequence converges in L, to zero as well. Since

b b
letllz, = sup / / (5, 0) — k(s, 0)]y(s)| dor ds,

llyllLg <1



we conclude that

(3.40) lim  sup / / k(5. &) — k(s, 0)]y(s)| dords = 0.

" lyllLe <1

Similarly, the absolute boundedness of the sequence (v,), in L, (see (3.38)) implies
that

borb
(3.41) lim  sup / / [[kn(s,0) — k(s,0)]x(0)| dods = 0.

00 e L, <1

Finally, the n-absolute boundedness of the sequence (k,), in 32 means that, given
e > 0, we may find a § > 0 such that for u(D;) < § and p(D2) < § we have

b b
sup / / ko (5, @) — (s, 0)| Pp. () Po,y(s)| do ds < .
HZHLpﬁl a a

lvllz, <1

For this § we may find in turn a number 2 > 0 such that, for any « € L, with ||z||;, <1
and y € Ly with [|y|[z, < 1, we have u(D(x)) < 6 and p(D(y)) < 6, where

D(z)={t:a<t<b|z(t)| > h}.

Consequently,

(3.42) H sHup / / [[kn(s,0) = k(s,0)]|Pp@)x(0)Ppyyy(s) dods < e.
z|lp, <1 a
Iyl <1

The elementary inequality

//\ (s,0) = k(s, )]x<)<)|dads<h2//yk (s,0) — k(s,0)| do ds
+h/a/a|[kn(s,g> k(s, o)yl |dads+h//| (s,0) — k(s, 0)|z(c)|do ds

n / / (5, 0) — (5, 0)] [ Poeyz() Pogyy(s)] do ds

implies, together with (3.39) - (3.42) that

fm  sup //| (s,0) — k(s, 0)]a(0)y(s)| do ds < «.

N0 el <1

<1
ol <

Since ¢ > 0 was arbitrary, we conclude that

lim  sup / / |[kn(s,0) — Ek(s,0)]z(0)y(s)|dods =0

n=00 jg|y, <1

1 <1
ol <



and thus the proof is complete. W

Combining Lemma 3.3 and Lemma 3.4 we arrive at a (necessary and sufficient)
condition for the continuity of the operator function (3.34) in the norm of £(£,)
which is parallel to Theorem 2.2.

Theorem 3.2. Let 1 < p < oo, and suppose that ¢ = c(t,s) and k = k(t,s,o) are
measurable on J X [a,b] and J x [a,b] X [a,b], respectively, and satisfy the following
conditions:

(a) for each t € J, the function c(t,-) belongs to Ly, and the function t — c(t,-) is
continuous from J into Ly;

(b) for each t € J, the function k(t,-,-) belongs to 32, and the function t — k(t,-,-)
is continuous from J into Lq;

(c) the functions

b
¢ H/ k(.- )| do
and

b
t»—>/ e(t, 5, )] ds

map every bounded subinterval of J into an absolutely bounded subset of L, and L,
respectively;

(d) the function t — k(t,-,-) maps every bounded subset of J into an n-absolutely
bounded subset of 3.

Then the operator function A = A(t) defined by (3.34) is continuous in the norm of
£5(Lp)-

Conversely, if the operator function (3.34) is continuous in the norm of £;(£,), then
the corresponding functions ¢ = c(t,s) and k = k(t,s, o) satisfy the conditions (a) -

(d).

The hypotheses of Theorem 3.2 are rather easy to verify; as in Theorem 3.1, one
may use the Lemmas 3.8 - 3.11 to verify (b) and (d).

The case when the integral part (3.36) of (3.34) belongs, for each ¢ € J, only to £{(£,)
instead of £7°(£,), is not covered by Theorem 3.2. As a matter of fact, the continuity
of (3.34) is usually proved by showing that the function t — ¢(¢,-) is continuous from
J into L., and the function t — k(¢,-,-) is continuous from J into 3,. But just the
verification of the second of these properties is extremely difficult, because there is no
analogue to Lemma 3.4 for integral operators £5(£,) instead of £7°(£,). By the way,
in some cases one may also use the Lemmas 3.8 - 3.11 to prove the continuity of the
function t +— k(t,-,-) from J into the kernel classes U(q,p),V(p,q), or W(«, 3) which
are imbedded in the class 3, (see Subsection 3.3).

The case p = 1 or p = oo (which is not covered by Theorem 3.2) is rather easy to
deal with. In fact, the equalities £,(£,) = £;(£,) and Lp(Ls) = £ (L) hold, as well
as the formulas

b
(3.43) Al eceny = [[1eC)] +/ |k(o, )| do]| L.,



and

(3.44) Al ey = [ 1eC)] +/ k(- 0)ldo|| L.,

for the norm of the operator (3.1). This fact allows us to get rather easily conditions
for the functions ¢ = ¢(t,s) and k = k(¢,s,0), both necessary and sufficient, under
which the operator function (3.34) is norm continuous. We state this as

Theorem 3.3. Let p =1 or p = 00, and suppose that ¢ = c(t,s) and k = k(t,s, o)
are measurable on J X [a,b] and J X [a,b] X |a, b], respectively, and satisfy the following
conditions:

(a) the function t — c(t,-) is continuous from J into Lu;

(b) the function t — k(t,-,-) is continuous from J into V(1,00) [respectively into
U(1,00)].

Then the operator function A = A(t) defined in (3.34) is continuous in the norm of
£(L£,) [respectively of £(L)].

Conversely, if the operator function (3.34) is continuous in the norm of £(£,)
[respectively of £(L£w)], then the corresponding functions ¢ = c(t,s) and k = k(t, s, o)
satisfy the conditions (a) and (b).

O The proof is a straighforward consequence of (3.43), (3.44), and Lemma 3.12. W

3.6. A representation theorem for the evolution operator

Let us return to the study of the linear differential equation (1.2) with operator
function (1.3) in the Lebesgue space L, (1 < p < o0). In what follows, we shall
suppose that the hypotheses of Theorem 3.1 are satisfied, and thus (3.34) is a strongly
continuous operator function with values in the space £;(£,). As in the case of the space
C' (see Subsection 2.7) it is natural to expect that the evolution operator U = U(t, 7)
for equation (1.2) is again representable as sum of the evolution operator Uy = Uy(t, T)
of the “reduced” equation

dx
4 — =C(t
(3.45) g C(t)x
and some integral operator
b
(3.46) H(t,7)x(s) :/ h(t,7,s,0)x(c)do.

This is in fact true also in the space L, and follows from Theorem 1.2, Lemma 3.5, and
Lemma 3.7; one can say even more:

Theorem 3.4. Suppose that the operator function (3.34) is strongly continuous in
L£4(Ly). Then the evolution operator U = U(t,T) for the differential equation (1.2)
belongs to £;(£y) for each t, 7 € J, i.e. admits a representation

(3.47) U(t,m)x(s) = e(t, T, s)x(s) + H(t, 7)x(s),



where e(t,T,s) is giwven by (1.29), and H is defined by (3.46) with h = h(t,,
being a measurable function on J x J X [a,b] X [a,b]. Moreover, H(t,7) € £~
if K(t) € £77(L,),9(t,7) € £57(L,) if K(t) € £77(L,), and H(t,7) € £°(&,
K(t) € £7°(L,).

O Recall (see Subsection 1.2) that the evolution operator U (¢, 7) for equation (1.2) is
representable as a series (1.7) which converges, uniformly on every bounded subinterval
of J, in the norm of the space £(£,). By Lemma 3.5, every operator A(t;) - - - A(t,) (n =
1,2,...) in (1.7) belongs to £;(£,), i.e. admits a representation

b
(3.48)  A(t1)--- A(tn)x(s) = c(t1, s) ... c(tn, s)x(s) + / Tn(ti, ... tn,s,0)x(0)do,

where the function r, = r,(t1,...,t,,s,0) (n = 1,2,...) is measurable, and the
function r,(t1,...,t,, -, ) belongs to 3, with

(3.49) [rn (s tns )3, < [TAM) lecey) - - A (e,

Integrating (3.48) over ty, ..., t, yields

[/:/Ttl"'/Ttn_lA(tl)---A(tn)dtn---dtl} x(s)—%[[c(g,s)dg]nx(s)
+/ab {/Tt.../:n1rn(tl,...,tn,s7a)dtn...dt1} () do

here the order of integration may be changed by Fubini’s theorem and the inequality
(3.49). Interchanging the integration (3.50) with the series (1.7) we get (3.47) with

o0 t t1 tn—1
(3.51) h(t,7,s,0):= Z / / / Tty .. tn, 8,0)dty, ... dty.
n=1 T T T

The proof is complete. W

(3.50)

A comparison with Theorem 2.3 shows that the proof of Theorem 3.4 is essentially
the same as in the case of the space C'. The only difference consists in the fact that the
convergence of the operator series for U(t, 7), uniformly on every bounded subinterval
of .J, is proved for the series (2.32) in the norm of U(1, 00), and for the series (3.51) in
the norm of 3,. Since U(1,00) = 3., Theorem 3.4 is more general than Theorem 2.3,
at least formally. It is worth mentioning, however, that Theorem 2.3 covers all strongly
continuous operator functions with values in £(€), while Theorem 3.4 applies only
(except for the “degenerate” cases p = 1 and p = 00) to restricted classes of strongly
continuous operator functions in L,,, namely those which are actually representable as
regular integral operators in L.



§ 4. Barbashin equations in ideal spaces

In this section we try to generalize some results of § 3 in the framework of so-called
ideal spaces (Banach lattices) of measurable functions. Examples of ideal spaces are
the Lebesgue spaces considered in the last paragraph, Orlicz spaces (which are useful
in problems with strong nonlinearities), or Lorentz and Marcinkiewicz spaces (which
arise in interpolation theory for linear operators).

4.1. Ideal spaces

Many of the results presented in § 3 carry over from Lebesgue spaces to larger
classes of spaces which frequently occur in applications. In this subsection we develop
the notions which will be needed to formulate the corresponding results.

Let 2 be a nonempty set with a o-algebra 2 of subsets of  (called “measurable
sets”) and a o-finite o-additive measure p on 2. Since in all applications which follow
2 will be a bounded domain in Euclidean space, we shall assume that p(£2) < co. We
also suppose throughout that the measure p is atom-free, although many of the reults
which follow also hold for measures with atoms.

By 6 = &(Q2) we denote the set of all y-measurable functions z : 2 — R equipped
with the usual algebraic operations and the metric

(4.1) play) = b (bt p({s s € 9 Ja(s) — y(s)| > b))}

or the matric

e —uls)
o) = [ 5 ]

To be precise, the elements of & are classes of functions, since we have to identify
two functions which differ only on a nullset. Obviously, convergence in the metric (4.1)
is just convergence in measure (see e.g. DUNFORD-SCHWARTZ [1963]). There is also
a natural ordering on the metric space &: we write z < y if z(s) < y(s) almost
everywhere on 2.

An ideal space (or Banach lattice) over €) is a Banach space X C &(Q) with the
property that x € X,z € & and |z| < |z| implies that z € X and ||z||x < ||z||x. The
most prominent example of an ideal space is of course the Lebesgue space L, = L,({2)
(1 < p < o0) with norm

42 iy, < [ L} i 1y

esssup {|z(s)] : s € Q} if p= o0,

which we used throughout in § 3. An important generalization of the space L, is the
Orlicz space Ly which in its simplest variant is defined as follows (see e.g. KRASNOSEL’SK1J-
RuUTITSKILJ [1958]): Let M : R — [0,00) be a Young function, i.e. a convex even
function which is increasing on [0, c0) and satisfies
M M
lim () =0, lim () = 00

u—0 u U—00 u




A function z € &(Q2) belongs to Ly(€?) if the norm

(4.3) l|z||L,, = inf {k ck > 0,/QM[$(S)/]€] du(s) < 1}

or, equivalently, the norm

(4.4) lelley, = inf_ - [1 + / Mlka(s)] du<s>]

is finite. (The equivalence of (4.3) and (4.4) follows from the two-sided estimate ||z||L,, <
Nzllz, < 2l|z|lL,,.) Of course, the choice M(u) := |ul|P (1 < p < o0) just gives the
Lebesgue space L,. From the viewpoint of applications, however, the Orlicz space Ly,
is more interesting if the generating function M is of non-polynomial growth (e.g.
M (u) = el — |u| —1).

There are two other types of ideal spaces which are particularly important in interpolation
theory (see e.g. KREJN-PETUNIN-SEMENOV [1978]). Given xz € &(£2), denote by z* :
[0, ()] — [0, 00) the decreasing rearrangement of z, i.e. the unique decreasing function
which is equi-measurable with z. (Recall that two functions x and y are called equi-
measurable if p({s: |z(s)| > h}) = p({s : |y(s)| > h}) for all L > 0.) Given « € (0,1),
the Lorentz space A, = A, (€2) consists of all functions x € &(€2) for which the norm

(4.5) ]|, = a/ooo v g

tl—a

is finite, while the Marcinkiewicz space M, = M, () is defined by the norm

t

(4.6) l|z||p, := sup x*(7) dr.

O<t<oo 17 Jo

These spaces are closely related to the Lebesgue space L, inasmuch as
(4.7) Ay C Lyjg © M, CAoye (e >0)

(continuous imbeddings). Observe that in all ideal spaces mentioned so far any two
equi-measurable functions z and y have the same norm; ideal spaces with this property
are called symmetric spaces. In particular, in a symmetric space X the norm ||xp||x
of the characteristic function yp of a set D € 2 depends only on the measure (but not
on the “position”) of D. Therefore we can define the so-called fundamental function ¢ x
of a symmetric space X by

(4.8) ex(0) = lIxpllx  (Ded, u(D)=9).
For example, an easy computation shows that

o) =8 o1 (0) = ST Phl0) = e 0) =

here by ¢r,, we mean the fundamental function of L), with respect to the norm (4.3).
A typical example of an ideal space which is not symmetric may be obtained as follows.



Let X be a fixed ideal space and w : 2 — (0, 00) a weight function. The weighted ideal
space X (w) is defined by the norm

(4.9) 2] x(w) = |[wz||x-

Such spaces will be considered, for example, in Subsection 9.5 below.

The following Lemma 4.1 gives some kind of “substitute” for the fundamental function
in an ideal space which is not symmetric:

Lemma 4.1. In every ideal space X one can define a monotonically increasing
function px : [0,00) — [0, 1] such that px(0) =0, 9x(5) > 0 for § >0, and

lIxpllx = ¢x(u(D)) (D€A.

O For 0 > 0 we define

px(0) :=min{l, inf f{xpllx}-
It is clear that this function is increasing with ¢x(0) = 0. Assume that ¢x(J) = 0 for
some 0 > 0. Then there exists a sequence of sets Ey, Es, ... € 2 with ||xg,||x < 27"
and u(E,) >0 (n=1,2,...). For D,, :== E, 1 UE, o U... we have then D; O Dy D
D3 D ...2 D,, u(D,) < oo, and ||xp,||x < oo, i.e. xp, € X. Denote the intersection
of all sets D,, by D. We get then, on the one hand,

u(D) = lim u(D,) = 6,

n—oo

and, on the other,

o0
Ixollx < llxp.llx < > 2% =27,
k=n+1

i.e. u(D) = 0. This contradiction shows that ¢x(d) > 0 for 6 > 0, and thus ¢x has all
the required properties. W

Lemma 4.1 implies, in particular, the important fact that every ideal space X is
continuously imbedded in the space & with metric (4.1). Indeed, if (z,), is a sequence
converging in the norm of X to zero, for the set M, (h) := {s:s € Q,|z,(s)| > h} we
get the estimate

[|znllx = [Ihxamllx = hox (u(Mn(h))) (b >0),

and hence p(M,(h)) — 0, as n — oo, for any h > 0.

We need some more notions and results from the theory of ideal spaces (see e.g.
LUXEMBURG-ZAANEN [1971]|, ZAANEN [1983|, ZABREJKO [1974], or VATH [1997]).
Recall that the support supp x of a measurable function z :  — R is the set of all
s € Q such that z(s) # 0; the support is of course defined only up to nullsets. If N is
any set of measurable functions we define the support of N by

supp N := supp [sup { Xsuppz : © € N}].



Thus, every function # € N vanishes outside supp N, and for any set D C supp N
of positive measure one can find a subset Dy C D, also of positive measure, and a
function x¢y € N for which Dy C supp xp.

Given an ideal space X over (2, a unit in X is, by definition, a nonnegative function
u € X such that suppu = supp X. One can show (ZABREJKO [1974]) that units exist
in every ideal space.

An element = € X is said to have an absolutely continuous norm if

hm ||PD$||X = O,
w(D)—0

where Pp is the multiplication operator (3.19). The set X of all functions with an
absolutely continuous norm in X is a closed (ideal) subspace of X; we call X° the
reqular part of X. The subspace X° has many remarkable properties. In particular,
convergent sequences in X° admit an easy characterization: a sequence (z,,), in X°
converges to x € X (actually, z € X°) if and only if (z,,), converges to z in measure
and
Jim sup || Ppa|lx =0,

i.e. the elements x,, have uniformly absolutely continuous norms. Further, the space X°
is separable if and only if the underlying space & with metric (4.1) is separable.

Unfortunately, the subspace X° can be much smaller than the whole space X. An
ideal space X is called regular if X = X°, and quasi-reqular if supp X = supp X°; the
latter condition means that X° is dense in X with respect to convergence in measure.

Let us give some examples in the case of a bounded domain €2 with u being the
Lebesgue measure. The Lebesgue space L, is regular for 1 < p < oo, but not for
p = oo; in fact, L% = {0}. More generally, the Orlicz space Lj; with either the norm
(4.3) or the norm (4.4) is regular if and only if the Young function M satisfies a Ao-
condition (see KRASNOSEL’SKIJ-RUTITSKIJ [1958] or RAO-REN [1991]). The Lorentz
space A, with norm (4.5) is regular, the Marcinkiewicz space M, with norm (4.6) is
not; more precisely, the functions z € M? are characterized by the property

lim

1 t
2 (T)dr = 0.
t—0 tl_a/ov ( )

We still need some other notions. An ideal space is called almost perfect if, given a
sequence (Z,), in X which converges in measure to x € X, one has

[lzflx < lim [lzn[]x,

n—oo

i.e. the norm in X has the Fatou property. Moreover, X is called perfect if, given a
sequence (z,), in X which converges in measure to x € & and satisfies

lim [[z,|[x < oo

n—oo

one has z € X and the above inequality holds. It is easy to see that a space is almost
perfect if and only if its unit ball is a closed set in X, and perfect if and only if its unit



ball is a closed set in & (with respect to convergence in measure). Every regular space
is almost perfect; the converse is false.

Let X be an ideal space over some set 0 with measure p. By X’ we denote the set
of all functions y € &(2), vanishing outside supp X, for which

(wa) = [ alo)yls)duts) < oc.
Q
Equipped with the natural norm

[lyllxe == sup {{z,y) : [|z[|x <1},

the set X’ becomes an ideal space which is always perfect; we call X’ the Kdthe dual
(or associate space) to X. The associate space X' is a closed (possibly strict) subspace
of the usual dual space X*, and coincides with X* if and only if X is regular.

For example, with 2 as above for 1 < p < oo we have L/, = L% = L, with p~'+¢~' =
1, while Ll = Ly # L% (see Subsection 3.1). More generally, the Kéthe dual of the
Orlicz space Ly, with norm (4.3) (respectively with norm (4.4)) is just the Orlicz space
Ly with norm (4.4) (respectively with norm (4.3)), generated by the associate Young
function

N(v) :=sup{|uv| — M(u) : 0 < u < co}.

Finally, the Lorentz space A, and the Marcinkiewicz space M;_, are associate to each
other for 0 < aw < 1 (see e.g. KREIN-PETUNIN-SEMENOV [1978]).

4.2. Functions of two variables and vector functions

Let X be an ideal space over ) = [a,b] with the Lebesgue measure u, and J a
bounded or unbounded interval. As in Subsection 1.1., by C(X) we denote the space
of all product-measurable functions of two variables = : J x [a,b] — R such that
t — z(t,-) is continuous from J into X. Likewise, by C}(X) we denote the space of all
x € Cy(X) such that z(-, s) is absolutely continuous on J for each s € [a,b] and dz/0t
belongs to Cy(X) as well. For example, in case X = L, we get again the spaces Cy(L,)
and C}(L,) considered in Lemma 1.2. In particular, we have seen in Lemma 1.2 that
the solutions = € C}(L,) of the Barbashin equation

0z (t,s)
ot

(4.10) =c(t, s)x(t, s) —I—/ k(t,s,o)x(t,o)do + f(t,s)

give rise to C'-solutions x of the differential equation

dx
(4.11) == [C(t) + K(t)]x + f(t)
in the Banach space X = L,, and vice versa. We show now that an analogous fact is
true in any ideal space X.
Let us denote, as usual, by C(J, X) [respectively, C*(J, X)| the set of all continuous
[respectively, continuously differentiable| functions on J with values in the Banach
space X.



Lemma 4.2. For any ideal space X over [a,b], the spaces C(J, X) and Cy(X) are
isomorphic under the canonical map ® : C(J, X) — Cy(X) defined by

(4.12) D (t,s) := x(t)(s).

O Fix o € C(J,X). We have to prove that there exists a product-measurable
function y : J x [a,b] — R such that ||z(t) —y(t,-)||x = 0 for all ¢ € J. Without loss of
generality we may assume that J = [0, T]. Let {to, t1, ..., t, } be an equidistant partition
of [0,7], and define

x(tk_1,8> if th_1 <t <ty (]{3: 1,...,n),
xn(t,s) =
z(T,s) if t=T.

Then z,, is product-measurable and ||z, (¢,) — x(t,-)||x — 0, uniformly in ¢ € [0, 7],
since x € C(J, X). In particular, we know that

(4.13) l|lzn(t,) —zm(t,)|lx = 0 (m,n — o0).

We claim that (4.13) implies the convergence of x,, —x,, to zero in the product measure
on J X [a,b]. To see this, for h > 0 let

Mym(h) = {(t,s) : t € Jya < s <b,|z,(t,s) —xm(t,s)| > h}.
Lemma 4.1 implies that, for any A > 0,

[n(t, ) = 2m(t )lx = (X0, i || x

> hox(u({s:a<s<b(ts) € Mpym(h)})) =hex (/ XMy (i) (t5 S) ds) .

We conclude that, for any 6 > 0,

w({ee ([ bt (t:5) i) 2 ox@)}) =0 (o — ).

hence also ,
f ({t : / XMy () (£, 8) ds > 5}) — 0 (m,n— oo,

by the monotonicity of ¢y . From Lebesgue’s dominated convergence theorem it follows
that

T b
/ / XMom(n)(t,8)dsdt — 0 (m,n — 00),
0 a

and the Fubini-Tonelli theorem in turn implies that (M, (k) — 0 as m,n — oo.

Now, since z,, — x,,, tends to zero in measure, we find a subsequence (z,, ), and
a product-measurable function z such that z,, (t,s) — z(¢,s) almost everywhere on
J X [a,b]. Moreover, we may choose a nullset N C J with the property that, for each
t € J\ N, the sequence (x,,(t,-))r converges almost everywhere on [a,b] to z(t,-).
Since ||z, (t,-) — z(t,-)||x — 0, from the remark after Lemma 4.1 we conclude that



x,(t,-) — x(t,-) in measure, and hence z(¢,-) = z(¢,-) almost everywhere on [a, b] for
t € J\ N. Thus, the function y defined by

z(t,s) if te J\N,

y(t,s) =
x(t,s) if teN

has the required properties.

We have shown that (4.12) is in fact well-defined as a map from C(J, X) into the
space of (classes of) product-measurable functions on J X [a, b] with values in X. The
continuous dependence of ®x(t,s) on ¢ is an obvious consequence of the definition of
C(J, X). Furthermore, ® is clearly a bijection with inverse map

O a(t)(s) :== x(t, s),
and so we are done. W

We point out that the nontrivial part in the proof of Lemma 4.2 is the fact that
the element ®x is, up to equivalence, product-measurable on J X [a,b]. As a matter of
fact, it is not true that each = : J x [a,b] — R such that ¢ — z(¢,-) is continuous
from J into L4, say, is product-measurable: for instance, following Sierpinski’s classical
counterexample (see e.g. RUDIN [1973]) one may construct a non-measurable subset
Q C [0,1] x [0,1] such that each section Q, = {t : (¢,s) € Q} is at most countable, and
then take z = xoq.

We state now a parallel result for the spaces C'(J, X) and C}(X). Following HILLE-
PHILLIPS [1957] we call a Banach space X C &(Q2) a space of type L if the map (4.12)
is an isomorphism between C(J, X) and C}(X) and, in addition, if

(4.14) ( /J 0 dt) (s) = /J Oa(t,s)dt  (a<s<D)

for any @ € C(J, X); here the integral at the left-hand side of (4.14) is the Bochner
integral of the X-valued function z, while the integral at the right-hand side is the
(parameter dependent) Lebesgue integral of the real function ®z. In the same way as
was shown on pp. 69/70 of HILLE-PHILLIPS [1957] for the space X = L,, one can
prove that every ideal space is of type L. From this we may deduce, in particular, the
following useful

Lemma 4.3. For any ideal space X, the spaces C*(J, X) and C}(X) are isomorphic
under the canonical map (4.12).

O The fact that ®(C'(J, X)) C C}(X) is essentially proved in Theorem 3.4.2
of HILLE-PHILLIPS [1957]. It remains to show that, given z € C}(X), the function
¢~z : J — X (which exists and belongs to C(J, X), by Lemma 4.2) is actually
continuously differentiable with derivative 0x/0t. But for fixed t € J we have, for some

T between t and t + h,

) t+h ) )

oul))| || [ e ],
t

ot

chlx(t +h)— 0 x(t) — h 5 5

< /

- X
dr(r,-)  da(t,")

ot ot dr

X

= o(h) (h — 0),




since Oz /0t € Cy(X). A

4.3. Barbashin operators in ideal spaces

Now we discuss some basic properties of bounded linear operators of the form

(4.15) Az(s) = c(s)x(s) + /b k(s,o)x(o)do

or, more generally, operator functions of the form

(4.16) A(t)z(s) = c(t, s)x(s) + /b k(t,s,o)x(o)do

in an ideal space X over Q = [a,b]. In the special case X = L,([a,b]) we obtain of

course the main results of § 3.

The operator A in (4.15) and the operator function A(t) in (4.16) may be represented
again as sums A = C' + K and A(t) = C(t) + K(t), respectively, where

(4.17) Cz(s) = c(s)z(s),

(4.18) Ka(s) = / k(s, 0)2(0) do,

(4.19) C(t)x(s) = c(t, s)x(s),

and
(4.20) K(t)x(s):/ k(t,s,o)z(o)do.

Precisely as in Lemma 3.1 one can show that, whenever the linear operator (4.15) acts
i an ideal space, this operator is continuous.

Asin § 3 we denote by £4(X) the class of all bounded linear operators of type (4.15)
in X, and by £{(X) the subclass of all regular operators A € £4(X) (which means that
A may be written as difference of two positive linear operators in X'). The module | A|
of a regular operator A is defined as in Subsection 3.1.

Lemma 4.4. Suppose that the linear operator (4.15) acts in an ideal space X. Then
this operator is reqular if and only if the linear operator

(4.21) JA[z(s) = |e(s)|z(s) +/ |k(s,0)|z(0) do

acts in X as well; moreover, the equality |A| =]A[ holds in this case.

O The proof of this lemma repeats literally the proof of Lemma 3.2. B

Let us now pass to the non-stationary Barbashin operator (4.16). It is clear that the
family of multiplication operators (4.19) acts in any ideal space if ¢ € Lo ([0, T] X [a, b]).
The converse is also true:



Lemma 4.5. Let X be an ideal space over [a,b] and ¢ € Cy(X). Then (4.19) defines
a strongly continuous operator family in X if and only if the function c is essentially
bounded on [0,T] X [a,b].

O Suppose that (4.19) defines a strongly continuous operator family in X. By the
uniform boundedness principle we have ||C(t)||gx) < M < oo for all ¢ € [0,7T]. We
claim that then also ||c||r., < M. In fact, if this were false, the set

D.(t):={s:a<s<bc(t,s)| > M+ e}

would have positive measure for some ¢ € [0,7] and some € > 0. Given any unit v in
X, for the function x := Pp_yu we get then

1CH)x|[x > [[(M +¢e)z||x > Ml|z||x > [|C#)|lex) |7]]x,
a contradiction. W

Together with the family of operators (4.20), consider the operator
R b
(4.22) Kx(t,s) = / k(t,s,o)x(t,o)do

which acts in spaces of functions of two wvariables. The following lemma shows that
there is a close relation between the operators (4.20) and (4.22); we shall return to this
relation in § 10 below.

Lemma 4.6. Let X be an ideal space over |a,b]. Then (4.20) defines a strongly
continuous operator function in X if and only if the operator (4.22) maps the space
Cy(X) into itself.

O Suppose first that K (¢) is strongly continuous in X. For any = € C;(X) we have
then

[ Ka(t,-) — Kx(to, )| x

< /k(t,-,a)[:c(t,a)—a:(to,a)]da /[k(t,.,a)—k(to,.,a)]x(to,a)do—

< ‘

i

X

< K@) el (t,-) = x(to, -)l[x + [[IK(t) = K(to)]x(to, -)|[x — 0

X

as t — 1o, by the uniform boundedness principle. Conversely, from K(Cy(X)) C Cy(X)
it follows that ||Kz||c,x) < ||K]]||#]|c,x) and

IKa(t,) — Kalto, Nlx — 0 (t—to).
For any fixed z € X we have then for the function x(t, s) := 2(s)
15 (t)2]]x = 1K (t,)llx < 1K l2]]x

and
1K ()2 — K(to)z|lx = [|[Ka(t,-) = Ka(to,)|[|[x =0 (t— tp).



This shows that K (t) is strongly continuous in X. W

4.4. The space £}(X)

In analogy what we have done in Subsection 3.2 by introducing the class £;(X),
we could try to develop a parallel theory on linear operators of type (4.15) or (4.16)
in arbitrary ideal spaces X. So we denote by £;(X) the class of all stationary regular
Barbashin operators (i.e. operators of the form (4.15)) which act in the space X; of
course, this is a subspace of the space £(X) of all bounded linear operators in X.

Since the results which follow (and their proofs) are completely analogous to those
for the case X = L,, we will state the corresponding lemmas without proofs. We will
point out only the differences (if there are any).

As before, we equip £§(X) with the norm

(4.23) Al ) = I 1Al [l 2
where |A| denotes the module of A (see Lemma 3.2).

Lemma 4.7. The subspace £;(X) with norm (3.10) is a Banach space which is
continuously imbedded in £(X).

Lemma 4.8. The subspace £i(X) is a subalgebra of £(X), and the subspace £(X)
of all integral operators in X is an ideal in the algebra £f(X). More precisely, if A, B €
L£4(X) are given by

Ax(s) = c(s)x(s) +/ k(s,o0)x(o)do
and ,
Bzx(s) = d(s)z(s) +/ l(s,0)x(0) do

then AB € £{(X) is given by

b
(4.24) ABzx(s) = e(s)x(s) +/ m(s,o)x(o) do,

where

and

m(s,o) = c(s)l(s,0) + k(s,0)d(o) + / k(s, &I, 0)dE.

4.5. Sufficient conditions for regularity

In this subsection we repeat the sufficient conditions for the operator (4.15) to belong
to the class £§(X). Such conditions may be obtained, loosely speaking, from sufficient
conditions for the integral operator (4.18) to be regular in the space X (ZABREJKO
[1966, 1968]). We formulate such conditions again through imbedding theorems for



classes of kernels on [a,b] x [a,b]. Let us denote by 3(X) the class of all measurable
functions z = z(s,0) on [a,b] x [a, b] for which the norm

(4.25) |2]|3x) = sup / / |2(s,0)x(0)y(s)| do ds
llellx <t
Yl xr <1

is finite, where X’ is the Kothe dual (see Subsection 4.1) of X. Of course, in case
X = L, this gives the kernel class 3, introduced in Subsection 3.3.

Lemma 4.9. The linear operator
b
(4.26) Ax(s) = c(s)x(s) +/ k(s,0)z(o)do

belongs to the class £§(X) if and only if ¢ € Lo and k € 3(X). Moreover, in this case
the two-sided estimate

1
(4.27) §(||0||Loo +E[l300) < HAllgg ) < llellie + &30
holds.

We can reformulate this result as follows. If we denote, in analogy to Subsection 3.3,
by £n(X) the class of all multiplication operators (4.17) in X, and by £f(X) the class
of all regular integral operators (4.18) in X, then the decomposition

L5(X) = La(X) @ £i(X)

holds.

Given a measurable set D C [a, b], let Pp denote the multiplication operator (3.19).
By 37 (X) we denote the space of all z € 3(X) such that

(4.28) lim / / 12(s,0) Ppa(o)y(s)| do ds = 0

w(D)—0 uzux<1
lyll 5 <1

similarly, by 37(X) we denote the space of all z € 3(X) such that

(4.29) lim //| 5,0)2(0) Poy(s)| do ds = 0:

w(D)—0 \|x\|x<1
lull s <1

finally, let
3N(X) = 37(X)N 3" (X).
As already mentioned, the kernels k& € 3(X) are precisely those which generate integral
operators K € £(X). Let us denote by £°7(X), £57(X), and £7°(X) the class of all
integral operators K € £f(X) which are generated by kernels k£ € 37(X),37(X), and
0 , respectively. The following is then parallel to Lemma 3.7:

Lemma 4.10. The subspaces £ (X), £ (X), and £7°(X) are ideals in the algebra
25 (X).



One may also give a refined description of the kernel classes 3(X), 37(X), and
34 (X) by means of ideal spaces of kernels with mixed norm. Since such spaces will be
systematically studied later (Subsection 12.1), we shall not consider them here.

4.6. A representation theorem for the evolution operator

Let us now briefly study the non-stationary Barbashin equation (4.10) in an ideal
space X. As in the case of the spaces C' (see Subsection 2.6) and L, (see Subsection
3.6) it is natural to expect that the evolution operator U = U (¢, 7) for the equation

dz
4.30 — = A(t
(4.30) " At
with A(t) given by (4.16), is again representable as sum of the evolution operator
Up = Up(t, T) of the “reduced” equation
dx

(4.31) - C(t)x,

with C'(t) given by (4.19), and some integral operator
b
(4.32) H(t,7)x(s) :/ h(t,7,s,0)x(o)do.

This is in fact true if the operator function (4.16) is strongly continuous in X, i.e. the
map t — A(t)x is continuous from J into X:

Theorem 4.1. Suppose that the operator function (4.16) is strongly continuous in
Li(Ly). Then the evolution operator U = U(t,T) for the differential equation (4.30)
belongs to £5(X) for each t,T € J, i.e. admits a representation

(4.33) U(t,m)x(s) = e(t, T, s)x(s) + H(t, 7)x(s),

where e(t, 7, s) is given by (1.29), and H is defined by (3.46) with h = h(t,7,s,o) being
a measurable function on J x J x [a,b] X [a,b]. Moreover, H(t,7) € £~ (X) if K(t) €
L87(%),9(t7) € &7 (X) if K(t) € £77(X), and H(t, 1) € £7°(X) if K(t) € £7°(%).

1

4.7. Some spectral theory for Barbashin operators

Spectral properties constitute an extremely important part of the theory of bounded
linear operators in Banach spaces. Since we have dealt throughout with operators of
the form A = C'+ K in ideal spaces, where C' is the multiplication operator (4.17), and
K is a compact operator (typically, the integral operator (4.18)), we shall concentrate
now on spectral properties of such operators A. All results of this subsection are taken
from ERMOLOVA-VATH [1996].

We will assume throughout that X is an ideal space over [a, b] with full support. As
in Subsection 1.1, we identify the stationary Barbashin equation

z(t, s b
(4.34) % = c(s)z(t, s) +/ k(s,0)z(t,o)do

with the differential equation

(4.35) — = Az



in X; here A is of course the sum of the two operators (4.17) and (4.18).

We will assume that ¢ € L ([a,b]), and that K : X — X is compact; for our results
we do not need that K is an integral operator. Let us call

(4.36) essc(a,b) == {u: ess[irl}]f lc(s) —u| =0}
se|a,
the essential range of the function c.

Recall that a point A in the complex plane is a Fredholm point of an operator
A e £(%), if A— Al has closed range, the codimension m of the range of A — AI is
finite, and the dimension n of the null space of A — \I is finite. If, additionally, m = n,
we call A a Fredholm point of indez 0 (see also Subsection 14.1 below).

Let 0,(A) be the essential spectrum of A in the sense of WOLF [1959], i.e. the
complement of the set of all Fredholm points, and o.s(A) be the essential spectrum
of A in the sense of SCHECHTER [1965], i.e. the complement of all Fredholm points
of index 0. It is known (SCHECHTER [1965], see also KATO [1966], KREJN [1971], or
AKHMEROV-KAMENSKIJ-POTAPOV-RODKINA-SADOVSKIJ [1986]) that both sets are
invariant under compact perturbations.

Theorem 4.2. The equality
(4.37) ess c(a,b) = 0ep(A) = 0e5(A)

holds.

O Since 0ey(A) = 0ew(A— K) and 0.5(A) = 0e5(A — K), by the compactness of K,
it is sufficient to prove the statement for K = 0.
Let first A € essc(a,b). Then essinf |c(s) — A| = § > 0 implies that

1
esssup |c(s) — A7t =~ < oo.
s€la,b] 0

Thus,

(4.38) (€ — N la(s) = —28)

defines a bounded operator, i.e. C'— X is an isomorphism, and hence Fredholm of index
0. Conversely, assume that A € essc(a,b) is a Fredholm point of C'. The nullspace of
C' — X contains all functions of X vanishing outside E = {s : ¢(s) = A}. Thus, if E has
positive measure, the nullspace has infinite dimension, a contradiction. But if F is a
nullset, C' — X is 1-1. Since, by assumption, the range Y of C' — X is closed, the inverse
operator (4.38) is bounded as a mapping between Y and X, by the open mapping
theorem. By assumption, the set

D= {s: (c(s) =N >||(C =N+ 1}

has positive measure. Choose a function x € X, x # 0, vanishing outside D. Then
y=(C — XNz €Y and y # 0; but since y vanishes outside D, we have

1€ =X)Myllx = (IC = A7+ DIy,



a contradiction.

We have shown that o.s(A) C essc(a,b) C 0, (A). The statement now follows from
the inclusion e, (A) C 0cs(A) which is always true. B

We remark that Theorem 4.2 also holds true for the space X = C([a,b]) (if A maps
X into itself, of course); to see this, just replace in the proof “E has positive measure”
throughout by “FE has interior points”, and observe that the function ¢ is continuous,
so D is open.

Theorem 4.2 has important consequences for the exponential stability of the Barbashin
equation (4.36); we shall return to this later (Subsection 5.3).

Let us now turn to the full spectrum of the Barbashin operator A = C + K. If
K is an integral operator with a degenerate kernel, we may reduce the problem to a
finite-dimensional system:

Example 4.1. Suppose that the kernel k in (4.18) has the form

n

(4.39) k(s,0) =Y ai(s)bi(o),

i=1

where the functions a; belong to X and the functions b; to the associate space X' (see
Subsection 4.1). To determine o (A) it suffices to calculate the eigenvalues A ¢ ess c(a, b).
For such A there exists z # 0 with

c(s)z(s) + Z ai(s)/ bi(o)z(o) do = Ax(s).

a

Putting

(4.40) B = / bi(o)z(o)do (it=1,...,n)

we find by ess[irl}]f A —¢(s)| > 0 that
s€la,

(4.41) m(s)zz “_j(s) B;.

The equations (4.40) now become
(4.42) N8 =2,

where 3 is the column vector consisting of 5; (1 = 1,...,n), and I'(\) is the matrix
consisting of v;;(\) (i,7 =1,...,n) with

Yij (A) ::/ —b;\(a_)ié((jg)) do.

Equation (4.42) implies 5 # 0, since x # 0. Thus, a necessary condition for A &
ess c(a, b) to be an eigenvalue is

(4.43) det(D(\) — I) = 0.



But (4.43) is also sufficient, since in this case there exists a nontrivial solution g =
(01, ..., Bn) of (4.42), and a straightforward calculation shows that (4.41) is an eigenfunction
of A for A. In other words, we have proved that

(4.44) o(A) =essc(a,b) U{X:det(I'(A\) — I) = 0}.
In the special case n = 1, i.e. k(s,0) = a(s)b(0), the equality (4.44) simply reduces to

a(o)b(o)

= (o) do = 1}.

(4.45) o(A) =essc(a,b) U{\: /

Example 4.1 may be used to estimate numerically the borders of 0(A): any compact
set R of resolvent points of A still belongs to the resolvent set under small (depending on
R) perturbations of the operator (see e.g. Theorem 3.1 in KATO [1966]). In particular,
for estimates it suffices to approximate A = C'+ K by simpler operators (in the operator
norm).

If K may be approximated by finite rank operators, and if the ideal space X is
regular (see Subsection 4.1), the kernels of the approximating operators have the form
(4.39). Indeed, a finite rank operator K, may be written as

Kox = Z azlz(a:)
=1

with a; € X, and continuous linear functionals [; (i = 1,...,n). By the regularity of
X, any continuous linear functional on X has the form

Li(z) = (b, z) = / bi(o)x(o) do

with b; € X’ (see e.g.ZAANEN [1967] or ZABREJKO [1974]). Thus, for the spectrum of
the approximating operators one may use Example 4.1.

In the next theorem we give an estimate for the spectrum of a Barbashin operator.
Theorem 4.3. The inclusion
(4.46) o(A) Cessc(a,b) +{\: |\ < ||K||}

holds.

O Assume that the statement is false. Then there is some \ € o(A) \ essc(a,b) and
some 0 > 0 with
A —c(s)| = ||K|[+6

for almost all s. Since A belongs to the point spectrum of A, there is some ©z € X,
x # 0, with
c(s)x(s) + Kx(s) = Ax(s)

for almost all s. In particular, we have

[Kx(s)| = |[A = e(s)]a(s)] = ([IK]] + 9)[(s)].



But this implies that
K[ |2zllx = 1 EKz|[x = ([|K]] + 0)[=]|x,
contradicting x # 0. W

Again, Theorem 4.3 also holds true for the space X = C([a, b]). Theorem 4.3 shows
that, if K is “small”, the spectrum of A is mainly given by ¢. For some important cases
we may also give sharper estimates:

Example 4.2. If X is a Hilbert space and C and K are self-adjoint, then o(A) is
contained in the interval [essinf ¢(s) +min o(K), esssup ¢(s) + max o(K)]. This follows
from the equalities (Az,z) = (Cx,x) + (Kz,z) and 0(C) = essc(a,b).

Example 4.3. If K is a Volterra integral operator, i.e.

Kx(s) = /S k(s,0)z(0)do,

and X is regular (see Subsection 4.1), or if X = L([a,b]) or X = C([a,b]), then
o(A) = essc(a,b). In fact, assume that there exists some A € (A) \ essc(a,b). Then A
is an eigenvalue of A, i.e. there is some z, # 0 satisfying

(4.47) 0=(A—Nzr(s) = [c(s) — Nza(s) + Kxx(s)

almost everywhere on [a, b]. Since ess[in}f le(s) — A| > 0 we see that the linear operator
s€la,b

(4.38) is bounded. Hence, (C' — A\)"!K again is a compact Volterra operator. Thus it
has spectral radius 0 (see ZABREJKO [1967, 1967a]). In particular, —1 can not be an
eigenvalue of (C'— \)7'K, i.e. z) can not satisfy (4.47).

By the last examples one might suspect that it is always possible to replace || K || by
the spectral radius r,(K) of K in (4.46), i.e.

(4.48) o(A) Cessc(a,b) +{X: |\ <r (K)}.

However, this is not true in general. It is not even true that the maximal real part
of o(A) is bounded by ||c||r, + r+(K) (as in the Hilbert space case for selfadjoint
operators). We give a counterexample for a class of integral operators with degenerate
kernels:

Example 4.4. Consider the degenerate integral the operator

Kx(s):/ a(s)b(o)x (o) do.

1

Example 4.1 shows, for ¢ = 0, that the spectrum of this operator consists of the
points 0 and the point

e / " a(o)b(o) do.

1



We now consider the special L..-function
-1 if s<0,
c(s) :=
0 if s>0,

i.e. essc(a,b) = {—1,0}. Example 4.1 shows that A\ # —1,0 belongs to o(A) if and only
if

(4.49)

where we have put

= / : a(o)b(o)do, B i= /O la(a)b(a) do.

-1

Given any number A > § > 0, choose functions a and b, such that
a=—-06A+1), B=(0+1)A

Then (4.49) holds, i.e. A is an eigenvalue of the corresponding operator A. However,
since u = a+ 3, the spectrum of the integral operator is just {0, a+ 3} = {0, A\—4d}. In
particular, if 7, (K) denotes the spectral radius of the integral operator K, the number
A =||c||L., + 7 (K) + 0 belongs to the spectrum of A. This means that the difference
of the maximal real value in o(A) and ||c||,, + 7-(K) is positive and may even be
arbitrarily large.

There is an interesting relation of the previous results with the theory of measures
of noncompactness (see e.g. SADOVSKIJ [1972] or AKHMEROV-KAMENSKIJ-POTAPOV-
RODKINA-SADOVSKIJ [1986]). Given a bounded set M in a Banach space X, the
measure of noncompactness of M is defined by

(4.50) v(M) :=inf {e: e >0, M has a finite e-net},

where by a finite e-net we mean, as usual, a covering by finitely many balls of radius
e > 0. Similarly, the measure of noncompactness of an operator A € £(X) is defined
by

(4.51) Y(A) :=inf{k: k> 0,7(A(M)) < ky(M) for all bounded M C X}.

The name “measure of noncompactness” is of course motivated by the fact that v(M) =
0 if and only if M has compact closure, and y(A) = 0 if and only if A is a compact
operator. Obviously, the measure of noncompactness of a bounded linear operator may
be estimated from above by its norm. Here is an example of an operator, where this
estimate is sharp:

Lemma 4.11. The multiplication operator (4.17) satisfies v(C) = ||C|| = ||¢|| .. -

O Since the equality ||C|| = ||¢||L.. and the estimate v(C') < ||C|| are clear, it suffices
to show that v(C) > ||¢||L... Let 0 < 6 < ||¢||L., and put D = {s : |c(s)| > ||¢||r. — I}
Denote by Y the restriction of X to functions vanishing outside D. Since Y still has



infinite dimension, its unit ball M satisfies v(M) > 0. Moreover, if {z1,...,2,} is a
finite e-net for C'(M), then the set {Pp(z1/¢),..., Ppo(zm/c)} (Pp as in (3.19)) gives a
finite n-net of M with n =¢/(||c||r., — d). This shows that

) < 21C0D)

)
We conclude that v(C) > ||¢||L.. as claimed. W

Lemma 4.11 shows that, loosely speaking, multiplication operators are as “noncompact”
as possible. In fact, there is no compact operator K such that the distance ||C' — K]
of C to K is strictly smaller than the distance ||C|| of C' to the zero operator.

Given a bounded linear operator A, the number
Tew(A) =sup {|A| : A € 0ew(A)}

is called the radius of the essential spectrum of A ; this number satisfies the important
relation

(4.52) Tew(A) = lim {/~(A")

(see e.g. Theorem 2.6.11 of AKHMEROV-KAMENSKIJ-POTAPOV-RODKINA-SADOVSKIJ
[1986]) which is of course analogous to the well-known Gel’fand formula for the radius
of the whole spectrum. In fact, we have y(A") = ||c[|7__, hence 7c,(A) = |||z, as in
Theorem 4.2. To see this, observe that A” = C" + K,, with some compact operator K,
and thus v(A") = v(C™). The assertion follows now from Lemma 4.11.
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§ 5. Stability of solutions

In this section we study various stability properties of the differential equation

dx

(5.1) i A(t)x

containing a Barbashin operator A(t) = C(t) + K(t) in a Banach space X. The most
complete information may be obtained in two cases, namely either if the Barbashin
operator is stationary (i.e. A(t) = A), or if K(t) = 0. These two cases, however, are
rather trivial. The general case may be treated by considering K (t) as a “perturbation”
of C(t). Finally, we make some remarks on the existence and properties of Ljapunov
functions associated with equation (5.1); details may be found in DIALLO [1989],
DIALLO-ZABREJKO [1990], and ERMOLOVA [1995], see also KHALILOV [1956, 1961].

5.1. Ljapunov and Ljapunov-Bohl exponents

In order to study stability properties of the solutions of the Barbashin equation

ox(t,s)

(5.2) Y

= c(t, s)x(t, s) +/ k(t,s,o)x(t,o)do

we first recall some general notions and results from general stability theory for the
differential equation (5.1) which is equivalent to (5.2) in many function spaces. To this
end, we suppose that the operator function A = A(¢) in (5.1) is strongly continuous
in some Banach space X. As model cases, one may always think of X = C([a,b]) or
X = Ly(a,b)) (1 < p < o).

In spite of its simple form, the investigation of the differential equation (5.1) from
the viewpoint of stability encounters many specific difficulties, which are mentioned
in the books BARBASHIN [1967, 1970, and which may be the reason for the fact that
only very rudimentary results on the stability of (5.1) are known. Also today, there
exist only two effective methods from the vast theory of stability (see e.g. DALETSKIJ-
KREJN [1970]) which apply to equation (5.1), namely Ljapunov-Bohl exponents and
Ljapunov functions.

Let U = U(t,7) be the evolution operator for equation (5.1) (see Subsection 1.2).
Recall that the Ljapunov exponent of (5.1) is defined by

. —t 5

t—o00

while the Ljapunov-Bohl exponent of (5.1) is defined by

' o b1

The importance of the exponent (5.3) in stability theory was first observed by Ljapunov.
For instance, the inequality w < 0 is necessary for the stability of the trivial (and
hence any) solution of equation (5.1), and the inequality w < 0 is sufficient. To
study stability properties of perturbed equations (in particular, inhomoneneous linear
or quasilinear differential equations), one has to consider the more general exponent



(5.4). For instance, the inequality w* < 0 implies the asymptotic (and even exponential)
stability of the trivial solution of equation (5.1), or of small perturbations of (5.1).

One may study classes of operator functions A(t) for which the exponents (5.3) and
(5.4) are finite and may be found rather explicitly. A simple sufficient condition for the
finiteness of both w and w* is, by (1.10),

t+1
(5.5) sup / JA©)|] dé < oo.

0<t<oo

In particular, if the operator function in (5.1) is stationary (i.e. A(t) = A), both w and
w* are finite and coincide; in fact, (1.16) implies then that

| At
(5.6) w=w"= lim —OgHe I

t—o0

=sup{ReX: A€ o(A)}.

The formula (5.6) is extremely important and natural, since it gives a link between
the spectral properties of the operator A and the stability properties of the (stationary)
equation

dx
5.7 — = Ax.
(5.7) I
One should remark that the corresponding problem for linear integro-differential equations
is much harder. In fact, for the integro-differential equation (5.1) the operator function

A = A(t) has the form

(5.8) A(t) = C(t) + K(t),
where

(5.9) C(t)x(s) = c(t, s)x(s)
and

(5.10) K(t)a(s) = / k(t, 5,0)2(0) do.

Even in the stationary case (i.e. C(t) = C and K(t) = K), the spectrum o(A) of the
operator sum A = C'+ K may be very complicated. Of course, if the multiplier ¢(s) = ¢
is constant, and the kernel k = k(s, o) generates a (stationary) compact linear integral
operator K, one may use the obvious fact that

0(A) =c+ o(K).

In this case, one may apply the well-known classical spectral theory of compact linear
operators. Some more information on the spectral properties of the operator (5.8) in
the stationary case may be found in Subsection 4.7.

5.2. Perturbation of the Ljapunov-Bohl exponent

The result discussed in the last subsection are not encouraging, since the explicit
calculation of the Ljapunov exponent and Ljapunov-Bohl exponent is one of the most



difficult problems in the theory of differential equations in Banach spaces. Nevertheless,
one may obtain some stability theorems for equation (5.2) observing that, by (5.8),
this integro-differential equation may be considered as an “integral perturbation” of the
simpler linear differential equation

(5.11) ‘;—f = C(t)z.

As we have seen before, the evolution operator for (5.11) may be given explicitly by

(5.12) Up(t, m)x(s) = e(t, T, s)x(s),

e(t,7,s) = exp {/: c(&,s) df}

(see Lemma 1.5). Consequently, the Ljapunov exponent wy of equation (5.11) in X =
L, say, may be “calculated” by the formula

1 t

i [ etesag.

One could expext that there is some chance to obtain also explicit formulas for the
Ljapunov-Bohl exponent of (5.11), and that small perturbations of (5.11) by integral
terms like (5.10) should lead to small changes of the Ljapunov-Bohl exponent of (5.11).

where

— 1 —
wo = lim —log|le(t,0,-)||r.. = lim esssup
t—oo ¢ t—oo a<s<b

It is known (DALETSKIJ-KREJN [1970]) that the Ljapunov exponent (5.3) is not
stable under small perturbations, but the Ljapunov-Bohl exponent (5.4) is. Let us
recall a basic result whose proof may be found in DALETSKIJ-KREJIN [1970] (but our
proof which builds on some “Gronwall inequality argument” is much simpler).

Lemma 5.1. Suppose that the evolution operator Uy(t, T) of the differential equation
(5.11) satisfies an estimate

(5.13) |Uo(t, 7)|| < M2t 0<7<t <)
Then the evolution operator U(t,T) of the differential equation (5.1) satisfies
(5.14) U, )| < M exp {5(75 —7)+ M/: ||K(€)Hd€} :
O From the equality
Ut7) = tr) + [ Gt 9K OUE e

(see (1.29)) we get, by (5.13), the estimate

U7l < Me‘;(t”“r/ MK @] U )l de.



Putting
W(t,m) = e |U(t, )],

we may rewrite this in the form
(5.15) Wit < M+ 1 [ IK©IW(E ) de.
Since the scalar function

0 =21+ M [ K@V (e de

satisfies v/ (t) < M||K(t)||r(t) and r(7) = M, we conclude that

r(t) < Mexp M / K (©)]] de.

and hence, again by (5.15), that
¢
Wit.r) < Mexpdd [ [IK©]ds (0<7 <t <)

This proves the assertion. W

Observe that in case ¢ € Loo([a, b] x [0,00)) the estimate (5.13) is always true (with
M =1and 0 = ||c||r..)-

5.3. Application to Barbashin operators

Lemma 5.1 implies that the Ljapunov-Bohl exponent w* of the linear integro-differential
equation (5.1) satisfies

_ 1 ¢
(5.16) R e L GIIE:

t—7T—o00

with § as in (5.13). Since the number ¢ may be taken arbitrarily close to the Ljapunov-
Bohl exponent w* of the linear differential equation (5.11), we may deduce from Lemma
5.1 that the Ljapunov-Bohl exponent is in fact stable under small perturbations with
respect to the quasinorm

1
(5.17) e N A LGS

For the integro-differential equation (5.1), this can be made more precise. First, we
mention the following simple

Lemma 5.2. Let X be either the space C' or the space L, (1 < p < 00), and let
Uo(t, ) be defined by (5.12). Then the Ljapunov-Bohl exponent of equation (5.11) is
given by

(5.18) wi; = lim esssup

1 t
iy esssup o [ o€ de



Moreover, the estimate
(5.19) [|Uo(t, 7)|] <e"T  (0<7 <t < 00)

holds, where

1 t
(5.20) wyt = sup  esssup / c(&, s) d€.
0<r<t<oco a<s<b t—T J;

O For X as above, the norm (in £(X)) of the multiplication operator by a fixed
function coincides with the L.,-norm of this function. Consequently, from (5.12) it
follows that

|Uo(t, 7)|| = esssup (exp /t c(&, s) dﬁ) = exp <esssup /t c(&, s) d§) :
a<s<b T a<s<b Jr

Thus, (5.18) follows from the definition (5.4) of the Ljapunov-Bohl exponent. The
estimate (5.19) is obvious. W

We point out that the two numbers (5.18) and (5.20) may be different.

Theorem 5.1. Let X be either the space C or the space L, (1 < p < 00). Suppose
that the multiplier ¢ = c(t, s) and the kernel k = k(t, s, o) are such that

(5.21) W+ [|K]]. < 0,

where wi* is given by (5.20) and ||K ||« by (5.17). Then the Ljapunov-Bohl exponent of
the integro-differential equation (5.1) is negative; consequently, the trivial solution of
(5.1) is exponentially stable.

O The statement follows immediately from the estimates (5.16) and (5.19). W

As the definition (5.20) shows, the number w{* does not depend on the space X, but
only on the multiplier ¢ = ¢(¢, s). The number (5.17), however, depends on both the
kernel k = k(t, s, o) and the space X. For example, for X = C or X = L., we have

— 1
(5.22) 1K« = lim —— esssup / k(& s,0)|dodE,
tfffoo t—1 T a<s<b

while for X = L; we have

- 1 t b
(5.23) || K|« = lim t—/ ess sup / |k(&, s,0)|dsdE.
tI:—o»ooo -7 T a

a<o<b

In case X = L, (1 < p < 00) the situation is more complicated, since norms of integral
operators are then difficult to compute. However, in many situations it suffices to use
the upper estimate

(5.24)  ||K|l. < Iim

S 1
‘ / sup / /weg,sa 0)y(s)| do ds d,
Lotee =T 7 e,

llyllpg <1



or to use the norms of the classes U(p,q), V(p,q), U(po, qo) NV (p1,q1), or W(ao, B0) N
W (aq, f1) discussed in Subsection 3.3.

Theorem 5.2. Let X be either the space C or the space L, (1 < p < 00). Suppose
that the multiplier ¢ = c(t,s) and the kernel k = k(t, s, o) are such that

(5.25) wh < 00
and
(5.26) || K]« = 0.

Then the Ljapunov-Bohl exponent of the integro-differential equation (5.1) coincides
with w§; consequently, the trivial solution of (5.1) is exponentially stable if w§ < 0.

O The statement follows again from the estimate (5.16), since (5.13) holds for
arbitrary d > wj (and appropriate M > 0 depending on §). W

As before, (5.25) is independent of the space X, but (5.26) is not. For instance,
(5.26) reduces in X = C or X = L, to

_— 1
(5.27) lim  —— esssup / |k(&,s,0)|dodE =0,

SO, =T a<s<b

and in X = L; to

— 1
(5.28) lim / ess sup / |k(&, s,0)]dsdE = 0.
tI:jOOO t—r T a<o<b
Moreover, the condition
1
(5.29) lim ; / sup / / |k(&,s,0)x(0)y(s)| dodsdé =0
e LT T Jr el <t

llyll L <1

is sufficient for (5.26) in X = L, (1 < p < 00). Observe that (5.26) is automatically
satisfied if either

(5.30) /OOO 1K (1)]| dt < oo

or, more generally,

(5.31) lim [|K(¢)]| = 0.

t—o00

These conditions are not very restrictive, are much simpler than (5.26), and may be
verified immediately in terms of the kernel k = k(t, s, 0).

5.4. Ljapunov functions

A nonnegative differentiable function H = H(z) on a Banach space X is called
Ljapunov function for the differential equation (5.1) if



(a) for any sequence (), in X, lim H(z,) = 0 implies that lim z, =0,

n—oo n—oo

and there exists a non-negative function N = N(x) on X such that
(b) H'(z)(A(t)z) < =N(z) (z € X),
and

(¢) lim N(z,) =0 implies that lim z,, = 0.

As was already observed by Ljapunov, the existence of such a function H for (5.1)
implies the asymptotic stability of the trivial solution of (5.1) under small perbutations
of A(t) and of initial values. Moreover, he proved that in the stationary case A(t) = A
the existence of such a function H is also necessary for asymptotic stability.

Ljapunov functions are an extremely useful tool for studying the stability of several
typical systems of differential equations (see e.g. BARBASHIN [1967, 1970]). However,
when passing from finite systems to infinite systems of equations (in particular, to
integro-differential equations), the theory of Ljapunov functions seems to fail. One
exception is provided by equations in Hilbert space, where all basic results carry in fact
over from finite to infinite systems. Some information in this direction, related with
quadratic Ljapunov functions, may be found in the monographs AKHIEZER-GLAZMAN
[1977] and DALETSKI1J-KREJN [1970]. In general Banach spaces, and even in very simple
spaces like C' or L, (1 < p < oo, p # 2), Ljapunov functions have not been investigated
for several reasons. It is clear, for instance, that the main difficulties are due to the
degeneracy of smooth functionals H satisfying (a), (b), and (c) as above on these
spaces. To see this, consider the quadratic functional

b b b
(5.32) @(:L’):/ d(s)z*(s) ds+/ / l(s,0)x(0)x(s) do ds,

which is a natural generalization of quadratic forms on Euclidean space. Obviously,
this functional cannot be defined on the whole space L, for 1 < p < 2 (except for
the trivial case d(s) = 0) : in fact, the function d in the first term of (5.32) may be
viewed as a bounded linear functional on L,/, and L} = {0} for 0 < p < 1 (see e.g.
DUNFORD-SCHWARTZ [1962]). On the other hand, if | = I(s,0) is, say, a continuous
function on [a,b] x [a,b], the second term of (5.32) cannot satisfy condition (a) of a
Ljapunov function on X = C or X = L, for 2 < p < oco. In fact, this condition is
equivalent to an estimate

(5.33) O(x) > alz][%

for some a > 0, since (5.32) is quadratic in z. But (5.33) means that the norm || - || x
is equivalent to the norm

lelllx = { / " d(s)a?(s)ds + / b / s, 0)a(o)e()dor ds}m,

which turns X into a Hilbert space, a contradiction. This reasoning shows that the
functional (5.32) may be a Ljapunov function only in case X = L,. Moreover, in case
X = L, the function d = d(s) in (5.32) is necessarily bounded (since z? € L; and
hence d € L} = L), and the function [ = [(s, o) belongs to the kernel class 32 (by the



Banach-Steinhaus theorem). Unfortunately, to show that the functional ® satisfies the
estimate (5.33) remains a difficult problem even in case X = L.

Lemma 5.3. Suppose that the function ® given by (5.32) is defined on X = Lo.
Then the operator

b
(5.34) Ta(s) = d(s)u(s) + / (s, 0)a(o) do
15 self-adjoint in Lo, and the relation
(5.35) inf {®(x) : ||z||p, =1} =inf {|A|: A € o(T)}
holds.

Since Lemma 5.3 is a special case of a well-known result on the spectrum of self-
adjoint operators in Hilbert spaces, we drop the proof. Observe, however, that the
problem of calculating the spectrum of the operator (5.34) is not at all trivial. Even
worse, the following lemma shows that only in the case when d is bounded away from
zero, i.e.

(5.36) essinfd(s) >0

a<s<b
one has a chance to verify (5.33).

Lemma 5.4. Suppose that d € Lo, and | € 33. Then the estimate (5.33) implies
necessarily that

(5.37) a < essinfd(s)

a<s<b

O Let D, be a sequence of subsets of positive measure with the property that

1
d(o) < essinfd(s) + —

a<s<b n

for o € D, (n = 1,2,...). Consider the sequence of functions z,, = u(D,)"'/?

Obviously ||z,||L, = 1 and

XDn ‘

’ 1 1
%Sgssigbf d(s) < /a d(s)x2(s)ds = D) /n d(s)ds < easgssiélbf d(s) + .
Consequently,
b
(5.38) lim d(s)z2(s)ds = ess igbf d(s).

a

Since the kernel [ belongs to 39, the corresponding integral operator L is compact in
Ly. Moreover, since the sequence (), converges weakly in Ly to 0, (Lz,), converges
in the norm of Ly to 0, and hence (L, z,) — 0 as n — oo. But

(Lan, ) = / ’ / * s, o) (o) (s) do ds,



hence

(5.39) lim /b /abl(s,a)xn(a)xn(s) dods = 0.

n—o0
a

Combining (5.38) and (5.39), we conclude that

lim ®(x,) = essinf d(s),

n—o0 a<s<b
which implies (5.37). W

We remark that Lemma 5.4 may also be proved by means of general perturbation
theorems for spectra of linear operators (see e.g. DUNFORD-SCHWARTZ [1962]| or KATO
[1966]).

As already observed, the application of Lemma 5.3 is difficult, since it is hard to
compute the spectrum of the operator (5.34). It is in general much easier to study the
integral operator L generated by the kernel [ = [(s,0). For instance, sometimes one
can determine the greatest lower bound m_(L) of L which is, at least for compact
operators L, a non-negative number. In particular, m_(L) = 0 if L in non-negative
definite. The estimate

(5.40) essinfd(s) +m_(L) >0

a<s<b

implies then obviously the estimate (5.33).

So far we have analyzed condition (a) in the definition of a Ljapunov function & as
given in (5.32); let us now discuss condition (b). If the operator T is given by (5.34),
a straightforward calculation shows that

() (A(t)z) = ([T, A(t)]z, =),
where we have put
(5.41) [T, A(t)] .= TA(t) + A*(¢t)T.

Using Lemma 3.5 we may write the functional ®(z) = @ (z)(A(t)z) in the form
d(x) = / 2¢(t, s)d( ds+/ / s,0)c(t,o)x(o)x(s) do ds
(5.42) / / (t,s)l(s,0) +d(s)k(t,s,o) + k(t,0,s)d(o)]x(0)x(s) do ds

//{/ k(t,5,€) + K(t, ¢, )(§,a>]d£}x<o)x(s)dads.

This shows that ® is also a quadratic functional like @, i.e.

<i><x)_/ d(t. s ds+// (t, s, 0)a(0)x(s) dor ds,



where

~

d(t,s) = 2c(t, s)d(s)

and

~

l(t,s,0) =1(s,0)c(t,o) + c(t,s)l(s,0) + d(s)k(t, s, 0)

b
+k(t,0,s)d(0) + / U(s,&)k(t,s,€) + k(t, & 0)l(&, 0)] dE.

Analogously to (5.34), we may associate with the functional d the operator function

A

(5.43) T(t)z(s) = d(t, s)x(s) +/ I(t, s, 0)x(o) do;

by the definition of d we have then

A

(5.44) T(t) =T, A(t)].
If this is a Ljapunov function, we should have
(5.45) (T(t)r,2) < =Blla|l; (0=t < o0)

with some 8 > 0. For proving (5.45), we may follow the same reasoning as above for
proving (5.33). We summarize with the following

Theorem 5.3. Suppose that c(t, ) € Ly and k(t,-,-) € 32 for any t € [0,00), and
that the corresponding operator function (5.43) is strongly continuous in the space L.
Assume that, moreover, d € Lo, and | € 3. Then the quadratic functional ® defined
by (5.32) is a Ljapunov function for the differential equation (5.1) in Lo if and only if
the estimates

(5.46) inf o(T) > «
and
(5.47) sup o(T(t) < -8 (0 <t< o)

hold for some o, 3 > 0. For (5.46) and (5.47) in turn the estimates

essinfd(s) >0

a<s<b

and
2 sup esssupc(t,s)d(s) < —03

0<t<oo a<s<b

are necessary, while the estimates

essinfd(s) + m_(L) >0

a<s<b

and

2 sup esssupc(t,s)d(s) +my([L,C(t)] + [D,K(t)] + [L, K(t)]) < —f

0<t<oo a<s<b

are sufficient; here D is defined by Dz(s) = d(s)x(s), and K(t) by (5.10).



§ 6. Continuous dependence on parameters

In this section we consider the linear differential equation

dx
6.1 — = A(t,e)x
(6.1) = Alte)
with an operator function A = A(t, ) depending continuously on a scalar parameter .
We are interested in the continuous dependence of the evolution operator U = U (t, 7, €)
and of the solution x = z(¢, ) of (6.1), considered as functions of . More regular (e.g.
smooth) dependence is also studied.

6.1. Continuous dependence of the evolution operator

One of the most important topics for applying differential equations in Banach
spaces (in particular, linear differential equations) is the continuous dependence of the
evolution operator on parameters, as a consequence of the continuous dependence of the
right-hand side of such equations on these parameters. A classical result in this spirit is
the following (see e.g. DALETSKIJ-KREJN [1970]): the uniformly continuous dependence
of the right-hand side of a differential equation on a parameter implies the uniformly
continuous dependence of the corresponding evolution operator on this parameter.
For many applications, however, this statement is not sufficient. Beginning with the
pioneering work of BOGOLJUBOV [1945] (see also BOGOLJUBOV-MITROPOL'SKIJ [1963]
and MITROPOL'SKIJ [1971]), many results on the continuous dependence of solutions
to differential equations have been obtained in situations when the corresponding
right-hand side depends on a parameter only in some weak “averaged” sense. Some
rather sophisticated theorems, especially for the evolution operator of linear differential
equations, have been proved by KURZWEIL [1957] and afterwards by LEVIN [1967].
Our Lemma 4.1 below reduces in fact in the scalar case to Levin’s result: although in
LEVIN [1967] only the case of finite linear systems is considered, the proof carries over
to general systems without any change.

Let J = [0, T, and consider in a Banach space X the linear differential equation (6.1)
with an operator function A = A(t,¢) depending continuously on a scalar parameter
£ € [—¢eo0,e0]. We are interested in conditions for the continuous dependence (in the
norm of £(X)) of the corresponding evolution operator U(t, T,¢) at ¢ = 0, say. To this
end, we put

(6.2) B(t,e) :== A(t,e) — A(t,0).

Lemma 6.1. Suppose that one of the following four conditions holds:

T
(6.3) sup/ ||A(t, e)|| dt < oo
0

el <eo

(6.4) lim /O /0 1B, ) B(t, 2)|| de dt = 0:

e—0



e—0

(6.5) lim/o /Ot||B(t,a)B(§,a)Hd£dt:O;

(6.6)  lim

T
e—0 0

{/O HB(é,a)deHB(t,é)H—HB(M‘)H/O HB(E,€)Hd§} dt = 0.

Then the relations

t
(6.7) iy sup | [ A(€.2) — A(€.0) del| =0
e=00<i<T Jo
and
(6.8) lim sup ||U(t,7,e)—U(t,7,0)||=0
e=00<t,r<T

are equivalent.

The most convenient of all conditions in Lemma 6.1 to verify is (6.3); this condition
is usually fulfilled in many applications. The most interesting condition, however, is
(6.6). First of all, this condition is fulfilled if the evolution operator is defined by
formula (1.19), and thus in this case the statement of Lemma 6.1 holds true. Moreover,
(6.6) is always satisfied in the case of a finite system which is obtained in the usual
way from the higher order equation

d"x d"x

dx
g T an_l(t)m +...+ al(t)E + ap(t)x =0

with commuting coefficients, i.e.

a;(t)ax(§) = ar(§)a;(t) (,k=1,2,...n)
which is of course a trivial requirement in the scalar case.

6.2. Application to Barbashin operators

The results developed in § 2 and § 3 allow us to apply Lemma 6.1 to operator
functions of the form

(6.9) A(t,e) = C(t,e) + K(t,¢e),

where

C(t,e)x(s) :=c(t, s,e)z(s),

b
K(t,e)x(s) ::/ k(t,s,o,¢)x(0)do,

and ¢ : J X [a,b] x [—€g, 0] — R and k : J X [a,b] X [a, b] X [—£¢,c0] — R are measurable
functions. In order to not overburden the notation, we confine ourselves to the case
when the first condition (6.3) of Lemma 6.1 holds.

It is clear that (6.3) depends on the underlying space X, since it contains the norm
in £(X). One may unify the notation, however, by using the norm (3.16) for the class
3, (1 < p < o0) and choosing p = oo in case X = C.



Lemma 6.2. Suppose that the functions ¢ = c(t, s,e) and k = k(t, s, 0,¢) satisfy the
estimates

T
(6.10) sup/ esssup |c(&, s, €)] d€ < 00
le|]<eo JO a<s<b
and
T
(6:11) sup [ |IKE ), d < oo
le|<eo JO

Then the operator function (6.9) fulfills (6.3) in case X = L, for 1 < p < oo, as well
as i case X = Lo, or X = C.
O The proof of Lemma 6.2 is an easy consequence of Lemma 2.1 and Lemma 3.6.

To verify (6.11) one has to calculate again norms in the class 3, which is not easy at
all. Nevertheless, in case p = 1 condition (6.11) is equivalent to the simpler condition

T b
(6.12) sup / {esssup/ |k(&, s, 0, 5)]ds} d§ < oo,
0 a

le|<eo a<o<b

and in case p = oo to the condition

T b
(6.13) sup / {esssup/ k(& s,0,¢) da} d§ < o0,
0 a

le|<eo a<s<b

by Lemma 3.12. To verify (6.11) in case 1 < p < co one may again use Lemmas 3.8 -
3.11.

Theorem 6.1. Suppose that the functions ¢ = c(t,s,e) and k = k(t,s,o,¢) satisfy
the hypotheses of Theorem 2.1 or Theorem 3.1, as well as the estimates (6.10) and
(6.11). Then the evolution operator U(t,T,e) depends continuously on € at € = 0,
uniformly with respect to (t,7) € J x J, if

¢
(6.14) lim sup esssup/ [c(&,s,6) —c(&,5,0)]dE =0
e=00<t<T a<s<b Jo
and
¢
(6.15) iy sup | [ (K(&, €)= K€, 0)] dells, =0
e=0o<t<r Jo

O We claim that (6.14) and (6.15) are equivalent to (6.7). For this we have to prove
that
(6.16)

{/OtA(ﬁa@ dé}x(s) - {/Otc(ﬁ,S,s) dﬁ}x(s) +/ab{/0tk(g,s,a,g) dg}x((,) "



by Lemma 2.1 and Lemma 3.6. But by (6.10), (6.11) and Fubini’s theorem we may
interchange the order of integration over ¢ € [0,¢] and o € [a,b] in the last term of
(6.16). The assertion follows now from Lemma 6.1. W

By Lemma 3.8 and Lemma 3.9, condition (6.15) is for p = 1 equivalent to

b
(6.17) lim sup ess sup/

=0 0<¢<T a<o<b

/t[/f(f, s,0,€) —k(,5,0,0)] dg‘ ds =0
0

and for p = oo to

b
(6.18) lim sup esssup/

e=00<¢<T a<s<b

/t[k(ﬁasﬂ,a) — k(& s,0,0)] d{‘ do = 0.
0

In case 1 < p < oo it is again useful to employ Lemmas 3.8 - 3.11 for verifying (6.15).

6.3. The first Bogoljubov theorem

Now we apply the above results on the continuous dependence of the resolvent
operator on a parameter to a special, but important case, namely

(6.19) Alt,) = At) + B(S)

Of course, the right hand side of (6.19) is defined only for € # 0; in addition we put
(6.20) A(t,0) = Ap(t).

For further use, we need a technical lemma.

Lemma 6.3. Suppose that the operator function B : [0,00) — £(X) is integrable on
each bounded interval. Then the two relations

(6.21) lim sup H/ 2)d€|| =0
=0 g<i<T
and
1 T
(6.22) lim —|| B(t)dt|]| =0
T—00 T 0

are equivalent.

O The fact that (6.21) implies (6.22) is obvious; we show that (6.22) implies (6.21).
Given 7 > 0, choose 7,, > 0 such that

w/ tydtl| < 2

for 7 > 7,. For € > 0 and ¢ < e7,, we have then

t/e ™
w/ MK/MB M&w/IB@M%xAHMWMSm



provided that we choose

(6.23) e < 77/07" 1B(s)|| ds.

On the other hand, for e7,, < ¢ < T we have, by (6.22),

t 5 - t/e tn
| [ BEai=c< [ BGIlds <=L <

Consequently, (6.22) implies that

boE
H/ B el <
o €
for all t € [0,7], and thus (6.21) holds. W

Lemma 6.3 shows that the additional convention (6.20) is natural if and only if the
operator function B has zero integral mean on the half-axis [0, co).

From Lemma 6.1 we get the following

Lemma 6.4. Suppose that the operator functions A : [0,00) — £(X) and B :
[0,00) — £(X) are strongly continuous and integrable on each bounded interval. Assume,
moreover, that the limait

17
(6.24) B:=lim — [ B(t)dt

T—00 T 0

exists. Denote by U(t, T;e) the resolvent operator of the linear differential equation

d
(6.25) =AW+ B(é)]x
for e #0, and of the equation
(6.26) (fl—j = [A(t) + Bz

for e = 0. Then the operator function e — U(t, ;) is continuous at € = 0.

The assertion of Lemma 6.4 is the so-called “first Bogoljubov theorem” in the
averaging theory for linear differential equations. A characteristic feature of this theory
is the appearance of the “fast time scale” ¢/e in the right hand side of a differential
equation. The first Bogoljubov theorem asserts, loosely speaking, that all terms containing
such a fast time scale may be replaced by their integral averages without essentially
changing the corresponding solutions.

To apply the first Bogoljubov theorem to integro-differential equations of Barbashin
type, we have to calculate the integral average of the non-stationary Barbashin operator

(6.27) B(t)u(s) = d(t, s)u(s) +/ l(t,s,0)u(c) do



in a suitable function space (usually, in C' or L, for 1 < p < oo). This is possible, in
particular, if the limits

(6.28) do(s) = Tim = [ d(e, s) de
and
(6.29) (s,0) = lim ~ [ 1(¢, 5,0) de

T—=00 T Jo

exist. In this case it is natural to expect that the average of the operator function (6.27)
is simply

(6.30) Bou(s) = do(s)u(s) +/ lo(s,0)u(o) do.

This is in fact true if the limit (6.28) exists in the norm of L., and the limit (6.29)
exists in the norm of the Zaanen class 3(X) (see (4.25)).

As an application, consider the equation

dx

(6.31) ==

e[A(t)x + f(t)]

which is one of the simplest equations of nonlinear mechanics (see e.g. BOGOLJUBOV-
MITROPOL'SKIJ [1963]). Under natural hypotheses on the functions A and f in (6.31),
the solutions of (6.31) converge on every bounded interval, as ¢ — 0, to constant
functions. For equation (6.31), however, it is more interesting to find solutions “on
bounded, but arbitrarily large time intervals”.

This name is explained as follows. After the substitution
(6.32) et =1
with some fixed 6 € (0, 00), equation (6.31) becomes

dx

(6.33) —=

e A(Te™ ) + f(re7?)].

If a solution of (6.33) is considered on a bounded interval 0 < 7 < T', the corresponding
solution of the original equation (6.31) is considered on the interval 0 < ¢t < Te~? which
“blows up” for € — 0. This effect is called solvability “on bounded, but arbitrarily large
time intervals” in nonlinear mechanics.

For 0 < 6 < 1, the substitution (6.32) is not interesting, since then all solutions of
(6.33) on bounded time intervals converge uniformly to zero.

In case § > 1, however, (6.33) is essentially an equation containing a small parameter
in the highest derivative, and thus we end up with a singular perturbation problem.
Finally, for # = 1 the equation (6.33) is easier to deal with; let us discuss this case
more in detail. equation (6.33) has then the form

(6:34) © = a0+ 10



and we are interested in the bahaviour of possible solutions of this equation as ¢ — 0.
From our previous discussion one should expect that the solutions of (6.34) tend, as
e — 0, to the solutions of the stationary equation

(6.35) d_x = Aoz + fo,
dr
where
1 T
(6.36) Ay = lim - A(€) d¢
T—00 0
and
.17
(6.37) fo= lim - f(€)d€.
T—00 0

In fact, the solutions of (6.34) and (6.35) which satisfy the same initial condition
z(0) = zp may be represented by means of the corresponding resolvent operators in
the form

(6.38) v.(7) = U(e; 7, 0)a + /0 "U(eir,0) f(g)da
and
(6.39) zo(T) = U(0;7,0)z0 + /OT U(0;7,0)fo(o)do,

respectively. Let us study these solutions on [0, 7] for some 7' > 0. From Lemma 6.4 it
follows that

(6.40) lim sup |[|U(g;7,0) —U(0;7,0)[| = 0.
e—0 0<o,7<T
Consequently,
iy swp || [ [U(sino) = UOim o)l dof
e—0 0<o,7<T 0 €
(6.41)

<lim sup rrU<a;7,a>—U<o;7,a>r|/ 1)l do =0,
0

e—0 0<o,7<T

provided that the function f satisfies
(6.42) fim / I1£(0)]] dor < oo.
T—00 0
Observing that U(0;t, s) = e0(=*) we thus arrive at the equality

(6.43) r) = alr) = w) + [ ) = folo) do

where w, satisfies

lim sup |Jw.(7)|| =0.
e=0 o<r<T



Integrating now the right hand side of

i) [ i@ - ponar= [T L i) - el ao

by parts, we end up with

/( ) = folor)) do

_ T § . Ao (r—0 0.
= [ U&= tends+ [ enra [ - i) dea
By (6.37), (6.42), and Lemma 6.3 we have

iy sup 1| [175) ~ (el = .
=0 o<o<T
hence
lim sup ||/ w0 1(%) ~ fo(o)] do| = 0.
e=0 o<r<T

But this means precisely that

(6.45) lim x.(t) = xo(t)

e—0

in the space C([0,T], X ), where z. denotes the solution of (6.34) with initial condition
z(0) = zo, and 7 denotes the solution of (6.35) with the same initial condition. Observe
that the latter solution may be written explicitly as

xo(T) = e 1 + (/T eAo(r—o) da) fo(T)
0

or, in case of invertible Ag even simpler as

2o(T) = e[y + Ay fo(T)] — Ayt fo(7).
We summarize our discussion with the following

Theorem 6.2. Suppose that the operator function A : [0,00) — £(X) and the
vector function f :[0,00) — X are strongly continuous and integrable on each bounded
interval. Assume, moreover, that the limits (6.36) and (6.37) exist, and that condition
(6.43) is satisfied. Then the solution x. of the initial value problem

dx
o =A@+ f@O)] 2(0) =0

satisfies, for any fixred T > 0, the relation

et
i sup ||x€<t>—e6A0%xo+( / d) filll =
0

=0 o<t<T/e

Theorem 6.2 is an improvement of Bogoljubov’s first theorem on the averaging of
solutions “on bounded, but arbitrarily large time intervals”. Another application of



averaging principles to Barbashin equations may be found in IVANITSKI1J [1971, 1973]
and LEDOVSKAJA [1987].

6.4. Smooth dependence
Consider now the inhomogeneous differential equation

(6.46) Z—f = A(t,e) + f(t,¢) (le] < eo).

By o = x(t,e) we denote the solution of (6.46) which satisfies the initial condition
(6.47) x(re) = w0 € X.

In this subsection we are interested in conditions under which the smooth dependence
of the operator function A(t,¢), the function f(t,¢), and the initial value z,. on ¢
implies the smooth dependence of the solution z(¢,¢) on e.

Let

and

Rre = Tre — L1 0-

An easy calculation shows that the difference z(t, €) := z(t, ) — x(t, 0) solves the initial
value problem

% = A(t,0)z(t,e) + B(t,e)z(t,e) + g(t,€),
2(T,€) = Zrp.

By Theorem 1.1 this solution is representable as

(6.48)  2(t,e) = U(t, )z + /t U(t,§)B(&,e)x(§,e) dE + /t U(t,§)g(§,€) de,

where U(t,7) = U(t,7,0) is the evolution operator of the “limit equation”

(6.49) fl—f — A(t,0)z + f(£,0).

But the right-hand side of (6.48) converges to zero, uniformly in (¢, 7) € [0, 7] x [0, T7,
since the evolution operator is bounded. Consequently, we have proved the following

Theorem 6.3. Suppose that the functions ¢ = c(t,s,¢€) and k = k(t, s, 0,¢) satisfy
the hypotheses of Theorem 2.1 or Theorem 3.1, that

T T
iy [ 15620y de = lmy [ [lg(t <) dt =0,
E— O E— O

and x,. — x99 as € — 0. Then x(t,e) — x(t,0), uniformly on [0,T], as e — 0.

Theorem 6.3 may be sharpened in various directions. For stating this more precisely,
let us introduce the “data-operators”

(6.50) A i [—eo,e] — Li([0,T], £(X)), Afle):=A(e),



(6.51) f:[—e0,e] — L1([0,T], X), f(e):= f(:,¢),

(6.52) X, 1 [—e0,e] = X, x:(€) =z,
and the “solution-operator”
(6.53) X : [—¢ep,e] = C([0,T], X), x(¢):=z(-,e).

Theorem 6.3 states then that the continuity of the operators (6.50), (6.51), and (6.52)
implies the continuity of the operator (6.53). A similar result holds for Holder continuity:

Theorem 6.4. Suppose that the operators (6.50), (6.51), and (6.52) are Holder
continuous with respect to . Then the operator (6.53) is also Holder continuous with
respect to €.

O Recall that a continuous function ® : [a,b] — Z (Z Banach space) is called
Hoélder continuous (with H"older exponent v > 0) if

1@(e) = @(0)[|z < cle =6|* (a <0 <))

for some ¢ > 0 independent of ¢ and §. Now, from the estimate (6.41) and the
boundedness of the evolution operator U(t, ) it follows that

l|z(,e) = 2(-,0)||lcqor,x) £ M||@re — 2 5]|x

T T
+M/O ||f(§a5)—f(§75)||Xd§+M||9U('75)||C([0,TLX)/O |A(E, €) — A(&, 0)|[ 2(x) dE,

where M is some positive constant independent of £,0 € [—¢eg,e|. This proves the
assertion. W



§ 7. Bounded and periodic solutions

In this section we consider the Barbashin equation

(7.1) axgt’ s) =c(t, s)x(t, s) +/ k(t,s,o)x(t,o)do + f(t,s)

for (t,s) € J x [a,b], where J is an unbounded interval; typical examples are J = R
or J = [ty,00) for some fixed ty. We derive sufficient conditions for the boundedness
of solutions of (7.1) on J. The main tools are (nonclassical) fixed point principles and
majorization techniques.

We also briefly sketch conditions for the existence of periodic (in t¢) solutions of
the Barbashin equation (7.1), provided that the multiplier ¢, the kernel k, and the
inhomogeneity f are periodic with the same period. This problem is reduced, as usual,
to the study of fixed points of the corresponding Poincaré operator.

7.1. A fixed point principle

To study the existence of bounded and periodic solutions of the Barbashin equation
(7.1), where the variable ¢ is assumed to run over an unbounded interval J, we need
a fixed point principle which we recall in this subsection. By BC' = BC(J x [a,b]) we
denote the Banach space of all bounded continuous functions = : J x [a,b] — R with
the usual norm

2 _
(7.2) ||| o ig§£?§’$<t>5>”

and by C = C(J X [a,b]) the locally convex space of all continuous functions = :
J % |a,b] — R with the system of seminorms

(7.3) pn(x) = sup max |z(t,s)] (n=1,2,...),
tedn a<s<b
where we take J, = [—n,n] in case J = R and J,, = [to,to + n] in case J = [tg, 00).

Since the system (7.3) is countable, we may define a metric on this space by putting

=1
(7.4) d(x,y) Z 2——+ o —)y)

In a straightforward way one can prove the following

Lemma 7.1. The space C(J % [a,b]) equipped with the system (7.3) of seminorms
is a locally conver complete metric space. A sequence x;, € C(J X [a,b]) converges
to x € C(J x [a,b]) if and only if the restriction x|, x[ap converges to x|, x[ap N
C(Jn%[a, b)) for each n. Moreover, a subset M C C(J x|a,b]) is bounded (precompact) if
and only if each restricted set {x|;,x[ap : © € M} is a bounded (respectively precompact)
subset of C(J, X |a,b]).

Using this lemma, one easily obtains a result for operators ®, not necessarily linear,
which map functions of C'(J x [a, b]) into real functions on J x [a, b], such that ®x|;, «[44
depends only on x| Jux[ap)- This means that ® defines, for each n € N, an operator @,



which maps functions of C'(J,, X [a,b]) into real functions on J, x [a,b]. We will call
such operators ® Volterra-like in the sequel.

Lemma 7.2. Let ® be a Volterra-like operator. Then ® maps C(J X [a, b]) into itself
if and only if each ®,, maps C(J, %X |a, b)) into itself. Moreover, ® : C(J x[a,b]) — C(Jx
[a,b]) is continuous, bounded or compact iff each ®,, : C(J, X [a,b]) — C(J, X [a,b])

1S.

To state the fixed point theorem we need in what follows we have to recall some
definitions. Recall that, given a bounded set M in a Banach space X, the measure of
noncompactness of M is defined by (4.50). Obviously, we have (M) = 0 if and only if
the set M is precompact.

Now suppose that ® : X — X is a (not necessarily linear) operator with the property
that

(7.5) Y(®(M)) < gqy(M)

for any bounded set M C X, where ¢ < 1 is independent of M; such operators
are usually called condensing (SADOVSKIJ [1972|). Intuitively speaking, the condition
(7.5) means that the operator ® makes every bounded set M “slightly more compact”.
For example, every compact operator satisfies (7.5) (with ¢ = 0), as well as every
contraction, i.e.

(7.6) 1®(z) = eI < qllz =yl (2,y € X),

where ¢ < 1 is independent of z and y. Similarly, if ¢ is a sum & = &; + ¢, of a
contraction ®; and a compact operator ®,, then ® is condensing. We will consider
such operators later (e.g. in Theorem 8.1 below).

The measure of noncompactness (7.4) may also be defined in locally convex spaces.
If {p, :n=1,2,...} is a system of seminorms generating the locally convex topology
in a space X, the measure of noncompactness of a set M C X is defined by

(7.7) (M) =inf{e:e > 0, M admits a finite ¢ — net with respect to p, in X}
(n=1,2,...). Likewise, an operator ® in such a space X is called condensing if
(7'8) ’Yn((b(M» < Qn7n<M) (n: 1a27--')

with ¢, < 1 for each n. Important examples are again compact operators and generalized
contractions, i.e.

(7.9) Pu(®(2) = ©(Y)) < @upu(® —y)  (2,y € X)

with ¢, < 1. The following fixed point principle goes essentially back to DARBO [1955]:

Theorem 7.1. Let X be a Banach space, M C X a closed convex bounded set, and
®: M — M a continuous condensing operator. Then ® has a fixed point in M.



O We briefly sketch the idea of the proof. Define a sequence (Mj ), of subsets of X
inductively by
My= M, My =co®(M),..., My =7coP(My),

where ¢o M denotes the closed convex hull of M. Every set M} is nonempty, convex,
closed, bounded and invariant under ®, and thus the same is true for the set

My = ﬁ M.
k=1

Moreover, the relation v(M},) < ¢*y(M) implies that v(M,,) = 0, i.e. My, is compact.
The assertion follows now from Schauder’s classical fixed point principle applied to
b M,— M, 1

There is also a variant of Theorem 7.1 for locally convex spaces (see SADOVSKIJ
[1972]):

Theorem 7.2. Let X be a separable locally convex metric linear space, M C X a
closed convexr bounded set, and ® : M — M a continuous condensing operator. Then
® has a fized point in M.

7.2. Application to Barbashin operators

Consider now the Barbashin equation (7.1) on J X [a,b], subject to the initial
condition

(7.10) z(to, s) = xo(s) (a <s<b),

where t is fixed and zy : [a,b] — R is a given continuous function. Integrating (7.1)
over [to,t] yields

(7.11) z(t,s) = Ca(t,s) + Kz(t,s) + f(t,5),

where we have put

C’x(t,s):/ e(r, 8)x(r, s) dr,

to

t b
Ku(t, s) :/ / k(t,s,0)x(r,0)do dr,
to Ja

and

~

f(t,s) =zo(s) + /t f(r,s)dr.

The following lemma describes a connection between the operator equation (7.11) and
the initial value problem (7.1)/(7.10).

Lemma 7.3. Suppose that for each s € |a,b] the operator

Ksm(t):/ k(t,s,o)x(o)do



is bounded from C([a,b]) into C(J,) for each n, and that each of the functions c(-,s)
and f(-,s) is continuous on J. Then every continuous solution of (7.11) is a classical
solution of (7.1)/(7.10).

O Let x be continuous on J X [a,b] and s € [a,b] be fixed. We write z; := (¢, -).
For t — t € J, we have

/abk(t, s,0)z(t, o) do—/abk(z’s,a)x(z’ o) do

= [Kazy(t) = Keag(f)] < [Ko(we — 2g) () + [ Korg(t) — Kog(£)] — 0.
Thus the right hand side of (7.1) is continuous in ¢. W

We set X := C(J x [a,b]) and are interested in conditions under which C:X—-X
is bounded and K : X — X is compact. Since C' and K are Volterra-like, this can be
verified by means of Lemma 7.2.

Lemma 7.4. Suppose that k is measurable,
b
Sy = sup / |k(t,s,o)|dodt <oco (n=1,2,...),
s€lab] J I, Ja
and ,
lim/ / |k(t,s,0) —k(t,5,0)|dodt =0
S—S Jn a

for each’s € [a,b]. Then K maps X into X and is compact.

O Letne N, M > 0,e >0, and (¢,5) € J, X [a,b] be arbitrary. Choose § > 0 so
small that for |s — 5| < 6 we have

b
/ |k(7,s,0) — k(7,5,0)|dodr < e.
Jn Ja

Consequently, for all D C J,, with mesD < ¢ (without loss of generality) and |s—3| < 6,

we have , ,
/ / |k(7’,3,0)|d0d7'§5+/ / |k(7,3,0)|dodr < 2e.
D Ja D Ja

For each x € C(J, x [a,b]) with ||z||c(s,x[ap) < M and each (t,s) € J, x [a,b] with
[t —t| <, |s — 3| <4 this implies:

b
Kalt,s) — Ka(i,5)| < M/ / (7, 5,0) — k(7. 5, 0)| do dr + 2Me < 3Me.

This means, that the set {Kz : || xap) < M} is equicontinuous in J, X [a, b].
Since this set is also bounded (by S, M), the statement follows from Lemma 7.2 and
the Arzela-Ascoli compactness criterion. W

Lemma 7.5. Suppose that the following three conditions are satisfied:



(a) the function « : J X [a,b] — R defined by

a(t,s) = /t c(r,s)dr

to
1S continuous;
(b) the function B : J x J x [a,b] — R defined by

(

min{¢,z}
/ (z—71)e(r,s)dr if z > to,

to

¢ = i
Blt, 2 8) / (z —T1)e(T, s)dr if t<z<ty,
| 0 if z <min{t,t}
18 continuous;
(c) the number
(7.12) Gn = sup [ |c(7,s)|dr
a<s<b J J,

is finite for each n.
Then C maps X into X and is bounded.
O It suffices to prove that the mapping B : [a,b] — £(C(J,)) defined by

B(s)z(t) :—/0 e(r,s)x(r)dr

is strongly continuous and bounded for fixed n. Indeed, if we write now xs := x(-, s)
we have for (t,s) — (¢,3) € J, X [a,b] that

|Ca(t, s) — Cu(l,3)| = |B(s)a,(t) — B(s)zs(?)|

< [B(s)(ws — a5) ()| + |(B(s) — B(5))as(t)| + | B(5)s(t) — B(5)as(t)| — 0.

The strong continuity of B is, by Theorem 2.1, equivalent to the conditions (a) - (c)
above on J,, (without loss of generality we may assume that tq € J,,). These conditions
imply also the boundedness of B, and so we are done. W

Theorem 7.3. Let the hypotheses of Lemmas 7.3, 7.4 and 7.5 be satisfied, and
assume that q, < 1 for each n, with ¢, given by (7.12). Suppose that there exists a
nonempty, closed, bounded and convex subset M C C(J x [a, b]) such that Cx+Kz+f €
M for all x € M. Then (7.1)/(7.10) has a (classical) solution in M.

O Define & : X — X by
(7.13) O(z)=Cz+ Kz + f

and fix B C M. By Lemma 7.4, the set K (B) is precompact in X, and hence , (K (B)) =
0 for all n. On the other hand, Lemma 7.5 implies that

pa(Cx — Cy) = sup sup
teJn a<s<b

/ (. $)[x(r8) — y(r, )] d7| < qupnl — 1),

to




hence 7, (C(B)) < gnyn(B). Altogether we have

~ A

(®(B)) < 1(C(B)) +7(K(B)) + 1 (f) < wya(B),
i.e. (7.8) is true. The assertion follows now from Theorem 7.2. W

In particular, if M contains only bounded functions, we get the existence of a
bounded solution. The choice of M depends on k, ¢ and f. For example, assume
that J = [to, 00), and the measurable functions k, ¢, and f are nonnegative. Assume,
furthermore, that there exists a measurable function y : J X [a,b] — [0,00) which is
bounded on compact subsets and satisfies

t t b
/t e(r, s)y(r, s) dr + /t / k(r,s,0)y(t,o)dodr + f(t,s) < y(t,s).

Then, under the assumptions of the previous theorem, the set
M:={x: x2e€C(J x[a,b]), 0<x(t,s) <y(t,s)}

satisfies AM C M, i.e. (7.1) has a nonnegative solution, which is bounded by y (since
the local boundedness of y implies the boundedness of M).

Brute-force-estimates on norms lead to a stronger result, since then we can directly
apply Banach’s fixed point theorem:

Theorem 7.4. Let k and ¢ be measurable and such that

b
q := esssup (/\c(r,s)|d7’+// |k(7’,s,a)|dad7’> <L
a<s<b J JJa

f(t,s) ::/t f(7,8)dr + xo(5)

is essentially bounded on J X |a,b]. Then the initial value problem (7.1)/(7.10) has
exactly one generalized measurable essentially bounded solution x, namely the unique
measurable essentially bounded solution of (7.11). A bound is given by

Suppose that

1 .
g = 1—_q\|f\|Loo-

Furthermore, if ® given by (7.13) maps C(J X [a,b]) into itself, x is continuous.
Consequently, under the conditions of Lemma 7.3, x is a classical solution of (7.1)/(7.10).

O The generalized measurable essentially bounded solutions of (7.1)/(7.10) are
exactly those of (7.11). So we only consider (7.11). Now apply Banach’s fixed point
theorem to ® : X — X, where X = L (J X [a,b]), X = {z : © € Ly(J X
[a,b]), ||z]|r., < B} respectively X = Ly(J % [a,b]) N C(J X [a,b]). In the second
case A maps X into itself, because ||z||;. < @ implies

1A2]|z.. < @il + 11 fllzee < a8+ 11 fll1 = 5



This proves the assertion. W

7.3. The use of majorant functions

We return to the initial value problem

(7.14) W A+ 7). alte) = o,

where as before

A(t)xz(t,s) = c(t, s)x(t, s) +/ k(t,s,o)x(t,o)do + f(t,s)

for t € J = [tg,0), a < s < b. The following reasoning is motivated by the fact that
the scalar differential equation

Ccli_:zf =a(t)x(t) + f(t) (to <t <o0)

has, for each f € BC(J), only bounded solutions if a(t) < a < 0 for ¢ty <t < 0o. One
might expect that a similar result for (7.14) is true if ¢(t,s) <~y < 0 and |k(t, s,0)] is
small in some sense. To get a general result let us call a function M : J x [a, b] — [0, 00)
a magorant function for (7.14) if

(7.15) % > eft, s)M(t, s) + / Ik(t, s, 0)|M(t, o) do

for all (¢,s) € J x [a,b].

Theorem 7.5. Suppose that there exists a magjorant function M for (7.14) such that

t
(7.16) X := sup : f(t,5) < o0.
2, c(t,s)M(t,s)+ [ |k(t,s,0)|M(t,0)do —OM(t,s)/ot
Let C' > ¥ be arbitrary. Then any solution x of (7.14) whose initial value xy is M -
majorized, i.e.
|zo(s)] < CM(to,s) (a<s<b),

satisfies
lz(t,s)| < CM(t,s) (ted a<s<b).

O Let x be a solution of (7.14), and denote by t the infimum of all 7 such that
|z(7,s)| > CM(t,s) for some s. From z(t,s) = CM(t,s) it follows that

Gx(att, s) = c(t, s)z(t, s) +/a k(t,s,o)z(t,o)do + f(t,s)
b
< Celt, )M (1,9 + C [ h(t.5,0)| Mt o) do+ () < M)



Similarly, for x(t,s) = —CM(t,s) we get

oz (t, s) B b
g c(t,s)x(t,s)+ [ k(t, s, 0)x(t,o)do+ f(t,s)

M
> Ce(t, s) / e(t, s, 0)| Mta)da—f(t,s)>—0¥.

This contradiction proves the assertion. W

For the left-open interval J = (—o0, o] one gets an analogous result if one defines a
minorant function m : J X [a,b] — [0, 00) by the property

b
(7.17) ama(i’s) < clt, s)m(t, s) — / Ik(t, s,0)|m(t, o) do
and replaces (7.16) by
(7.18) Y = sup /(5] < 00.

i<to c(t, s)m(t,s) — f; |k(t, s, 0)|m(t, o) do — Omf(t,s)/Ot

a<s<b

We remark that one may replace the derivative of M in (7.15) by the right hand
side derivative, and the derivative of m in (7.17) by the left hand side derivative; this
is useful in some applications.

Theorem 7.5 typically applies to Barbashin operators in the space C([a,b]). We
give now a parallel result for the space X = L,([a,b]). Consider in X the differential
equation

dx
5 = Az + f(2)

(t € J), where each A(t) maps X into X and f(¢) € X. We look for conditions which
assure that the L,-norm ||z(t)||z, is bounded or dominated by a fixed function y(t).
For this we can use the previous ideas together with the following

(7.19)

Lemma 7.6. Let z : [o,] — X = Ly,([a,b]) be differentiable (in o and B we
consider the one-sided derivative). Define

el e, — [l

A h (t<p)
e &~ (1) le(®)lls, — llztt — W]
I Ly _ s x L, — |12t — Lp
e h (t>a)
Then for all t with x(t) # 0 we have
d*||z(t) o [P da(t 1.
@200 N i [ et signat ) ds

if 1 <p < oo, and

(7.21) Mz _ / T (e 1, ) s,



where

sign x(t, s) if x(t,s) #0,
y+(t,s) == {

+sign dfl—it)(s) if x(t,s) =0.

O Evidently,

e, _  da(t)
Jatey s, TN () gy,
with (y,z); = max 2*(y) and (y,x)_ := min z*(y), where the maximum respectively

minimum is taken over all values z* of the duality map of = (see e.g. MARTIN [1976]).
Writing out the explicit form of the duality map in L, (1 < p < oo) gives (7.20) and

(7.21). W

Theorem 7.6. Let J = [tg,00) and X = Ly(|a,b]) with 1 < p < co. Suppose that
there exists a positive continuous function y : J — (0,00) such that the right hand side

derivative d*y/dt exists everywhere, and such that x € X, ||z||z, implies

dry(t)
dt

b
(7.22) ||$||1L;p/ [A(t)2(s) + f(t, 8)][x(s)[" sign x(s) ds <
if 1 <p< oo, and

dty(t)
dt

b
(7.23) / [A(t)z(s) + f(t, 9)]24(t,s)ds <
if p=1, where

sign z(s) if x(s) #0,
2y (t,s) == . ‘
sign [A(t)x(s) + f(t,s)] if z(s)=0.

Then each pointwise solution x of (7.19) with ||x(to)||z, < y(to) satisfies ||x(t)||r, <

y(t) for allt € J.
O By Lemma 7.6 and our choice of y we have
dr|lx(Ollz, _ d*y(t)
dt dt -’

from which the assertion follows. H

For J = (—o0, ] we get an analogous result if we replace (7.22) and (7.23) by

, _
(7.24) ||x||};p/a [A(t)x(s) + f(t, s)]|x(3)|p_1sjgnx(s) ds > d dyt(t)
if 1 < p< oo, and

) _
(7.25) /a [A(t)x(s) + f(t,s)]z_(t,s)ds > d gt(t)

if p=1, where

() i { sign z(s) if x(s)#0
o —sign [A(t)z(s) + f(t,s)] if x(s)=0.

)



Theorem 7.6 is particularly useful in case y(t) = const. (which often occurs in
applications). For example, in the Hilbert space case p = 2 condition (7.22) is satisfied
for y(t) = R if (A(t)z, ) < —|[f()||L, ], for [|z|[L, = R.

7.4. The Green function

In this subsection we consider the operator function

b
(7.26) A(t)x(s) = c(t, s)x(s) +/ k(t,s,o)x(o)do

for ¢ on the whole real line J = R. Assume that (7.26) defines a strongly continuous
operator function with values in £(X), where either X = C or X =L, (1 < p <
00). We are interested in conditions on the multiplier ¢ = ¢(¢,s) and the kernel k =
k(t,s,o) under which there exists a Green function for the bounded solutions of the
differential equation (7.19) in the space X (and hence for the bounded solutions of the
corresponding integro-differential equation of Barbashin type).

The basic results on the existence and properties of Green’s function for bounded
solutions may be found in DALETSKIJ-KREJN [1970]. For example, it is well-known that
the Green function G = G(t, 7) exists if and only if (7.19) has, for each f € BC(R), a
unique bounded solution x on R; in this case, the integral representation

(7.27) o0 = [ G f(r) dr

[e.e]

holds. Unfortunately, a simple procedure for finding the Green function G is not known.
Even in the stationary case A(t) = A, i.e.

b
Azx(s) = c(s)x(s) —I—/ k(s,0)z(0)do

the situation is rather complicated, but the existence of G may be guaranteed by
the following (intrinsic) characterization: The Green function exists if and only if the
spectrum o(A) of A does meet the imaginary axis. On the other hand, as already
pointed out, the determination of o(A) is far from being trivial. In the special case of
a constant multiplier ¢(s) = ¢ one may of course use the relation o(A) = ¢ + o(K).
In another special case when the integral operator K is compact, the boundedness of
the function s — 1/¢(s) is necessary for the spectrum o(A) not to meet the imaginary
axis.

The situation is particularly pleasant if we know not only that o(A) does not contain
purely imaginary points, but also know the projections P_ and P, corresponding to
the parts 0_(A) = {A: A € 0(A),ReX < 0} and 04(A) = {A: XA € 6(A),Re X > 0},
respectively, of the spectrum. In this case the Green function may be given explicitly

by

—eATIPLif —co <7 <t < 00,
(7.28) G(t,7) =
cAt-TIPp  if —co<t<7T < 00.



The case of a non-stationary operator function (7.26) is much more difficult. In this case
the existence of Green’s function is equivalent to the so-called exponential dichotomy
of the homogeneous differential equation

dx
7.29 — = A(t)z.
(7.20) T Ay
To verify the exponential dichotomy condition, however, one has to know again the
evolution operator U = U(t,7) for (7.29) (see Subsection 1.2), and so this criterion is

only of theoretical interest.

It turns out that the problem of finding Green’s function may be attacked successfully
by the same idea that we employed for asymptotic stability in Subsection 5.3: the
operator function A = A(t) given in (7.26) may be viewed as an “integral perturbation”
of the simpler operator function

(7.30) C(t)x(s) = c(t, s)x(s).

In case of the multiplication operator (7.30) it is easy to write down the Green function
Go = Gy(t, 1) for the corresponding differential equation

(7.31) Z—f — Ct)e + f(0).

For instance, the following holds (APPELL-DE PASCALE-DIALLO [1994)):

Lemma 7.7. Suppose that the limit

o T
(7.32) co(s) := lim T/t c(&,s)d¢

exists uniformly with respect to t € R, and the function s — 1/co(s) is essentially
bounded. Then the Green function Gy = Go(t,T) for the differential equation (7.31)
exists and has the form

Go(t,7)f(s) = go(t, 7, 5)f (s),

where
—e(t,7,s) if —oo <7 <t<o00and c¢(s) >0,
(7.33) go(t,7,8) =< He(t,7,s) if —oo<t<7<ooandc(s) <0,
0 otherwise,
with e = e(t, T, s) given by (1.29).

The statement of Lemma 7.7 is true in any of the spaces C' and L, (1 < p < 00).
However, if the function ¢y in (7.32) is continuous, the function s — 1/¢o(s) may be
bounded, of course, only if ¢y does not change its sign. In this case the function gy in
(7.33) becomes somewhat simpler.

7.5. Comparison of Green functions



In order to compare the Green function Gy of the “reduced” equation (7.31) and the
Green function G of the “full” equation (7.19) it is useful to work with special norms.
As in Subsection 3.3, by 3, (1 < p < co0) we denote the set of all measurable kernel
functions z : [a, b] X [a,b] — R for which the norm (3.16) is finite.

Let ¢: R x [a,b] — R and k : R x [a,b] x [a,b] — R be measurable, and put

t
sup/ go(t,m,s)dr if ¢o(s) <O,

(7.34) y(s)=q I
sup/ go(t,7,8)dr if ¢o(s) >0,
teR J¢
(7.35) = sup |[[c(t, ") |[oo,
teR
(7.36) po = sup [[k(t, -, -)|[3,,
teR
and

1
7.37 = su _
( ) a —oo<af[3<oo 1—-a + ﬂ '

/jk‘(é, L) dé

Under the hypotheses of Lemma 7.7, the differential operator

3p

dx
(7.38) Loz = pri C(t)x
is then continuously invertible with
(7.39) 126 esey < [lzae-

The following theorem gives condition on the numbers (7.35), (7.36) and (7.37) under
which the differential operator

dz
4 Ler=——-A
(7.40) T=— (t)x

is continuously invertible as well:

Theorem 7.7. Suppose that the functions ¢ = c(t,s) and k = k(t, s, o) satisfy the
hypotheses of Theorem 2.1 (of Theorem 3.1, respectively). Assume, morover, that

(7.41) (L+8)8 | pop < 1.

Then the differential equation (7.19) admits a Green function G = G(t, ) in the space
C' (in the space L,, respectively).

O We consider only the case X = C, the case X = L, is similar. We claim that,
under the hypothesis (7.41), the norm of Ly'K in the space BC = BC(R) is small,
where

K(t)x(s):/ k(t,s,o)z(o)do.



To prove this we derive some norm estimates. First, let BC' = BC'(R) be the space
of all continuously differentiable functions x with x € BC and 2’ € BC, equipped with
the norm

(7.42) ||z[|per = max {||z||5c, |2l 5c}-

Moreover, by B = B(R) we denote the space BC' with the special norm

/jx(T)dT |

The space B which is sometimes called Bogoljubov space, is of fundamental importance
in the theory of differential equations: in fact, if the Green function G for the operator
(7.38) exists, the formula

1
7.43 T||p = sup T —
( ) I/l —co<a<f<co L + 0 —

(7.44) Lyt f(t) = / h Go(t,7)f(7)dr

oo

defines an isomorphism from B(R) into BC'(R) (see ZABREJKO-MAZEL-TRETJAKOVA
[1984], ZABREJKO-PETROVA [1980]). Now, the obvious identity

%Lglf(t) = f()+C()Lg" f(t) (f € BO)

gives
126 | ese.seny < (1+ 0L lemey < (1+0) L.,
by (7.39). Moreover, from the definitions (7.36) and (7.37) we see that

(7.45) IKlls) < o 1K llagwens) < i
Finally, integrating by parts one obtains

Lo fllse < 8Vl flls - (f € BO),
hence
(7.46) 12 |ea.50) < 0117
Combining now (7.44), (7.45) and (7.46) we conclude that

(Lo K[l esey = |ILg ' K Ly K| e(poy

<|ILg o801 K| eer By || Lo | esosen || K | esey < 1,

by (7.41). Consequently, the Neumann series

(I-Ly'K)™' =) (Lg'K)*
k=0

converges in £(BC'). But

(I =Ly K)™ = (I = Ly [A(t) = C()]) " = L' Lo,



and so we are done. W

The crucial point in the hypotheses of Theorem 7.7 is the calculation of the constants
(7.36) and (7.37); this may be done by means of Lemma 2.1 in the space C, and Lemmas
3.8-3.12 in the space L,,.

7.6. The second Bogoljubov theorem

Now we study the “stability” of the Green function for equations depending on a
parameter ¢, i.e.

dx

(7.47) i A(t,e)z + f(1),
where
(7.48) A(t,e)x(s) = c(t, s,e)x(s) —i—/ k(t,s,o,e)x(0) do.

As before, we suppose that the operator function t — A(t,¢) is strongly continuous in
X =Cor X =L, for each € € [—¢y, &)

There are many results on the continuous dependence of the Green function G =
G(t,T,e) of (7.47), the most interesting being probably those given by BOGOLJUBOV
[1945]. We remark that for the continuous dependence of G(t,7,¢) with respect to
e it suffices that A(t,¢) is just integrable with respect to € (see e.g. BOGOLJUBOV-
MITROPOL'SKIJ [1963|, MITROPOL’SK1J [1971]).

Let us first recall a result on the continuous dependence of Green’s function in the
norm (7.43) (ZABREJKO-KOLESOV-KRASNOSEL'SK1J [1969)]):

Lemma 7.8. Suppose that the operator function (7.48) is strongly continuous in
X =C or X = L, and bounded in measure. Assume that

lim [[A(t, €) — A(t,0)|| = 0

and the Green function G = G(t, 7,0) for the problem

d
(7.49) d—”; = A(t,0)z + f(¢)
exists. Then the Green function G = G(t, 7,¢) for (7.47) exists as well for |e| < g¢, and
(7.50) lim  sup |G (t,T,e) — G(t,7,0)||emy =0 (5 >0).

—oo<t,7<00
The application of Lemma 7.8 to the operator (7.48) immediately gives the following

Theorem 7.8. Suppose that the operator function (7.48) is strongly continuous in
X =C or X = L, and bounded in measure. Assume that

1
(7.51) lim  sup

- - -0
-0 _so<a<B<oo 1+ B -«

Lo

16}
/ e(€, 1) — el€, -, 0)] de




and

= 0.
3p

1
7.52 lim su —_—
( ) e—0 —oo<a<p,3<oo 1 —+ 6 —

B
/ [k(£7 E -,g) - k(§7 K 70)] df

Suppose that the Green function G = G(t,T,0) for the problem (7.49) exists. Then the
Green function G = G(t,1,¢e) for (7.47) exists as well for |e| < ey, and (7.50) holds.

Theorem 7.8 extends the famous Bogoljubov lemma to linear integro-differential
equations of Barbashin type. Building on this theorem one may also establish a result
which is analogous to Bogoljubov’s so-called “second averaging theorem” (see e.g.
BoGOLJUBOV [1945], BOGOLJUBOV-MITROPOL’SKIJ [1963], DIALLO-ZABREJKO [1987al)

for the equation
dz t
T _al
dt (5) ‘

(see also KRASNOSEL'SKIJ-KREJN [1956], MITROPOL'SK1J [1971], ZABREJKO-KOLESOV-
KRASNOSEL'SKI1J [1969]). Since the operator A(t/e) is not defined for e = 0, we have
to redefine it for ¢ = 0 by

(7.53) A(t,0)2(s) = co(s)a(s) + / o(s, 0)z(0) do,

where ¢ : [a,b] — R and kg : [a,b] X [a,b] — R are two functions satisfying

t+T
(7.5) Jim s || [ e —ata| =0
and

t+T
(7.) i sy || =t o

In this connection it is interesting to note that, if we replace the operator (7.53) by the
non-stationary operator

A(t,0)x(s) = co(t, s)x(s) + / ko(t,s,o)x(o)do,

the conditions (7.54) and (7.55) do not imply, in general, the conditions (7.51) and
(7.52).

7.7. Application of Darbo’s fixed point principle
Let us now pass to the study of periodic solutions of integro-differential equations
of Barbashin type. Consider the equation

(7.56) fl—f AWz + f()  (tER),

where A(t) = C(t) + K(t) with
C(t)x(s) = c(t, s)x(s)



and
K(t)m(s):/ k(t,s,o)x(o)do

in some ideal space X (see Subsection 4.1). We assume throughout this paragraph that
¢, k and f are periodic with respect to t with the same period T' > 0, i.e.

(7.57) c(t+T,s)=ct,s), k(t+T,s,0)=k(t,s,0), f(t+T,s)= f(t,s).

Furthermore, we suppose that the operator function ¢t — A(t) is strongly continuous
and locally integrable in X, and hence the problem (7.56) with initial condition z(0) =
o € X has the unique solution

o) = Ut 0000 + [ U () de:

we will denote this solution by z(¢; zo) in what follows to emphasize the dependence
on .

Now consider the operator ® : X — X which assigns to each xq € X the value of
the solution starting from xy after one period T, i.e.

(7.58) Sy = x(T'; xo).

This operator is called Poincaré operator or shift operator (along the trajectories of
the problem (7.56)). Of course, there is a 1-1 correspondence between the T-periodic
solutions of (7.56) and the fixed points of this operator: x is a T-periodic solution of
(7.56) if and only if x starts from a fixed point x of the operator (7.58). This allows
us to reduce the existence problem for T-periodic solutions to the fixed point problem
for ®. For example, the following holds.

Theorem 7.9. Suppose that (7.57) holds for some T > 0, X is an ideal space or

X =C, and t — A(t) is a strongly continuous and locally integrable operator function
in X. Define H(t,T) by the equality

(7.59) Ut,T)z(s) = e(t,7,s)x(s) + H(t, 7)z(s),

where e(t, T, s) is given by (1.29), and assume that one of the following conditions is
satisfied:

(a) sup /OT c(t,s)dt <0, H(T,0) € £.(X),

a<s<b
T
(b) inf / c(t,s)dt >0, H,T) € £.(X).
a<s<b 0
Then (7.56) has a T-periodic solution if and only if there exists a nonempty, closed,
bounded and convez subset M C X which is invariant under ® (in case (a)) respectively
&1 (in case (b)), where ® is the mapping (7.58). Moreover, if H(T,0) = 0 respectively
H(0,T) = 0 there exists at most one T-periodic solution.

O Suppose that (a) holds. We may write ® as sum ® = ®&; + &, of the operators

D1x0(s) = e(T,0, )xo(s)



and

Doxo(s) = H(T,0)xo(s).

By assumption (a), ®; is a contraction with constant

(7.60) q:= sup e(T,0,s) < 1,

a<s<b

and P, is a compact operator in X. Thus the assertion follows from Theorem 7.1.

If (b) holds we replace T' by —T" and use the periodicity assumptions (7.57). Finally,
the equality H(7,0) =0 (or H(0,7) = 0) means that ®5 is the zero operator, and the
uniqueness of the fixed point xg of & = ¢, follows from Banach’s contraction mapping
principle. W

In the space X = C we can verify the conditions of the previous theorem by means
of Theorem 2.1 and Theorem 7.5. As an example we state a result for the special case,
when M respectively m in Theorem 7.5 can be chosen independent of ¢:

Theorem 7.10. Let t +— A(t) be a strongly continuous operator function in C,
K € £.(C), and (7.57) be satisfied. Suppose that ¢ has a constant sign and satisfies

T
in / c(t, s)| dt > 0.
0

a<s<b

Assume, furthermore, for some measurable function y : [a,b] — (0, 00), that

b
/ Ik(t, 5,0)|y(0) do < |e(t, )ly(s)
for all (t,s) € [0,T] X [a,b], and

Y :=sup |f§)t’ s)|
ts |e(t, s)|y(s) — [, [k(t, s, 0)|y(o) do

Then (7.56) has a continuous T-periodic solution x which satisfies

< 0.

jz(t,s)] < By(s) ((t,5) €[0,T] x [a,b]).

Moreover, if k(t,s,o) = 0 the continuous T -periodic solution is unique.

O By Theorem 2.3 we can assume without loss of generality that H(7,0) and
H(0,T) are compact. Define

M :={x:z € C(a,b]),|z(s)| < XZy(s) (a <s<b)}.

If we write M(t,-) and m(t,-) instead of y, the conditions (7.15)/(7.16) respectively
(7.17)/(7.18) are satisfied, if ¢ < 0 respectively ¢ > 0. Thus ® respectively ®~! leaves
the set M invariant. Obviously, k(t, s, o) = 0 implies that H is the zero operator. W

Example 7.1. The one-dimensional equation

dzx(t)
dt

(7.61) = a(t)z(t) + b(t)



with T-periodic and continuous a and b, a without zeros, has exactly one T-periodic
solution z. This solution is bounded by Inax, 1b(t)/a(t)]. To see this, choose c(t,s) =

a(t), k(t,s,0) =0, f(t,s) = b(t), and y(s)_z_ 1.
A simple calculation shows that the (unique) fixed point of the Poincaré operator

(7.58) in this example is
T t
| oo {— / a<7>d7} b(t) dt
0 0

e {- [ Ta(t)dt} 1

In the space X = L, the conditions of Theorem 7.9 may be verified by means of
Theorem 1.2 and Theorem 7.6. We will again restrict ourselves to the case, when y in
Theorem 7.6 is constant.

o =

Theorem 7.11. Suppose that (7.57) is satisfied for some T > 0, X = L,([a,b])
(1 <p< ), f:R— Xiscontinuous, ¢ : Rx[a,b] — R is measurable, K(t) € £.(X)
for each t, and t — A(t) and t — C(t) are strongly continuous operator functions in
X. Assume, moreover, that there exists an R > 0 such that one of the following two
conditions is satisfied:

T
(a) ess sup/ c(t,s)dt <0, and v € X, ||z||r, = R implies that
0

a<s<b

(7.62) / [A(t)x(s) + f(t,s)]|z(s)[P! signz(s)ds < 0;

T
(b) ess inf/ c(t,s)dt >0, and x € X, ||z||z, = R implies that
0

(7.63) / [A(t)z(s) + f(t,s)]|x(s)[P~! signa(s)ds > 0.

Then (7.56) has a T-periodic solution x, satisfying ||x(t)||z, < R for all t.

O By Theorem 1.2 we may assume without loss of generality that H(7T,0) and
H(0,T) are in £.(X). Since (7.22)/(7.23) respectively (7.24)/(7.25) are satisfied for
y = R, the set M :={z:z € X, ||z||, < R} is invariant under ® respectively ®~*. W

We remark that a similar theorem may be proved also in case p = 1. Here (7.62)
and (7.63) have to be replaced by the conditions

b
/ [A(t)x(s) + f(t,s)]z1(t,s)ds <0

with . ’
(b8 = { signz(s) if z(s) #0,

B sign f(t,s) if x(s) =



and
/ [A(t)z(s) + f(t,s)]z—(t,s)ds > 0
with ' .
(s = { 81gT113(5) Tf z(s) # 0,
—sign f(t,s) if x(s) =0,

respectively.

7.8. Application of the Fredholm alternative

We consider again equation (7.56) in a Banach space X and suppose that (7.57)
holds. Of course, if (7.56) has precisely one bounded solution z : R — X, this solution
must be T-periodic. In fact, Z : R — X defined by Z(t) = x(t+7T) is also bounded and
hence = = .

The condition mentioned above implies that the trivial solution is the only bounded
solution of the homogeneous equation

dx
7.64 — = A(t)x.
(7.64) = Aty
The Fredholm theory allows us to reduce this to T-periodic solutions:

Theorem 7.12. Let all conditions of Theorem 7.9 be satisfied. Assume, furthermore,
that the only T-periodic solution of (7.64) is the trivial solution x(t) = 0. Then (7.56)
has a (unique) T-periodic solution in X .

O We consider only the case (a) (otherwise replace T' by —T'). The multiplication
operator

Ex(s) =e(T,0,s)x(s) = [U(T,0) — H(T,0)]z(s)

(see (8.4)) is a linear mapping of X into X with norm < 1, by (7.60). Thus I — E' is
an isomorphism on X. This means that I — U(T,0) = (I — E) — H(T,0) is Fredholm

of index 0. By assumption its nullspace is trivial, which implies that the equation

(7.65) - U(T,0)]x = /0 U(T, )£ (¢) de

has a solution zy, € X. But this means precisely that

T
Sxy = U(T,0)x —I—/ U(T, &) f(&)dé = xg
0
which proves the assertion. W

Since I — U(T,0) is Fredholm of index 0, (7.64) can only have finitely many linear
independent initial values which generate T-periodic solutions. Furthermore its range
has this (finite) number as codimension, which means that in general (7.65) still remains
solvable for “most” f. Remember that this is equivalent to the fact that (7.56) has a
T-periodic solution for those f.



§ 8. Degenerate kernels

In this section we show how certain degeneration assumptions in Barbashin equations
allow us to reduce the initial value or boundary value problem to much simpler problems
or even lead to explicit solutions.

8.1. A general approach

In this section we will develop a numerical method for solving the initial value
problem and the boundary value problem for the linear Barbashin integral equation.
This will also reveal a deeper reason, why the initial value problem usually is uniquely
solvable, and why this must not be true for the boundary value problem.

At first, we consider the initial value problem

(8.1) 53:((;7; ) = c(t, s)x(t, s) —i—/a k(t,s,o)x(t, o)+ f(t,s),

(lo, 8) = (s)-

It turns out that a straightforward degeneration assumption on the kernel k£ does not
lead to a much simpler problem. However, a degeneration assumption on a related
kernel (depending on & and ¢) will allow us to reduce the problem to a finite system of
usual differential equations. Moreover, if ¢ and k are “well-behaved” (e.g. continuous),
it is always possible to approximate them by such degenerated kernels.

To start with, we rewrite the initial value problem (8.1) as a fixed point problem in
an ideal space X over [a,b]. By a solution we understand a function z € C}(X) which
satisfies (8.1) almost everywhere. Define the functions

e(t,7,s) = exp {/: c(&,s) df}

g(t,s) = / e(t,r,s)f(r,s)dr + e(t, to, s)p(s),

to

and

as well as the operators

f(x(t,s):/ k(t,s,o)x(t,o)do

and .
La(t,s) = / e(t,,s)Kx(r,s)dr.
to
Observing that in case k = 0 the initial value problem (8.1) has the explicit solution
x(t,s) = e(t, T, s)p(s), we may apply the variations-of-constants formula and prove the
following

Theorem 8.1. Let p € X, ¢ and k be measurable, and the corresponding operators
C' and K be locally integrable and strongly continuous in £(X). If f € C{(X), each
solution of the initial value problem (8.1) is also a solution of the fixed point equation

(8.2) x(t,s) = Lx(t,s) + g(t, s).



Conversely, every solution x € Cy(X) of (8.2) actually belongs to C}(X) and solves the
initial value problem (8.1).

To solve the fixed point equation (8.2), we assume that ¢ and k are degenerated in
that sense that L degenerates to

Lz(t,s) = /t: /ab exp (/Tt c(&,s) d£) k(r,s,0)x(r,0)dodr
- Xz;/t: /ab a;(t,7,0)b;(t, s)x(r,0) do dr.

This is the case, for example, if ¢ is independent of s, and k is degenerated in the sense
that

k(t,s,0) = Z a;(t,0)p;(s).

Q

)

If ¢ and k are continuous, one might choose polynomials approximating e(t, 7, s)k(7, s,
uniformly in (¢, 7,s,0) for bounded ¢, 7. In this case we can even choose a;(t,T,0)
a;(7,0) independent of ¢; this will be important later on.

If now x solves the fixed point equation (8.2) and L is degenerated as above then z
must have the form

$(t, S) = Z gk(t)bk(tu 5) + g(t, 5)7

where the functions & are unknown, but must solve

fj(t):/t:/abaj(t,T,J)x(T,a)dadT G=1,....n).

Substituting these formulas into each other we get
n t
§0=Y [ wt D6 dr 5 (=)
k=1 "0

where b
ij(t,T):/ aj(t,7,0)bp(1,0)do
and

5,(1) = /t: / b a;(t,7,0)9(r, o) do dr.

Writing this equation in vector form, £ = (&1,...,&,),0 = (91,...,6,), and v = (), we
thus have reduced the degenerated initial value problem to an n-dimensional Volterra
integral equation of the form

0 = [ 2tt.7e) dr + 500,

to

Observe that, if v and § are smooth, this equation is uniquely solvable.



Moreover, in the special case when we can choose a;(t,7) = a;(7) independent of
t (recall that approximating smooth functions this can always be done), the function
~(t,7) = ~(7) is also independent of ¢, and thus in view of d(¢y) = 0 the above Volterra
equation reduces to an n-dimensional linear initial value problem of the form

{ §'(1) =(1)&(7) + alr),
§(to) =0,

where a is the vector function defined by

a(t) = (/ab ai(r,0)g(1,0)do, .. .,/aban(T, o)g(r,0) da) .

Example 8.1. Consider the initial value problem

b
03] _ ot o) + / a(t,0)B(s)a(t,0) do,  w(to,s) = p(s).

Here one may choose n = 1, ay(t,7,0) = e (7, 0), and by(t,s) = e“3(s). Then the
above calculation shows that a solution is given by

z(t, s) = et=10e3(s) /exp// (r,0)8 dodT/ (€, 0)plo) do de
Fell00p(s)

This example is a special case of a class of examples discussed in Section 8.2.

Now we consider the boundary value problem analogously. Our degeneration assumption
now reads

nootopl
Z/ / aj(t,7,0)b;(t,s)x(r,0)dodr if s>0,
j=1 a —1
nooptopl
Z/ / aj(t,7,0)b;(t,s)x(r,0)dodr if s<0.
=y S

Now, if x solves the fixed point equation x = Lx + g, it must have the form

Lx(t,s) =

D G)bi(t,s) + gt s) if s3>0,
x(t,s) = =

> me(t)bi(t, s) + g(t,s) if s <0,
k=1

where again the scalar functions & and 7, are unknown, but must solve the equations

t el
= / / aj(t,7,0)x(r,0)do dr (j=1,...,n)
a J-1



and -
n;(t) :/ / aj(t,7,0)x(r,0)do dr (j=1,...,n).
b J-1

Substituting these formulas into each other, we get for 7 = 1,...,n the relations

G0 =Y / (e dr+ S / vt T)n(r) dr + 6 (2)
k=14 k=14

and . . . .
w0 =X [ e nam i+ [ e a6 o,
k=1 k=1
where 1
’}/;-?C(Zf,T):/ a;(t,7,0)bg(T,0)do,
0
0
vj_k(t,T):/ aj(t,r,0)b(7,0) do,
1
t ol
5;(15):// a;(t,7,0)g(t,0)dodr,
a -1
and

o5 (t) = /b /_1 aj(t,7,0)g(r,0) do dr = 5] (t) — 0, (b).

If we write this system again in vector form, £ = (&1,...,&.), 1= (1,..., M), 6 =
(6i,...,6%), and v+ = (yﬁ), we get the 2n-dimensional Fredholm integral equation

(1) / (v (1, T)E() + 7 (8, ) (r)) dr 5+(1)
a -

- t
n(t) /b (vt &) + 47 (t, T)n(T)) dr a7 (t)
Recall that a Fredholm integral equation need not be uniquely solvable, even if all
parameter functions are smooth. This of course coincides with the fact that the boundary
value problem need not have a unique solution. Observe again that if ax(t,7,0) =
ax(7,0) is independent of ¢ (recall that if we approximate smooth functions this can
always be done), then y*(t,7) = 4*(7) is independent of ¢, too.

8.2. Explicit solution for a particular class

We now give a class of Barbashin equations which can be explicitly solved. As a
consequence we get many useful examples. We consider the linear Barbashin equation
in the case c(t,s) = c(t), k(t,s,0) = a(t,o)5(s), f =0, i.e. we consider the equation

(8.3) axé’;’ ) )t s) + / alt, 0)B(s)x(t, o) do.

First, we will show in a formal calculation how we can explicitly solve any initial value
problems concerning (8.3), i.e. how we can calculate the evolution operator U(t, T) of
this equation. Later, we will discuss the corresponding boundary value problems.



Assume that x is a (still unknown) solution of (8.3). Fix s. Then y(t) = (¢, s) solves
the ordinary differential equation

(8.4) Y () = c(t)y(t) + B(s) f (D),

where f is not known yet. However, the variation-of-constant formula shows that the
solution of (8.4) must have the form

t
) =g(s)esp ( [ et©)d¢) + 56 110
where f and ¢ are not known yet. Thus we know that x has the form
(8.5) z(t, 5) = g(s)e™ + B(s) f(8),
where f and g have to be determined, and where we have put
t
ot = [ el e

Assume now that ¢ is given. Substituting (8.5) in (8.3) yields, by dividing by ((s)
(which is allowed, unless § = 0, since [ is independent of t),

(8.6) ) = <c(t) + / ba(t,a)ﬁ(a) da) f(t) + e / ba(t,a)g(a) do.

Using the abbreviation

)= [ [ ac.orsto) e

we can give the general solution f of the ordinary differential equation (8.6), namely

f(t) = </t /ba(ﬁ, o)g(o)do e=¥Ode + const) ect)+a(t)

Looking at (8.5) we have

topb
z(t,s) = g(s)e”™ + B(s) (/ / a(é,0)g(o)do e de + const) efO+a®),

Assuming, that we want to solve the initial value problem z(7,s) = ¢(s) (which will
give us by U(t,7)p(s) = x(t,s) the evolution operator), we may choose g = ¢ and
const = 0, since ¢(7) = a(7) = 0. If we assume furthermore that we may apply Fubini’s
theorem, we have the solution

Ut )o(s) = eDia(s) + B(s) / b ( / (€, 0)ei® d§> () do OO,

We remark that Example 8.1 might be considered as a special case of the above
calculation. Observe also that the variable s in the kernel of the above integral operator



is separated. We will see in the next section that this is a special case of a more general
result.

Now we consider the corresponding degenerated boundary value problem

, am(att, s) _ c(t)z(t,s) + /_ 1a(t,0)ﬁ(s)x(t,a) do

z(a,s) = ¢(s) if0<s <1,

L z(b,s) =¢(s)if —1<s<0.

The problem consists in extending ¢ to an initial value function on the whole interval
[—1, 1], such that

Ub,a)p(s) = v(s)  (=1<s<0).
Since we know U, we are led to the degenerated Fredholm integral equation

0

o(s) + B(s) / (0)p(o)do = Cib(s) — D(s)  (—1<s<0),

-1

where we have put

1= [ atesem / [ atoorioriods) i
O = exp (— /abc(é) dg) ,

p= [ s(o)lo)in

This is equivalent to the system

o(s) =CyY(s) —EB(s)  if —1<s<0

and

0

e~ [ 29els)ds + D,
-1
which is satisfied if and only if ¢ has the form ¢(s) = C¥(s) — £B(s) for —1 < s < 0,
and

0 0
=C ds — ds+ D.
e=C [ it ds—¢ [ s ds+
Thus, if
0
B = d -1
[ At ds £ -1,
we have the unique solution

0

o(s) =Ci(s) — (1+B)™! (C/ v(o)Y(o) do + D> B(s) (-1 <s5<0).

-1



But if B = —1, we have solutions if and only if

/ iv(sw(s) ts—- [ ()p(s) ds exp ( / o) df) |

In the latter case, all functions of the form ¢(s) = C(s) —£B(s) for —1 < s < 0, with
arbitrary numbers &, are solutions.

8.3. An abstract degeneration result

As usual, we consider the Barbashin equation

(8.7) ccll_at: = A(t)x,
where A(t) = C(t) + K(t) with

C(t)x(s) = c(t, s)x(s)
and

b
K(t):l:(s):/ k(t,s,o)x(o)do

in some space X. We will prove that a straightforward degeneration assumption on
the kernel k£ already implies that the evolution operator of the Barbashin equation is
degenerated in the same way. However, as already remarked in Section 8.1., this result
is more of theoretical interest, since it apparently does not provide a way to simplify
the calculation of the evolution operator.

Lemma 8.1. Let X be an ideal space over [a,b]. Assume that ¢ is measurable, and
C' is strongly continuous in £(X). Then the evolution operator Uy of

dz

in X may be written, for almost all t,7, as

Uo(t, )2 (s) = exp ( / Ces) dg) 2(s).

O For fixed z € X we have
e t  prt th—1
Up(t, 7)== + Z/ / / C(t)C(ty) - Ctn)x dty ... diydty,
TL:1 T T T

where the series converges in X. The function ¢ is essentially locally bounded. By
Lemma 4.2 we may write the partial sums of this series for almost all ¢, 7, s in the form

x<s)+g/Tt/Ttl--./Tt”1c(t1,s)c(t2,s)..-c<tn,s)x(s) it dty dty

—a(s) + Z% ([ cte.onte) st



Since these partial sums converge almost everywhere, their pointwise limit must be
Uo(t, 7)z(s) almost everywhere. B

Now let X be a regular ideal space over [a,b] (see Subsection 4.1). Then the dual
space X* may be identified with the associate space X’ in the canonical way, see
ZAANEN [1953] or ZABREJKO [1974].

It is a natural degeneration assumption that there exists a number n such that each
K (t) belongs to the set 9, of all integral operators of the form

= Z/ a;(s)Bi(o)z(o)do, (o € X, B € X')

(see Subsection 1.5). This set 9, is very nice as is shown by the following

Lemma 8.2. Each set M,, is a closed ideal in £(X).
O We first prove that

M, =N, :={K: K e £(X),dimK(X) <n}.

Indeed, given K € M, let {ay,...,a,} be a basis of K(X). Thus, Kz = [;(z)a; +
.+ Ln(T) vy, where Uy, ..., 1, € X*. This implies that there exist 3i,...,0, € X’

such that . \
=Y a0 [ il ds

Assume now that N, is not closed, i.e. for some K; € N, we have K; — K, but
K ¢ 91,. But this means that K(X) has n + 1 linear independent normed vectors
which of course cannot be approximated simultaneously by only n linear independent
normed vectors of K;(X), a contradiction. W

Now we apply Theorem 1.2: If K () belongs to the closed ideal 9, then also U — U,
must belong to this closed ideal. Using the above formula for Uy, we get the following
degeneration result:

Theorem 8.2. Suppose that X is a reqular ideal space over [a,b], ¢ is measurable,
A and C are strongly continuous in £(X), and

k(t,s, o) = Zoz]tsﬁ]ta)

where oj(t,-) € X and B;(t,-) € X'. Then the evolution operator of (8.7) has the form

U(t,T)m(s):eXp(/ c(€, ) ) —1—2/%1?73 (t,7,0)z(0) do,

where v;(t,7,-) € X and 6;(t,7,-) € X'.

The result is illustrated for n = 1 by the class of examples given in the previous
section.



§ 9. Boundary value problems (stationary case)

In this section we study the Barbashin equation

0x(t, s) !

(9.1) 5 c(s)x(t,s) + /_1 k(s,0)x(t,o)do + f(t,s)

for (¢,s) € Q :=[0,T] x [—1, 1], subject to the boundary conditions
(9.2) 2(0,8) =¢(s) (0<s<1), z(T,s)=v(s) (-1 <s<0),

where ¢ : (0,1] — R, and ¢ : [-1,0) — R are given functions. As in the theory
of ordinary differential equations, such a boundary value problem does not always
admit a solution, in contrast to the initial value problem (7.1)/(7.10). First, we reduce
the problem (9.1)/(9.2) to an integral equation in the space Cy(X) of functions of
two variables in order to apply the classical Fredholm theory. In the second part we
apply more sophisticated methods, such as fixed point principles in so-called K-normed
spaces. The results of this section may be found in APPELL-KALITVIN-ZABREJKO
[1994, 1996| and KALITVIN [1992].

9.1. The abstract problem

For the time being we restrict ourselves to the case of stationary multipliers and
kernels (i.e. independent of t); the non-stationary case will be treated in § 10.

As in § 1, we rewrite equation (9.1) as a linear differential equation

dx
9.3 —=A 13
(9 " aet ()
in some Banach space X = X([—1,1]) of functions over [—1,1], i.e. we identify the
scalar functions (t,s) — x(t,s) and (¢,s) — f(t,s) with the Banach space valued
functions t — x(t) = x(t,-) and t — f(t) = f(t,-), and define the operator A by

1

(9.4) Ax(s) = c(s)x(s) +/ k(s,0)z(0)do.

-1

Similarly, the boundary conditions (9.2) may then be written in the form
(9.5) Poa(0)= ¢, P_a(T)=1,

where P, (respectively P_) denotes the restriction operator from X = X ([—1, 1]) onto
X; = X([0,1]) (respectively onto X_ = X ([—1,0])).

As pointed out in Subsection 1.1, a crucial point when passing from the problem
(9.1)/(9.2) to the problem (9.3)/(9.5) is the appropriate choice of the function space
X. It is clear that taking the space X = C([—1,1]) of continuous functions is too
restrictive. In fact, even if all functions ¢, k, and f in (9.1) are zero, and the boundary
functions ¢ and 1 in (9.2) are continuous, there is certainly no solution of (9.1)/(9.2)
if the “glueing condition”

lim ¢(s) = lim ¥(s)

s—0+ s—0—



fails; a specific example for this arising in applications may be found in VLADIMIROV
[1961]|. Therefore we shall not study the existence problem in the space C([—1,1]),
but in spaces of measurable functions. As in Subsection 1.1, a (generalized) solution
of (9.1)/(9.2) will be a measurable function x : () — R which has the property that
x(-, s) is absolutely continuous on [0,7] for almost all s € [—1,1], and satisfies (9.1)
almost everywhere on ) and (9.2) almost everywhere on [—1,1]. As a model case for
the underlying Banach space X one may always think of the Lebesgue space X =
Ly([=1,1]) (1 < p < 00).

9.2. Equivalent operator equations

Recall that the (unique) solution of the differential equation (9.3) with initial condition
x(T) = x, is given by

(9.6) o) = Ut 7)o + | U (9) de,

where U = U(t, 7) denotes the evolution operator (see Subsection 1.2) of (9.3). We are
interested, in particular, in the two-point boundary value problem

(9.7) z(0) =x9, «(T)=2xr,

with 2o = ¢ on (0,1], g = z on [-1,0), 27 = y on (0,1}, and 7 = ¢ on [—1,0); here
the functions z € X_ and y € X, will be specified below. In Subsection 19.5 we will
discuss a physical problem where this kind of boundary value problem occurs.

As already observed, the unique solution of (9.4) with initial condition z(0) = zg is
given by (9.6) with 7 = 0. Taking into account the definition (1.7) of U(t,7), we may
write the solution for 7 = 0 equivalently in the form

0
m(t, s) +/ h(t,s,o)z(c)do if 0<s<1,
(9.8)  x(t,s) = - .
n(t,s) + et z(s) +/ h(t,s,0)z(0)do, if —1<s<0,
—1
where .
m(t,s) = et gp(s) +/ h(t,s,o)p(o)do
0
t 1
+/ (e £ (7 5) + / h(t —7,s,0)f(r,0)do]dr,
0 -1
and

n(t,s):/o h(t,s,o)¢(o)do

+ /Ot[e(t_T)C(S)f(T, s) + /1 h(t —,s,0)f(r,0)do]dr.

1
Using now also the second condition in (9.7), we arrive at the system of two linear
integral equations

y(s) =m(T,s) + /0 hT,s,0)z(0)do if 0<s<1,
) -1
eTel)z(s) +/ MT,s,0)z(c)do =1(s) —n(T,s) if —1<s<0

-1



for the couple (y, z) € X, x X_. Moreover, if we put

where —1 < s < 0, the system (9.8) may in turn be written as a single equation

0
(9.10) z(s) + / p(s,0)z(0)do = r(s).

-1
This shows that the solvability of the original problem (9.1)/(9.2) is closely related to
the solvability of the integral equation of second kind (9.10). Thus, we may apply the
whole arsenal of results of classical Fredholm theory. To this end, we introduce some
notation. Given an ideal space X over [—1, 1], we write (as in Subsection 1.1) z € Cy(X)
if the function of two variables = : ) — R has the property that the map ¢ — z(¢,-)
is continuous from J = [0,7] into X. If, in addition, z(-, s) is absolutely continuous
for almost all s € [—1,1] and dz/dt also belongs to Cy(X), we write z € C}(X). The
spaces C;(X) and C}(X) will be endowed with the natural norms

lallowco = s lla(t, )l x

and

ox(t,-)
i)

respectively. In the following, we shall restrict ourselves again to the model case X =

Lp([-1,1]) (1 < p < 0).

0<t<T

lellozo = max [Hx(t, Iix + \

Theorem 9.1. Suppose that the functions ¢ : [-1,1] — R and k : Q@ — R are
measurable, and the operator (9.4) is reqular in the space X = L,([—1,1]). Then the
following three statements are equivalent:

(a) the integro-differential equation (9.1) with boundary condition (9.2) is (uniquely)
solvable for any ¢ € X+ = L,([0,1]),¢ € X_ = L,([-1,0]), and f € Cy(X);

(b) the differential equation (9.3) with boundary condition (9.7) is (uniquely) solvable
in CH(X);

(c) the Fredholm integral equation (9.10) is (uniquely) solvable in X_ = L,([—1,0]).

O If the problem (9.1)/(9.2) has a solution z in the sense defined at the end of
the first subsection, from f € C;(X) it follows that x solves (9.3)/(9.7) and belongs to
C}(X). This shows that (a) implies (b). The fact that (b) implies (c¢) and (c) implies
(a) has already been proved in the preceding discussion. W

Theorem 9.1 makes it possible to reduce the existence and uniqueness problem for
the original Barbashin equation to that for the integral equation (9.10). In this way, we
get much information on the equation (9.1) from standard results of classical functional
analysis, applied to the operator

(9.11) Pz(s):/_ p(s,0)z(0) do.



For example, the following holds.

Lemma 9.1. Suppose that, under the hypotheses of Theorem 9.1, we have —1 ¢
o(P). Then the problem (9.1)/(9.2) has a unique solution v € C}(X) for any ¢ €
X, € X_, and f € Ci(X). This solution may be determined by formula (9.8), where
z is the unique solution of (9.10).

If the integral operator

(9.12) Kx(s):/_ k(s,0)z(o)do

1

is compact in X, the integral operator (9.11) is compact in X as well (see APPELL-
DIALLO-ZABREJKO [1988|). Therefore, by the classical Fredholm theory, the following
holds in case —1 € o(P).

Lemma 9.2. Suppose that, under the hypotheses of Theorem 9.1, we have —1 €
o(P), and the operator (9.12) is compact in X. Then the problem (9.1)/(9.2) has a
(non-unique) solution x € CH(X) only for those ¢ € X, € X_, and f € Ci(X), for
which the function v in (9.9) is orthogonal to all solutions v of the homogeneous adjoint
equation

v(s) + / p(o, s)v(o)do = 0.

-1

The results of this subsection show that, if the integral operator (9.12) is compact
in X, the integro-differential equation (9.1) with boundary condition (9.2) may have
exactly one solution, no solution, or a finite number of linearly independent solutions
in X. The last case is covered by Lemma 9.2, but the verification of the orthogonality
relation (r,v) = 0 may be rather difficult. This may be avoided, however, by reducing
the problem (9.1)/(9.2) not to a system of two one-dimensional integral equations,
but to a single “two-dimensional” integral equation. One is lead to such an equation
rather naturally when inverting directly the operator % —c(s) between suitable function
spaces; we will do this in the following subsection.

9.3. Reduction to a two-dimensional integral equation

A useful method of studying the problem (9.1)/(9.2) consists in passing to operators
on spaces of functions of two variables, where the integration is carried out only with
respect to one variable. Such operators are sometimes called partial integral operators;
they provide a powerful tool in the theory and applications of integro-differential
equations and will be studied in great detail in the next chapter.

In this subsection we again employ the space C}(X) introduced in the preceding
subsection for X = L,([—1, 1]). The proofs of the following two lemmas are straightforward.

Lemma 9.3. Let ¢ € Loo([—1,1]). Then, for any ¢ € X, ¥ € X_, and f € Cy(X),



the problem

WD) osgtt, ) + (t5) if (15) € Q.
9(0,5) = ¢(s) if 0<s<1,
g(T, s) = (s) if —1<s<0

has a unique solution g € C}(X). This solution is given, for almost all (t,s) € Q, by

t
| s dr st if 0<s<,
(913)  glt,s) =4 °

t
/ =) (7 5) dr + ey (s) if —1 < s <0,
T

Lemma 9.4. If the integral operator (9.12) is bounded in X = L,([—1, 1]), the partial
integral operator

Rat,s) = /_ k(s, 0)a(t, o) do

1

is bounded in L,(Q),Cy(X), and C}(X).

Let us denote by L the operator defined by

t
/ O R a(r,s)dr if 0<s<1,
(9.14) Lx(t,s) = 0

t
/ O Ka(r,s)dr if —1<s<0.
T

As a consequence of Lemma 9.4, we get the following

Lemma 9.5. Ifc € Loo([—1,1]) and the operator (9.12) is regular in X = L,([—1,1]),
then L is a bounded operator from L,(Q) into Cy(X).

Combining the preceding three lemmas we obtain still another reformulation of the
problem (9.1)/(9.2):

Theorem 9.2. Let ¢ € Loo([—1,1]), and suppose that the operator (9.12) is reqular
in X = L,([—1,1]). Then every solution of the problem (9.1)/(9.2) solves the operator
equation

(9.15) x(t,s) = Lx(t,s) + g(t, s),

where L is defined by (9.14) and g is defined by (9.13). Conversely, every solution
x € Cy(X) of (9.15), with L given by (9.14) and g given by (9.13), is a solution of the
problem (9.1)/(9.2).

By Theorem 9.2, we may reduce the solvability problem for the Barbashin equation
(9.1) in the space C}(X) = C}(L,) to that of the operator equation (9.15) in the space
Cy(X). Let us introduce some notation. For 0 < ¢,7 <7 and 0 < s < 1 we put

u(t,s) = x(t,s), v(t,s) =z(t,—s), &(t,s) = g(t,s), n(t,s) = g(t,—s).



Moreover, for 0 < t,7 <T and 0 < s,0 < 1 we put
(a(t,7,8,0) =G (s, 0),
b(t,7,s,0) =G k(s, —0),

(9.16)
c(t,7,s5,0) = D (—5 7),

d(t,7,s,0) = et (—s, —0),

\
The functions a, b, ¢, and d give rise to four operators A, B, C, and D defined by

(

t 1
Au(t, s) = / / a(t,7,s,0)u(r,o)dodr,
0 Jo

(9.17) Bu(t,s) = /Ot /01 bt, 7, s,0)v(r,0)dodr,

t 1
Cu(t,s) = / / c(t, 7, s,0)u(r, o) dodr,
T Jo

t
Du(t,s) = / / d(t,r,s,o)v(r,0)do dr,
7 Jo

\

respectively. The equation (9.15) may then be written as a system
u(t,s) = Au(t,s) + Bu(t,s) + (1, s),
v(t,s) = Cu(t,s) + Du(t,s) +n(t, s),

or, in matrix form

I-A -B u\ (&
019 (=) () =05)
Now, the matrix in (9.18) admits an inverse if the operators (I — A)~! and (I — D)™}
exist, and the operators [ —A—B(I—D)~'C and I — D—C(I—A)~' B, or, equivalently,

the operators [ — (I — A)*B(I —D)™'C and I — (I — D)~'C(I — A)~' B are invertible.
This holds, of course, precisely if

(9.19) 1¢o((I-A)"'B(I—-D)'C).
In fact, the following holds.

Theorem 9.3. Let ¢ € Loo([—1,1]), and suppose that the operator (9.12) is regular
in X = L,([—1,1]). Then (9.19) implies that the operator I — L, with L given by (9.14),
is invertible in Cy(X).

O It suffices to show that 1 belongs neither to (A) nor to o(D). For this in turn
it is clearly sufficient to show that



where 7, (K') denotes the spectral radius

ro(K) = lim {/[|K"|ecx)

of an operator K € £(X). Since the function ¢ is bounded, we find an M > 0 such
that e7°*) < M for almost all s € [—1,1]. This implies that

|a(t77_7 570)| < M|]€(S,O’)|, |d(t77-7 S>U)| < M|]€(_S’ _0)|’

hence
|Au(t,s)| < Au(t,s), |Du(t,s)| < Do(t,s),

where the operators A and D are defined by

(9.20) Ault, S):M/o/o |k(s,0)|u(T,0)dodr,

and

(9.21) Ev(t,s):M/t /0 le(—s, —0)|o(r, o) dor dr,

respectively. As usual, it is easy to prove that the iterates of the Volterra operators
(9.20) and (9.21) satisfy the estimates

7" 7 1 ngm n
(9.22) AL DA = — M T KT,

where
(9.23) |K|a(s) = /_1 (s, 0)|2(0) do

as above. But (9.22) implies that the spectral radii of both A and D, and hence also
of A and D, are zero, and so we are done. W

The requirement (9.19) is essential in Theorem 9.3, as may be seen by the following
very simple

Example 9.1. Let ¢(s) =0, and

0 if s,0>0o0rs,o<0,
k(s,o) = 1 if s>0ando <0,
—1 if s<0Oando > 0.

We consider the operators (9.17) for T' = 7, i.e. (t,s) € [0, §] x [~1,1]. In this case we
have Au(t,s) = Do(t,s) =0,

Bu(t,s) = /Ot/olv(f, o) do dr



and

t ol
Cu(t,s) = —/ / u(r, o) dodr.
w/2J0

Since the function u(t,s) = sint (0 <t < 7) satisfies u = BCu, we have 1 € 0(BC) =
o((I — A)™'B(I — D)7'C). The assertion of Theorem 9.3 fails, since the function

sint if 0<¢t<

vl

and 0 < s <1,
x(t,s) =

cost if 0<¢t<Zand —1<s<0

vl

belongs to C(X) and satisfies x — Lx = 0.

We are now in the position to state our main existence result for the integro-
differential equation (9.1) with boundary condition (9.2).

Theorem 9.4. Let ¢ € Loo([—1,1]), and suppose that the operator (9.12) is reqular
in X = Ly([—1,1]). Assume that (9.19) holds, where the operators A, B,C, and D are
gwen by (9.17). Then the problem (9.1)/(9.2) has a unique solution x € C}(X) for any
peX e X | and f € Cy(X).

O By Theorem 9.2, every solution of (9.1)/(9.2) is a solution of the operator equation
(9.15), and vice versa. By Theorem 9.3 in turn, the hypothesis (9.19) ensures the unique
solvability of the operator equation (9.15) for any g. This proves the assertion. W

When applying Theorem 9.4, a crucial point is of course the verification of (9.19),
which may be very hard in practice. However, one may avoid this by proving directly
an upper estimate for the spectral radius of the operator L given in (9.13). We illustrate
this in the following simple, though useful

Theorem 9.5. Let ¢ € Loo([—1,1]) with ¢(s) <0 for s >0 and c(s) > 0 for s < 0.
Suppose that the operator (9.23) is bounded in X = L,([—1,1]), and its spectral radius
satisfies

(9.24) ro(|K|) < %

Then the problem (9.1)/(9.2) has a unique solution x € C}(X) forany ¢ € X, € X_,
and f € Cy(X).

O For any positive function = € Cy(X) we have

La(t, s)] g/o /_1 (s, 0)|2(r, o) do dr = (] @ | K|)a(t, s),

where .
Jh(t) = / h(T)dr
0
denotes the integral mean operator. Consequently, from (9.24) we conclude that

ro(L) < 1o(J @ [K|) = ro(J)r(|K]) = Tro(|K]) <1,



and the assertion follows from Theorem 9.2. A

Sometimes it is also possible to solve the operator equation (9.15) directly, for
instance in the case of degenerate kernels:

Example 9.2. Let Q = [0,1] x [-1,1], ¢(s) = ¢, k(s,0) = a(s)b(o), and f(t,s) =0,
i. e. we consider the problem

(9.25) 8Ig£5):cx(t,s)+a(s) / b(o)z(t,0)do ((t,s) € Q).

-1

In this case we have

t 1
a(s)/ ec(t_T)/ b(o)x(r,0)dodr if 0<s<1,
Lx(t,s) = 0 !

¢ 1
a(s)/ ec(t_T)/ b(o)x(r,0)dodr if —1<s<0,
1 —

1

and
B(s)e if 0<s<1,

g(t,s) =
Y(s)ectN if —1<s<0.

Put

/_1 b(o)x(t,o) do = (1), /01 a(o)b(o)do = «, /_0 a(o)b(0) do = 3,

/01 ¢(o)b(o)do =, /_i W(o)b(o)do =6,

and suppose that «, 3 > 0. The operator equation (9.15) reduces then to the equation

(9.26) €)= [ e g(rydr+p [ () dr 4 yet 4 e
0 1

Putting y(t) = £(t)e™" and w = v + de™ ¢, we may rewrite (9.26) in the form

(9.27) o) = a /Ot y(r) dr + 5[ y(r) dr + w.

Differentiating (9.27) yields

y = (a+ By, y(0) =w—ﬁ/0 y(r) dr

with solution L5
o
_ (a+B)t
y(t) - sz —|—6€a+'@e )
hence L3
o
1) = (a+[3+c)t.
&) Yot Beats ‘



We conclude that the solution of (9.15) is given by

wa(s)et (et — 1)

ct :
(t,s) a + featB + ¢(s)e if 0<s<1,
z(t,s) =
wa(s)ect(e(cwrﬁ)t _ eoHrﬁ) (t-1)
o 1 GeotP +1(s)e if —1<s<0.

A straightforward calculation shows that this satisfies indeed the equation (9.25) with
boundary conditions (9.2).

There are several other possibilities for obtaining existence and uniqueness results for
the problem (9.1)/(9.2). For instance, if the kernel k is positive and the corresponding
operator (9.12) is bounded in X = L,([—1, 1]), one may use well-known lower estimates
and monotonicity properties of the spectral radius of an integral operator (see e.g.
ZABREJKO [1967]) in order to get more precise information on the spectral radius of
the operator (I — A)"*B(I — D)~'C in X. Moreover, integro-differential operators may
be studied success-fully by means of fixed point principles in so-called K-normed spaces;
for the theory and several applications of K-normed spaces to differential equations,
see e.g. ZABREJKO [1992]. We shall study the Barbashin equation (9.1) in the setting
of K-normed spaces in the following subsection.

9.4. Application of K-normed spaces

Let X be an arbitrary linear space, and Z a real linear space which is ordered
by some cone K (see e.g. KRASNOSEL'SKIJ-LIFSHITS-SOBOLEV [1985]). A functional
|- |[: X — K is called K-norm on X if

(a) ]|z|[ = 0 if and only if z = 0;
(b) JIAz|[ = |Al]][[;

(©) Tl +yll < Tl [+]ly]]

(x,y € X, € R). The space (X,]|-|[) is then called K- normed space. Of course,
every normed space (X, ||-||) is a trivial example with Z = R and K = [0,00). On the
other hand, using various nontrivial K-normed spaces one may obtain interesting new
results, or interesting new proofs of known results. For instance, studying fixed point
theorems in K-normed and related spaces (see ZABREJKO [1990, 1992], ZABREJKO-
MAKAREVICH [1987, 1987a] and below) leads to useful existence results for the Cauchy
problem for differential equations with “badly behaved” right-hand side and, especially,
partial differential equations (see BARKOVA-ZABREJKO [1991|, EVKHUTA-ZABREJKO
[1985|, ZABREJKO [1989, 1992]).

Let X be a K-normed space. A sequence (z,), in X is called order-convergent to
r € X (respectively order-Cauchy) if there is a sequence (z,), in the cone K which
converges monotonically to zero and satisfies ||z, —z|[< z, for n = 1,2,... (respectively
N1m — zu][< 2z, for n = 1,2,... and m > n). A K-normed space X is called order-

complete if every order-Cauchy sequence in X is order-convergent in X. For example,
if wetake X =Z =R™ K ={(¢1,---,¢m):>0(G=1,2,...,m)}, and

(9.28) He[[=11(& - &m)ll= (&l [&ml) (2 € R™),

then (X,]| - |[) is of course order-complete.



Two important examples of infinite dimensional order-complete K-normed spaces
are as follows. First, let 2 be an arbitrary measure space and X an ideal space of
measurable real functions on Q. If we denote by |z| the function defined by |z|(s) =
|z(s)|, we may define a K-norm on X by putting

(9.29) z|[=|z| (€ X).

Second, let B some Banach space, and denote by S(§2, B) the set of all (Bochner-)
measurable functions on €2 with values in B. Then

(9.30) Jlz[[= ]| (z € 5(2, B))

defines a K-norm on S(2, B). Similarly, any linear subspace X C S(, B) may be
equipped with the K-norm (9.30). A particularly important example is the Bochner-
Lebesgue space L,(€2, B) (1 < p < 00) defined by the norm

1/p
7 if 1<
(9.31) ||| = (/Q ||z (s)|[ ds) i < p < o0,

ess sup {||z(s)||p:s € Q} if p=oc.

The following is a natural extension of the well-known Banach-Caccioppoli fixed point
principle to K-normed spaces. Recall (see Subsection 4.1) that an ideal space Z is
called regular if every element z € Z has an absolutely continuous norm.

Theorem 9.6. Let (X,]| - |[) be an order-complete K-normed space with K-norm
1]l X = K C Z, where Z is a reqular ideal space. Let Q : K — K be a linear operator
with spectral radius r,(Q) < 1. Suppose that F : X — X is a (linear or nonlinear)
operator which satisfies a contraction type condition

(9.32) ||Fzqy — Fas|[< Q(J|x1 — z2]]) (21,22 € X).

Then F' has a unique fized point in X ; this fized point may be obtained as limit of
successive approximations T, = Fx, (n=0,1,2,...;20 € X arbitrary).

Now we shall apply Theorem 9.6 to the problem (9.1)/(9.2). To this end, we take
B = L,([0,1]) x L,(]0,1]) (1 < p < o0), equipped with the norm

[|(w, 0)l[5 = lullz, + [v]]L,-

Moreover, let X = L,([0,T], B) be the Bochner-Lebesgue space of all B-valued functions
t— x(t, ) (u(t,-),v(t,-)), equipped with the norm (9.31) and the K-norm

(9.33) Jlzl[= (lult )z, oty )-

Thus, the K-norm (9.33) takes its values in the natural cone of the Banach space
Z = Ly([0,T],R?). It is easy to see that the norm (9.31) is here equivalent on X to
the somewhat simpler norm

lell = { [ b / Tu(t. )| + \v(t,smpdtds}l/p



which will be considered throughout. As we have seen in Subsection 9.3, the problem
(9.1)/(9.2) may be reduced to the matrix operator equation

03 () (0)=(5),

where u(t,s) = x(t,s),v(t,s) = z(t,—s) (0 <t <T,0 < s <1),

£(t,s) = /t e(t_T)C(S)f(T, s)dr + etc(s)gb(s),
(9.35) 0

t
n(t,s) = / A f(7, —s) dr 4 DAY (),
T

and the operators A, B, C, and D are given by (9.17). With the help of the functions
(9.16) which generate the operators (9.17), we may now define the operator () occurring
in the contraction condition (9.32). Suppose that

/ 1
HAawﬂuﬂwﬂﬁﬂéwML

1
HAbwnywmwmmSﬁmw

(9.36) )
Héc@nywmwmmszm

1
1| dttmsopeto) ol < ol

for some a, 3,7, > 0, where all norms in (9.36) are taken in the corresponding
L, spaces. (Estimates of the type (9.36) may be verified by applying well-known
formulas or inequalities for the norm of an integral operator in Lebesgue spaces,
see e.g. KRASNOSEL'SKI1J-ZABREJKO-PUSTYL'NIK-SOBOLEVSKIJ [1966].) If we define
F:X — X by

(9.37) Fa(t,s)=F ( Zgj; > = ( é g ) ( Zﬁi 3 ) * ( %3 )
and Q : Z — Z by

) Jlou(r) + Bo(r)] dr

_ u(t)
(9.38) QRz(t) = Q ( u(t) [T byu(r) + 6u(r)] dr

Y

the contraction condition (9.32) is simply a consequence of the estimates (9.36). By
the definition (9.37) of the operator F', every fixed point point of F' is a solution of the
operator equation (9.34), and vice versa. Thus, for applying Theorem 9.6 it remains to
impose suitable conditions which ensure that the operator (9.38) has spectral radius
r-(Q) < 1. Since @ is a positive operator in Z, by the classical Krejn-Rutman theorem
(KREIN-RUTMAN [1948], see also KRASNOSEL'SKIJ-LIFSHITS-SOBOLEV [1985] and
ZABREJKO-SMITSKIKH [1979]) we have to find p > 0 such that Qz = pz for some



nonnegative function z = (u,v) € Z. Writing this out in components, we get the
system

pult) = [ lou(r) + Bo(r)] dr
(9.39) /0

T

pu(t) = / [yu(T) + dv(7)] dr.
t

Differentiating (9.39) yields

pu' = au + [,
(9.40) { = e Lo

with boundary conditions u(0) = v(T") = 0. Since p = 0 for (3,v) = (0,0), we suppose
that (4,7) # (0,0); for definiteness, let 3 # 0.

The solution behaviour of (9.40) depends, of course, on the sign of the discriminant
A = (a+§)? —4B. In fact, putting v from the first equation into the second equation
n (9.40), we get the second order differential equation

" Oé—(S, a5_67
u — u —

P 2 u=0.

Solving the corresponding characteristic equation

o a—90 ad — By
A

=0,

and choosing the free constants in the solution in such a way that the boundary
conditions u(0) = v(T") = 0 are fulfilled, we arrive at the formula

([ TVA ,
W lf A>0,
& atova
—(“;5) if A=,
p:
T —-A
= if A<Oanda+0#0,
2arctanT
T/—A
if A<OQanda-+6=0.
\ e

Thus, we have now all the necessary information to apply Theorem 9.6 to the operator
equation (9.34), and hence to the integro-differential equation (9.1) with boundary
condition (9.2). We summarize with the following

Theorem 9.7. Let ¢ € Loo([—1,1]), and suppose that the integral operator defined
by the kernel k is reqular in X = L,([—1,1]). Assume that the estimates (9.36) hold,
and that one of the following four conditions is satisfied:

= atd+VA.
(a) A= (a+6)? =46y >0 and TVA < log Py



(b) (a+0)?> =487 and T(a +0) < 2;

(c) A<0,a+d0#0, and V—A < 2arctan%;

(d) A<0,a+d=0, and vV—A <.
Then the problem (9.1)/(9.2) has a unique solution x € CH(X) forany ¢ € X, € X_,
and f € Ci(X).

9.5. Unbounded multipliers

In Theorem 9.7 above, as well as in all existence and uniqueness results for (9.1)/(9.2)
derived in the previous subsections, we supposed that ¢ € L,.([—1,1]). From now on
we consider also unbounded multipliers ¢, and we require that

(9.41) c(s) <—-1(0<s<1), ¢(s)>1(-1<s<0).

Under this hypothesis, the existence and uniqueness results given above may become
false:

Example 9.3. Let X = Li([—1,1]),¢(s) = —1/s,k(s,0) =0, f(t,s) = 0,6(s) = 1,
and 1(s) =0, i.e. we consider the problem

dx(t,s)  x(t,s)

= if (¢
py L i (Ls) €@,
z(0,s) =1 if 0<s<1,
z(l,s) =0 it —-1<s5<0.

We certainly have then ¢ € X, € X_, and f € Cy(X), but the solution of (9.1)/(9.2)
in this case, viz.

e7ts if 0<s<1,
(9.42) x(t,s) =
0 if —1<s<0,

does not belong to C}(X), since 9z(0,-) /0t ¢ X.

This phenomenon is due to the fact that, even if the data ¢,¢, and f are very
smooth, the corresponding solution x may become singular at the boundary points
t =0 ort = T. This difficulty may be overcome in two different ways: either we weaken
the regularity requirement on the possible solutions near the boundary, or we take the
data from weighted function spaces.

Given an ideal space X of functions over [—1,1], by é’t(X ) we denote the linear
space of all functions of two variables z : ) — R with the property that the map
t — x(t,-) is continuous from the open interval (0,T) into X; the space C}H(X) is
defined analogously. Thus, in contrast to the spaces C;(X) and C}(X) introduced in
Subsection 9.2, the points ¢ = 0 and ¢t = T are excluded in the regularity requirement.
As before, a model case will always be X = L,([—1, 1]).

If X is an ideal space over [—1, 1] and w a nonvanishing measurable function (“weight
function”) on [—1, 1], we denote by X (w), X, (w), and X_(w) the ideal spaces defined
by the norms

(9.43) 2]l xw) = lwzllx,  [Jellxew) = [lwe]lx.,



respectively. Now, if ¢ is a multiplier satisfying (9.41), the imbeddings
1 1
(9.44) X() CXCX(-), Xi(c) CXiCXi(-)
c c
hold with imbedding constants 1.

The following two lemmas are completely analogous to Lemma 9.3.

Lemma 9.6. Let X = L,([—1,1]),¢ € Xi(c), v € X_(c), and f € C,(X(c)), where
c satisfies (9.41). Then the problem

) e(s)glt, ) + Slt) o (15) € Q,
(9.45) 9(0,5) = ¢(s) if 0<s<1,
g(T,s) =1(s) if —1<s5<0

has a unique solution g € C}(X); this solution is given, for almost all (t,s) € Q, by

t
| O dr Vst if 0<s<1,
(9.46) glt,s) =3 "

t
/ =) (7 5y dr + ey (s) if —1 < s <0,
T

Lemma 9.7. Let X = L,([-1,1]),¢ € Xy, € X_, and f € Cy(X), where c
satisfies (9.41). Then the problem (9.45) has a unique solution in CH(X); this solution
is given by (9.46).

For the following lemma, recall the definition of the operator L in (9.14) and the
function ¢ in (9.13). The following assertions are parallel to Lemma 9.5 and Theorem
9.2, respectively; the proof is a simple consequence of the imbeddings (9.44).

Lemma 9.8. If ¢ satisfies (9.41), and the integral operator defined by the kernel k is
reqular in X = L,([—1,1]), then (9.14) is a bounded operator from L,(Q) into Cy(X).

Theorem 9.8. Suppose that c satisfies (9.41), and the integral operator defined by the
kernel k is reqular in X = L,([—1,1]). Then every solution of the problem (9.1)/(9.2)
solves the equation

(9.47) x(t,s) = Lx(t,s) + g(t,s).

Conversely, every solution © € Cy(X) of (9.47) is a solution of (9.1)/(9.2), and the
partial derivative 9z /0t belongs to Ci(X(1)).

Using weighted function spaces, Theorem 9.4 above reads now as follows.

Theorem 9.9. Suppose that ¢ satisfies (9.41), and the integral operator defined by
the kernel k is reqular in X = L,([—1,1]). Assume that

(9.48) 1¢o((I—A""'B(I-D)'0),



where the operators A, B,C, and D are given by (9.17). Then the operator I — L, with
L given by (9.14), is invertible in Cy(X). Consequently, the problem (9.1)/(9.2) has
a unique solution x € Cy(X) with 0z /0t € Cy(X(2)) for any ¢ € Xy,¢ € X_, and

f e CuX).

Of course, Example 9.3 at the beginning of this subsection is covered by Theorem
9.9, but not by any existence theorem derived in the preceding subsections. In fact, for
the solution (9.42) we have

/1
Li(1/c) -1

dx(t,)
ot

1
8x(t,8)s' ds:/ et/ ds,
ot »

i

and the last integral depends continuously on ¢ € [0,1]. Thus, we have dz/0t €
Cy(L1(2)), but 9z /0t ¢ Cy(Ly).

Theorem 9.9 gives the existence of a solution x € Cy(X) of (9.1)/(9.2) with certain
additional properties. A parallel existence theorem may be proved in the space C}! (X);
we do not present the details.

An application of the above results in the weighted space X (%) will be given in
Subsection 19.5.



§ 10. Boundary value problems (non-stationary case)

In this section we briefly discuss a parallel theory for the non-stationary equation

(10.1) axgst,s) ot s)alt, 5) + /_ (t,5,0)0(t,0) do + F(t.5)

((t,s) € @ =[0,T] x [-1,1]), with boundary conditions
(10.2) z(0,s) = ¢(s) (0 <s < 1), x(T,s) =19(s) (-1 < s<0).

The results of this section may be found in KALITVIN [1993, 1993a|, APPELL-DIALLO
[1995], and ZABREJKO-KALITVIN [1997].

10.1. Equations with variable operators
Since we are now interested in the non-stationary equation (10.1), we have to put

1

(10.3) A(t)x(s) = c(t, s)x(s) +/ k(t,s,o)x(o)do
-1
and to consider, instead of (9.3), the differential equation
dx
(10.4) - = A(t)x + f(t).

We recall that the evolution operator U = U(t,7) of (10.4) has the form

1

(10.5) Ut,m)z(s) =e(t,T,s)x(s) + /1 h(t,7,s,0)x(0)do,
where
(10.6) e(t, 7, 5) = exp{ [ el dg},

and h = h(t,7,s,0) is a measurable function on [0,7] x [0,7] x [—1,1] x [-1,1]. It
is therefore not surprising that the results of Subsection 9.2 carry over provided we
replace throughout the function tc(s) by the integral fot c(&,s)d¢, and the function
h(t, s, o) by the function h(t,0, s, o). In particular, we may write the solution of (10.4)
with initial condition z(0) = z in the form

0
m(t, s) +/ h(t,0,s,0)z(0) do if 0<s<1,
(10.7) a(t,s) = B 0

n(t,s) + e(t,0,s)z(s) +/ h(t,0,s,0)z(c)do if —1<s<0,

-1

where

m(t,s) = e(t,0,s)p(s) —i—/o h(t,0,s,0)p(0) do

+/Ot{e(t,7,s)f(7, s)—i—/_l Wt 5,0)f(r,0) da} dr

1



and

n(t, s):/o h(t,0,s,0)p(c) do

¢ 1
+/ {e(t,T, s)f(r,s) +/ h(t,7,s,0)f(T,0) da} dr.
0 -1
For obtaining the functions y € X and z € X_ (see Subsection 9.2) we therefore have

to solve the system

y(s) =m(T,s) + /0 h(T,0,s,0)z(c)do if 0<s<1,
e(T,0,s)z(s) +/ h(T,0,s,0)z(c)do =(s) —n(T,s) if —1<s<0.

-1

(10.8)

Moreover, putting

_ h(T,0,s,0)
(10.9) p(s, o) = T
and
_ P(s) —n(T),s)
(10.10) r(s) = o(T.0. 5)

(which is parallel to (9.9)), solving the system (10.8) is equivalent to solving the
Fredholm integral equation

0
(10.11) z(s) + / p(s,0)z(0) do = r(s).
-1
In this way, we arrive at the following generalization of Lemma 9.1:
Theorem 10.1. Suppose that the functions ¢ : Q@ — R and k : Q x [-1,1] - R

are measurable, the operator A(t) is reqular in the space X = L,([—1,1]), the operator
function (10.3) is strongly continuous, and —1 ¢ o(P), where

0
(10.12) Pz(s) :/ p(s,0)z(0)d(o).

-1
Then the problem (10.1)/(10.2) has a unique solution x € C}(X) for any ¢ € X9 €
X_, and f € C(X). This solution may be determined by formula (10.7).

Of course, one may also formulate a parallel result to Lemma 9.2 in case —1 € o(P).

10.2. Reduction to a two-dimensional integral equation

As in Subsection 9.3, we may reduce the boundary value problem (10.1)/(10.2) to
the operator equation

(10.13) x(t,s) = Lx(t,s) + g(t, s),



where

t
/ e(t,7,s)Kz(r,s)dr if 0<s<1,
0

(10.14) Lz(t,s) = .
e(t,7,s)Kz(r,s)dr if —1<s<0
T
with
R 1
(10.15) Ra(t,s) = / k(t, s, 0)2(t, o) do,
-1
and

/te(t,T, s)f(r,s)dr +e(t,0,8)p(s) if 0<s<1,
(10.16) g(t,s) = 0

/T e(t,r,s)f(r,s)dr +e(t,T,s)Y(s) if —1<s<0.

First we state the following analogue to Lemma 9.3, again for X = L,(|—1,1]), which
may be proved by a straightforward calculation:

Lemma 10.1 Let ¢ € Cy(Ly,). Then, for any ¢ € Xy, v € X_, and f € Cy(X), the

equation
ag(att’ ) =c(t,s)g(t,s) + f(t,s) ((t.5) € Q)

with boundary condition (10.2) has a unique solution g € CHX) which is given by
(10.16).

The following is parallel to Theorem 9.2:

Theorem 10.2 Let ¢ € Cy(Ly), and suppose that the operator function

1
(10.17) K(t)z(s) = / k(t,s,o)z(o)do

-1
is regular in X = L,([—1,1]) for each t € [0,T]. Assume that the operator (10.15) acts
in Cy(X). Then every solution of the problem (10.1)/(10.2) solves the operator equation
(10.13), where L is defined by (10.14) and g is defined by (10.16). Conversely, every
solution x € Cy(X) of (10.13), with L given by (10.14) and g given by (10.16), belongs
to CH(X) and is a solution of the problem (10.1)/(10.2).

O Suppose that z € C}(X) solves (10.1)/(10.2). The function f defined by

~ ~

f(t,s) = Kz(t,s) + f(t,s)

belongs then to Cy(X), by Lemma 4.2. Consequently, from Lemma 10.1 we conclude
that the unique C}-solution of the equation

(9y(att, ) = c(t, s)y(t,s) + f(t, s)

(10.18)



is y(t,s) = Lxz(t,s) + g(t, s), i.e. y = x solves (10.13).
Conversely, if z € Cy(X) solves (10.13), the problem (10.18) with boundary conditions
y(0,5) =d(s) (0<s<1),  y(T,s) =9(s) (-1 <s<0)
has the unique solution y(t,s) = Lz(t, s) + g(t, s), i.e. x = y solves (10.1)/(10.2). W

We point out that the assumption on the boundedness of the function c is essential
in Theorem 10.2; in fact, otherwise the Cy-solution x of (10.13) need not belong to
CHX):

Example 10.1. Let X := Lo([—1,1]), c(t, s) := 1/2\/t + |s|, k(t, s,0) := sexp(—+/t + |s]),
f(t,s) := —=2s, ¢(s) :=exp \/E and w(s) :=exp /1 — s, i.e. we consider the problem
( t
ax(at, 8) _ 5 / tolp(t,o)do — 25 if (t,s) € Q,
:E(O,s):e\f if 0<s<1,
z(1l,5) =evV!™s if —1<s<0.

In this case we have

se\ﬁ// dO’dT if 0<s<1,
. 6@6 t+\a

Lz(t,s) =
se\ﬁ// dO’dT if —1<s<0,
4 eme t+\a
and

todr

—2geVits \/T+e‘/t+75 if 0<s<1,
g evTts

g<t73) = t dr

—2seVi™s \/7+e‘/§ if —-1<s<0.

1 e T—S

An easy calculation shows that equation (10.13) has the solution z(t, s) = exp \/t + |s|;
this solution belongs to Cy(X), but not to C}(X), since dx(0,-)/0t & X.

The fact that the assertion of Theorem 10.2 fails for unbounded functions ¢ is not

accidental as we have seen in Lemma 4.5: the strong continuity of the operator function
t — C(t) implies that ¢ € Loo(Q) (even Cy(Ls)).

Introducing now as in the previous subsection
u(t,s) = x(t,s), v(t,s) =z(t,—s), &(t,s) = g(t,s), n(t,s) = g(t,—s)
(0<t<T,0<s<1) as before, replacing (9.16) by
(a(t,,s,0) =e(t,7,8)k(r,s,0),
b(t,7,s,0) =e(t,1,s)k(T,s,—0),

(10.19)
c(t,r,s,0) =e(t,7,—s)k(T,—s,0),

| d(t,7,8,0) =e(t,T,—8)k(T, =5, —0),



(0<t,7<T,0<s,0<1), and defining the operators A, B,C, and D as in (9.17),
we arrive again at the matrix equation (9.18).

The following is parallel to Theorem 9.3:

Theorem 10.3. Let ¢ € L(Q), and suppose that the operator function (10.17) is
reqular in X = L,([—1,1]). Assume that the operator (10.15) acts in Cy(X). Then the

condition (9.19) implies that the operator I — L, with L given by (10.14), is invertible

The verification of condition (9.19) amounts, in particular, to showing that 1 ¢ o(A)
and 1 € o(D). For example, the spectral radii of A and D are zero if

|CL(t, TS, O-)’ < <t7 T)a’2(87 0)7 |d(t7 TS, O-)‘ < dy (ta T>d2(57 0)7

the integral operators

Ava(t) = /0 ay(t. 1) (r) dr, Dya(t) = /t dy(t, )2 (7) dr

are compact in L,([0,7]), and the integral operators

Ayz(s) = /0 1 as(s,0)x(0) do, Doa(s) = /0 1 do(s, )2 (o) do

are bounded in L,([0, 1]).

We remark that some classes of kernels for which the crucial condition (9.19) holds
are described in APPELL-DIALLO [1995] and ZABREJKO-KALITVIN [1997].

A special case which also occurs in applications (see e.g. Subsection 19.5) is the sign
condition

(10.20) sc(t,s) <0 ((t,s) € Q);

this condition implies that the function (10.6) satisfies e(t,7,s) < 1 for ¢ > 7 and
s > 0, as well as for t < 7 and s < 0. The definition (10.14) of the operator L shows
then that the “smallness” of the spectral radius of L only depends on the “smallness”
of the spectrial radius of the operator K. For example, the following holds:

Theorem 10.4. Suppose that the hypotheses of Theorem 10.2 and the sign condition
(10.20) are satisfied. Assume, moreover, that

(10.21) HE @] K< 75 (et € [0.7))

for some n, where
1

|Kx(t)|z(s) = |k(t, s, 0)|z(0) do.

-1
Then the problem (10.1)/(10.2) has a unique solution.



O For any z € C}(X) we have

T 1 T
Lots)| < [ [ Ikt ol latro)dodr = [ K@) o7, dr
0 —1 0
By induction we get
T T
]L”x(t,s)\g/ / ()] | K (#)] 12 () [(5) i - .ty
0 0
which implies

||L"a:<t,->||s\ / / K (6] [ ()] [2(ta) ()] o . by

s/o / HE ()] - 1K ()] ()] || dt - dby

T T
SHJIII@(X)/O /0 A )] - LK) db - - diy,

hence 7, (L) < [|[L*|[*/" < 1. A

We make some remarks on Theorem 10.4. First of all, the proof shows that condition
(10.21) can be weakened to

T T
| [N Kt d <1,
0 0

In the stationary case K(t) = K condition (10.21) is equivalent to the condition
ro(|K|) < 1/T which we have imposed in Theorem 9.5.

Furthermore, we recall (see Subsection 1.1) that the sign condition (10.20) may
be achieved by introducing some new function ¢ which satisfies (10.20) (for example,
¢(t,s) = —sé(t)) and then passing from z to the new unknown function

t
(10.22) y(t,s) = z(t, s) exp {—/ [c(& s) —¢(&, 9)] df} )
0
After this substitution we get for y the equation

dy(t, s)
ot

1

= ¢(t, s)y(t, s) +/ k(t,s,0)y(t,o)do + f(t,s)

-1

(10.23)

with boundary conditions

(10.24) y(0,8) =o(s) (0<s<1), y(T,s)=1v(s) (-1<s<0),

where

it.s.0) = sy exn | 66, 5) — el€.5) + cl€,0) — (6, 0] i€}



and

10.3. Application of K-normed spaces

The fixed point principle given in Theorem 9.6 above applies also to the non-
stationary equation (10.1). We summarize with the following

Theorem 10.5. Let ¢ € Lo(Q), and suppose that the operator function (10.17) is
regular in X = L,([—1,1]). Assume that the operator (10.15) acts in Cy(X), and the
estimates (9.36) hold, where the functions a,b,c and d are defined by (10.19). Finally,
suppose that one of the following four conditions is satisfied:

(a) A= (a+6)? =46y >0 and TVA < log O‘i?’&,

(b) (a+8)2 = 4By and T(a + ) < 2;

() A<0,a4+0d#0, and T\/_<2arctan‘/§,

(d)A<0,a+d=0, and TV/—-A < .

Then the operator equation (10.13) has a unique solution x € Cy(X) for any g €
Cy(X).

We do not give the proof of this theorem since it is identical with that of Theorem
9.7. Instead, we illustrate this theorem with another example.

Example 10.2. Consider the equation

1
(10.25) % = 4tx(t,s) — 6ts/ ox(t,o)do
-1

with boundary condition (10.2). Here we have

—6se? / / 7'095 T,0)dodr if 0<s<1,
Lz(t,s) =
—6se / / > rox(r,0)dodr if —1<s<0,

and ,
e ¢ (s) if 0<s<1,
=1 "
2T (s) if —1<s<0.

A straightforward calculation shows that the operator equation (10.13) has the unique
solution
6A(1 +T2)s(e® — 1)
2?4 4]
6A(1+T2)s(e®” — 1)
T4 e 4]

+ thng(s) if 0<s<1,

x(t,s) =

+2ETy(s) if —1<s<0,



where we have put

Am % [/01 s6(s) ds + T /_i s1(s) ds} |

Since the functions defined in (10.19) are here

a(t7 758, U) = d(ta 7,8, 0_) = —657'0'62(t2_72)

and

b(t’ 755 U) - C(ta T, S, U) = 687’0’6202*72),

the estimates (9.36) hold for « = 8 = v = § = 6T€*"". Thus, by condition (b) of
Theorem 10.5 we know that there is a unique solution of (10.13) (and hence also of
(10.25), since the function ¢ is bounded) if 36T 2e4T* < 1. Of course, this condition is
far from being necessary.






Chapter 111

Partial Integral Operators






§ 11. General properties

In this section we shall be concerned with general properties of so-called partial
integral operators. For simplicity, we shall restrict ourselves throughout to spaces of
functions of two variables. The operators we shall study in such spaces are of the form

(11.1) P=C+L+M+N,
where
(11.2) Cx(t,s) = c(t, s)x(t, s),

(11.3) Lx(t,s):/Tl(t,s,T)a:(T,s) du(T),

(11.4) Mz(t,s) :/Sm(t, s,0)x(t, o) dv(o),
and
(11.5) Nx(t,s) = /T Sn(t,s,T, o)x(r,0)d(u x v)(r,0).

Here T' and S are arbitrary nonempty sets equipped with o-algebras (%) and (&),
and separable measures p and v on A(T) and A(S), respectively; by p X v we mean the
product measure on the o-algebra (%) ® A(&). The coefficient ¢ = ¢(t, s), as well as
the kernels [ = I(t,s,7),m = m(t,s,o0), and n = n(t, s, 7,0) are measurable functions,
and the integrals (11.3) - (11.5) are meant in the Lebesgue-Radon sense. The whole
operator (11.1) is a partial integral operator in its most general form.

The main results of this paragraph have been obtained in KALTIVIN-ZABREJKO
[1991], see also KALITVIN [1983, 1986a, 1987].

11.1. Continuity properties

In the sequel we use the following notation. By & = 6(% x &) we denote the space
of all (classes of) measurable real functions on T x S, and by X and Y ideal spaces of
functions over T x S. (For the definition and properties of ideal spaces, see Subsection
4.1.)

Theorem 11.1. Suppose that P s a partial integral operator which acts from X
into Y. Then P 1s continuous.

O Together with (11.1), consider the operator
(11.6) [Pl =]C1+ L[ + ]M[ + |N],
where

(11.7) 1Clx(t,s) = |c(t, s)|x(t, s),



(11.8) ]L[a:(t,s):/T|l(t,s,7)|x(7,s)dp(7),

(11.9) ]M[:L’(t,s):/S]m(t,s,a)h:(t,a) dv (o),
and
(11.10) |N[x(t,s) = /T . In(t, s, r,0)|z(r,0)d(p x v)(T,0).

Let = € X. By hypothesis, the function y = Px belongs to Y. This implies, in
particular, that the functions 7 — (¢, s, 7)x(7,s),0 +— m(t,s,0)x(t,o) and (1,0) —
n(t,s,7,0)x(r,0) are integrable, for almost all (¢,s) € T'x S, on T, S, and T x S,
respectively. By well-known properties of the Lebesgue-Radon integral, the same is
true for the functions 7 — |l(t,s, 7)||z(7,s)|,0 — |m(t,s,o)||z(t,o)| and (7,0) —
In(t, s, 7,0)||z(r, 0)|; thus, we may define | P[x and have |P[x € &, by Fubini’s theorem.
In other words, the operator (11.6) acts from X into &.

We claim that the operator P is closed. Suppose that (z,), converges (in X) to
z* € X, and (Pz,), converges (in Y) to y* € Y; we have to show that Pz* = y*.
Choose a sequence ny of natural numbers such that

(o]
> lan, — 2*|] < oc.
k=1

Without loss of generality we may then assume that x,, (¢, s) — z*(¢, s) almost everywhere
on 1" x S, and the function z defined by

o0

2(t,s) = |an,(ts) = 2*(t, )|

k=1

belongs to X. Consequently, we have convergence
[(t,s, )an,(-,s) = U(t,s,-)x*(-,s) (k— 00),

m(t, s, )Tn,(t,-) = m(t,s, - )x*(t,:) (k— o0),

and
n(ta Sy )xnk(v ) - n(ta Sy ):Ij'*(, ) (k - OO)

for almost all (t,s) € T x S. Moreover, these sequences are majorized by the integrable
functions |I(t, s, )|z (-, s), |m(t, s, )|2(t, ), and |n(t, s, -, -)|2(+, -), respectively. By Lebesgue’s
dominated convergence theorem, we have Lz, (t,s) — Lx*(t,s), Mx,, (t,s) — Mx*(t,s),
and Nz, (t,s) — Nz*(t,s), for almost all (¢,s) € T' x S, and hence also Pz, (t,s) —
Pz*(t,s) almost everywhere on 7' x S. But, by hypothesis, the sequence (Pz,, )
converges in Y to y*, and thus Pz* = y* as claimed.

We have shown that the operator P is closed between X and Y. The assertion follows
now from Banach’s closed graph theorem. W



Theorem 11.1 is an extension of Banach’s well-known theorem on the continuity of
integral operators (see BANACH [1932]) to partial integral operators.

It is clear that the operator P maps X into Y if all the operators C, L, M, and N
given by (11.2), (11.3), (11.4), and (11.5), respectively, do so. Interestingly, the converse
is not true, at least if one of the sets T" or S contains a countable number of atoms:

Example 11.1. Let S =T = N with g = v being the counting measure, and take
X =Y = [5(IN x N) (the space of all square-summable sequences with double index).
If we take

c(t,s) == —t (t € N)

I(t,s,7) =mf(t,s,0) =0,

and
t ift=7and s=o,

0 otherwise,

n(t,s,7,0) = {

the operator (11.1) is simply the zero operator. On the other hand, the operator (11.2)
with ¢(t,s) = —t certainly does not act in the space 5.

The acting problem for the components of the operator (11.1) is related to that of
the uniqueness of the representation of the operator P in the form (11.1). We point out
that this representation is unique if the measures p and v are continuous (atom-free)
on 6(%) and 6(6), respectively; this follows from regularity theorems which we shall
give in the next subsection. Such regularity theorems allow us also to conclude the
action of all the operators (11.2) - (11.5) from the action of the single operator (11.1)
between X and Y.

11.2. Regularity properties

As in Subsection 4.1, the notation = < y for x,y € &(T x &) means that z(t,s) <
y(t, s) almost everywhere on T' x S.

Recall that a linear operator P : X — Y is called regular if P may be written as
a difference of two positive linear operators between X and Y (i.e. operators which
preserve inequalities almost everywhere). In this case there exists a positive operator
P: X — Y such that
|Pz| < Plz| (x € X).

The classical Kantorovich theorem (see e.g. KANTOROVICH [1956] or VULIKH [1961,
1977]) states that a linear operator is regular if and only if it preserves order-boundedness.
Moreover, among all positiv majorants P of P there exists a minimal one (in the sense
of the induced ordering on the space of linear operators); this minimal positive majorant
is usually called the module of P and denoted by |P| (see Subsection 3.1).

Theorem 11.2. Suppose that the measures v and v are continuous, and let P :
X — Y be a partial integral operator. Then P is reqular if and only if the operator | P|
given by (11.6) also maps X into Y. In this case,

(11.11) |P| = ]P[.



O The sufficiency follows from the obvious inequality
(11.12) |Pz| < |P| |z| (x € X),

which implies that | P[ is a positive majorant of P, and, hence |P| < |P[. To prove the
necessity, let P: X — Y be regular. For any nonnegative function z € X, we then get
(see again VULIKH [1961])

|Plz = sup {|Pz|: |z| <z} €Y.

Since X and Y are K-spaces of countable type (KANTOROVICH-AKILOV [1977]), we
find a countable set M which is dense (in measure) in the conic interval [—z, 2| = {z :
z € X,|z| < x} and such that

|Plz =sup {|Pz|: 2z € M}.

By the continuity of the measures p and v, we can choose sequences of sets T,, C T
and S,, C S such that

T = Ej T,, S= G Sny,  w(T,) — 0, v(S,) —0,
n=1 n—1
and every point ¢t € T and s € S belongs to infinitely many subsets 7, and 5,
respectively. Let
U,=TxS,, V,=T,xS A, =U,UV,, V,=U,NV,,
and denote by M* the set of all functions
2y, = Py, x sign ¢ + Paxru+ Pyrav, v + Py,ovyw  (n € N),

where u,v,w € M, Pp is the operator (3.19) for D C T x S, and D’ denotes the
complement (7" x S)\ D. Since M C M* C [—z, x|, we have

|Plx =sup{|Pz|:z € M*};
moreover, since M* is countable, we also have
(11.13) |P|z(t,s) = sup{|Pz(t,s)| : z € M*}

for almost all (¢,s) € T'x S. Fix (¢t,s) € T x S with (11.13), and choose sequences
(ng)r and (my), such that ¢ € T, and s € S, for all k. Moreover, let wuy,vy,
and wy be functions in M such that ug(r,0) — sign I(t,s,7)z(T,0),v6(T,0) —
sign m(t, s,0)x(r,0), and wi(7,0) — sign n(t, s, 7,0)x(r,0) in measure. Finally, put

2 = P@kx sign ¢ + P&cuk + P~},€m~/kv;€ + Pgmf/k,wk,
where

ﬁk:TXSmk, %ZTnkXS, Ak:ﬁkUVk, @k:UkﬂVk.



By Lebesgue’s dominated convergence theorem, we conclude that

Jim [P (69 = [e(t5)la(t, ) + [ [it.5,7) (e, ) d(r)

—l—/s im(t,s,o)|x(t, o) dv(o) —i—/T In(t, s, 7,0))|z(r,0)d(p x v)(r,0) =|P[z(t, s).

xS
On the other hand, from z, € M* (k=1,2,3,...) it follows that

|Plz(t,s) = ]}Lrglo |P.,(t,s)| =sup{|Pz|:z€ M"}.

This implies, together with (11.13), that |P|x(¢,s) < |P|x(t,s) and hence |P[x < |P|x.
We have shown that the operator |P[ maps all nonnegative functions = € X into Y.
But every function in X may be written as a difference of two nonnegative functions,
and, thus, |P[ acts from X into Y as claimed.

Equality (11.11) follows from the just established inequality |P[ < |P| and from the
inequality (11.12) which is always true. W

The hypothesis on the continuity of the measures p and v is essential not just for
the proof but also for the statement of Theorem 11.2. Nevertheless, one may modify
Theorem 11.2 in such a way that its statement remains true also for discrete (purely
atomic) measures and even for arbitrary measures. Denote by T, and Sy the “discrete
part”, and by 7. and S, the “continuous part”, respectively, of the sets T" and S. We
say that the representation (11.1) of the operator P is normal if ¢(t,s) = 0 for (¢,s) €
Ty X Sg,l(t,s,7) = 0 for s € Sy, and m(t,s,0) = 0 for t € T,. It is not hard to see
that one can always find a normal representation for a partial integral operator, just
by using “d-type functions” defined by

w(T)™t if t=r,
5(t.7) =
() { 0 i AT

and

v(S)™t if s=o,
5(870):{0() if s#£o

In fact, replacing the functions c(t, s), (¢, s, 7),m(t, s,0), and n(t,s,7,0) in (11.1) by
the functions
¢(t,s) = Pr,xs.c(t, s),

Z(t, $,7) = 0(t,7)Pr,xs.c(t,s) + PrxsU(t,s,7),
(t,s,0) = 6(s,0)Pr,xs,c(t,s) + Pr,xsm(t,s, o),

3

and
n(t, s, 7,0) = d(t,7)0(s,0)Pr,xs,c(t, s)

+0(s,0)Prys,l(t, s, 7) + 0(t,7)Pr,xsm(t,s,0) +n(t,s, 1,0),
respectively, one gets a normal representation for P. For instance, in Example 11.1 we
could take
1 if t=r1,
ot, 1) =
0 if t#T.



We formulate an analogue of Theorem 11.2 in this general case; the modification of the
proof is straightforward.

Theorem 11.3. Let P : X — Y be a partial integral operator with normal representation
(11.1). Then P is regular if and only if the operator |P| given by (11.6) also maps X
into Y. In this case, equality (11.11) holds.

11.3. The associate operator

In this subsection we are interested in finding an explicit representation of the
associate operator P' 1 Y' — X' to the partial integral operator (11.1) which is supposed
to act from X into Y. First let us define an operator P# by

Py(t,s) = c(t,s)y(t, s) + / #(t,s,7)y(7,s) du(T)
(11.14) g

—I—/Sm#(t,s,a)y(t,a) dv(o) —f—/TXSn#(t,S,T, o)y(r,o)d(p x v)(T,0)

where
#(t,s,7) = 1(r,5,t), m¥(t,s,0) =m(t,o,s), n¥(t,s,7,0) =n(r,0,t,5).
The following theorem may be regarded as analogue of Lemma 3.3.

Theorem 11.4. Let P be a partial integral operator which acts between two ideal
spaces X and Y. Then the associate operator P’ of P is given by

(11.15) Py = P*y

for any y € Y' with P*y € &. In particular, if the operator (11.1) is regular, then
(11.15) holds for all y € Y".

O As was shown in the proof of Theorem 11.1, the operator |P| defined by (11.6)
acts from X into & and is continuous. Consequently, the image N of the unit ball
l|z||x <1 of X under |P[is a bounded subset of &, and, hence, so is the set

(11.16) N=J{{v: Pz <v <P} : |lzf|x <1}

(closure in &). Denote by Y the ideal space whose unit ball coincides with the set
(11.16); such a space may be easily constructed. By construction, the operator | P[ acts
from X into Y and is continuous.



Let z € X and y € Y. By Fubini’s theorem, we then have

/szc(t,s)a:(t,s)y(t,S) d(p x v)(t, s)
+/sz [/Tl(t,s,T)x(T,s)d,u(T)] y(t,s)d(u x v)(t,s)

T /T . { Sm(t,s,a)x(t,a)du(a)] y(t,s)d(p x v)(t,s)
+/sz [/szn(t,s,ﬂ o)z(r,0) d(p x v)(r, 0)] y(t,s)d(p x v)(t,s)
_ /T et (e, )yt ) dlp x V) (1,9)

# [ atr) | [ it duto)] ate <)o
—|—/TXSx(t,a) {/Sm(t,s,a)y(t, s) dV(S)] d(p x v)(t,0)

+/sz$(7, o) Umn(t $,7,0)y(t,s)d(p % V)(t,S)] d(p x v)(T,0).
This shows that
(11.17) (Pz,y) = (z, P*y) (reX,yeY'),

and thus the operator P# coincides with the associate operator P’ of P if we consider
P as an operator from X into Y.

Now let v be a fixed unit in Y. For any y € Y, we define v, (n=1,2,3,...) by

y(t78> if |y(t78)| < nv(t,s),
yn(t73> =

nou(t,s)signy(t,s) if |y(t,s)| > nv(t,s).
By Fubini’s theorem we get then
(11.18) (Pz,y,) = (x, P*y,) (n=1,2,...).

Since the limit, as n — oo, of the left-hand side of (11.18) exists for any x € X, the
sequence (P#y,), is X-weakly Cauchy in X’. But the space X’ is X-weakly complete
(see ZABREJKO [1966, 1968]), and hence P#y, — P’y for some y € Y’. Since this
function y obviously satisfies

(Pr,y) = (&, Ply)  (reXyeY)

we have shown that the associate operator P’ of P also exists if we consider P as an
operator from X into Y.

Now let y € Y’ and P#y € &. Then |P#[ |y| € & and, by Lebesgue’s theorem, the
sequence (P#y,), converges (in &) to P#y. But, by what has been proved before, the



sequence (P#y,), converges as well X-weakly to P'y. We conclude that P'y = P#y,
and so we are done. W

11.4. Algebras of partial integral operators

Given two ideal spaces X and Y, denote by £(X,Y") the space of all bounded linear
operators and by £"(X,Y’) the space of all regular bounded linear operators between
X and Y. Similarly, by £,(X,9) and £(X,Y) (where the subscript p stands for
“partial integral operator”) we denote the space of all operators and regular operators,
respectively, of the form (11.1). Theorems 11.1 and 11.2 state that £,(%,2)) C £(%,9)
and £(X,Y) C £(X,Y). If £(X,9) and £7(X,Y) are equipped with the usual
operator norm, the subspaces £,(X,9)) and £;(X,9) are not closed. However, if we
consider £7(X,Y’) with the norm

(11.19) 1Pllercxyy o= I[1P[llexv)s

where | P| is the module of P as in Subsection 11.2, then £7(X,Y’) becomes a Banach
space in the norm (11.19), and £7(X,Y) is closed in £"(X,Y’). In order to state more
precise results, some auxiliary definitions are in order. These definitions are the same
as in § 3 and § 4, but now for functions of two variables.

Recall that, given two ideal spaces X and Y over T' x S, by Y/X we denote the
multiplicator space of all functions ¢ such that cx € Y for all x € X. This is an ideal
space with norm

(11.20) llelly/x = sup{lez[ly : [|z|[x <1}

Further, by 9;(X,Y),R,,(X,Y) and R, (X,Y) we denote the sets of all measurable
functions | = I(¢t,s,7) on T'x S x T,m = m(t,s,0) on T'x S x S, and n = n(t,s, 7,0)
on T x S x T x 8, respectively, such that I(t,s,7) = 0 for s € Sy and m(t, s,0) = 0 for
t € Ty. All these three sets are ideal spaces equipped with the norms

(11.21) oy (xv) = sup /Il s 7)) du(T)]]
[lz]|x <1 Y
(11.22) Im|o, (xy) = sup /|m ;- 0)z(,0)dv(o)]|
[lz||x <1 Y
and
(1123) HnHmn(X’y) = Ssup / ‘n(-,-’7,0'>x(7',0)’d(,uXV)(T,O') )
lellx<1 ||/ Txs Y

respectively. Of course, these definitions are formulated just in such a way that the
kernel norms (11.21), (11.22) and (11.23) coincide with the operator norms of the
corresponding (regular) integral operators, i.e.

o xvy = 1Ll erx,yys Mo, vy = [IM]]erx,yy, 10l vy = IV erxy)-



Consider now the direct sum
(1121)  R@AY)=R(X.Y) & RI(X.Y) & Ry(X.Y) & Ry(X.D).

where R (X, )) is the subspace of Y/ X consisting of all functions ¢ = ¢(t, s) such that
c(t,s) =0 fort € Ty or s € Sy. The space (11.24) will be equipped with the norm

(e, L m,n)|lrxy) = llcllr; @) + U (e p) + MRy 29) + |InllRy (2,9)-

Theorem 11.5. Let X andY be two ideal spaces. Then 2;(%, Q) is a closed subspace
of L'(X,Y) which is isomorphic to the space R(X,)). More precisely, the two-sided
estimate

(11.25) 1Pl g oy < Il lm, mllriey) < 4Py,

holds, if P is a regular operator of the form (11.1).

O The statement is an immediate consequence of the completeness of the space
R(X,Y) and of Theorems 11.2 and 11.3. W

In view of applications, the following theorem on the superposition of partial integral
operators is useful, which follows by a standard reasoning from Fubini’s theorem.

Theorem 11.6. Let X,Y and Z be three ideal spaces, and let

Pix(t,s) = c¢j(t, s)x(t, s) + / Li(t,s, m)x(T,s) du(r)
(11.26) r

—l—/Smj(t, s,0)x(t, o) dv(a)+/T Snj<t,8,7', o)x(r,o)d(p X v)(T,0)

(j =1,2) be two partial integral operators such that Py € E"'(X,Y) and Py € L'(Y, Z).
Then the linear operator P = P, Py is also a partial integral operator with multiplier

c(t,s) = ca(t, s)ei(t, s)

and kernels

l(t, 357—) = 02(t75)l1(t7 877—) + l2<t7577-)cl(7—75) + Al2(t757£)ll(67 S>T> d:u(g)a

m(t,5,0) = calt, shm(t,5.0) 4 ma(t, . 0)en(6,0) + [ . symym (e ) o),
S
and

n(t,s, 7,0) = ca(t,s)ni(t, s, 7,0) +na(t, s, 7,0)c1(7,0) + la(t, s, 7)mq (T, s, 0)
+mo(t, s, 0)li(t,o,7) + / lo(t,s,6)n1(&, 8,7, 0) du(é) + /Smg(t,s,n)nl(t,n,ﬂ o) dv(n)
T
+ / n2(t7 S, 57 0>l1<§7 g, T) dﬂ(g) + / n2(t7 8T, 77>m1(7-7 n, J) dV(”)
T s

5/ na(t, 5, € m)n (€, 0,7, 0)d( % 1)(€, 7).
TxS



Theorem 11.6 allows us to give some category-type inclusions between the classes
introduced so far, which we state as

Theorem 11.7. Let X, Y, and Z be three ideal spaces. Then the following inclusions
hold:

(a) Ry(X,Y)oRy(Y,Z) CR|(X, Z),

(b) Ry(X,Y)oRy(V, Z) CRy(X,Z), Ry(X,Y)oRy(V, Z) CRy(X, Z),
(C) RJ(Xay)oRﬁ(yaZ) Q'R (X72)7 R@(X,)))O'RJ(J},Z) gRII(Xaz)a
(@) Ry(X. D)o Ry(Y, 2) SR\(X,Z), Ry(X.Y)oRy(Y.Z) C R\(X, 2)
(€) R\(X, D) oR\(V,Z) CR\(X,Z), R\(X,V)oR\(V,Z) CR(X,Z).

In particular, the classes R, Ry, Ry and Ry are subalgebras of the algebra R, and
the classes Ry and Ry & Ry ® Ry are ideals in R.

The basic Theorem 11.5 is not only of theoretical interest. It implies, in fact, that
showing that a partial integral operator (11.1) belongs to L"(X,Y") reduces to proving
the four relations

(11.27) ceRI(X,Y), T €Ri(X,Y), T €Ry(X,D), \ € R\(X, D).

The verification of the first relation in (11.27) reduces to a simple application of results
on multiplicator spaces, while that of the last relation may be carried out by means of
the theory of Zaanen spaces of kernel functions for linear integral (see e.g. ZABREJKO
[1966, 1968] and ZABREJKO-KOSHELEV-KRASNOSEL'SKI1J-MIKHLIN-RAKOVSHCHIK-
STETSENKO [1968]). Both procedures have been studied extensively for general spaces,
as well as for special (e.g., Lebesgue and Orlicz) spaces. The problem of verifying the
second and third relation in (11.27), however, is harder and has not been given much
attention yet in books.

In general, it seems to be difficult to give a fairly explicit description of the kernel
classes Ry, Ry, and Ry. Such a description, apparently, depends heavily on specific
properties of the spaces X and Y, and the problems are due to the lack of symmetry
in the variables s and t. Some of the most important special cases, in which more
information may be obtained, will be considered in the next sections.



§ 12. Operators in spaces with mixed norm

In this section we introduce and study so-called ideal spaces with mixed norm (of
functions of two variables). These spaces give the natural setting for investigating
partial integral operators. The most important examples are, as usual, Lebesgue spaces
with mixed norm which we used (at least implicitly) already in Subsection 3.3, and
Orlicz spaces with mixed norm which we will discuss in Subsection 12.3 below.

The results of Subsections 12.1 and 12.2 have been obtained in KALITVIN-ZABREJKO
[1991], the main results of Subsection 12.3 may be found in APPELL-KALITVIN-ZABREJKO
[1998], and the results of Subsections 12.4 and 12.5 are taken from FROLOVA-KALITVIN-
ZABREJKO [1998]. We also mention the papers KALITVIN-MILOVIDOV [1981] and
PovoLOTSKIJ-KALITVIN [1986] on interpolation of partial integral operators in spaces
with mixed norm.

12.1. Ideal spaces with mixed norm

Let U be an almost perfect ideal space over a domain 7" with measure u, and V
an almost perfect ideal space over a domain S with measure v. The space with mixed
norm [U — V| consists, by definition, of all measurable functions z : 7" x S — R for
which the norm

(12.1) lzllw—vy = ls = [Jz(;9)llullv

is finite. Similarly, the space with mixed norm [U < V] is defined by the norm

(12.2) zllwevy = (It = [zt )llvilo.

Both [U — V] and [U « V] are ideal spaces. If they are regular they are also examples
of tensor products of U and V; in fact, for any v € U and v € V the function w defined
by w(t, s) = u(t)v(s) belongs to both [U — V] and [U < V] and satisfies

(12.3) lwllp—v) = lwllv—v) = [lulloflollv.

For example, the spaces U(p, q) and V (p, q) introduced in (3.22) and (3.23) are nothing
else than the spaces with mixed norm [L, « L,] and [L, — L,], respectively. For
further reference, we collect some properties of Lebesgue spaces with mixed norm in
the following

Lemma 12.1. For 1 < p,p1,p2,q, q1, g2 < 00, the following holds:

(

p
b) lleylliz, e < el Lol 1., for 5
(©) N2llir,~rg < ll2llipyery for p<q;
(D) N2llipy—ry < ll2lli,—z, for p=>q;
(€) [Lp, — Lg|" = [Lp, = Lg,] and [Ly, < L) = [Lyp, < Lg,] for pil + piz -

q% + q% =1, where X' denotes the associate space of X.

Q= R

_ 1,1
_p1+p2 and



O The estimates (a) and (b) are proved simply by applying the classical Holder
inequality with respect to both variables. To prove (c) it suffices to apply the Minkowski

inequality
‘/Tu(t,-)du(t) LTS/THu(t")HLT du(t)

for r = ¢q/p to the function u(t, s) := |x(t, s)|P; of course, (d) is proved similarly.

The estimate
191z, 2,y < 5UD { [ [ etesiwte s dnoants) s il v, < 1}

follows from (a) for p = ¢ = 1. The reverse inequality may be proved by choosing

1-g2

e,

fE(t, S) = Signy(tv S)|y(7 S)|p2_1||y('a S)HL,[,2

and observing that

191y, 10y = /S / 2ty $)y(t, )| dpu(t) do(s)

and |[|z|(z,, ~1,) =1 W

Observe that, in case of bounded domains S and 7', Lemma 12.1 (c¢) and (d) imply
the elementary though useful relations

LmaX{p,q} C [Lp - Lq] C Lmin{p,q}

and
Limax{p,qt © [LP A Lq} C Lumin{p,q}-

Moreover, Lemma 12.1 (e) carries over to more general spaces; in fact, the equalities
U—-V]'=[U -V, U—V]'=[U <V

are true for all almost perfact ideal spaces U and V. Some more results on Lebesgue
spaces with mixed norm may be found, for example, in BENEDEK-PANZONE [1961], on
more general spaces with mixed norm in BUKHVALOV [1983], see also BUKHVALOV-
KOROTKOV-KUSRAEV-KUTATELADZE-MAKAROV [1992].

Let us return to the partial integral operators

(12.4) Lat.s) = [ 1lt,5.7)a(r,5)du(r)
and

(12.5) Malt,s) = /S mit, s, 0)a(t, 0)dv (o).



In what follows, we shall describe three approaches to action conditions for these
operators in spaces with mixed norm. For ¢t € T" and s € S, consider the families L(s)
and M (t) of linear integral operators defined by

(12.6) L(syu(t) = /T It s, u(D)du(r) (s € S)
and
(12.7) M(t)v(s) = /Sm(t, s,0)v(o)dv(o) (tel).

In the following Theorems 12.1-12.5 we assume for simplicity that both U; and V;
(1 = 1,2) are perfect ideal spaces (see Subsection 4.1). We point out, however, that
these theorems are also true under more general assumptions on U; and V; (i = 1,2).
For example, Theorem 12.1 is true for the operator (12.4) if both U; and U, are almost
perfect ideal spaces. We recall that both Lebesgue and Orlicz spaces are perfect ideal
spaces.

Theorem 12.1. Let U; and U, be two ideal spaces over T, and Vi and V5 two ideal
spaces over S. Suppose that the linear integral operator (12.6) maps Uy into Us, for
cach s € S, and that the map s — |[L(s)|| gy, 1) belongs to Va/Vi. Then the partial

integral operator (12.4) acts between the spaces X = [U; — V4] and Y = [Uy — Va] and
satisfies

(12.8) Lllpy, < s = L) g, oo

Similarly, if the linear integral operator (12.7) maps V; into Vs, for each t € T, and
the map t — ||M(t)||£(v1 vy belongs to Uy /Uy, the partial integral operator (12.5)acts
between the spaces X = [Uy «— Vi| and Y = [Uy < Va] and satisfies

(12.9) IMIlp ey, < Nt IOl oo

O Without loss of generality, we prove only the first statement. Given x € X =
[U; — V4], for almost all s € S we have

1L (s 8)llos < LI oy o) 12 C5 9o
hence, by the definition of the multiplicator space V/V,
1Lally = 1Is = L2, $)uallve < lls = 1L g o 12 9)llen v
< s = L), v harwa ll2lx-
This shows that the operator (12.4) acts between X and Y and satisfies (12.8). W

Interestingly, in the case V5/V) = L. the conditions of Theorem 12.1 are also
necessary for the operator (12.4) to act between X = [U; — V] and YV = [U; —
V5]. In fact, considering the operator (12.4) on the “separated” functions z(t,s) =



u(t)v(s), where u € Uy and v € V;, we conclude that, by the obvious relation Lz (t, s) =
v(s)L(s)u(t),

(12.10) sup s = [[o(s) Ls)ullu, |lva < [ILIIgx 3 l0]Ivapva-

llullu, <

In case V5/V] = L., this means exactly that

(12.11) s = NIL()IE 0, oy lhvervi < 1L L vy

i.e. equality holds in (12.8). Analogous statements hold, of course, for the operator
(12.5) in case Uy/U; = L. For example, the equalities

LN &1Ly, — Lol Lpy—La)) = |8 = [ L(8)[| ez, o) | Loo

and
M| 2Ly Loy L Ep—Lap) = [t = (1M (D)l e(Lg, Loy 20
hold.

Generally speaking, the estimates (12.10) and (12.11) are not equivalent. Nevertheless,
(12.10) implies that

(12.12) sup HS = HL(S>UHU2HV2/V1 < o0,

llullo, <1

which thus is necessary for the operator (12.4) to act between X = [U; — V] and
Y = [U;y — V3]. The analogous condition for the operator (12.5) reads

(12.13) sup ||t = [[M(£)vl]vs |0, < 00

[lv]lv; <1

Observe that we did not suppose in Theorem 12.1 that the operators (12.4) and (12.5)
be regular. Applying this theorem to the kernels |i(t, s, 7)| and |m(t, s, 0)|, rather than
to l(t,s, ) and m(t,s,o), we get a refinement of Theorem 12.1.

Let W7 and W5 be two ideal spaces over some set {2 with measure A\. We denote by
3(W1, W) the space of all Zaanen kernels z = z(£,n), defining regular linear integral
operators from W into W5, with the norm

[t mutilari)

By definition of the norm of a linear operator, the norm ||2||zov. w.) of the kernel z
coincides then with the operator norm || Z||grw,,w,) (see (3.10)) of the integral operator

(12.14) 2] z0mwe) = sUD

w||W1<1

Wa

Zw(€) = / (€ m)w(n) dA(n)

generated by z.

Theorem 12.2. Let U; and U, be two ideal spaces over T, and Vi and V5 two ideal
spaces over S. Suppose that l(-,s,-) € Z(Usx,Uc) for almost all s € S, and that the



map s — [|1(-, 5, )|z uie) belongs to Va/Vi. Then the partial integral operator (12.4)
acts between the spaces X = [Uy — V1| and Y = [Uy — V|, is regular, and satisfies

(12.15) Ry ey < Mls = 111G s M 2@ tie) 1vayma-

Similarly, if m(t,-,-) € Z(Vss, Ve) for almost allt € T, and the map t — ||m(t, -, -)||zv.0 ve)
belongs to Uy /Uy, then the partial integral operator (12.5) acts between the spaces
X =[U; V] and Y = [Uy — V5|, is regular, and satisfies

(12.16) Imllrgxy)y < It = [Im(t, - )l zpeve)llos -

Consider now the two integral operators
(12.17) Lu(t) = / 1(t, T)u(r)du(T)
T
and

(12.18) Mu(s) :/Sm(s,a)v(a)du(a)

generated by the kernels Z(t,T) = [[l(t,-,7)|lvyyvy and m(s,o) = ||m(:,s,0)||v,/0,
respectively.

Theorem 12.3. Let Uy and Uy be two ideal spaces over T, and Vi and V5 two
ideal spaces over S. Suppose that the linear integral operator (12.17) maps Uy into Us.
Then the partial integral operator (12.4) acts between the spaces X = [U; «— Vi| and
Y = [Uy « V4|, is reqular, and satisfies

(12.19) Uy ey < Nl 2@ i) = 11T T) = [UE - T vapval| 2@t 2ae) -

Similarly, if the linear integral operator (12.18) maps Vi into Va, then the partial integral
operator (12.5) acts between the spaces X = [Uy — V1] and Y = [Uy — V5] is regular,
and satisfies

(12.20) [Imllryxy) < IMllzvwve) = (s, 0) = [lm(- s, 0)||a/vnl| 200 ve) -

O We prove again only the first statement. Obviously, for x € X, we have

\|Lx<t,->||v2=] / It r)e(r, Ydu(r)|| < / I, )lle(r, Y lwdp(r) = Du(t),

Vo

where u(t) = ||z(t, -)||1;. Consequently,

|| La|ly =

- H / U(t, -, 7)a(r, )dpu()

Vo Us

< Zullo, < Ll oy llelloy = L1 @y 0 12l



This shows that the operator (12.4) acts between X and Y and satisfies (12.19). W

We conclude this subsection with two more acting conditions for partial integral
operators in spaces with mixed norm; these conditions build on multiplicator spaces of
functions of two variables.

Theorem 12.4. Let Uy and U, be two ideal spaces over T, and Vi and V5 two
ideal spaces over S. Suppose that the function (s,7) — ||l(-,s,7)||v, belongs to the
multiplicator space [Ly — V3]/[Uy «— Vi|. Then the partial integral operator (12.4) acts
between the spaces X = [Uy « V1| and Y = [Uy — V3], is reqular, and satisfies

(12.21) U=y ey < (s, 7) = (LG, s, o iz —va) /o —vay-

Similarly, if the function (t,0) — ||m(t,-, )|y, belongs to the multiplicator space [Uy +—
Ly]/[Uy — V4], then the partial integral operator (12.5) acts between the spaces X =
Uy — V1] and Y = [Uy < V3, is reqular, and satisfies

(1222) HmHR@(?\’,y) < H(t,O') = Hm(t> '7U)HVQH[U2<—L1]/[U1—>V1}'

O Obviously,

/Tl(-, s, T)x(T, 8)dp(T)

< / LG 5,7) o 2, )| dp(r):

consequently,

| Lally =

t'—>’

/Tl(-, s, 7)x(T, 8)dp(T)

Ua Vs

< (s, ) = G, s, e iz —vay o —vag 2] o, —va) -

This proves the first statement. The second statement is proved analogously. W

Theorem 12.5. Let Uy and U, be two ideal spaces over T, and Vi and V5 two
ideal spaces over S. Suppose that the function (t,s) w— |[l(t,s,-)||[v; belongs to the
multiplicator space [Ly — V/]/[U} «— VJ]. Then the partial integral operator (12.4) acts
between the spaces X = [Uy — V] and Y = [Uy « V5] is regular and satisfies

(12.23) Ulry ) < (& 8) = (1L s oz —viyws—vy)-
Similarly, if the function (t,s) — |Im(t,s,-)||ly; belongs to the multiplicator space
(L1 « U{]/[US — V3], then the partial integral operator (12.5) acts between the spaces

X =[U, — V] and Y = [Uy — V4| is regular and satisfies

(12.24) Imllryxy) < (It s) = m(t, s, vy llz,—op /s —vy)-



O The proof is completely analogous to that of Theorem 12.4; one has just to pass
to the corresponding associate operators. W

All sufficient conditions of Theorems 12.1 - 12.5 are different for the partial integral
operator (12.4) and the partial integral operator (12.5) and refer to different kernel
spaces with mixed norm. In this way, the above theorems contain eight statements
which guarantee the acting (and, except for Theorem 12.1, also the regularity) of partial
integral operators between four possible combinations of spaces with mixed norm.

12.2. Lebesgue spaces with mixed norm

In Subsection 11.5 we had to show that certain functions of two variables, constructed
by means of the kernels | = [(t, s, 7) and m = m(t, s, o), belong to certain ideal spaces,
constructed by means of the spaces Uy, Us, Vi and V5. Since these ideal spaces are
rather complicated, however, the natural problem arises to replace them by simpler
and more tractable ones. One possibility to do so is to introduce ideal spaces of
functions defined either on 7' x S x T, or on T x S x S, or on some permutation
of these Cartesian products. Denote by 6 = (6,02, 05) an arbitrary permutation of the
arguments (t,s,7) € T x S x T, or (t,s,0) € T x S x S. Given three ideal spaces W7,
Wy, and W3, by [Wy, W, Ws; 0] we denote the ideal space of all functions w of three
variables for which the norm

| wl [y wa,wsi0) = |03+ [|02 = [|01 = w(01, 02, 03)|[w, || we || w

is defined and finite. Using classical results on linear integral operators, from Theorems
12.2 - 12.5 we get the following

Theorem 12.6. Let U; and U, be two ideal spaces over T, and Vi and V5 two ideal
spaces over S. Suppose that | € [Uy, Vo/Vi,U;; 0] for some 0 = (61,605,05). Then the
partial integral operator (12.4) acts between X and Y, is reqular, and satisfies

(12.25) IRy 23y < WUl vava,vg0n-

Here the spaces X and Y have to be chosen according to the formula

( X =[U W], Y =[Uy— VW] if 0=(s,t,7)orf=_s,T,t)
X=[U-W,Y=[U— VW if 0d=I(tr1,5s)orb=/(1t,s),
X=[U —WV,Y=[U— V] if 6= (t,s,7),

( X == V], Y =02 =V if 0=(,5,1).

Similarly, if m € [Us /Uy, Vo, V{; 0] for some 0 = (01,05, 03), then the partial integral
operator (12.5) acts between X and Y, is reqular and satisfies

(12.26) M|z < [l wayvn vavyia)-



Here the spaces X and Y have to be chosen according to the formula

( X =[U W], Y =[Uy— VW] if 0=(s,0,t)0rb=0,s,t),
X=[U—-W,Y=[U—-VW if 0d=I(ts,0)orb=_(to,s),
X=[U—W,Y=[U—V if 6= (o,t,s),

| X =[Uh = Vi, Y = [Us — V3] it 0= (st 0).

Of course, the formulation of Theorem 12.6 is very clumsy. To illustrate its applicability,
let us consider Lebesgue spaces again.

Theorem 12.7. Let p1,p2, q1,q2 € [1,00]. Suppose that q1 > g2, with v(S) < oo in
case q1 > q2, and

€ [Lyy Lagyags /a1—a2)> Lip Jo1-1)5 0]

Then the partial integral operator (12.4) acts between the spaces X and Y, is regular,
and satisfies

(12.27) =y < [1iL,,.z

a1az/(a1—a2) Lpy /(o1 —1)30]

provided one of the conditions of Table 1 below holds. Similarly, suppose that py > po,
with p(T) < oo in case py > p2, and

M € [Lpips/(p1—p2)s Lans L j(a1-1); 0]

Then the partial integral operator (12.5) acts between the spaces X and Y, is regular,
and satisfies

(12.28) [mllRy ey < ML, 1y 0, —pa Lz Loy 0y 1560

provided one of the conditions of Table 2 below holds.

X = [Lm - qu] [Lm - Lq1] [Lpl A Lq1] [Lpl N qu}
Y = [Lpz - ng] [Lm N qu] [Lpz - qu] [Lm N qu}
(t,s,7) P1 = q1 P1 2> Q1,02 2 Q2 D2 = G2
(t,7,5) D2 = G2 P1 < q1 P1 < q1,P2 2 Q2
(5,6, 7) || ;1> q1,p2 < @2 PL = q1 P2 < @2

(s,7,t) || p1 > q1,2 < @ P1 = q1 P2 < @2

(1,5,1) P2 < @ P1L<qu,pe < P < q
(1,t,5) D2 = G2 1< q1 P1 < q1,P2 = Q2

Table 1




X = [Lm - Lq1] [Lm - LQl] [Lpl N Lq1] [Lm N qu]
Y = [Lpz - qu] [Lpz N qu] [Lpz - qu] [Lpz — qu]
(t,s,0) D2 = (2 1< ¢ P1 < q1,P2 > @2
(t,0,8) P2 > ¢ p<q pL<qup2> g
(s,t,0) P2 < Go P1 < q1,p2 < @ <

(s,0,t) || p1 > q1,p2 < o P1 = q1 P2 < G2
(0,,5) P1 = 1 P12 q1,P2 2 @2 P2 = 2
(0,5,1) || p1 > q1,p2 < @2 P1> ¢ P2 < @2

Table 2

The most interesting and important case in the preceding theorem is when the
operators (12.4) and (12.5) are considered in the single Lebesgue space L, = L,(T x S).
Since [L, — L,| = [L, <« L,] = L,, Theorem 12.7 reads in this case as follows:

Theorem 12.8. Let 1 < p < oo. Suppose that | € [Ly, Loo, Lypjp—1);0'] for some
0 = (01,05,05), and m € [Loo, Ly, Lyjp—1y;0"] for some 0" = (07,05,05). Then the
partial integral operators (12.4) and (12.5) are regular in the space L, and satisfy

(1229) HZHRI(L\/:L\/) S ||l||[vaL007Lp/(P*1);9q
and
(12'30) ||m||Rﬁ(£\/v£\/) < ||m||[L<>OvLPva/(p*1)59//]'

Apart from the acting and regularity conditions for the partial integral operators
(12.4) and (12.5), many other statements may be formulated. For instance, one may
obtain further statements by means of interpolation theory (applied to either classical
or partial integral operators, see KALITVIN-MILOVIDOV [1981] and POVOLOTSKIJ-
KALITVIN [1983, 1985]), of Kantorovich type theorems, or of other methods.

We point out that Theorem 12.1 and its partial converse considered above imply
the following useful criterion: the partial integral operator (12.4) (respectively, (12.5))
acts in L, if and only if all operators of the family (12.6) (respectively, (12.7)) act in
L, for each s € S (respectively, t € T') and have uniformly bounded norms.

The statements of Theorems 12.7 and 12.8, referring to the Lebesgue type spaces
[L, — L,| and [L, < L], carry over as well to the Orlicz type spaces [Ly; — Ly] and
[Ly <+ Ly, as we shall show in the following subsection.

The following theorem which is taken from KALITVIN [1995a] gives an effective
acting criterion for the operator (11.1) in Lo, = Loo(T % S) and in Ly = Ly(T x 5).

Theorem 12.9. Let D =T x S, and define two functions o, 3: D — R by

a(t,s) = \c(t,s)|+/T|l(t,s,r)\dT—i—/S|m(t,s,a)\da

+//|n(t,s,r,0)|d7da
TJs

(12.31)



and

B(t,s) = |c(t,s)|+/T|l(7’,3,t)|dT+/S|m(t,a,s)|da

+//\n(7,a,t,s)|d7d0,
TJs

respectively. Then the operator (11.1) acts in Lo (D) if and only if « € Ly(D), and
in Li(D) if and only if 5 € Li(D). In this case we have ||P||L(Loo) = |la||z,, and

1Pl = 1BllL, -

O We consider the case of the space L.,. Since each continuous linear operator
in L., is regular, by Theorems 11.2 and 11.3 it suffices to show that the norm of the
operator (11.1) coincides with [|a||. . Let [P] := sup{|Pz(¢t,s)| : [|lz|| < 1} be the
abstract norm of the operator (11.1) in Lo. Then [P] = [|P|], where |P| denotes the
module of P (see Subsection 3.1). By Theorems 11.2 and 11.3, this operator coincides
with the operator (11.6). Therefore,

(12.32)

1Plleo = |[PI],_ = 1PI]|,_ = [|IPle

]HLOO ”Loo’

where e(t,s) = 1.
This proves the assertion for the space L. In case of the space L; the proof follows
from Theorem 11.4 and equality (12.32). W

12.3. Orlicz spaces with mixed norm

We give now some parallel results for Orlicz spaces which we already introduced in
Subsection 4.1. Recall that, given a Young function M : R — [0, c0), the Orlicz space
Ly = Ly (R2) is defined by one of the (equivalent) norms (4.3) or (4.4). To state the
theorems of this subsection, some further notions and results on Orlicz spaces are in
order. For simplicity, we only consider Orlicz spaces over bounded domains €2 in this
subsection.

Given two Young functions M and N, we write M < N if there exist £ > 0 and
ug > 0 such that
M(u) < N(ku) (u > up).

Moreover, we write M < N if
I M (u)
im
u—oo N (ku)

for every k > 0. Of course, in case M(u) = |ul? and N(u) = |ul? (1 < p,q < o©) we
have M < N if and only if p < ¢, and M < N if and only if p < ¢. In general, one can
show that M =< N is equivalent to the fact that Ly is continuously imbedded in L,/,
and M < N is equivalent to the fact that Ly is absolutely continuously imbedded in
Ly (i-e., the unit ball of Ly is an absolutely bounded subset of L,s). Moreover, the
inclusions L, C Ly C Ly are always true.

Let U = Ly(T) and V = Lx(S) be two Orlicz spaces. We are interested in the

Orlicz spaces with mixed norm [U — V| and [U < V| defined by the formulas (12.1)
and (12.2), respectively. These spaces are perfect ideal spaces. They are regular if and




only if the Young functions M and N satisfy a Asg-condition. If My, Ny < My, Ny the
inclusions

[LM1 - LN1] - [LM2 - LN2]> [LM1 — LN1] - [LMz — LNz]
are obvious. Moreover, the inclusions

follow from the Jensen integral inequality

(i ) < g [ M

and the definition of the norm in L,,. In fact, for x € L), and k& > 0 sufficiently large

we have
/SME/Tu(t,s)mt] ds:/SM L(lT)/T’”‘(T”i(t’S)’dt} ds

// { S)‘]dtd8<oo

Consequently, x € [L1 — L M], and hence the left inclusion is proved. The right inclusion
is proved analogously.

Lemma 12.2 Let M; and N; (i = 1,2) be Young functions satisfying

(12.33) No(u) My (vw) < a+ Ny(kyuv)Mi(kow) (v > wvg),
where a, ki, ko, vo are positive constants, and let Ly, = Ly, (T) and Ly, = Ly, (S).
Then

[LMI — LN1] - [LMQ - LNQ]'

O Put X :=[Ly, < Ly,] and [Ly, — Ly,]. We make all calculations in the norm
(4.3). By virtue of (12.33) we can find a constant c such that [|2|z,, < 1/k; implies

(12.34) / Ms(voz(t)) dt < c.

Fix some positive function wug in the space [Ly, < Ly,| N [Ly, — Ly,], and denote by
E,, the linear space of all z € Li(T x S) with finite norm

2]l 2, = inf {A = [zt s)| < Auo(t, 5)}-

Now, for z € E,, with ||z]|x < (kik2)™! and all A > 1 we have

1 / z(t, s)
1< — | My | \———7— dt.
AJr ? [ Hx('vs)HLMQ]
Since [|z(t, )Ly, < (kike)™", from (12.34) we get

| Mathsoal(t ey, ) e < c.
T



Consequently, our hypothesis (12.33) implies that

/ Nz[iua >|LM2] sy [ Nz{—ux HLMQ] [Aﬁ]dms

L L max |1 ) ot :
A// Ng{ [ )HLMQ] Mz{ [o, ol )||LMQHJJ(157~)HLN1]le . )HLNI}dtd

< %/S/TN2 Bux(.,s)uwj Mookl (t, Y, )t ds + S u(T)wA(S)

1
—- N M (kikal| (2, - dtd
=/ 1[ux l] (kkalla(t, )1, ) dt ds

<5 [ M5l | s+ S nmms) + 1),

Putting now in the last inequality A := au(T)v(S) + ¢+ 1, we obtain
||.I‘( 7s)||LM
N. 2 ds <1,
I [ p(T) <s>+c+1] o

|lzlly < au(T)v(S)+c+1

by the definition of the norm (4.3). Since the last inequality holds for all functions
r € E,, with ||z||x < (kiks)™!, we conclude that

hence

[zlly < kiko(ap(T)v(S) + ¢+ 1) ||| x
for any = € E,,. Furthermore, for arbitrary n € N we have then
[ min {|z|, nuo}lly < kika(ap(T)v(S) +c+ 1)zl x
for x € X. Finally, since the space Y is perfect we see that
[ zlly < kiko(ap(T)v(S) + ¢+ 1) x| x
for all x € X as claimed. W

Lemma 12.2 generalizes a classical statement on the inclusion [L, — L, C [L, <
L,] (p > q) to the case of Orlicz spaces.

From Lemma 12.2 it follows, in particular, that [Ly; — L] is always isomorphic
to [Ly < Ly). As was shown in RUTITSKLI [1962|, Ly(T x S) is isomorphic to
[Lar — Ly if and only if the inequalities

(12.35) M(u)M(v) < ay + by M (kyuwv), M (kouv) < as + bo M (u) M (v)

hold for the some constants a;, b;, k; > 0 (i = 1, 2).

Let us consider now some acting conditions for the operators (12.4) and (12.5) in
Orlicz spaces with mixed norm. As in the case of Lebesgue spaces, the study of partial
integral operators in these spaces is more convenient than in ordinary Orlicz spaces.



In the following Theorems 12.10, 12.12, and 12.15 we suppose that M; and N; are
given Young functions, U; = Ly, (T), and V; = Ly, (S) (i = 1,2). First of all, from
Theorem 12.1 we get the following

Theorem 12.10. Let

Loo(‘S) if N2 j Nl but N2 74 N17
V.=
Lr(S) if Ny =< N,

where the Young function R in the last case is given by
R(u) = sup {No(uv) — Ny(v) : 0 < v < o0}.

Suppose that the operator (12.6) acts between the spaces Uy and Uy for each s € S, and
the function s +— ||L(3)||L(U1,U2) belongs to V. Then the operator (12.4) acts between
the spaces X = [U; — V] and Y = [Uy — V4.
Similary, let
LOO(T) if MQ j M1 but M2 74 Ml,
U=
La(S) if My < M,

where the Young function R in the last case is given by
R(u) = sup {My(uv) — M;(v) : 0 < v < oo}.

Suppose that the operator (12.7) acts between the spaces Vi and Va for each t € T, and
the function t +— ||]\4(15)||L(V1 v,) belongs to U. Then the operator (12.5) acts between
the spaces X = [Uy; «— V] and Y = [Uy «— V4.

We recall (see Subsection 12.1) that the conditions || L(-)([f,y, 1,y € V and [|M()[[f,; v, €
U are necessary for the operators (12.4) and (12.5), respectively, to act in the indicated
spaces.

If the hypotheses of Theorem 12.10 are satisfied, then the following estimates are
direct consequences of (12.8) and (12.9):

(12.36) 1Ll ey < ls = 1L Lgnomllze (V= Lao(S).

HLHL(Xy) < CLHS - ||L(S>||L(U17U2)HLR (V - LR(S))7

(12.37) 1M yy < lE—= IOl (U = Loo(T)),

1My < Bt = MOl llin (U = La(T));

here a and b are the imbedding constants of the inclusions V' C V5 /V} and U C Uy /Us,
respectively. In particular, the estimate (12.36) holds if N; = N, and the estimate
(12.37) holds if M; = M,. Moreover, the following theorem is true.

Theorem 12.11. Suppose that the operator (12.6) acts in Ly(T) for each s € S
and HL(')HL(LW € Lo, while the operator (12.7) acts in Ly (S) for each t € T and



MO £z, € Loo- Then the operators (12.4) and (12.5) act in each of the spaces
X =[Ly — Ly] and Y = [Ly; < Lys|. Moreover, the estimates

(12.38)  IILlpo < s = 1) g e 1Mz < It = 1M, e

are true. If, in addition, the Young function M satisfies the inequalities (12.35), then
the operators (12.4) and (12.5) act in the Orlicz space Ly (T x S).

O For the proof it suffices to remark that X is isomorphic to Y and, under the
additional hypothesis (12.35), X is isomorphic to Ly (T x S). The assertion follows
then from Theorem 12.10. W

We suppose now that M; = N; (i = 1,2) and My < My. Let V = Lo(5) if My £ M,
and V = Lg(S) otherwise, where R is defined as in Theorem 12.10. Similarly, we define
U with S replaced by T'. The following theorem is a natural generalization of Theorem
12.11.

Theorem 12.12. Suppose that the operator (12.6) acts between Ly, (T') and L, (T)
for each s € S and |L(-)|| € V, while the operator (12.7) acts between Ly, (S)
and Ly, (S) for each t € T and ||M(-)|| € U. Then the operators (12.4) and (12.5)
act between the spaces X € {[Lay, — Lagl, [Ly, «— Lay)} and Y € {[Ly, —
Lagl, [La, < Lagl}. If, in addition, the Young functions My and My satisfy the
inequalities (12.35), then the operators (12.4) and (12.5) act between the Orlicz spaces
LMl(T X S) and LMQ(T X S)

We remark that the norms of the operators (12.4) and (12.5) may be estimated by
the formulas (12.36) and (12.37).

A crucial hypothesis in the Theorems 12.10 - 12.12 is the acting of the linear integral
operators (12.6) and (12.7) between suitable Orlicz spaces. Some simple and effectively
verifiable acting conditions for such operators between Orlicz spaces are well known
(see e.g. KRASNOSELSKIJ-RUTITSKIJ [1958] or RAO-REN [1991]). More general acting
conditions may be found in ZABREJKO [1968|.

The Theorems 12.10 and 12.11 do not contain regularity conditions for the operators
(12.4) and (12.5). Such conditions follow from Theorems 12.2 - 12.5 if in these theorems
we choose U; = Ly, (T) and V; = Ly,(S) (i = 1,2). The simplest conditions we can
obtain are those achived by the general Theorem 12.6. In fact, according to Lemma
12.2 the inclusions [LMz — LNz] - [LMz — LNz] and [LMz — LNl] - [LMZ — LNz] are
true if the conditions

(A;) N;(u)M;(vw) < a; + Ny (byuv) M;(cw) (v > )
and
(B;) M;(u)N;(vw) < @; + M;(byuv) N;(Gw) (v>7),

are satisfied, where a;, b;, ¢;, v;, @, b_i, ¢;, and U; are positive constants (i = 1,2). Applying
Theorem 12.6 to our choice of U; and V; (i = 1,2) and using the explicit formulas for the
multiplicator spaces Ly, /Ly, and Ly, /Ly,, we arrive at the following results which is
parallel to Theorem 12.7:



Theorem 12.13. Suppose that Ny = Ny and

where

Lgr(S) otherwise.
Here the Young function R in the last case is given by
R(u) = sup {Na(uv) — Ny(v) : 0 < v < o0}.

Then the partial integral operator (12.4) acts between the spaces X and Y according to
Table 3 below and is reqular.

Similarly, suppose that My < My and
(12.40) m € [U, Ly,, Lny; 0],

where

[ L(T) M A M,
N Lr(T) otherwise.
Here the Young function R in the last case is given by
R(u) = sup {Ma(uv) — M;(v) : 0 < v < co}.

Then the partial integral operator (12.5) acts between the spaces X andY according to
Table 4 below and is reqular.

X = [LMl - LNl] [LMl - LNl] [LMl — LN1] [LM1 — LNJ
Y = [LMQ _ LNQ] [LMQ — LNQ] [LMQ — LNZ] [LMQ — LNZ}
(t,S,T) B1 Bl,BQ BQ
(t,T,S) B2 A1 Al,BQ
(S,t,T) Bl,Ag Bl A2

(8,7', t) Bl,AQ Bl A2

(7', S, t) A2 Al, AQ Al

(7', t, S) BQ Al Al, BQ

Table 3

X = || [Lan, = L] | [Lasy = L] | [Lagy — L] | [Lagy = L]
Y = [LMQ _ LNQ] [LMQ <_ LNQ] [LMQ _ LNQ] [LM2 <_ LN2]
(t, S,O') B2 Al Al,BQ
(t,0'7 8) B2 Al Al,BQ
(S,t,O') A2 Al,Ag Al
(S,O', t) Bl,AQ Bl A2
(O',t, S) Bl Bl,BQ BQ
(O’,S,t) Bl,AQ Bl A2

Table 4



We point out that the inclusions (12.39) and (12.40) are usually checked by majorant
techniques. For example, (12.39) is certainly satisfied if

|l(t> S, T)l < Z ai(t)bi(s)ci(T)v

where a; € L, (T), by € V, and ¢; € Ly Finally, since [Ly, — Ly] is isomorphic to
[Lasr < L) from Theorem 12.13 we get the following

Theorem 12.14. Suppose that | € [Lys, Loo, L3 0] for some 0" = (07, 60,,0%) and
m € [Loo, Las, L3 0"] for some 0" = (07,05,0%). Then the partial integral operators
(12.4) and (12.5) are regular in the spaces [Lyy — L) and [Las < Ly If, in addition,
the Young function M satisfies the inequality (12.35), then the operators (12.4) and
(12.5) are regular in the Orlicz space Ly (T x S).

12.4. Operator functions with values in L,(Ls) and L,(L,)

Let J be a bounded or unbounded interval in R. We suppose now that the functions
¢, I, m, and n in (11.2) - (11.5) depend on a parameter ¢ € J. This means that we
replace the operator (11.1) by the operator function

(12.41) P(p) = C(p) + L(p) + M(p) + N(¢),
with
(12.42) C(p)z(t,s) = c(p,t, s)x(t, s),

b
(12.43) L(p)z(t,s) = / l(p,t, s, 7)x(T,s)dr,
(12.44) M(p)x(t,s) = / m(p,t,s,0)x(t,o)do,
and

(12.45) N(gp)x(t,s):/ / n(e,t, s, 7,0)x(r,0)do dr.

We recall that an operator function ¢ +— P(¢) with values in the space L,(X) is
called strongly continuous at ¢g if lim ||P(¢)z — P(pg)z||x = 0 for any € X, and
)

norm-continuous at g if lim ||P(p) — P(SOO)HL(X) = 0.
=00

The operator functions (12.42) - (12.45) defines a family of operators in the space
L,(X) operators, depending on the parameter . Each such operator is uniquely defined
by the corresponding function ¢(¢p, -, ), l(¢, -, -, -), m(p, -, -, +), and n(¢p, -, -, -, -). Therefore
it is natural to expect that the norm continuity or strong continuity of the operator
functions (12.42) - (12.45) is equivalent (in some sense to be made precise) to the
continuous dependence of the functions ¢, [, m, and n on . However, as was shown



in KRASNOSEL'SKIJ-KREJN [1955], this is not true even for simple operators arising
in nonlinear mechanics (see also ZABREJKO-KOLESOV-KRASNOSEL'SKIJ [1969]). The
Examples 13.2, 13.3, and 13.4 of the following section show, in particular, that the
norm continuity or strong continuity of the operator function (12.41) is not guaranteed
by the continuous dependence of the functions ¢, [, m, and n on .

In view of such examples, it is of interest to find conditions of the functions c,
[, m, and n, possibly both necessary and sufficient, for the strong continuity or norm
continuity of the operator function (12.41). This is still an open problem. The theorems
we are going to present below are of somewhat different nature, although they contain
conditions for the norm continuity or strong continuity of the operator function (12.41).

If one can calculate (or estimate) the norm of the operator P(¢) in some Banach
space X for each ¢ € J, then finding conditions for the norm-continuity of the operator
function (12.41) in L(X) reduces to calculating the norm of P(¢) — P(pq). Conditions
for the strong continuity of the operator function (12.41) may be obtained by means
of the Banach-Steinhaus theorem. To this end, one has to find conditions for the
convergence P(p)r — P(po)z, as ¢ — g, on some set of functions x whose linear
hull is dense in X. As a matter of fact, different choices of functions x lead then to
different conditions of strong continuity.

Usually these schemes are easily realized for particular functional spaces. The cases
X = C([a,b] x [¢,d]) and X = L,([a,b] x [¢,d]) (1 < p < o0) are considered below.
Analogous results hold for ideal spaces with mixed norm and, in particular, for the
Orlicz spaces with mixed norm considered in the last subsection.

Let D = [a,b] x [c,d] and let

rierto) = ot o) + [ gt lar+ [ imot.s,0)ldo

/ / In(p,t,s,7,0)|dodr.

Criteria for the strong continuity of the operator function (12.41) in L(Ly) and in
L(L,) are contained in the following two theorems.

(12.46)

Theorem 12.15. The operator function (12.41) is strongly continuous in the space
L(Ls) if and only if the function (12.46) is essentially bounded on J x D for each
bounded interval J C R, the vector function ¢ — c(yp, -, ) is continuous as a function
with values in L (D), and the vector functions

90'_)/ Z(QO,',',T)dT, ()0'_)/ m(@?‘f? 07 (10'_>/ / 907 y 5T, 0 dO’dT

are continuous for each u € la,b], v € [c,d], and (u,v) € D, respectively, as functions
with values in Lo (D).

Theorem 12.16. The operator function (12.41) is strongly continuous in the space
L(Ly) if and only if the following conditions are satisfied:



(a) The function

b d b d
o lelo,t, )|+ / o, 7 5, 6)| dr + / m(e,t,0, )| do+ / / (g, 7,0, t,5)| dr do

is bounded, for almost all (t,s), on each bounded interval J C R.

(b) The vector function ¢ +— c(p,-, ) is continuous as a function with values in
Loo(D).

(c) The the vector functions

()0'_>/ Z(QO,',‘,T)dT, ()DH/ m(go,~,-,a)da, (10'_>/ / n((p,',-,T,O')dO'dT

are continuous for each u € |a,b], v € [c,d], and (u,v) € D, respectively, as functions
with values in Ly (D).

O For the proof of Theorem 12.15 and Theorem 12.16 it suffices to remark that the
strong continuity of the operator function (12.41) in these spaces is equivalent to the
strong continuity of the operator functions (12.42) - (12.45). Now, as dense set in X
we choose the linear hull of functions x(u,t)k(v,s), where a <u < b, ¢ < v <d,

1 if a<t<u, 1 if c<s<w,
/{(U, t) = /’{(U’ S) =
0 if u<t<b, 0 if v<s<d.
Applying now Theorem 12.15 we get the required conclusions. W

Let U = Ly([a,b]), V = Ly([c,d]), and L, = L,(D) (1 < p < 00). As above, we
denote by [L, < U], [L, < V], and [L, < L;] the spaces with mixed norms

2L, —v) = [I(t, s) = llz(t, s, )lvllL,
ylliz,—v) = I, 8) = lly(t, s, ) llv]L,,
and
2Ly = (E, 8) = [[2(E 8,5 )| 2, -

The following criterion for the norm continuity of the operator function (12.41) in
L(Ls) and L(L,) follows from Theorem 12.5.

Theorem 12.17. The operator function (12.41) is norm continuous in £(Ls) (in
L(Ly), respectively), if and only if the functions ¢ — c(p, ), © — l(p,- "), ¢ —
m(@? 5 ’)7 and ¢ — n(gp, EREEE) ) (90 = C(@v R ')) ¥ l(@? RRS ')7 12 m(907 ) ')7 and
@ — n(p, -, - ), respectively), are continuous as vector functions with the values in
Lo, [Loo < U], [Loo < V], and [Lo « L], respectively.

12.5. Operator functions with values in L,(L,)

Unfortunately, necessary and sufficient conditions for the strong continuity or norm
continuity of the operator function (12.41) with values in L,(L,) for 1 < p < oo are
unknown. However, if we replace L, (L) by the space L, (L,) of regular operators (11.1),
one can give some conditions.



Recall that the sets R (ﬁ\/), Rﬁ(ﬁ\/), and R\([,\/) are defined by the norms (11.21),

(11.22), and (11.23), respectively, for X =Y = L,. All these sets are ideal Banach
spaces. The regularity of the operator (11.1) in L, is equivalent to the four inclusions

c€ Ly, le RI(E\/), m € R@(ﬁ\/) and n € Ry (C\/). Checking the last three inclusions
is difficult because of the complexity of spaces RI(E\/>7 Ry (E\/), and R\(ﬁ\/).

We will say that the operator function (12.41) with values in L7(L,) is absolutely
strongly continuous at g if |P(¢) — P(po)|x — 0 for ¢ — ¢ and for any x € L, and
absolutely norm continuous at g if || |[P(¢) — P(po)| || — 0 for ¢ — ¢y).

Of course, the strong continuity (norm continuity) of the operator function (12.41)
in L,(L,) follows from its absolute strong continuity (absolute norm continuity). The
converse is not true for 1 < p < oo. Since |P(¢) — P(vo)| =]P(¢) — P(po)| for
the operator function (12.41) with values in L)(L,), its absolute strong continuity
(absolute norm continuity) is equivalent to the absolute strong continuity (absolute
norm continuity) of the operator functions (12.43) - (12.46).

The following criterion for the absolute strong continuity of the operator function
(12.41) with values in L(L,) follows from the last statement and the of Banach-
Steinhaus theorem.

Theorem 12.18. Let 1 < p < oo. The operator function (12.41) with values
in L,(Ly,) is absolutely strongly continuous if and only if the following conditions are
satisfied:

(a) the function ¢ — c(p,-,-) takes values in Lo(D), is bounded on each bounded
subset of J as function with values in Lo (D), and is continuous as function with values
in Ly(D);

(b) the functions @ — l(p,-,+,-), ¢ = m(p, - - ), and ¢ — n(p,-, -, -, ) take values
in Ry (E\/), R@(E\/), and R\(Eﬂ, respectively, and are bounded on each bounded subset
of J;

(c) for all y € la,b] and z € [c,d], the functions ¢ — (¢, ) X[ay(T), ¥ —
Mm@, )Xie(0), and @ — n(Q,-, -, )Xjayx[e: (T, ) are continuous from J into
(L, — X]|, [L, < Y], and [L, «— L], respectively.

We remark that, under the conditions of Theorem 12.18, the operator function
(12.41) takes its values in L,(L,) and is strongly continuous. The same is true if we
replace the condition (¢) in Theorem 12.18 by the condition

(c) for all y € [a,b] and z € [c,d], the functions

Y z Y z
SO'_)/ l(¢7'7'7T>d7-7 @H/ m<907'7'70->d0-7 SO'_)/ / n(g0,~,~,7,0)d7da

are continuous from J into L,.

Simple sufficient conditions for the norm continuity of the operator function (12.41)
with values in L (L,) are contained in the following theorem.

Theorem 12.19. Let 1 < p < oo and p~' + ¢~ = 1. The operator function (12.41)
is norm continuous in £ (Ly) if the following conditions are satisfied:



(a) the function ¢ — c(yp,-, ) is continuous as function with values in Ly (D);
(b) the function @ +— l(p,-,-,+) is continuous as function with values in one of the

spaces with mized norm [Log < [L, < L,|] or [Le < [Ly < L,]||, where the norm in
L,([a,b]), Ly([a,b]), and Ly ([c,d)) is calculated in the variablest, T, and s, respectively;

(¢) the function @ — m(p,-, -, ") is continuous as function with values in one of the
spaces with mized norm [Lo < [L, < L,|] or [Loo < [Ly < L], where the norm in
L,([e,d]), Ly([c,d]), and Ly ([a,b]) is calculated in the variables s, o, and t, respectively;

(d) the function ¢ — n(yp,-,-,-, ) is continuous as function with values in [L, < L,
or [L, < L], where the norm in L,(D) and L,(D)) is calculated in the variables (t, s)
and (7, 0), respectively.

O The proof follows simply by applying the Holder inequality and the generalized
Minkowski inequality. W



§ 13. Partial integral operators in the space C

In this section we give acting and boundedness conditions for partial integral operators
on the space C' = C([a,b] X [c,d]) which are both necessary and sufficient. Moreover,
we discuss some algebras and ideals of such operators, considered as subspaces of
the algebra £(C') of all bounded linear operators on C. We also study conditions for
the strong or norm continuity of operator functions whose values are partial integral
operators acting in C.

These problems are related to the solvability of the equation
(13.1) x(t,s) = Px(t,s) + f(t,s),
where f : [a,b] X [¢,d] — R is a given function and the operator P is a sum
(13.2) P=C+L+M+N

of the four operators

(13.3) Cz(t,s) = c(t, s)z(t,s),

(13.4) La(t, s) = / I(t, 5, 7)a(r, ) dr,
d

(13.5) M:E(t,s):/ m(t,s,o)x(t,o)do,

and

b pd
(13.6) Nx(t,s):/ / n(t,s, r,0)x(r,0)dr do.

The operators (13.4) and (13.5) are partial integral operators, while (13.6) is an ordinary
integral operator acting on functions over [a,b] X [c,d]. As we have seen in § 11, the
properties of the partial integral operator (13.2) heavily depend on the spaces in which
it is studied, and may be very different from those of an ordinary integral operator.

Simple acting and boundedness conditions for the operator (13.2) have been obtained
in KALITVIN-JANKELEVICH [1993] for scalar functions and in KALITVIN-JANKELEVICH
[1994| for vector functions. Our purpose here is two-fold: First, we give acting and
boundedness conditions for the operator (13.2) in the space C(D) (D = [a,b] X [c,d])
which are both necessary and sufficient, as well as some formulas for calculating or
estimating its norm. Second, we discuss some algebras and ideals of operators of the
form (13.2), considered as subspaces of the algebra £(C') of bounded linear operators on
C = C(D). Here we follow the recent article APPELL-FROLOVA-KALITVIN-ZABREJKO
[1996]. The main results of Subsection 13.4 are taken from FROLOVA-KALITVIN-ZABREJKO
[1997] and KALITVIN-FROLOVA [1995]. Other criteria for the boundedness of the
operator (13.2) may be found in FROLOVA [1995, 1996], for its compactness and weak
compactness in KALITVIN [1996b].



13.1. Weakly continuous functions

A crucial role in the investigation of partial integral operators in spaces of continuous
functions is played by the classical Radon theorem (GLIVENKO [1936], RADON [1919])
which states that any bounded linear operator A on the space C'(D) admits a representation
as a Stieltjes integral

Af(t, 3):/Df(7,o) dg(t,s,T,0)

involving a function g : D x D — R such that ¢(¢, s, -, ) is of bounded variation and
g(+, -, 7,0) is weakly continuous.

Recall that the function g(-,-,7,0) is called weakly continuous on D = [a,b] X [c, d]
if, for any sequence (t,,s,) € D with (t,,s,) — (t,s) and any continuous function
f D — R, the relation

im [ F(r0) duogltn, 57, 0) = / F(r0) dong(t, 5,7, 0)
D

n—oo D

holds. By the classical Riesz theorem, the weak continuity of g(-,-, 7,0) is equivalent
to the pointwise convergence of the sequence of bounded linear functionals

lf) = /D F(7,0) dragn(r,0)  (6a(7,0) = gltn, 50,7, 0))
to the bounded linear functional
Af) = /D F(r0) drog(r, o) (g(r,0) = g(t,5,7.0)).

For the pointwise convergence v, — < in turn it is necessary and sufficient that the
sequence (||v,||)n be bounded and ~,(f) — ~v(f) for f € F, with F' being an arbitrary
subset of C'(D) whose linear hull is dense in C'(D).

Let g, = gn(1,0) and g = g(7,0) be functions of bounded variation corresponding
to the functionals v, and =, respectively, i.e. Varp g, = ||v.|| and Varp g = ||7||. Then
the boundedness of the sequence (||v,||). is of course equivalent to the fact that all
functions g, (n = 1,2,3,...) have uniformly bounded variation. A suitable choice for
the set F' C C(D) is as follows: Since the set of all linear combinations of z(¢) = 1 and
all functions

E—t if a<t<ELD, n—s if ¢c<s<n<d,
e(t) = . Ty(s) = .
0 if a<&<t<b, 0 if c<n<s<d,

is dense in C([a, b]) and C([c,d]) respectivelly, we may put
F={1}U{ze:a<&{<b}U{x,:c<n<d}U{ze®@x,:a<E{<bec<n<d}

It is then not hard to verify the relations

(13.7) /Dl dg(t,s) = g(b,d) — g(a,d) — g(b,¢) + g(a,c) =: T,

I3
(13.8) /D we(t) dg(t,5) = / lg(t.d) — g(t, &)] dt + [g(a. ) — gla D)(€ — a) =: T,



139) [ w(s)datt,) = [ lafb.5) = glas) ds -+ lafa.c) (b0~ ) =i T,
and
§ 13
ze(t)x,(s)dg(t,s) = g(t,s)dtds — (n—c) | g(t,c)dt
I T ey
6= [ gles)ds + glac)¢ - ) - ) = Teyy

Consequently, the convergence 7, (1) — (1), yn(xe) — Y(xe), Ynl(zy) — (), and
Yo (Te ® ) — v(ze ® x,)) means precisely that

(13.11) gn(b,d) — gn(a,d) — gn(b,¢) + gn(a,c) — T,
13
(13.12) / [gn(t,d) — gu(t, ¢)] dt + [gn(a, ¢) — gnla,d)](§ —a) — T,
(13.13) [ 19:0:5) = gula )] ds + a(0.0) = gu(b 00— ) — T
and
& 3

/ / gn(t,s)dtds — (n — c)/ gn(t,c)dt

(13.14) a Je a

_(5 - CL) /v77 gn(a7 8) ds + gn(a’ C)({ - a)(n - C) - Ffﬂl

as n — oo, for all £ € [a,b] and n € [¢,d]. In this way, we have proved the following

Lemma 13.1. The function g(t,s,-,-) is of bounded variation for each (t,s) € D,
and the function g(-,-,T,0) is weakly continuous for each (1,0) € D if and only if

sup {Varp g(t,s,-,-) : (t,s) € D} < o0

and the relations (13.11) - (13.14) hold.

13.2. Acting and boundedness conditions

Now we are going to derive an acting condition (both necessary and sufficient) for
the operator (13.2) in the space C'(D) which also ensures its boundedness. To this end,
we put

g(t,s,7,0) :=c(t,s)k(t, s, 7,0) + /T [(t,s,T)dT k(s,0)
(13.15)

+/ m(t,s,&)d&m(t,7‘)+/ / n(t,s, 7,0)de d7,



where
1 if 72t>a or 7>t=a,
k(t,T) =

if 7T<t<b or T=t=a,

(5.0) 1 if 6>s>c or 0>s=rc,
k(s,0) =
7 0 if o<s<d or oc=s=c¢,

and

1 if 72t>aando>s>c, orTt>t=aand o > s=c,
(t,s,7,0) = .
0 if 7<t<b,o<s<d, T=t=a, orc=s=c.

Obviously, ¢g(t,s,a,d) = g(t, s,b,c) = g(t,s,a,c) = 0 and

b d b pd
g(t,s,b,d):c(t,s)—i-/ l(t,s,T)dT—i—/ m(t,s,a)da+/ / n(t,s,r,0)dodr.

Putting now (13.15) into (13.7) - (13.10) we obtain

b d b pd
(13.16) I'(t,s) :c(t,s)+/ I(t,s,T) dT+/ m(t,s,o) da—l—/ / n(t,s,7,0)dodr,

¢ d
Fg(t,s):/ {[c(t,s)+/ m(t,s, o) do|k(t,T)

(13.17) p
+(&—7)[l(t,s,7) —I—/ n(t,s,7,0)do]}dr,
Ly(t,s) = /n{[c(t,s) +/ l(t,s,7)dr]k(s,0)
(13.18) ; .
+(n—o)[m(t,s,o) + / n(t,s,7,0)dr|}do,
and
(13.19) Len(t,s) / / (t,s)k(t, s, 7,0) 4+ (£ — 7)l(t, s, T)K(s,0)

+(n—o)ml(t,s,o)k(t,7)+ (£ —7)(n — o)n(t,s, 7,0)| do dr.

Finally, we put
(13.20)

b d b pd
f(t,s):|c(t,s)\+/ |l(t,s,r)|d7'+/ |m(t,s,0)|d0+/ / \n(t,s,r,0)|dodr.

Theorem 13.1. The linear operator (13.2) acts in the space C(D) if and only if the
functions (13.16) - (13.19) are continuous on D for all fixed (£,m), and the function



(13.20) is bounded on D. In this case the operator (13.2) is automatically bounded on
C(D), and its norm is given by

(13.21) 1Pllsc) = sup{T(t, ) : (t,5) € D}.

O Suppose first that the operator (13.2) acts in C'(D). It is known that this operator
is then automatically bounded (KALITVIN-JANKELEVICH [1994]) and, by Radon’s
theorem, admits a representation

b pd
(13.22) Px(t,s):/ / x(r,0)dg(t, s, T,0),

where the function g is given by (13.15) and has the property that g(¢,s,-,-) is of
bounded variation and g(+, -, 7, 0) is weakly continuous. The weak continuity of (-, -, 7, o)
is equivalent, as we have seen, to the continuity of the functions (13.16) - (13.19). On
the other hand, the boundedness of the function (13.20) follows from the fact that
g(t,s,-,-) is of bounded variation; we claim that

(13.23) Varp g(t, s,-,-) = L(t, 5).

To prove (13.23), let (¢,s) be a fixed interior point of D, choose points u € (a,t),
€ (t,b), p € (¢,s), and ¢ € (s,d), and split the rectangle D = [a,b] X [c, d] into the 9
parts Dl = [CL7U] X [C7p]7 D2 = [aau] X [ 7Q]a D3 = [CL,U] X [ d] D4 - [u U] [%d]a

Ds = [u,v] X [p,q], Dg := [u,v] X [¢,p], D7 := [v,b] X [q,d], Ds := [v,b] X [p,q], and
Dy := [v,b] X [¢,p]. Then the total variation of g(t, s, ,~) on D is equal to the sum
of the variations of g(t,s,-,-) on D; (j = 1,...,9). Now, calculating the variation of

g(t,s,-,-)on D; (j=1,...,9) for u,v — t and p,q — s we get for the total variation
the formula
(13.24)

Varp g(t,s,-,+) = lim ZVarD glt,s,-")

u,v—t

pg—s j=1

t s t t d
:/ / ]n(t,s,T,a)\dadT—i-/ ]l(t,s,r)|d7‘+/ / \n(t,s,r,0)|dodr
dG/ C as a bS 4
+/ |m(t,s,a)|da+|c(t,s)|+/ |m(t,s,0)|da+/ / In(t, s, 7,0)|dodr
s c t s
b b s
—i—/ |l(t,3,7')|d7'+/ / In(t,s,,0)|dodr,
t t c

which proves (13.23). To see in turn that (13.24) is true consider, for example, the
“center rectangle” D5 = [u,v] X [p, q]. On this rectangle we have

g(t,s,7,0) :=c(t,s)k(t, s, T, 0)+/Tl(t $,7)d7 K(s,0)

/mtSUdU/itT // $,7,0)do dT.

Given ¢ > 0, choose a partition II of Dy such that the corresponding variation of
g(t, s, -, ) with respect to II is less than €. By the absolute continuity of the integral



and the definition of the functions k, we get |Varn g(t, s, -, -) — |c(t, s)|| < €, and hence
|Varp, g(t, s, -,-) — |e(t, s)|| < 2¢ for u,v — t and p,q — s. The other eight equalities
in (13.24) are proved similarly.

Conversely, suppose now that the functions (13.16) - (13.19) are continuous on D
for all fixed (£, 7), and the function (13.20) is bounded on D. This immediately implies
that g(t, s, -, ) is of bounded variation and g(-, -, 7, o) is weakly continuous. By Radon’s
theorem, the operator (13.2) is bounded on C(D).

Finally, let us prove the formula (13.21) for the norm of the operator (13.2). We
have

(13.25) 1P| ) = sup {||Px(t, s)|

C* : (t, 8) € D},

where Px(t,s) is considered, for fixed (¢,s) € D, as a bounded linear functional on
C(D). Therefore it suffices to prove that Varp g(¢, s, -, -) = ||Px(t, s)||c+ for fixed (¢, s) €
D. Given an arbitrary functional f € C*, let

g(1,0) =
(r:0) 0 if T=ao0ro=c,

{f(xm,) if a<7t<bandc<o<d,

where
1 for a<u<tandc<v <o,
Tro(U,v) ==

0 for T<u<boro<wv<d.

By the Riesz representation theorem for bounded linear functionals on C'(D) we have

fx) = /D £(r,0) dg(r, o),

where ¢ is of bounded variation with Varp g = ||f||c+. In particular, the function ¢
corresponding to the functional f = Px(t,s) € C* has the form

Grs(r,0) 1= et $)(t, 5,7, ) + / I(t, 5, 7) d7 & (s, 0)

(13.26) - o
+/ m(t,s,&)d&fi(tﬁ)—i-/ / n(t,s,7,6)do dr,
where
1 if a<t<7<h,
R(t,T) =
if a<rt<t<b,
1 if e<s<o<d,
R(s,0) =
0 if c<o<s<d,
and

( ) 1 if a<t<7<bandc<s<o<d,
Kk(t,s,T,0) =
0 if a<7t<t<borc<o<s<d.

A comparison of (13.15) and (13.26) shows that the functions g¢(¢,s,-,-) and ¢, have
the same total variation on D. Altogether we get

HPJI(t, 8)| cr = VarD Gt,s = VaI'D g(ta S, ) = f(t7 S)




which together with (13.25) completes the proof. W

We remark that the Radon representation of a bounded linear operator on C(D)
and, in particular, an arbitrary partial integral operator on C'(D), is in general not
unique. However, the representation (13.2) of the sum of operators (13.3) - (13.6) is
unique.

Since the functions (13.16) - (13.19) are rather messy, to verify their continuity may
be very hard in practice. It is therefore of practical interest to have easier acting (and
boundedness) conditions for the operator (13.2) in the space C'(D) at hand, even if
these conditions are only sufficient.

Here is one such condition. Let us call the kernel functions [, m and n in (13.4) -
(13.6) continuous in the whole if

b
lim / |l(t1, s1,7) — U(ta, s2,7)|dT =0,
"ﬁ}iiﬁ\i% a

d
lim / im(ty, s1,0) — mts, s5,0)| do = 0,
[t]—t2|—0

|s1—s2|—0 €

and

[t; —t2|—0
[s1—s2]/—0

b pd
lim / / In(t1, s1,7,0) — n(te, s2,7,0)|dodr = 0.

Theorem 13.2. Suppose that the function c is continuous, the kernel functions I,
m and n are continuous in the whole, and

A= sup [[[I(t,s, )] + |Im(t, s, )| + [|n(t, s, -, )[]] < oo,
(t,s)eD

where all norms are taken in the corresponding L, space. Then the linear operator
(13.2) is bounded in the space C(D), and its norm is given by

(13.27) 1Pllecy = sup [le(t, s)| + |1t s, )] + [lm(t, s, )| + [[n(t, s, -, )]

(t,s)eD

Of course, all hypotheses of Theorem 13.2 are satisfied if the functions ¢, [, m and
n are jointly continuous, but not vice versa. The hypotheses of Theorem 13.2 are also
satisfied if ||I(¢, s, )||r < Ai < 00, ||m(t, s, )||pe < Am < 00, ||n(t, s, )||or < A, < 00
(1 < p,q,r < ), the function ¢ is continuous, and the kernel functions I, m and
n are discontinuous only along finitely many surfaces with parameter representation
T=7(t,s) and 0 = o(t,s) (KALITVIN-JANKELEVICH [1994]).

13.3. Algebras of partial integral operators

In what follows, by £,(C') we denote the subspace of all operators of the form (13.2)
in the space £(C). Theorem 13.1 proved above allows us not only to characterize the



operators which belong to £,(C), but also to describe structural properties of the
subspace £,(C). We begin with the following

Theorem 13.3. The subspace £,(C) is closed in the algebra £(C).
O Let (P,), be a sequence of operators P, € £,(C), i.e.

P,x(t,s) = cu(t, s)x(t, s) +/ Ln(t, s, T)x(r,s)dr

d b rd
+/ mn(t,s,a)x(t,a)da+/ / n,(t,s,7,0)z(r,0)dodr,

which converges (in £(C)) to some operator P € £(C). Then the sequence (P,), is
Cauchy and fulfills, by Theorem 13.1, the relation

(13.28)

lim sup [|c,(t s) —¢;i(t, s |+/ \li(t,s, 7) —1;(t, s, 7)|dT

0.j—00 (¢ 5)eD
d
+/ |mi(t,s, o) —m;(t,s,o)|do —|—/ / ni(t,s,7,0) —n;i(t,s,7,0)|dodr| =0.
c a C
This is of course equivalent to the four relations

(13.29) lim sup |¢(t,s) —cj(t,s)] =0,

.= ({ 5)eD

(13.30) lim sup / \Li(t,s,7) —1;(t,s,7)|dr =0,
LI =00 (¢5)eD
(13.31) lim sup / |mi(t,s, o) —m;(t,s,o)|do =0,
1] 70 (¢.5)eD
and
(13.32) lim sup / / Ini(t,s,7,0) —ni(t,s,7,0)|dodr = 0.
LI 700 (¢ 5)eD

By (13.29), the sequence (c,,), is Cauchy in the space of all bounded functions on D
(with the sup norm), and hence

lim sup |cu(t,s) —c(t,s)| =0

n—=0 (¢.5)eD

for some bounded function ¢ on D. The relation (13.30) in turn shows that the sequence
(1,,)n is Cauchy in the complete space with mixed norm [L; — L] (see e. g. BENEDEK-
PANZONE [1961]), and hence

Tim {1, — i) 10 = 0



for some measurable function | € [L; — Lq]; more precisely, this means that there is
a nullset Dy C D such that

lim  sup /|l (t,s,7) —(t,s,7)|dr = 0.

n—o0 (t s GD\DQ

But for fixed (¢, s) € Dy the sequence (l,,(t, s, -)) is Cauchy in the space Ly = Li([a, b]),
and hence |[l,(t,s,-) — I(t,s,-)||r, — 0 for some function I(t,s,-) € Ly, as n — oo,
uniformly in (¢, s) € Dg, by (13.30). Consequently,

lim sup /|l (t,s,7) = I(t,s,7)|dr =0,

n=00 (¢,5)eD

where ~
I(t,s,7) if (t,s) € D\ Dy,
l(t,s,7) =< .
l(t,s,7) if (t,s) € Dy.

Likewise, one may construct functions m and n as limits of the sequences (m,,), and
(ny)n, respectively. Now we put

Px(t,s) := c(t,s)x(t, s) +/ l(t,s,T)x(T,s)dr

d b pd
+/ m(t,s,o)x(t,a)da—i—/ / n(t, s, r,0)x(r,0)dodr

and show that P € £,(C) and P = P. First of all, by the construction of the functions
¢, I, m and n, and the obvious estimate

(13.33)

|Pox(t,s) — Px(t,s)| < |en(t,s) — c(t,s)| |x(t,s)|
b d
+/ |l (t,s,7) —U(t, s, 7)| |x(T,s)| dr +/ |m,(t,s,0) —m(t,s,o)||x(t,o)| do

b pd
+/ / |, (t,s,7,0) —nl(t,s, 7,0)||z(r,0)| dodr

(x € C(D)) we see that P € £,(C). Moreover, we have

|P,, — Pllgcy < sup [|cn(ts ts|—l—/ |l (t,s,7) = I(t,s,T)|dT

(t,s)eD

+/ |mn(t,s,0)—m(t,s,0)|da+// \na(t,s,7,0) —n(t,s,7,0)|dodr| .

We conclude that P, — P in the norm of £(C), and hence P = P. B

The space £(C') is an algebra with respect to the usual composition of operators.
Therefore the natural question arises: Is the subspace £,(C) a subalgebra in £(C), or
even an ideal?



The answer to the second question is of course negative: To see this, it suffices to
compose, for example, an operator P € £,(C') with the operator which associates to
each x € C(D) the constant function y(t, s) = z(a, ¢). The answer to the first question,
however, is positive:

Theorem 13.4. The subspace £,(C) is a subalgebra of the algebra £(C). More
precisely, if P; € £,(C) is given by

Px(t,s) = ¢(t, s)x(t, s) —i—/ Li(t,s, 7)x(T,s)dr

d b pd
+/ m;(t,s,o)x(t,o)do —|—/ / ni(t,s, r,0)x(t,0)do dr,
(1 =1,2), then the operator P = P, P, is given by (13.33) where

c(t,s) == co(t, s)c1(t, s),
b
l(ta S, T) = CZ(ta S)ZI(ta S, T) + l2(t7 S, T)Cl(Ta 3) + / l2(t7 S, f)ll(ga S, 7-) d£7

d
it 5,0) = co(t, $)ma(t, 5,0) +malt, s, 0)er(t, o) + / ms(t, s, mym(t,m, o) dn,
and

n(tv S, T, 0) = 02<t7 S)nl(t7 s, T, U) + n?(ta S, T, U)Cl (7-7 U)
b
+12(t7 S, T)ml (T7 S, U) + m2(t7 S, U)ll(tv g, T) + / lQ(tv S, g)”’l (57 5T, U) df
d b ’
+ / m2(t7 S, n)nl(ta n,T, U) d77 + / n?(tv S, ga U)ll (67 g, 7—) dg

d b d
+/ n2(t7 S, T, U)m1<77 , U) d7l + / / n2(t7 S, 57 7])”1 (57 n,T, U) dT] df

O The proof of Theorem 13.4 is a straightforward consequence of Theorem 13.1
and Fubini’s theorem. W

By construction, every operator P € £,(C) is a sum of four operators, namely the
multiplication operator (13.3), the partial integral operators (13.4) and (13.5), and the
ordinary integral operator (13.6). It is natural to expect that, if such an operator P
acts in the space C(D), also all its components (13.3) - (13.6) act in the space C(D).
Surprisingly, this is not true, as is shown by the following

Example 13.1. Consider the decomposition of the square D := [0, 1] x [0, 1] into

the four subsquares Dy := [0,%] x [0,1], Dy := (5,1] x [0, 1], D3 := [0, 1] x (3, 1], and



Dy :=(3,1] x (3,1], and define P : C(D) — C(D) by

(t S if (t, S) € Dl,
if (¢ D
t_l/l/zx it (t,s) € Dy,
Pzx(t,s) :== < s
/ (1} if (t,S)EDg,
—1Jip
1 / / Ydodr if (t,s) €D
(1,0)dodr i .S )
| 2t =1)(25—1) Jiprye 4

A straightforward calculation shows that P € £,(C) with

( ) 1 if (t, S) € Dl,
c(t,s) =
0 if (t, S) € D2 U D3 @) D4,

0 if (t,s) € D1 U D3 U Dy,
l(t,s,T)= 2t2—1 if %<T§t§1and0§s§%,
0 if %§t<7§1and0§s§%,
0 if (t,s) € D1 U DyU Dy,
m(t,s,o) = %ilif§<ags§1mmogt§§
0 if $<s<o<land0<t<3,
and
0 if (¢,s) € D; U Dy U Ds,
n(t,s, 7,0) = (2]5_1)4(25_1) if%<7§t§1and%<a§s§1,
0 otherwise.

But neither of the single operators (13.3) - (13.6) generated by these functions acts in
the space C(D). B

In view of this counterexample, it is of interest to characterize the operators P &€
£,(C) with the additional property that all their components belong to £(C) as well.
Let us denote by £.(C), £,(C), £,,(C), and £,(C) the sets of all operators of the form
(13.3), (13.4), (13.5), and (13.6), respectively, acting in the space C(D). Thus we are
interested in describing the direct sum £5(C) := £.(C) & £,(C) @ £,,(C) ® £,(C) as
a subspace of £,(C).

Theorem 13.5. The subspace £x(C) is closed in the space £,(C).

O Suppose that the sequence (13.28) of operators P, € £5(C) converges in the
norm of £(C) to some operator P € £,(C). Then the equalities (13.29) - (13.32) hold,



by Theorem 13.1. Construct the functions ¢, [, m and n through the functions c,,
l,, m, and n, in the same way as in the proof of Theorem 13.3. We claim that the
corresponding operator (13.33) actually belongs to £5(C') and coincides with P.

First of all, the continuity of the functions ¢, implies that of the limit function ¢, and
thus the corresponding operator (13.3) acts in the space C'(D). Moreover, for x € C(D)
and fixed (o, s9) € D we have

b b
/l(t,s,T)x(T,s)dT—/ l(to, so, T)x(T, S0) dT

b b
< / [L(t,s,7) = L(t,s,7)||x(T,s)| dr +/ |l (to, S0, 7) — U(to, S0, T)| |2(T, S0)| dT

b b
+ / [l (t,s,7) — L, (to, So, T)]z(T, S0) dT +/ |l (t, s, 7)| |x(T,s) — x(7, so)| dr.

Every term in the right-hand side of this estimate tends to zero as (t,s) — (to, So)-
In fact, for the first two terms this follows from (13.30) and the boundedness of the
function z, for the third term from the continuity of the function t — L,x(t, sq), and
for the fourth term from the continuity of the function z and formula (13.21) for the
norm of P. We conclude that Lz € C'(D), hence L € £/(C).

The relations M € £,,(C) and N € £,(C) are proved by exactly the same reasoning.
It follows that P € £x(C), and so we are done. W

Theorem 13.6. The subspace £,(C) is an ideal in both the space £5(C) and the
space £,(C), and the subspace £5(C) is a subalgebra in the algebra £,(C').

O Let N be an integral operator of the form (13.6) generated by some kernel
function n = n(t, s, 7,0), and let P be a partial integral operator of the form (13.33)
which belongs to £5(C'). By Fubini’s theorem we have then

NPa(t,s) = / b / ' {C(T,a)ﬁ(t,s,f,aw / 1. o)t 5.6, 0) de

/an, n(t,s, ,1n) d77+// (t,s,&,mn (fn,TU)dndf] x(7,0) dodr,

as well as
b pd b
PNx(t,s):// [C(t,s)fz(t,s,T,a)—i-/ I(t,s,&)n(&, s, 1,0)d
/mtsn n(t,n,t,0) dn—l—// (t,s,&,mn fn,TU)dndf] x(7,0) dodr.

This shows that both NP and PN belong to £,(C). The second assertion follows from
the fact that £5(C) is stable under composition and and closed in £,(C). R

We remark that the space £,(C) is not an ideal in the whole algebra £(C).

13.4. Operator functions with values in £,(C)



Let again D = [a, b] X [c,d], and let J be a bounded or unbounded interval in R.. In
this subsection we study the strong and norm continuity of the operator function

b
P(p)z(t,s) = c(p,t, s)x(t, s) +/ lp,t, s, T)x(T,s)dr
(13.34) “

d b pd
+/ m(go,t,s,a)x(t,a)da+// n(p,t,s,7,0)x(r,0)dodr;

herec: JxD — R, : JxDx[a,b] = R,m: JxDx[c,d] - R,andn: JxDxD — R
are jointly measurable functions, and the integrals are meant in the Lebesgue sense.

For each fixed ¢ € J, the formula (13.34) defines a partial integral operator of the
form (13.2). We consider the operator function (13.34) with values in the space £,(X)
of partial integral operators which act in the space X = C(D).

The following three examples show that the norm continuity or strong continuity
of the operator function (13.34) is not equivalent to the continuous dependence of
the functions c(y, -, ), (¢, -, ), m(p,-,- ), n(p,-, -, -, -) on the parameter . In these
examples we assume throughout that J = [a,b] = [¢,d] = [0,1] and c(p,t,s) =
m(p,t,s,0) = n(p,t,s,7,0) = 0; thus, we work only with the kernel function [ =
l(p,t,s,T).

Example 13.2. Let

sin— if 0<p,t,s<land0<7 <1,
lptos,m)=4 V7
0 it 7=0.

The function [ is discontinuous at the point (0,0,0,0), but P(¢) is a norm continuous
operator function with values in £,(C). In fact, for each ¢ € [0, 1] the operator P(y)
acts in the space C'(D). From this and Theorem 13.1 we have

1
. P . %o
P _p _ r —\|dr <2lp —
H (90) (SDO)H A‘Slnﬁ Sln\/;‘ T > ‘90 900’7

which means that ||P(¢) — P(go)|| — 0 for ¢ — .

Observe that in Example 13.2 the function [(-,%,s,7) is continuous at 0 for each
(t,s,7) € [0,1] x [0,1] x [0,1]. In the following example, the function I(-,¢,s,7) is
discontinuous at 0 for each (t,s,7) € [0,1] x [0,1] x [0, 1]; nevertheless, P(y) is a
strongly continuous operator function with values in £,(C').

Example 13.3. Let

sin’ if 0<p<land0<ts71<1,
l(p,t,s,7) = ¢
0 it p=0.

It is obvious that the operator function P(-) takes values in £,(C) and is strongly
continuous at every point ¢y # 0. We show that P(-) is also strongly continuous at 0.
For continuous functions of the form z(¢, s) = u(t)v(s) we have

I[P(¢) — PO)zlc = max [o(s) / sin Z u(r) dr| = olc| / sin u(r) drije — 0

0<s<1



as ¢ — 0. Since || P(¢)|| < 1 and the linear hull of the functions of the form x(t,s) =
u(t)v(s) is dense in C(D), we conclude that P(p)z — P(0)z for any x € C(D), and
hence P(-) is strongly continuous. We remark that in this example the operator function
P(-) is not norm continuous.

Example 13.4. Let l(p,t,5,7) = 6(p)d(T) + lo(p,t,s,7), where Iy is a jointly
continuous on [0,1] x [0,1] x [0,1] x [0,1] and 0 is the Dirichlet function (i.e., the
characteristic function of [0, 1] N Q). Obviously, the function I(-, ¢, s, 7) is discontinuous
everywhere on [0,1] for each ¢, s, 7. On the other hand, P(-) takes values in £,(C) and
is norm continuous at any point ¢ € [0, 1].

Before stating conditions for the strong continuity or norm continuity of the operator
function (13.34), we have to introduce some notation. Let

b d
Blot.s) = eleitis) + [ ptis,n)dr+ [ metis,0)do

(13.35) o c
+// n(e,t,s,7,0)dodr,
¢ d
Bg(go,t,s):/ [(c(go,t,s)—l—/ m(go,t,s,a)da)/i(t,T)
(13.36) a e
+(¢ —T)(l(go,t,s,T) +/ n(p,t,s,7,0) da)] dr,
B, (p,t,s) :/n[(c(go,t,s)—l—/ l(go,t,s,T)dT)Fo(s,a)
(13.37) ; S
—i—(n—a)(m(gp,t,s,a)—i—/ n(p,t,s,7,0) dT)]dJ,
and
§
gy Dot = [ [Tt ntano) €=t s s

+(n—o)m(p,t,s,0)k(t,7) + (= 7)(n — o)n(e,t,s,7,0)dodr].

Moreover, we put

b d
it s) = le(iy 1, )] + / o t,5,7)] dr + / imlp,t,5,0)| do

b pd
+// In(p,t,s,7,0)|dodr,

{1 if r>t>aor7T>t=a,

(13.39)

where

K(t,T) =
0 if r<t<borrT=t=a,



(s.0) 1 if o>s>coro>s=c,
k(s,0):=
0 if o<s<doro=s=c,

and

1 if 7=2t>aando>s>cor7>t=aand o > s =c,
k(t, s, T,0) =

0 if r<t<b,o<s<d, T=t=a, oroc=s=c.
With the use of Theorem 13.1 one may then prove the following

Theorem 13.7. The operator function (13.34) is strongly continuous in the space
£(C) if and only if the functions (13.35) - (13.38) are continuous, and the function
(13.39) is bounded on each bounded subset of its domain of definition.

O Suppose that the operator function P(-) is strongly continuous in £(C'). Put
0 if a<é<t<c

and
n—s if ¢c<s<n<d,

0 if ce<n<s<d

Then the equalities
B(p,t,s) = P(o)L(t,s),  Belp,t,s) = P(p)re(t)1(s),
By(p.t,s) = P(o)L(t)wy(s),  Beylp,t,s) = P(p)ae(t)zy(s)

and the Banach-Steinhaus theorem imply the continuity of the functions (13.35) -
(13.38) and the boundedness of the function (13.39) on each bounded subset of its
domain of definition.

To prove the converse it suffices to show that the operator function ¢ — P(p)z is
continuous on J for = in some dense subset M C C. As set M we choose the linear
hull of the constant functions, the functions z¢ and x, as above, and their products.
In fact, the continuity of ¢ — P(p)x for these function is a direct consequence of
our assumption on the functions (13.35) - (13.38), and the assertion follows from the
linearity of P(¢). W

Since C(D) C Loo(D), another criterion for the strong continuity of the operator
function (13.34) in C(D) follows from Theorems 12.9 and 13.7:

Theorem 13.8. Suppose that the operator function (13.34) takes its values in £,(C).
Then it is strongly continuous if and only if the function (13.39) is bounded on J x D
for the each bounded interval J C R, the function ¢ — c(p,-,-) is continuous as a
function with values in C(D), and the functions

QDP_)/ l(¢7'7'77-)d7—7 @H/ m(gp,-,-,a)da, @H/ / TL(QO,',',T,O')CZO’CZT



are continuous for each u € [a,b], v € [c,d], and (u,v) € D, respectively, as functions
with values in C(D).

The following theorem gives a criterion for the norm continuity of the operator
function (13.34).

Theorem 13.9. Suppose that the values of the operator function (13.34) belong to
£,(C). Then (13.34) is norm continuous in £(C') at vy € J if and only if the function
c(+,t, s) continuous at pg, uniformly with respect to (t,s) € D, and the functions [, m,n
have the following properties:

(13.40) lim sup u({7: [l(p,t,s,7) = Upo,t,s,7)] > 0}) =0,

P00 (t,5)eD

(13.41) lim sup / (o, t,s,7) — Upo,t,s,7)|dr =0,

fA)—>0 t,s)eD

(13.42) lim sup p({o:|m(e,t,s,0) —m(po,t,s,o)] >0})=0,

$=%0 (1,5)eD

(13.43) Jim  sup / Im(p,t,s,0) —m(po,t,s, o) do =0,

u(B)—»O (t,s)eD

(1344) lim sup M({(T7 U) : |n<907t7577—7 O-) - n((ﬂo,t,S,T, 0)’ > 9}) = 07

$=%0 (t,5)€D

—

(A u(B)—o (:8)ED

(13.45) lim sup / / In(p,t,s,7,0) —n(go,t,s,7,0)| dodr =0.

O Let P(-) be norm continuous in £,(C) at ¢y € J. Then we have, by Theorem
13.1,

(13.46) lim sup [e(p,t,5) = c(po,t, )] =0,

PP (t,5)eD

(13.47) lim sup / (o, t,s,7) = l(po,t,s,7T)|dr =0,
PTP0 (t,s)ED

(13.48) lim sup / Im(p,t,s,0) —m(po,t,s, o) do =0,

PP0 (t,5)eD
and

b pd

(13.49) lim sup // In(p,t,s,7,0) —n(po,t,s,7,0)| dodr =0.

=0 (1.s)eD Ja



Thus, the statement of the theorem for the function ¢ follows from the equality (13.46).
Further, the equality (13.47) and the estimates

u(({T:\(go,tST)—l(gpo,tST\>9} / (o, t,s,7) = Upo,t,s,7)| dT

and ,
/ gty 5,7) — (g0, 1,5, 7)| dr < / Up.t,5,7) — Loty 5,7)] dr
A a

imply (13.40) and (13.41). The equalities (13.42) - (13.45) are proved analogously.

Conversely, suppose that P(p) € £,(C) for each ¢ € J, the function c(-,¢,s) is
continuous at ¢y, uniformly with respect (¢, s) € D, and the equalities (13.40) - (13.45)
are satisfied. By Theorem 13.1 it suffices again to show that the equalities (13.46) -
(13.49) hold.

Equality (13.46) is evident; let us show (13.47). Choose € > 0, § = ¢/2(b — a), and
consider the unequality

b
/ ‘K@a ta S>T) - 1(9007 ta S>T)| dr S 0<b - CL) +/ |l(907t7 S, 7—) - l(gp07t7 S, 7—)‘ dT?
a A

where A = {7 : |l(¢,t,s,T7) — l(po,t,s,7)] > 0}. By (13.40), the relation

lim sup p(A)=0
P—%0 (t,s)eD

is correct, and hence, by (13.41),

lim sup /]l o, t,5,7) — (o, t,s,T)| dr = 0.

P00 (t,5)eD

Consequently,

SUP/|ls0>7587)—l(g00,t37)|dr< (b—a)+§:€

(t,s)eD

2(b—a)

for ¢ sufficiently close to ¢g. Since £ > 0 is arbitrary, the equality (13.47) is proved.
The equalities (13.48) - (13.49) are proved similarly. W

The hypotheses of Theorem 13.9 are of course satisfied if ¢, [, m, and n are jointly
continuous. Other classes of functions ¢, [, m,n for which the hypotheses of Theorem
13.9 are satisfied will be given in the following Theorem 13.10.

Let us say that the functions [, m and n are L;-continuous at (o, to, So) if

b
(13.50) lir%/ ll(p,t,s,7) — l(po, to, S0, T)|dT = 0,
d
(1351) lim ‘m<907t7370) - m(SO()?tUaSOaO-)’dO- = 07

—
TOC



and

b pd
(13.52) lim// In(p,t,s,7,0) — n(go, to, So, 7, 0)| dodr =0,

—
rOa

where 7 = | — po| + |t — to| + |5 — so|. Moreover, let us call these functions L, -bounded
at p € J if

(13.53) sup / ll(p,t,s,7)|dr = L(p) <
(t,s)eD

(13.54) sup / Im(p,t,s,0)|do = M(p) < oo,
(t,s)eD

and

(13.55) sup // n(p.t,s,7,0)| dodr = N(p) <

(t,s)eD

Theorem 13.10. Suppose that the function c is jointly continuous, and the functions
Lo, 0), m(p, - +), and n(p, -, -, - +) are Ly-continuous and Li-bounded for each .
Then the operator function P(-) is norm continuous in the space £(C').

O First of all, the continuity of the function ¢ and the L;-continuity and L;-
boundedness of the functions [, m and n at ¢ are obviously sufficient for the operator
P(p) to act in C(D). Given ¢, € J, we show that SDlirg |P(¢) — P(wo)|| = 0. We have

—%0

1P(¢) = P(eo)ll = sup I[P(¢) = P(go)]

= sup max P 2(t, s
Hz||£1(t$)€D‘ ) (900)]( )|

b
< — —
(13.56) < max lelp,t,5) = c(po.t, s)[ + max/ (.1, 5,7) = U, T, 5,7)| dT

+ max / |m(p,t,s,0) —m(po,t,s,o)do
(t,s)eD

+ max // In(p,t,s,7,0) —n(po,t,s,7,0)|dodr.

(t,s)eD J,

Since the function ¢(-,t, s) is continuous at ¢y and the functions I, m and n are L;-
continuous, for each € > 0 we can find a 9 > 0 such that

£
|C(¢7t78) - C(@O,t, S)| < 17

/ ll(p,t,s,7) — l(po, t,s,T)|dr < Z

/ Im(p,t,s,0) —m(po,t,s,0)|do < Z,



and
b pd -
// |n(<,0,t,s,7',a)—n(cpo,t,s,r,a)|dadr<Z for | — po| < 0.

Combining these inequalities and using (13.56) we get || P(¢)—P(o)|| < € for [p—po| <
0 which proves the assertion. W

The hypotheses of Theorem 13.10 and, in particular, the Li-continuity of the kernels
[, m and n hold if [, m and n are jointly continuous. However, as was shown in
FROLOVA-KALITVIN-ZABREJKO [1997] and KALITVIN-FROLOVA [1995], the kernel
functions I, m and n are still L;-continuous if they are discontinuous only along
finitely many surfaces with continuous parameter representations 7 = 7(ip,t,s) and
o=o(p,t,s).

We point out that many partial integral equations which arise in applications have
to be considered, for physical reasons, neither in ideal spaces nor in spaces of continuous
functions. Therefore, partial integral equations in other spaces are of particular interest,
as those studied in KALITVIN-JANKELEVICH [1994], KALITVIN-DEMANOVA [1995],
KALITVIN-KOLESNIKOVA [1995], or KALITVIN-NASONOV [1996].



§ 14. Spectral properties

In this section we study some spectral properties of the partial integral operator
(11.1). Unfortunately, very few is known on the spectrum of this operator in the general
case. For special classes of partial integral operators, however, some information is
available. We illustrate this in the present section for the operator

(14.1) Kx(t, s) :/Tl(t,r) T,8) du(T /m s,0)x(t, o) dv(o).

This operator is general enough to cover various classes of equations arising in applications,
and, on the other hand, special enough to admit a precise description of its spectral
properties.

14.1. The essential spectrum of a bounded linear operator

Let us recall some notions from the general spectral theory of bounded linear
operators. Given such an operator A in a complex Banach space X, we denote, as
usual, by p(A) the resolvent set, by o(A) the spectrum, and by r,(A) the spectral
radius of A. Important subsets of 0(A) are the point spectrum

gp(A) ={A: A€ C, (A — AI)x = 0 for some x with ||x||x =1}
(consisting of all eigenvalues of A), the limit spectrum
o(A)={A: A€ C,(A — \I)x,, — 0 for some sequence (xy,), with ||x,||x = 1},
and the defect spectrum
gi(A) ={A: X € C, (A — AI)"x}, — 0 for some sequence (x},), with ||x}||x+ =1}
of A. Thus, A\ € 0;(A) means that
(142) 1Az = al| > cllal| (= € X)

for some ¢ > 0. Moreover, by 0, (A) and o_(A) we denote the sets of all A € C such that
the dimension n4 (A — AI) of the nullspace of A — Al and the codimension n_(A — \I)
of the range of A — \I, respectively, are infinite or the range of A — Al is not closed.
Finally, ind (A — AI) = n (A —AX) —n_(A — A) is the index of A, and (A, A) is the
algebraic multiplicity of an eigenvalue A € g,(A).

We recall that there are various definitions of the essential spectrum of A. The most
important ones are the sets

oek(A) = 04 (A)Na_(A),
Oew(A) = 04 (A) Uo_(A),

and
Oes(A) = 0o (A) U{N 1 XA € 0(A),0 # ind (A — M) < oo}

they are called the essential spectrum of A in the sense of KATO [1966], WOLF [1959],
and SCHECHTER [1965]|, respectively. Moreover, a point A € o(A) belongs to the



essential spectrum o, (A) in the sense of BROWDER [1960] if either the range of A — AT
is not closed, or \ is an accumulation point of 0(A), or A is an eigenvalue of A of infinite
multiplicity. Thus, A & 0., (A) means that A — Al is Fredholm, A € o.5(A) means that
A— I is Fredholm of index zero, and A € o¢,(A) means that X is an isolated eigenvalue
of finite multiplicity.

All sets mentioned above are closed subsets of o(A), hence compact. For further
reference, we recall some relations between these subsets (see e.g. KATO [1966], KREIN
[1971] or ISHINOSE [1978, 1978a]).

Lemma 14.1. The following inclusions are true, where OM denotes the boundary
of a set M C C:

(a) Uek<A> g er(A) g Ues(A) g Ueb<A);

(b) oek(A) U 0y(A) = au(A);

(¢) Ooep(A) C Does(A) C Doey(A) C doy (A),00_(A) C Doer(A);

(d) 00(A) = [0(A) \ 0e(A)] U oep(A) C Ooy(A).

Moreover, the equalities

o (A) ={A: ea (4}, o (A)={ A€o (A},

and
Oer(A*) = N X € 0ai(A)}, 0es(AY) = {A: X € 0es(A)}, Tew(A®) = {X: X € 0ew(A)}
hold.

It is not hard to see that o(A) = 0;(A)US,(A), where S,.(A) = {A: A € o(A), ||(A—
M )z|| > ¢||z]|, x € X, ¢ > 0} is an open set. We also mention the following perturbation
result (KATO [1966], KREJN [1971]): if A & 04,(A) (a € {es,ew,+,—}) and B is
a compact linear operator in X or an operator with sufficiently small norm, then
ANZ o, (A+ B).

In the case of a compact operator A we have o,(A) = {0} (a € {+,—, ew, es, eb})

and 0y(A) = 04(A) = o(A). Spectral mapping results like o(A?) = 0(A)? and 0,(A?) =
0.(A)?, where a € {+, —, [, ew, eb, p} may be found in ICHINOSE [1978].

14.2. Application to partial integral operators in L,

Since the operator (14.1) contains the special kernels [ = [(¢t,7) and m = m(s, o), it
is natural to study also the corresponding ordinary integral operators

(14.3) Fu(t) = /T It Yu(r) dp(r)
and
(14.4) No(s) = /5 m(s, 0)0(0) di(o),

and to try to get information on the spectrum of the operator (14.1) in terms of the
spectrum of these operators. In fact, one may write the operator (14.1) in the form

(14.5) K = L®I + I®M,



where A® B denotes the closure of the operator A® B which acts on all linear combinations
of the functions (u ® v)(t,s) = u(t)v(s), i.e.

~®]) (iui(}g}vi):iiui@w, I®M <Z“Z®U2>:iui®]\2’vi'
=1 =1 =1

By (14.5), the space in which we study the operator K should therefore be chosen
as completion of a tensor product of two function spaces which are “natural” for the
operators L and M. For example, this could be the Lebesgue space L »(T x S) for
1 < p < oo or, more generally, a separable ideal space over T' x .S with mixed norm.

The basic facts which will be proved in this subsection are due to KALITVIN [1984,
1985, 1985a, 1986a, 1988a, 1988b|. For L,(7'x.S) (1 < p < co) and for spaces with mixed
norms which are are quasi-uniform crossnorms they follow from results by ISHINOSE
[1978, 1978a], while the case of general mixed norms was considered in KALITVIN [1986,
1986a]. Recall that a crossnorm ||-|| on a tensor product X ® Y is called quasi-uniform
if, for any two operators A € £(X) and B € £(Y), one has

[(A® B) (Zu1®vl>l\<CI\AHz )| 1Bllev quz@@wl!

for some ¢ > 1; if one may choose ¢ = 1 in this estimate, the crossnorm is called
uniform.

Some properties of the operator (14.1) in case of degenerate or Jordan kernels have
been studied in VITOVA [1975, 1976, 1977, 1984], and in case of symmetric kernels in
LIKHTARNIKOV [1974, 1975| and LIKHTARNIKOV-VITOVA [1975]. If the sets S and T
are compact and the kernels [ and m in (14.1) are jointly continuous, the results of
[SHINOSE [1978] may be used to get analogous results for K in the space C(T x S).

In this subsection we suppose throughout that the operator (14.3) acts in the space
Ly(T'), and the operator (14.4) acts in the space Lo(.S). By Theorem 12.1, the operator
(14.1) acts then in the space Lo(T x S) which may be represented as completion of
the tensor product Lo(T) ® Lo(S). On the dense subset Lo(T) @ Lo(S) C Lo(T % 5)
the operator K is given by (14.5). This allows us to describe the spectrum of K in
Ly(T x S) by means of the spectra of the operators L and M in Ly(T) and Ly(S),
respectively.

The papers ISHINOSE [1978, 1978a] contain a detailed account of spectral properties
of tensor products of closed linear operators with respect to crossnorms with certain
additional properties. Since these properties are satisfied in our case here, we may apply
the results of ISHINOSE [1978, 1978a| to derive a number of theorems on the spectrum
of the operator (14.1). Let us state three such theorems without proof. Throughout
this subsection, we use the abbreviations

ar(@) = ny (L —al)b), bi(B) :=n (M — DY),
ce(@) =n_((L —al)¥), dy(B):=n_((M— BI)*),

where n, (A) and n_(A) are as above, and «a, € C are fixed.

(14.6)



Theorem 14.1. The equalities

(14.7) o(K)=o0(L)+o(M)
and
(14.8) oen(K) = [oan(L) + o (M)] U [0(L) + 0 (M)]

hold, and for any A\ & ou(K) we have

KA = Y w(L,a)r(M, B),

a+B=X\
a€A,BEB

where A = o(L) \ 0e(L) and B = o(M) \ oe(M). Moreover, the equality

(14.9) Oew(K) = [0ew(L) + (M) U [0(L) + 0o (M)]

holds, and for any X\ & 0, (K) we have

ind (K —Al)= > ind(M —BI)) [ax(a) — az1(a)]

a+B=X k=1
(14.10) e e 0
+ Z ind (L — o) Z[bk(ﬁ) — bi—1(B)),
a+B=XA k=1
a€A’,BEB

where A' = 0(L) \ 0ew(L) and B' = o(M) \ 0ew(M). Finally, the equality
(14.11) Oes(K) = e ( K)U{A: X € C, A € 0ew(K), 0# ind (K — AI) < o0}
holds.

Theorem 14.2. The equalities

(1412) O'Z<K) :O'l(f/)—f—O'l(M)
and
(14.13) 04 (K) = [04(L) + ol(M)] U [oy(L) + 0. (M))]

hold, and for any A\ & o, (K) we have

(14.14) no(K—N)= Y Zak ) — a1 ()] [bs(3) — br_1(3)].

a+B=A
ozeo'l(L) ﬁeo'l(JVI)

Theorem 14.3. The equalities

(14.15) oa(K) = 0g(L) + og(M)



and

(14.16) o_(K)=[o_(L) + og(M)] U [o4(L) + o_(M)]

hold, and for any A\ & o_(K) we have

(14.17) no(K=x)= > ) [ele) = a(@)][di(8) = de-a(B)].

at+p=x k=1
acoy(L),BEoy(M)

The preceding three theorems give a precise description of the essential spectra
oep(K) and 0., (K). Since the essential spectrum in Kato’s sense o.,(K) is given by
oer(K) = 0, (K)No_(K), it may be “calculated” from the right-hand sides of (14.13)
and (14.16).

We illustrate the above theorems by means of four typical examples which often
arise in applications.

Example 14.1. Suppose that the operator (14.3) is compact in Lo(T'), and the
operator (14.4) is compact in Ly(S). Then their spectra have the form

O'(E) :{O,al,ag,...,an,...}, O'(M) :{07/617527---7671’---}'

We have then

o(L) = ai(L) = 04(L), o(M) = 0i(M) = 04(M),

oy(L)=0_(L)=0u(L) = 0cw(L) = UeS(IN/) = Ueb<[~/) = {0},

and
‘7+<M) = ‘77(]\7[) = Uek(M) = er(M) = 068(M> = Ueb(M) = {0}.

From Theorems 14.1 - 14.3 we conclude that

0 (K)=0_(K)=0(K) = 0c(K) = 0c5(K) = 0ep(K) = 0(L) U (M).

Obviously, K — AI is Fredholm (of index zero) if and only if A is a point of resolvent

set or A is an isolated eigenvalue of finite multiplicity, i.e. A = a + 3 with o € o(L)

and g € o(M), or A = a+  with A #£0,v,6 for o,y € (L) and 3, € o(M).

Example 14.2. Suppose that the operator (14.3) is self-adjoint in Ls(7), and the
operator (14.4) is self-adjoint in Ly(S). For a self-adjoint bounded linear operator in
a Hilbert space, all types of essential spectra coincide. Consequently, Theorems 14.1
- 14.3 imply that K has the essential spectrum [o.(L) + o(M)] U [0(L) + oep(M)].
Moreover, K — Al is Fredholm (of index zero) if and only if either A # o + [ for

a € o(L)and B € o(M), or A satisfies
(14.18) X € {[o(E)\owl( D))+ [0 () \ oM} {0 (E) + 06 (WD) U E) + o (A1)}

Let us take a closer look to the description of the eigenvalues of the operator K in this
example. Equality (14.8) implies that a number A € o(K) is an isolated eigenvalue of



finite multiplicity if and only if A satisfies (14.18). In particular, if one of the operators
L or M is zero, then K has no eigenvalues of finite multiplicity at all.

It is clear that o,(L) + 0,(M) C 0,(K). On the other hand, from equality (14.7)
and our assumption o(L) = 0,(L),0(M) = 0,(M) it follows that

(14.19) 0,(K) = o,(L) + 0, (M).

Example 14.3. Suppose that both operators (14.3) and (14.4) have degenerate
kernels [ = I(t,7) and m = m(s, o), respectively. In this case both L and M have a

pure point spectrum, and hence also K has a pure point spectrum which is given by
(14.19).

The following example is essentially due to ICHINOSE [1978al:

Example 14.4. Let S = T = [0,1] and let {ey,eq,...,€,,...} be an orthonormal
basis in Ly([0, 1]). Suppose that

) = - S0 S el

k—12 K20k + 1)

k=2 k=1

Then both operators L and M are compact in Ly([0,1]), and the formulas

Izel :0, L€2:—61, ey Een:_(n——l)Qen_h”'
and
i 1 i 1 i1 1
€1 = —€ €y = —€ €np = ———<€Cpt1y---
1 9 2 2 192 3 ) nQ(TL+1) +1

hold. It is easy to see that O'(Z)NZ 0,(L) = o(M) = {0} and o,(M) = . Thus, for the

operator K we have o(K) = o(L)+0o(M) = {0}, by (14.7). To find the point spectrum
of K, consider the function

=Y e L((0,1] % [0,1)

which is not zero. We claim that x is an eigenfunction of K corresponding to the
eigenvalue A = 0. In fact, by (14.5) we have

= n®n = n "~ 00~ n
szK(X;e me ) :Z%®Men+z;l/en®%

n=1 =
- €n & €n+1 - €n—1 ® €n - €n ® €n+1 - €n ® €n+1
e B ————— _— = B — _— = 0
; nin?(n+ 1) ; nl(n —1)2 ; (n +1)In? nz:l (n +1)In?

This shows that o,(K) = {0}, i.e. the equality (14.19) fails in this example.

In view of this example, the problem arises to find general classes of operators K
for which the equality (14.19) is true. One such class is described in the following



Theorem 14.4. Suppose that the operator (14.3) is bounded in Lo(T'), the operator
(14.4) is bounded in Lo(S), and the eigenfunctions of either L or M form an unconditional
basis in the corresponding Lo space. Then the equality (14.19) holds.

O Since always 0,(K) D 0,(L)+0,(M), we only have to prove the reverse inclusion.
Let ap(z) ={ai,as,...,qy,,...} and suppose, for definiteness, that the corresponding
eigenfunctions {¢1, ¢a, ..., @, ...} form an unconditional basis in Lo(7T). Moreover, let
{t1,v9,...,1%y, ...} be an arbitrary orthonormal basis in Ls(.S). By Lorch’s theorem
(GOKHBERG-KREJN [1965]) there exists an isomorphism J : Ly(T") — Lo(T') such that
the set {J¢1, Jopa,..., Jd,,...} is an orthonormal basis in Lo(7"). This implies that
J&I : Lo(T x S) — Lyo(T x S) is an isomorphism which maps the set {¢, ® ¥, :
m,n =1,2,...} onto the set {J¢, @ ¥, : m,n =1,2,...}. Again by Lorch’s theorem,
{On @ Y, :m,n =1,2,...} is then an unconditional basis in Ly(T x 5).

Now fix A € 0,(K). The equation

(14.20) (LRI + I®M)x = \x

has then a nontrivial solution

o0

(14.21) 2o(t,8) = D Conn(t)hm(s).

m,n=1

Putting (14.21) into (14.20) and observing that {¢, ® ¥, : m,n = 1,2,...} is an
unconditional basis we obtain

Z ¢n ® (>\ - O-/n) Z Cmnd}m - M (Z Cmn¢m>] = 07
n=1 m=1

m=1

hence

(14.22) A= an) > Contom — M (Z cmnzpm) =0 (n=12,..).

m=1 m=1

Since the function z is not zero, we have ¢,,,,, 7 0 for at least one pair (mg,ng). But
this means that the equation

<)\ o OénO) i Cmnowm - M (i Cmnowm> =0
m=1 m=1

has a nontrivial solution, i.e. the number 8 = A\ — «a,, is an eigenvalue of M. We
conclude that A = ay,, + 8 € 0,(L) + 0,(M) as claimed. B Obviously, the assertion
of Theorem 14.4 is true if the operator L is compact and self-adjoint in Ly(7). On the
other hand, Example 14.3 shows that the conditions of Theorem 14.4 are not necessary

for the equality (14.19) to be true.

Let us now show how to find the eigenfunctions of the operator K under the
hypotheses of Theorem 14.4. If equation (14.20) has a nontrivial solution x, we have

A = o+ [ with appropriate a € o0,(L) and 8 € 0,(M), by Theorem 14.4. Without



loss of generality we may assume that o and (8 are unique in this representation. Let
P(a) ={n: a,, = a}; the system (14.22) may then be written in the form

(14.23) ﬁmZ:l ConnW¥m — M <mZ:1 cmnwm) =0 if ne Pla),
Cmn =0 if néPa).

Since 3 is an eigenvalue of the operator M, the set T of all nontrivial solutions v = 7(s)
of the first equation in (14.23) is nonempty. But then the set

(14.24) E\) ={¢p,®v:n€ P(a),yeT}

forms a complete system of eigenfunctions of K corresponding to the eigenvalue A.
Thus we have proved the following

Theorem 14.5. Under the hypotheses of Theorem 14.4, the set of all eigenfunctions
of K which correspond to the eigenvalue X = o+ (3 is given by (14.24).

We remark that a particularly precise description of the set of all eigenfunctions (or
associated eigenfunctions) is possible if the operators (14.3) and (14.4) have degenerate
kernels. More information for this case may be found in VITOVA [1976a, 1977, 1988|.

14.3. Application to partial integral operators in ideal spaces

In the proofs of Theorems 14.1 - 14.3 we have used the results of ISHINOSE [1978,
1978a] on the spectrum of a tensor product of two operators in a Banach space with a
quasi-uniform crossnorm. Examples of tensor products may be constructed as follows.
If U is a regular ideal space over T, and V is a regular ideal space over S (see Subsection
4.1), the tensor products U®V and V&U coincide (as sets) with the spaces with mixed
norm [U « V] and [U — V] (see (12.1) and (12.2)). Unfortunately, the corresponding
crossnorms are, even in the simplest case U = L,(T") and V' = L,(5), not quasi-uniform
(see BUKHVALOV [1983]). On the other hand, as we have seen in § 12, ideal spaces
with mixed norms are quite natural for the investigation of partial integral operators.
Therefore it seems useful to study the spectral properties of partial integral operators
in such spaces from a general point of view.

First of all, suppose that the operator (14.3) acts in the space U = L,(T'), and the
operator (14.4) acts in the space V = L,(S5) (1 < p < 00). Then the operator (14.1)
acts in the space [U « V] =[U — V] =URV = VQU = L,(T x S) with the norm

(14.25) loll = { [ [ 1ste. 0P aute dv<s>}w.

Since this crossnorm is quasi-uniform, the operator K may be written in the form
(14.5), and the results of ISHINOSE [1978] apply.

In the following Theorems 14.6 and 14.8 we prove some formulas for the spectrum,
the essential spectrum in Browder’s sense, and the essential spectrum in Wolf’s sense,
without assuming that the crossnorms on the spaces UV = [U « V], VQU = [V —



U] are quasi-uniform. To this end, we denote by p,.;(A) the set of all A € p(A) such
that (A — AI)~! is regular.

Theorem 14.6. Suppose that the operator (14.3) acts in some regular ideal space U
over T, the operator (14.4) acts in some reqular ideal space V' over S, and one of the
following two conditions is satisfied:

(a) L is regular in U and p(L) = prey(L);

(b) M is regular in V and p(M) = preg(M).

Then
(14.26) o(K) = o(L) + o(M)
and
(14.27) oer(K) = [0a(L) + o(M)| U [0(L) + 0 (M)],

where the operator K is considered in the space [U <« V] in case (a) and in the space
[U — V] in case (b).

O We prove the assertion only for condition (a); the proof for condition (b) is
similar. Suppose that condition (a) holds. First we show that the operator L : [U «
V] — [U « V] given by

(14.28) Lzx(t,s) :/Tl(t,T)x(T, s) du(T)

has the same spectrum as the operator L : U — U given by (14.3). Given a € p(L),
the operator L — ol is invertible in [U < V]. Fix an element e € V' \ {0}; then the
operator L — o leaves the subspace E = {x®e : x € U} invariant. Furthermore, since
L — ol is invertible on E, the operator L — oI is invertible on U. We conclude that
o € p(L) and hence o(L) C o(L).

Conversely, let o € p(L). Since the operator (L — al)~! is regular, the operator
A=(L—-a)'®I:U®V — U®YV admits a continuous extension A on UQV =
[U — V] (see Theorem 6 in LEVIN [1969]). But the operator A is the inverse of the
operator L — al on U ® V, and hence also on U®V. This shows that a € p(L), and
hence o(L) C o(L).

Of course, one may prove similarly that also the spectrum of the operator (14.4) on
V' and the spectrum of the operator

(14.29) Ma(t, s) = /S m(s, o)z (t, o) dv(o)

on [U « V] coincide.

Now we prove (14.26). Since L = L®I and M = IQM, where LI and I®M are
the extensions of L ® I and I®M, respectively, from U ® V' to [U « V], the operators
L and M commute. Since the spectrum of the sum of two commuting operators is
contained in the sum of the spectra of the single operators, we have

o(K)Co(L)+o(M)=0c(L)+ o(M).



To see that the converse inclusion is also true, let A = a + § with a € o(L) and
B € a(M). Now we distinguish four cases:

Case 1: a € oy(L), 3 € o3(M);

Case 2: o € oy(L), B € (M) \ o(M);

Case 3: a € o(L) \ oy(L), 3 € oy(M);

Case 4: a € o(L) \ oy(L), B € a(M) \ oy(M).

In Case 1 we find sequences (7,), in U and (y,), in V' such that |[x,|| = |[y.|| = 1,

Lz, —ax, — 0, and My, — By, — 0. For the sequence z, = £, ®y, € URV = U — V]

we have then L o
(K = X)z, = (LRI + IQM — X ) (2, @ yn)

=[(L — a)®I + IS(M — BI)|(z, @ yn)

= (L — al)z,) ® yn + 2, @ (M — BI)y, — 0
as n — 00. Since ||z,|| = 1, we conclude that A € 0y(K) C o(K).

Case 4 may be reduced to Case 1 by passing to the adjoint operator. In fact, in
this case we have @ € 0;(L*) and 3 € o;(M*). This means that we can find sequences
(z*), in U* and (y*), in V* such that |[z*|| = ||y*]| = 1, L*z* — @z — 0, and
M*y* Byn — 0. Now, L* is regular in U* (being the adjoint of a regular operator, see
ZABREJKO [1968]), and I is regular in V*. So, by Levin’s theorem mentioned above
both operators L*®I and I®M* are bounded in the space U*®V*. The sequence

=k @y € UrQV* satisfies ||2%|| = 1 and
(LRI + I@M* — Nz = (L* —al)z}) @y + 2% @ (M* — By — 0

as n — 0o. Therefore we have X € oy(L*®I + IQM*). Since U*Q@V* C [U* «— V*] =
[U « V]* (ZABREJKO [1968]), and the operators L*®I + I®M* and K* coincide on
U*®@V*, the operator K* : [U « V[|* — [U « V]* is an extension of the operator
LRI + I®M* : U*@V* — U*®@V*. We conclude that \ € o (K*) C o(K*) and hence
A€ o(K).

Now we consider Case 2. If o is a boundary point of ¢(L), then @ € o;(L*). Since
B € 0y(B*), by Case 4 we have A € o(K). Suppose now that « is an interior point of
0y(L). Since the set o(M)\ oy(M) is open, 3 is an interior point of o(M). Obviously, we
can find o € al(i) and 3 € U(M) such that A = ay + (1, with a; being a boundary
point of ;(L) or B being a boundary point of o(M). The result A € o(K) follows now
in the first situation from Case 4 and in the second situation from Case 1.

Case 3 is proved in the same way as Case 2.

Let us now prove equality (14.27). Since all sets in this equality are contained in
o(K), we may assume that the numbers A\, & and (3 considered above are either isolated
points of o(K),o(L) and U(M), respectively, otherwise A\ € o¢(K) and A = a + 3,
where or a € (L) and 3 € o(M), or a € o(L) and 3 € oo (M).

We claim that o(L) + 0u(M) C 0a(K). In fact, let X\ = o + § with a € ¢(L) and
B € o(M). Since 3 is an isolated point of oe,(M ), either # has infinite multiplicity,
or M — B3I has a non-closed range. If a belongs to o(L) \ 0.(L) and 3 has infinite
multiplicity, A = o + 3 has infinite multiplicity as well. If o belongs to o(L) \ (L)



and the range of M — 31 is not closed, we can find a noncompact sequence (y,), in
V' such that |[y,|| = 1 and My, — By, — 0 as n — co. Fix x € U with |[z[| = 1 and
Lz = ax. Then the noncompact sequence = ® y,, € [U « V] satisfies ||z ® y,|| = 1 and

(K= M)(z®@y,) = (L—al)(z@y,) +2& (M — 31y, =2 & (M — 31y, — 0

as n — 00. Thus, A € 0. (K) in both cases.

Suppose now that « € o.,(L). Here the following four cases are possible:
Case 1: a and (8 have both infinite multiplicity;

Case 2: the range of L — ol is not closed, and § has infinite multiplicity;
Case 3: « has infinite multiplicity, and the range of M — I is not closed;
Case 4: the ranges of both L — af and M — (I are not closed.

The cases 1 - 3 are treated as above. In the last case we can find noncompact
sequences (), in U and (y,), in V' such that ||z,|| = |[y.|| = 1, Lz, — ax, — 0, and
My, — By, — 0. Then the noncompact sequence 2, = T, ® Y, € [U «— V] satisfies

l|zo]l = 1 and Kz, — Az, — 0, i.e. A € 0(K), hence o(L) + oep(M) C 0o (K).

The inclusion o4 (L) + 0(M) C 04(K) is proved similarly. Thus, we have shown
that

(14.30) low(L) + o(M)] U [o(L) + 00 (M)] € 0up(E).

To prove the reverse inclusion, consider the extension K of the operator K to the
completion URV of U ® V with respect to the weak crossnorm

n

> wiw) (i vl -

=1

||in®yz’|| = sup
=1

[z e =1

* —
[yi =1

Since this is a uniform crossnorm (see SCHATTEN [1950]), from the results of ISHINOSE
[1978] we obtain the equalities

~ ~ ~

(14.31) o(K)=o0(L)+o(M)
and
(14.32) 0er(K) = [00(L) + o(M)] U [o0(L) + oep(M)).

Together with (14.30) this gives

(14.33) o(K)\oe(K) € o(K)\{low(L) +o(M)]U[o(L) +ou(M)]} = o(K)\ 0w (K).
Now we prove that also

(14.34) o(K)\ 00(K) C 0(K) \ 0 (K).

For this it suffices of course to show that every eigenfunction of K which corresponds
to an eigenvalue A = a + 8 € o(K) \ 04(K) belongs to the space [U « V]. For any
such A, the numbers a and [ are isolated eigenvalues of finite multiplicity for L and



M, respectively, and hence may assume only finitely many values, i.e. A\ = a; + 3;
(i=1,...,p) with x(L, ;) < co and k(M, ;) < co. Then the decomposition

U=E®.. . 0E6R, V=FRo. . 0F®R
holds, where E; is the nullspace of ([2 — oyl )“(i’o‘i)7 and F; is the nullspace of (M —
B M) (4,5 =1,...,p). Consequently,
P p p p
URV = ZZEi®P}@ZEi®R2@ZR1 ®F; ® Ri®R,.
i=1 j=1 i—1 =

Since all spaces F; @ F;, F; ® Ry, R1 ® F; and R, ® Ry are invariant under K , we obtain

p p p
o(K) =] o(K|E;@ Fy) U| Jo(K|E; @ Ry) U U (K|R, ® F;) Uo(K|Ri®Ry),
i,j=1 i=1 j=1

where K|R denotes the restriction of K to R. But from the results of ISHINOSE [1978]
it follows that

o(K|E; ® F;) = o(L|E;) + 0(M|F;), o(K|E; ® Ry) = o(L|E;) + o(M|Ry),

o(K|Ry ® F;) = o(L|Ry) + o(M|F}), o(K|Ri®Ry) = o(L|Ry) + o(M|Ry).

The relations a € o(L)\ oap(L) and 3 € o (M) \ 0,(M) imply that o & o(L|R;) and
B & o(M|R3), hence

p p
M| Jo(K|E; @ Ry) U o(K|Ry ® Fj) Uo(K|Ri®R,).

i—1 j=1

Since A # «; + §; for i # j, we have in addition \ ¢ o(K|E; ® F;) for i # j. On the
other hand, A € o(K|E; ® Fj) for j =1,...,p, and thus A € 0(K)\ 0 (K), i.e. (14.34)
is true. Combining (14.30) - (14.34) we conclude now that

o(K)\ 0w(K) = o(K) \ 0e(K) = o(K) \ {[ow(L) + o(M)] U [o(L) + o (M)]}
which proves (14.27) and completes the proof. B

Theorem 14.6 implies, in particular, that the operators L given by (14.28) and M
given by (14.29) satisfy the equalities

0(L) =0e(L) = 0en(L) = 0es(L) = o(L)

and
(M) = 0(M) = 0o (M) = 0o(M) = o(M).

If the operators L and M are compact in U and V, respectively, the operator K fulfills
the statements of Example 14.1 in the space [U < V] in case of hypothesis (a) in
Theorem 14.6, and in the space [U — V] in case of hypothesis (b). The following is
also a consequence of Theorem 14.6:



Theorem 14.7. Suppose that the hypotheses of Theorem 14.6 are satisfied, and let
A€ o(K)\ ow(K). Then
(14.35) KK, A) = > k(L a)s(M,B),

A=a+s
acA,BeEB
where A = o(L) \ 0ep(L) and B = o(M) \ oo(M).

O As in the proof of Theorem 14.6 one may show that A necessarily belongs to
o(K|E; ® F;) (j = 1,...,p). Let us denote by K, the restriction of K to E; ® F;
(7 =1,...,p), and by Ky the restriction of K to (E; ® 1) ® ... & (E, ® F},). Fix
A € 0(K)\ oe(K) and choose r so small that in the complex disc |A — u| < r there are
no points from o(K) different from \; this is possible, since A is an isolated eigenvalue.
Then the operators

1 -1 1 -1
Pj=5_ (I —nd) " du, Py= o (Ko —pl)™ dp

[A—p|=r A—pl=r

have rank x(K;, \) and k(Ko A), respectively, and Py = P, @ ... @ P,. Moreover, we

have
p

KK, ) = 5(Ko, \) = > k(K N).
j=1
To prove (14.35) we therefore have to calculate k(Kj, A) for j = 1,..., p. Now, since the
space E; ® F; has dimension (L, a;)x(M, 3;), we have w(K;, ) < k(L, oj)s(M, ;).
Let {7, ... ,e,(f,g.} (m; = k(L,;)) be a basis in the nullspace of the operator (L —
a;I)™, and (9, f%)} (n; = x(M, 3;)) be a basis in the nullspace of the operator
(M — 8;I)". Then it is casy to see that B; = {e%) @f m=1,... .misn=1,...n;}
is a basis in E; ® F}, hence also in the nullspace of the operator (K —AI)™i" . It follows
that k(Kj, \) > k(L, a;)k(M, §;), and thus we have proved the equality (14.35). W

Theorem 14.8. Suppose that the operator (14.3) acts in some completely reqular
ideal space U over T, the operator (14.4) acts in some completely reqular ideal space V
over S, and one of the following two conditions is satisfied:

(a) the function T — ||I(-, 7)||u belongs to U’, and the functiont — ||I(t,-)||v belongs
to U;

(b) the function o +— |Im(-,0)||y belongs to V', and the function s — ||m(s,-)||v:
belongs to V.

Then

(14.36) Oew(K) = [Oew(L) + o(M)] U [0(L) + 0ew(M)],

where the operator K is considered in the space [U < V] in case (a) and in the space
[U — V] in case (b).

O We restrict ourselves to the proof in case (a). Suppose that the condition (a)
holds. Then the operator L? is compact in U (see ZABREJKO [1968]). We first show
that

(14.37) Oew(K) 2 [0ew(L) + (M) U [o(L) + 0w (M)].



Suppose that A € o, (K), then the operator A\I — K is Fredholm. Let A = a + 3 with
o € 0ep(L) and € o(M). By the compactness of L? we know that o = 0 and one of
the following two alternatives holds:

Case 1: the range of L is not closed, and 3 € 0;(]\2);

Case 2: the range of L is not closed, and 3 € o(M) \ o;(M);

Case 3: the range of L is closed and dim R(L) < co.

In the first case we find a noncompact sequence (z,,), in U and a sequence (y,), in
V such that ||z,|| = ||yn|| = 1, Lz, — 0, and My, — By, — 0. Then the noncompact
sequence z, = &, ® y, € [U « V]| satisfies ||2,|| = 1 and

(K — M)z, = (Ltp) @ yp + 1, @ (M — By, — 0 (n — 00).

From the closedness of the range of K — I it follows (see KATO [1966] ) that n (K —
M) = 00, and thus K — Al cannot be Fredholm.

In the second case we have 3 € O'Z(Mi), and the range of L* is not closed. As in
the first case we conclude that n, (K* — AI) = oo, and thus K — Al again cannot be
Fredholm.

Now let A = a+3 with o € o(L) and 3 € 0eyy(M). If @ = 0 or the range of M — 31 is
not closed, we deduce as in the first case that the operator K — Al cannot be Fredholm.
Suppose that a # 0 and the range of M — (I is closed. Since 3 € er(M), we have
either ny (M — 8I) = oo or n_(M — 3I) = co. Moreover, since « is an eigenvalue of L
and @ is an eigenvalue of L*, we see that either n, (K — X)) = oo or n_(K — \) =
But this shows again that K — Al cannot be Fredholm.

Case 3 is treated analogously.

We have shown that K — A/ is not Fredholm whenever A belongs to the right-hand
side of (14.37), which shows that the assumption A & 0., (K) is not true. Consequently,
the inclusion (14.37) is proved.

Let us now prove the reverse inclusion

(14.38) Oew(K) C [0ew(L) + (M) U [0(L) 4 0ew(M)].
For any ¢ > 0 put
U.={a:aeC,d(a,oe(l) <c}, V.={8:8¢€C,d(3,0e(M)) < ¢},

where d(z, M) denotes the distance of z € C to M C C. It suffices to show that from
A € 0. (K) and

A € [oew(L) + (a(M)\ V)] U [(0(L) \ U) + 0ew(M)] U [Us + V]

for sufficiently small £ > 0 it follows that \ € [0 (L) + o(M)] U [0(L) + 0ew(M)).

Obviously, it is sufficient to consider the case A € U + V. for sufficiently small € > 0.
In fact, choosing ¢ = 1/n for n sufficiently large, by the compactness of the sets e (L)
and o, (M) we have then

A=a,+ 06, — ay+ [y € aeb(i) + oep(M)



as n — o0o. The proof of the inclusion (L) 4 o.(M) C 0e(K) shows that
oan(L) + 0ep(M) C [0ew(L) + o(M)] U [0(L) + 0ew(M)].

It follows then that A € [0e,(L) + o(M)] U [0(L) + 0ew(M)].

Now, since U. D aeb(i) and V. D O’eb(M ) are open sets, we know that their
complements to o(L) and o(M), respectively, are finite, say

oL\ U. ={on,...,ap}, o(M)\Ve={B1,..., B}
As in the proof of (14.34) we have

ew(K) = J | 0eu(K|E; @ F) U\ 0eu(K|E; @ Ry)

i=1j=1 i=1

(14.39) .
U U Oew(K|R1 @ Fj) U Tew(K|R1®Ry),

j=1

where E; is the nullspace of (L — a;l )5, Fj is the nullspace of (M — 3;I)" (8,5;)
(t=1,....,p;j=1,...,q), and

U=E&..®E,®R, V=F&...®F,®R,.

In fact, let P, denote the projector of U to Ej;, @); the projector of V to Fj, P =
P®..®F,and Q =Q1®... D ;. Since P and () are projectors of finite rank, P
and @) are obviously regular operators. Consequently, the operators I — P and I — () are
also regular. Thus the operators PRQ, PR(I — Q), (I — P)®Q, and (I — P)®(I — Q)
are continuous in [U < V]. Let A be one of these operators. Since A> = A, A is a
continuous projector. Consequently,

(14.40) [U « V] = R(P&Q) & R(PR(I - Q))& R((I - P)®Q) & R((I — P)&(I - Q).

Since P and () are finite-dimensional operators, we have

p q P
R(P2Q) =Y Y ®E & F;, R(PO(I-Q)) =) oF® R,
(14.41) =1 =1 =
R((I - P)®Q) = Z SR, ® F}.
j=1

Taking into account that (I — P)U = Ry, (I = Q)V = Ry, the set R((I — P)®(I - Q))
is closed in [U « V], and R; ® R, is dense in R((I — P)®( — Q)), we get

(14.42) R((I = P)®(I = Q)) = Ri®Ry.

From the equalities (14.40) - (14.42) it follows that

(14.43)  [U«V]= ZZ@E ® F @Z@E ®R2@Z@R1®F ® Ri®R;.

=1 j=1



Since every term in the direct sum (14.43) is invariant under K, we see that (14.39)
follows from (14.43).

Obviously, 0, (K|E; ® F;) = 0, since E; ® Fj is finite-dimensional. We claim that
(14.44) o(K|Ri®R,) C o(L|Ry) + o(M|Ry).

In fact, since the operators L and M defined in (14.28) and (14.29), respectively,
commute on [U « V], they also commute on R;®R,. Consequently,

(14.45) J(K|R1®Rg) Q U(L|R1®R2) +O’(M|R1®R2).
On the other hand, we have
(14.46) o(LIRi&Ry) = o(L|Ry), o(M|Ri&R,) = o(M|Ry).

To see this for the operator M, let § & o(M|Ri®R,), and choose any element e €
Ry \ {0}. Then the operator M — (I is invertible on Ry, since (M — BI)({e} ® Ry) =
{e} ® (M — BI)R,. Consequently, § ¢ o(M|Rs). Conversely, let 8 & o(M|Ry), i.e.
the operator M — 1 is invertible on R,. By Theorem 6 in LEVIN [1969], the operator
I®(M —BI)~" is then bounded and inverse to the operator M — 31 on the space U R.
Consequently, the operator M — 31 is invertible on Ri® Ry, and thus 8 & o(M|R,®Ry).
This proves the second equality in (14.46).

Let us now prove the first equality in (14.46). From Theorems 12.1 - 12.5 we know
that the operator L is bounded from R;®R; into R1®Rs,, from Ri®R, into Ra®R;,
from Ry®@R; into Ri®R,, and from Ry®R; into Ry®R;. Therefore L is also bounded
from Ri®@Ry + Ry®@R; into Rj®@Ry N Ry®@R;. From Theorem 2 in ZABREJKO [1976] it
follows that o(L|Ri®@R;) = o(L|Ry®R;). The equality o(L|Ry®R,) = o(L|R;) may
be proved like the equality o(M|Ry®R;) = o(M|Ry) above. Altogether, we have

o(K|Ri&Ry) C o(L|Ri®Ry) + o(M|Ri®R,) = o(L|Ry) + o(M|Ry),
i.e. (14.44) holds. Consequently,
O'ew<K|R1®R2) Q O'(K|R1®R2) Q O'(f/|R1) + O'(M|R2) Q Ug + ‘/5

It remains to prove that

(14.47) Oew(K|E; ® Ry) = 0ey(M|Ry) + 0 (i=1,...,p)
and
(14.48) Oew(K|Ry ® F}) = 0e(LIR) +8; (G=1,...,9).

To prove (14.47) we show first that e, (K|E; ® Ry) C 0ew(M|Ry) +a; fori=1,...,p.
Let A € 0 (K|E;®Ry) and 8 := A—ay; we have to show that 3 € o, (M|R,). Suppose
that K — AI has an infinite-dimensional nullspace or the range of K — AI is not closed.
Then we find a noncompact sequence (uy,), in F; ® Ry such that ||u,|| =1 and

(K = X)u, =[(L— o) @I+ 1® (M — BI)]u, — 0



as n — oo. Consequently,
(L — o, IP @ (K — M)uy, = [(L — o, I)P @I+ (L — a; )Pt @ (M — I)]u, — 0

as n — oo, where by p; we denote the minimal exponent p for which the nullspace of

(L — oy I)P becomes stationary. This and the equality (L — oy )P E; = {0} imply that
(L — o, 1)P ™t @ (M — BI)]u, — 0

as n — 00. Since E; is finite-dimensional, we may write E; = Nl(i) D...0 Néf), where
Nl(i) D...0 N,ii) coincides with the nullspace of (L — a;1)* for k= 1,...,p;. We have
then

Ei®Ry=(N"®R)®...0 (NP ® Ry)

and U, = Uy, + ...+ Uy, , With uy, € N,gi) for k =1,...,p;. Evidently,
[([2 — o )Pl ® (]\Z/ — pD)|uy,
= (L= )Pt @ (M = BD)](urn + -+ tpy—10) + (L — aD)P L @ (M = B1)]uy,
= [([~/ — o )Pt ® (M — B1)]up, n — 0

as n — oo. If r; denotes the dimension of ngf) and {egi), e ,eg)} is a normalized basis
in N3, the set {(L — a; )P~ 2e\” ... (L — ;)P 'e!?} has also dimension r;. We may
write Uy, » in the form

Up, i = (egi) @L1p)+ ...+ (egﬂ? ® Ty, ) (T1m,..o Trn € Ra).
It follows that
(L — )P~ @ (M — BI)]tp,n
= (L—a; )P el @ (M = BDayn] + ... + (L — o I)P el @ (M — Bz, ] — 0

as n — oo. This shows that the nullspace of M — (1 is infinite-dimensional or the range

of K — A is not closed, hence 3 € er(M) and A\ € 0oy(M) + ;. If X € 04, (K) and

the nullspace of (K — AI)* is infinite-dimensional, by the above reasoning we deduce
that also the nullspace of (M — $I)* is infinite-dimensional, hence 3 € 0.,(M) and
AE er(M ) + ;. But for any bounded linear operator A in a Banach space we have
A € 0ew(A) if and only if A—ATI or (A—AI)* have infinite-dimensional nullspaces or the

range of A— AI is not closed; thus we have proved that oe.,(K|E; ® Ry) C 0ew(M) + .
The reverse inclusion is obvious.

In this way, we have shown that (14.47) is true. The equality (14.48) is proved
similarly, and so we are done. W

We point out that the hypotheses of Theorem 14.6 follow from the hypotheses of
Theorem 14.8. In fact, suppose, for instance, that the hypothesis (a) in Theorem 14.8
holds. Then the operator L is regular in U and, by Theorem 10.5 in ZABREJKO [1968|,



we have p(L) = preg(L). But this means that the corresponding hypothesis (a) in
Theorem 14.6 is satisfied.

A careful analysis of the proofs of the preceding theorems shows that the inclusions
o(L) +o(M) C o(K),

[oean(L) + o(M)] U [0(L) + aep(M)] € 00 (K),
and
[er(i) + 0<M)] U [U(i) + Oew(M)] C oew(K)

remain true if one drops the assumptions p(L) = prey(L) and p(M) = pres(M) in the
hypotheses (a) and (b), respectively, of Theorem 14.6.

14.4. An index formula for partial integral operators

Now we pass to the problem of calculating the defect numbers and the index of
the partial integral operator (14.1) in ideal spaces. We keep the terminology of the
preceding subsections.

Theorem 14.9. Suppose that the hypotheses of Theorem 14.8 are satisfied, and

(14.49) A€ o(K)\ {[oen(L) + o (M) U[o(L) + 0cu(M)]}.

Then the formulas

(14.50) ny (K — ) = > Z ar(a) — ap—1()][bx(8) — be—1(B)],

a+pB=X
acoy(L), ﬁeaz(M)

(14.51) n_(K—M\)= Z Z cr(@) — c—1(a)][di(B) — di-1(B)]

a+B=XA
aGo’d(L) ,QGJd(JVI)

and
ind (K — \I) = Z ind (M — 3I) Z ) — ag—1()]
a+pB=X k=1
(14.52) eeA e -
+ Z ind (L —alz B) — be_1(9)]
atf=x k=1
a€cA,peB’

hold, where the numbers ag(c), bi(B), cx(a), and di(3) are defined as in (14.6) and the
sets A, B, A’, B' are defined as in Theorem 1/.1.

O We assume that the hypothesis (a) of Theorem 14.8 holds; in case of hypothesis
(b) the proof is similar. We begin with the proof of formula (14.50). Since ¢, (K) C
oer(K) C o(K), our hypothesis (14.49) implies that either A € o(K) \ o(K) or
A€ 0ep(K) \ 0w (K).



Suppose first that A € 0(K) \ 0. (K). Using the same notation as in the proof of
(14.34), we may write (14.50) in the form

(14.53) (K== > Zak ;) — ag—1 ()] [be(8:) = br-1(5:)]-

a;+B;=X k=1
2:1,4..;7

Moreover, as in the proof of (14.34) we have

p
(14.54) no(K =) =Y ny (K- \|E®F),

=1

where n, (K — M|E; ® F;) denotes as above the dimension of the nullspace of the
restriction of K — A\l to E; ® F;. This dimension may be calculated as follows. Fix
any i € {1,...,p} with a;, + 8, = A; otherwise we have \ ¢ o(K|E;, ® F;,) and
ny (K — M|E;, ® F;;) = 0. To simplify the notation, we write E;, =: E, F;, =: F,
o, = a, B, = B, k(L,a;) = s, and x(M, B;,) =: t. Since dimE = s < oo and
dimF' = t < oo, we may suppose that the operators I~/ and M (more precisely, their
restrictions to E and F, respectively) are matrices in canonical Jordan form.

Assume first that ny (L — al) = ny(M — 3I) = 1. Then L — ol and M — 3I are
quadratic matrices of order s and ¢, respectively, of the form

o000 ---000
100 ---000
o010 ---00020
o000 ---00020
o000 ---10020
o000 ---01020

Fix a basis {ej,...,es} in F and a basis {fi,..., f;} in F such that
(L—al)e; =€y, ..., (L—al)es_1 =e,, (L—al)e, =0

and
(M_ﬂl)flzféa I (M_ﬁ-[)ft—lzfta (M_/gl)ftzo
Since {€, @ frn:n=1,...,s;m=1,...,t}isabasisin E®Q F, every u € E® F has a

unique representation
s t
=22 tnm(en © fu).

n=1 m=1



Consequently,

0=(K-Mu=L@I+IeM-MNehu=[(L-al)®I+I1& (M- 3I)u

_Zzunm (L —al)en, @ fom +en® (M — BI)f)

n=1m=1
s—1 t s t—1
= Z Z un,m<€n+1 ® fm) + Z Z un,m(en ® fm+1)
n=1m=1 n=1m=1
s t s t
=3 tnm(En ® fu) + DY Unmei(en ® fin)
n=2 m=1 n=1 m=2

s t

[un—l,m + un,m—l](en X fm) + Z un—l,l(en ® fl) + Z ul,m—l(el & fm)

n=2 m=2 n=2 m=2

Since {€, ® fr, :n =1,...,8;m =1,...,t} is a basis in £ ® F, we get the following
linear system for the unknown scalars u,,, (n =1,...,s;m=1...,1):

Up—1m + Upm—1 =0 if 2<n<sand2<m <t{,

Up—1,1 =0 if 2<n<sandm =1,
Ut -1 =0 if 2<m<tandn=1,
us, arbitrary if n=sand m="=¢t

This system has rank st —min{s, ¢}, and hence min{s, ¢} linearly independent solutions.
If ny (L —al) > 1 and ny (M — 8I) > 1, we have 2a;(a) — ap_1(a) — api1(a) and
2bi(B) — br—1(8) — br+1(B) Jordan blocks of order k, respectively, in the above matrix,
where we have used again the notation (14.6). Applying to each such block the same
reasoning as before, we see that
(14.55)

ny (K —M|E® F) =

D> min{n, m}[2a,(a) = an_1(@) = ani1(2)][20m(B) = bu-1(8) = bms1(B)].

n=1m=1

We claim that
(14.56)

> > min{n,m}2a,(a) = an-1(@) = an1(@)][26m(8) = bu-1(53) = b1 ()]

n=1 m=1

= lax(@) = ar—1(@)][bk(B) = b1 (B)].

k=1

In fact, a straightforward but cumbersome calculation shows that, for fixed n, we have

(14.57) > " min{n, m} (26, (8) = bn-1(8) = bms1(B3)] = bu(B).



Assuming without loss of generality that s < ¢ we get from (14.57)

s

0 (K= MIE® F) =3 [au(0) = ¢n-1(@) = ansa(a)]ba(8).

n=1

Taking into account that all terms in (14.56) are zero for k > s and as;1(a) = as(«)
we further obtain

S

> lan(@) = an1(@)][ba(8) = bu-1(8)]

= Z an(a)bn(8) — Z an-1(a)bn(B) — Z an(a)bn-1(8) + Z an-1(a)bp—1(5)
=3 @5a(8) = 3t (@5a(B) = 3 s (@)a(B) + 3 ()b (5)

This together with (14.57) implies (14.56), hence also (14.53). The proof is complete
for the case A € 0(K) \ oo (K).

Suppose now that A\ € 0e(K) \ 0ew(K). Since oep(L) + 0ep(M) C 0ey(K), from
(14.27) and (14.36) we get
(14.58)

A€ {lo(L) \ oe(L)] + [o(M) \ oeip (M)} U{[o(L) \ 0ewn(L)] + [0 (M) \ 0(M)]}

\{[oew(L) + o (M) U [0(L) + e (M)]}.
As above, the equality A = a + § can hold only for finitely many « and 3. In fact,
if there were an infinite number of such «, say, the same would be true for 3, and
thus ny (K — AI) = 0o or ny ((K — A)*) = oo, contradicting the fact that K — A\ is

Fredholm. So, let {ay,...,a,} € o(L) \ 0w(L) be the set of all possible o, and put
Bi=A—a; (1=1,...,p). We have then

U=E®..0E06R, UV=EV)®..®(E,V)d (RKV),

where E; is the nullspace of (L — o 1)) (7 =1,...,p), and R ®V is the closure of
R, ®V in [U « V]. Since {a,...,0,} No(L|Ry) = 0 and o(K|R,®V) C o(L|R,) +
a(M), we get as in the proof of the inclusion (14.44) that A & o(K|R,&V). Moreover,
since the operator K — \I leaves the spaces E; @V (i = 1,...,p) and R;®V invariant,
we have

p

(14.59) ne(K —X) =Y n (K- X|E®V).
i=1

We claim that

o0

(14.60) ny (K —=M|E;®V) = Z[ak(ai) — ap—1(;)][br(Bi) — br—1(5;)]

k=1



for ¢ = 1,...,p. But this follows from the fact that the nullspace of K — A\I |E @V
is contained in the tensor product of E; with the nullspace of (M — B;I)" (L) - and
hence the restriction of the operator K — Al on these two sets has the same nullspace.
Combining (14.59) and (14.60) we see that (14.50) is true also in case A\ € oq(K) \
Oew(K).

The proof of formula (14.51) is now rather easy. Suppose first that A € o(K)\oe(K).
Then A = a + 4 with o € 0(L) \ 0w(L) and 3 € o(M) \ op(M), i.e. K — NI, L — o,
and M — (I are all Fredholm operators. Consequently, (14.51) follows directly from
(14.50).

On the other hand, assume that A € 0¢(K) \ 0ey(K). Using the same notation as
above and observing that the operator K — AI leaves the spaces F; @ V (i =1,...,p)
and R;®V invariant and is invertible on R;®V, we obtain the equality

(14.61) n_(K — M) = zp: n_(K — M|E; @ V).

i=1

It is therefore sufficient to prove that

(14.62) n_(K—-M|E;®V) = Z[ck(ai) — cp—1(0y)][di(5;) — di—1(5:)]-
=1

Since the operator (K — AI)*|E; ® V coincides on the space (E; @ V)* = Ef ® V* with
the operator (L — a;1)* @ I +1® (M — (,1)*, we obtain

(14.63) ne (K = M) IEf @ V) = lap(@) — ap_y (@)][bp(5;) — bi_y ()]
k=1
for i = 1,...,p, where the asterisk denotes the corresponding numbers (14.6) for L*

and M*. But all operators occurring in (14.62) are Fredholm, and thus the relations
ap(@) = cx(a) and b; () = di(F) hold which imply that

ny (K = M) E @ V) =n_(K - M|E®V) (i=1,....p).

In this way, we have reduced the proof of (14.51) to that of (14.50) in case A € o¢p(K)\
Oew(K).

It remains to prove the index formula (14.52). Again let A € o(K) \ 0o(K), i.e.
A=a+ B with a € 0(L)\ 0a(L) and 8 € o(M) \ 0e(M). Here the formula (14.52) is
a trivial consequence of the fact that all operators K — A, L — al, and M — 1 have
index zero.

Suppose, finally, that A € ¢ (K) \ 00 (K). By (14.58) we have then A = a + 3
with a € (L) \ oa(L L) or § € o(M)\ oe(M). In this case ind (L — al) = 0 or ind
(M — I) =0 and we get from (14.50) and (14.51)

ind (K — AI)= > ind (M — BI) i ) — ap_1()]
k=1

a+pB=XA

+ Y ind(L —al) ) [di(B) — di_1(5))-

a+pB=A



Suppose that o € (L) \ o(L). Since ind (L — al) = 0, this reduces to

MS

ind (K —AI) = Y ind (M — BI)
a+pB=\

lar(a) = axar ()],

B
Il
—

and thus (14.52) holds in this case. The proof for 3 € o(M)\ oe(M) gives the parallel
formula

ind (K —\I) = Z ind (L — al) Z — dy1(B)].
a+B=x k=1

Theorem 14.9 is completely proved. W

Observe that Theorem 14.9 implies, in particular, that

(14.64) Oes(K) C [0es(L) + (M) U [0(L) + 0es(M)].

The proof of the following theorem is parallel to that of the preceding theorems, and
therefore we drop it.

Theorem 14.10. Suppose that the operator (14.3) acts in some completely reqular
ideal space U over T, the operator (14.4) acts in some completely reqular ideal space V
over S, and one of the following four conditions is satisfied:

a) [U— V]| C[U « V] and the function T — ||I(-,T)||v belongs to U’;
b) [U — V] C [U « V] and the function s — ||m(s,-)||v' belongs to V;
c) [U«— V] C[U— V] and the function t — ||l(t,-)||v: belongs to U;
d) [U « V] C [U — V] and the function o+ ||m(-, )|y belongs to V'.

Then the equalities (14.26), (14.27) and (14.36) hold, where the operator K is considered
in the space (U « V] in the cases (a) and (c), and in the space [U — V] in the cases
(b) and (d). In addition, for any X as in (14.49), the defect numbers and the index of
the operator K — A\l may be calculated by means of the formulas (14.50) - (14.52).

(
(
(
(

To illustrate the hypotheses of the last theorem, let us consider Lebesgue spaces as
an elementary example.

Example 14.5. Suppose that the operator (1 .3) acts in the space L,, = L, (1),
and the operator (14.4) acts in the space L,, = L,,(S). We know that [L,, «— L,,] C
[Ly, — Ly,] for 1 < p; < py < o0, and [Ly, — Ly,| C [Ly, < Ly,] for 1 < py; <p; < 00
(see Subsection 12.2). Putting pil + qu = p% + q% = 1 as usual, the four conditions of
Theorem 14.10 read then

(a) po < pr, 7= 1 7)1y, € Ly

(b) p2 < pr, s = [[m(s, )|z, € Lpy;

(©) p1 < pa, t = |1 )Ly, € Lopss

(d) p1 < pa, 0 = [lm(-0)[[L,, € Le,-

Under these assumptions, the equalities (14.26), (14.27) and (14.36) hold, where the

operator K is considered in the space [L,, < L,,] in the cases (a) and (c), and in the
space [L,, — Ly,| in the cases (b) and (d). In addition, for any A as in (14.49), the



defect numbers and the index of the operator K — Al may be calculated by means of
the formulas (14.50) - (14.52).

14.5. The case of positive kernels

In this subsection we suppose throughout that the kernels [ = [(¢,7) and m = m(s, o)
in the definition of the operators (14.3) and (14.4) are nonegative on 7' x 7" and S x S,
respectively. We also assume that the hypotheses of Theorem 14.6 are satisfied, and
hence the corresponding operator (14.1) acts in the space [U — V] or [U « V]. Recall
that under these hypotheses the equality (14. 7) is true. Moreover, the positivity of the
operators L and M implies that 7,(L) € o(L) and r,(M) € o(M) (see e.g. SCHAEFFER
[1971]), and thus

(14.65) ro(K) = 14(L) + 14 (M).

The equality (14.65) is not true for arbitrary kernels [ and m. However, since 0 € o(L)
and 0 € o(M), we always have the two-sided estimate

(14.66) max {rg(f}),frg(]\;[)} <ry(K) < TU(ZN}) + TJ(M).

Consequently, any lower [respectively upper| estimate for 7,(L) and r,(M) leads to a
lower [respectively upper| estimate for r,(K). For example, if the kernels [ and m are
nonnegative, and we know that

(14.67) Lx(s) > ax(s), My(t) > By(t) (a,8>0)

for some positive functions z € U and y € V', then necessarily r,(K) > a + .

Classical estimates for the spectral radii of integral operators may be found in
KRASNOSEL'SKIJ- VAJNIKKO-ZABREJKO-RUTITSKIJ [1969] and ZABREJKO-KOSHELEV-
KRASNOSEL'SKI1J-MIKHLIN-RAKOVSHCHIK-STETSENKO [1968].

Let A be a positive linear operator in a Banach space F with cone C. Following
KRASNOSEL'SKIJ [1962] or KRASNOSEL'SKIJ-LIFSHITS-SOBOLEV [1986] we call an
eigenvalue p of A cone-positive if A has an eigenvector x € C which corresponds
to u, i.e. Ax = pax.

Lemma 14.2. Suppose that ra(i) is a cone-positive eigenvalue of the operators L

and L*, andja(]\/[) is a cone-positive eigenvalue of the operators M and M*. Then
ro(K) =rs(L) +r (M) is a cone-positive eigenvalue of the operators K and K*.

O The proof is almost trivial: If z and y are eigenfunctions in the corresponding
cones such that Lz = r,(L)z and My = r,(M)y, then z ® y belongs to the induced
cone in U ® V and is an eigenfunction for the eigenvalue r,(L) +r,(M) of K. R

Given a linear operator A in a Banach space F, by
(14.68) Tes(A) :=sup {|A| : A € 0e5(A)}

we denote the Fredholm radius (or radius of the essential spectrum) of A.



Theorem 14.11 Suppose that the kernels | and m in (14.3) and (14.4) are nonnegative,
and that

(14.69) Tes(L) < To(L),  Tes(M) < 14(M).

Then 14(K) = 14(L) +74(M) is a cone-positive eigenvalue of the operators K and K*.

O From ZABREJKO-SMITSKIKH [1979] it follows that, under the above hypotheses,
ro(L) is a cone-positive eigenvalue of L, and (M) is a cone-positive eigenvalue of M.
By Lemma 14.2, r,(K) = r,(L) + ra(M) is then a cone-positive eigenvalue of K. The
proof for K* is of course the same. W

Theorem 14.11 applies, for example, to the case of compact operators L and M
which satisfy (14.67). In fact, in this case we have 0 = 7. (L) < a < r,(L) and
0=re(M) < B <ry(M), and thus (14.69) holds.

We remark that, under the hypotheses of Theorem 14.8 or Theorem 14.10, the strict
inequality

(14.70) Tes(K) < 15(K)
follows from the strict inequalities (14.69). In fact, the inclusion (14.64) implies that
rea(K) < sup {|A| : A € [0es(L) + o (M) U [o(L) + oea(M)]}
< max {sup{|a] : @ € 0us(L)} + 16 (M), 75 (L) +sup{|8] : B € o, (M)}}
= max {res(L) + 15 (M), 16(L) + 1es (M)} < (L) + 1o (M) = 15(K).

However, if one of the inequalitites in (14.69) is not strict, the inequality (14.70) may
fail. For example, let L and M be compact operators with r,(L) = 0 and re,(M) <
ro(M). From (14.36) and the inclusion oe,(K) C 0.s(K) we get then ry(K) = r,(M) <
res(K) < 1ry(K), hence ro(K) = r,(K).

We point out that a cone-positive eigenvalue of a bounded linear operator A in
a Banach space with a cone C' need not be simple. However, if A is a so-called u-
bounded operator, any cone-positive eigenvalue of A is simple (see Theorem 11.1 in
KRASNOSEL'SKIJ-LIFSHITS-SOBOLEV [1986]). We recall that A is called u-bounded
for some u € C if for all x € C\ {0} one can find numbers a, 3 > 0 such that
au < A"z < fu for some n € N. (Here the inequality < is meant, of course, in the
sense of the partial ordering induced by the cone C'.)

Theorem 14.12. Suppose that the operators [:/ and M are u-bounded, and TU(INJ)
and ry(M) are cone-positive eigenvalues of L and M, respectively. Assume, in addition,
that

(14.71) 0,(K) = 0,(L) + 0, (M).

Then all eigenvalues X € 0,(K) \ {r,(K)} satisfy |\| < r.(K), and r,(K) is a simple
cone-positive eigenvalue of K.



O Let A =a+ € 0,(K) = 0,(L) + 0,(M) with X\ # 7,(K), hence o # 7,(L)
or 3 # r,(M), let a # r,(L). From Theorem 11.4 of KRASNOSEL'SKIJ-LIFSHITS-
SOBOLEV [1986] it follows that |a| < r,(L), since L is u-bounded. Consequently,

A = la+ 8] < laf + 18] < 16 (L) + 7o (M) = 16 (K).
Now we show that the eigenvalue r,(K) is simple. First of all, we can find decompositions
U:El@Fb V:EZ@F2>

(14.72) . R _ .
U—-V]=(VE)® (VeF), [U«V]=(URE)® (URF),

where E} is the (one-dimensional) nullspace of the operator L —ry(L), and E, is the
(one-dimensional) nullspace of the operator M — r,(M). For the sake of definiteness,
let us consider the operator K in the space [U « V.
Since every space occurring in the decompositions (14.72) is invariant under K, we
have
O'p(K) == Up(K’Uég)EQ) U Up(K|U®F2)
From (14.71) and from the equalities
o(K|U®E,) = o(L) + 0(M|E,), o(K|U®F,) = o(L)+ o(M|Fy)
we deduce that also
0p(KIUGEy) = 0(L) + 0, (M| Ey),  0p(K|U®Fy) = 0y(L) + 0, (M| F).
Since 7,(M) ¢ 0,(M|F,), we have ro(K) ¢ 0,(K|U&F,), hence
ro(K) € 0p(K|U®E) = 0,(L) + 0, (M| Ey).

Moreover, since F, is one-dimensional, we have U®F, = {z ® e : x € U}, where e is
some positive eigenvector of M corresponding to the eigenvalue TU<M ). It follows that
the equation . .

(K —ry(K)(z®e)=[(L—ry(L))x]@e=0
has a nontrivial solution if and only if the equation Lz = r,(L)z has a nontrivial

solution. But r,(L) is a simple eigenvalue of L, and thus r,(K) is a simple eigenvalue
of K as claimed. W

We remark that, under the hypotheses of Theorem 14.12, the operator K is in
general not u-bounded.

The most important situation where Theorem 14.12 applies is as follows. Suppose
that the operators L and M are both u-bounded, and some powers of L and M are
compact. Then the equality (14.71) holds; consequently, r,(K) is a simple eigenvalue,
and all other eigenvalues A\ of K satisfy |A| < r,(K). The proof is precisely the same
as that of Theorem 14.12.

The results discussed in this subsection have been obtained in KALITVIN [1984,
1985, 1985a, 1988a, 1996]; they hold for operators K in the space C(T x S) (see also
KALITVIN [1988b] and KALITVIN-GALITSKAJA-SOKOLOVA [1988]).

Finally, we remark that in some existence results for partial integral equations (for
example, those containing Hardy-Littlewood type operators), the notion of the so-called
generalized spectral radius plays an important role. Some results and applications in
this direction may be found in KALITVIN-LAVROVA [1993]|, KALITVIN-PROVOTOROVA
[1995], and POVOLOTSKIJ-KALITVIN [1994].



§ 15. Linear partial integral equations

In this section we collect some basic facts about the (unique) solvability of linear
equations involving partial integral operators (of both Fredholm and Volterra type).
Such equations occur rather often in applications (as we shall see in Chapter IV), but
have not been studied systematically yet in book form. The main results of Subsections
15.1, 15.2 and 15.4 have been obtained in KALITVIN-ZABREJKO [1991].

15.1. Fredholm equations

Consider the linear partial integral equation

x(t,s)—/l(t,s,T) (1, s)dp(T /mtsa (t,0)dv(o)
(15.1) ’

4 [ nttsnagema)dl < v) (o) + f0.5)
TxS
which may be written in a suitable Banach space concisely as operator equation
(15.2) (I—L—M-—N)x=f,

where L, M, and N are given by (11.3), (11.4), and (11.5), respectively. Some typical
examples of such spaces will be given below. We will be interested in the question to
what extent the basic results for classical integral equations carry over to equation
(15.1). We shall discuss some results which are related to specific properties of the
operator K = L + M + N. Obviously,

(15.3) I-K=(I-L)([I-M)—(N+LM)=(I-M)I—-L)—(N+ ML),

hence, in case the operators I — L and I — M are invertible, equation (15.2) is equivalent
to both equations

(154) [I-T-M)'"I—-Ly Y YN+LM)z=g (g:=I—-M)"(I-L)"f)
and
(155) [I—-(I—-L)y "I —-M)y" N+ML)|zx=h (h:=(I-L)"*I—-M)"f).

Observe that the iterated integral operators LM and M L may be written in the form
Las(ts) = [ pltosmogeln.a)dn xv)(r.0)
TxS

with p(t, s, 7,0) = I(t, s, 7)m(T,s,0) and

MLzx(t,s) = /TXSq(t, s, 7,0)x(T,0)d(pn x v)(T,0)

with q(t, s, 7,0) := m(t,s,0)l(t, o, T), respectively. Consequently, the operators N+ LM
and N+ M L occurring in (15.4) and (15.5) are usual integral operators over the domain
T xS.



The invertibility of the operators I — L and I — M is of course related to the solvability
of the equation

(15.6) ult,s) = /T (t, 5, 7)ulr, s)du(r) + f(t, 5)

(which is a classical integral equation containing a parameter s), and the equation

(15.7) v(t,s) = /Sm(t,s,a)v(t,a)du(a) + f(t,s)

(which is a classical integral equation containing a parameter t). The study of the
equations (15.6) and (15.7), in turn, reduces to analyzing the families of operators
(12.6) and (12.7). This is connected with the solvability of the integral equations

(15.8) u=L(s)u+g (s €S)
in an ideal space U over T', and the solvability of the integral equations
(15.9) v=M(t)v+h (teT)

in an ideal space V over S. By classical results on integral equations, the solutions u
and v of these equations (if they exist!) are given by

(15.10) u(t) = g(t) ~|—/T<,0(t, S, 7)g(7T)du(T) (s €9)
and
(15.11) v(s) = h(s) + /Sw(t, s,0)h(o)dv(o) (teT)

involving the resolvent kernels o(t, s, 7) and (¢, s, o). Now, if the spectral radii of the
operators |L(s)[ and | M (t)] (see (12.6), (12.7), (11.8) and (11.9)) satisfy

(15.12) ro(L(s)) <1 (s€S), r(M@®H)<1 (teT),

the resolvent kernels may be represented as series of iterated kernels

(15.13) o(t,s,7) Zl(k t,s,7) (ses, t,reT)
and
(15.14) Y(t, s, o) Zm (t,s,0) (teT, s,0€8)

which converge in the Zaanen kernel spaces 3(U) and 3(V'), by each s € S and t € T
respectively (see Subsection 12.1). If, in addition, we have

(15.15) v € R(X), YeR,(X),



where X = [U — V] or X = [U « V], it is natural to expect that

(15.16) z(t,s) = f(t,s) +/Tg0(t,s,7)f(r, s)du(T)

and

(15.17) z(t,s) = f(t,s) + /Sw(t,s,a)f(t,a)dl/(a)

are solutions of (15.6) and (15.7), respectively. In particular, this is true if
(15.13) ro(1L)) = lim {05 Ny Sp <1 (s € 9)
and

(1519) (MO = lim {/[mO w0y Sq <1 (FET),

We summarize with the following

Theorem 15.1. Let X = [U — V] or X = [U « V], and suppose that the
linear operator K = L+ M + N acts in X and is reqular. Assume that the estimates
(15.12) hold, that the corresponding resolvent kernels satisfy (15.15), and that one of
the operators N + LM or N + ML 1is compact in X. Then the linear partial integral
equation (15.1) satisfies the Fredholm alternative in the space X. In particular, (15.1)
admits a unique solution x € X for any f € X if and only if the equation x = Kx has
only the trivial solution z(t,s) = 0.

The conditions of Theorem 15.1 are sufficient but not necessary. The crucial points
in this theorem are the compactness of N + LM or N + ML and the invertibility of
both I — L(s) (s € S) and I — M (t) (t € T), i.e. the hypothesis

(15.20) 1 €o(L(s))Ua(M(t)) (teT,sebl).

Even in the case I(t,s,7) = I(t,T), m(t,s,0) = m(s,0), and n(t,7,s,0) = 0 (which
frequently occurs in applications), one cannot drop the fundamental assumption (15.20).

Suppose now that S and T are compact sets, and the kernels [ : T"x S x T — R
and m:T x S xS — R are continuous. Put

or, = U o(L(s)), oM = U o(M(1)),

seS teT

with L(s) given by (12.6) and M (t) given by (12.7). Then the condition
(1521) 1€O'LUO'M

obviously implies the invertibility of the operators I — L and I — M, where L is given
by (11.3) and M by (11.4). From this we get the following



Theorem 15.2. Suppose that the sets S and T are compact, the kernels | = I(t, s, T)
and m = m(t,s, o) are continuous, and the integral operator N given by (11.5) is
compact in the space X = C(T x S). Then (15.21) implies that the linear partial
integral equation (15.1) satisfies the Fredholm alternative in the space X.

Under the hypotheses of the preceding two theorems we know, in particular, that
the partial integral equation (15.1) admits a unique solution (in X = [U — V] or
X = [U « V] in case of Theorem 15.1, and in X = C(T x S) in case of Theorem 15.2)

if

(15.22) 1¢o[(I —M)" (I —-L)"%N+ LM)]
(15.23) 1¢o[(I-L)"(I—M)""(N+ ML)).

We illustrate this for degenerate kernels over 7' = S = [0, 1] in the following
Example 15.1. Let
l(t,s,7) = alt,s)B(r), mlt,s o) =(ts)(0),

and
n(t7 5, T, 0) = €<t7 S)C(T)U(U),

be continuous functions. We consider the equation

z(t,s) = a(t, s) / B(1)x(r,s)dr + ~(t, 8)/1(5(0)33(15,0)610
0

ts//g (7, 0)dodr + f(t,5).

where f is continuous on 7' x S. Then the operators N + LM and N + M L are compact
in the space X and

o, =Jo(L(s)) = {0y u | J{r: / a(r,8)B(r)dr = A} D o(L),

s€S s€S 0

ou = | JoM(t) = {0} u | J{r: / 0)3(0)do = A} D o(M).

teT teT

Obviously, the above equation is Fredholm if for any s € S and t € T' we have

/0 a(r,s)B(r)dr # 1, /0 ~v(t,0)0(0)do # 1.

In this case the inverse operators

a(t, s)

a(s)

(I — L) 'a(t,s) = x(t,s) — /0 B(r)x(r, s)dr



and

-1 - v(t, s) !
(I — M) x(t,s) = x(t,s) — 0 /0 d(o)z(t,o)do

exist, where we have put

a(s) =1 —/O a(r,s)B(r)dr, b(t)=1 —/O v(t,0)d(o)do.

Thus, if 1 is not an eigenvalues of the compact integral operator (I — M)~ (I — L)™!
(N + LM) (which may be written out explicitly), then the above equation has a unique
solution in X.

15.2. Volterra equations

Consider now the special case when the sets 7" and S are real intervals and (15.1) is
a partial integral equation of Volterra type

2(t, ) = /z(tm) (TsdT+/ mit,s,0)x(t, o)do
(15.24)

// (t,s,7,0)x(r,0)dr do + f(t,s).

In this case, (15.12) holds true (see e.g. ZABREJKO-KOSHELEV-KRASNOSEL'SKIJ-
MIKHLIN-RAKOVSHCHIK-STETSENKO [1968]) if the operators (12.6) and (12.7) are
compact in the spaces U and V, respectively, and U and V' are regular spaces (i.e. all
elements in U and V' have absolutely continuous norms, see Subsection 4.1). Moreover,
if the resolvent kernels ¢ = ¢(t,s,7) and ¥ = ¥(t,s, o) satisfy (15.15), the study of
equation (15.24) reduces to that of (15.4) and (15.5) (which are then classical Volterra
integral equations, of course). Finally, if at least one of the operators N+ LM or N+M L
is compact, then, again by the regularity of the space X (see ZABREJKO-KOSHELEV-
KRASNOSEL'SKI1J-MIKHLIN-RAKOVSHCHIK-STETSENKO [1968]), the spectral radius of
the corresponding operator is zero. Thus we arrive at the following

Theorem 15.3. Let U and V' be regular ideal spaces and X = [U — V] or X =
[U — V. Suppose that the linear operator K = L+ M+ N acts in X, and the operators
L(s) and M(t) defined by

(15.25) L(s)u(t) ::/0 I(t,s, T)u(T)dr (s €S)
and
(15.26) M(t)v(s) == /08 m(t,s,o)v(o)do (teT)

are compact in U and V, respectively. Assume that the resolvent kernels ¢ = ¢(t, s, T)
and ¥ = P(t, s, o) satisfy (15.15), and that at least one of the operators N + LM or
N + ML is compact in X. Then the linear partial integral equation (15.24) admits a
unique solution x € X for any f € X.



The example

I 1 [
x(t,s):§/0 (TS)dT—l-g (tada—i-%// T,0)do dr

shows that equation (15.24) is, in general, not uniquely solvable without additional
conditions on the kernel functions involved.

A simple (though important) special case where the assertions of Theorem 15.1 and
Theorem 15.3 may be made more explicit is U = V = L,([0,1]) and X = L,([0,1] x
[0,1]). Here the hypothesis (15.15) means precisely that the partial integral operators

@x(t,s):/o o(t, s, T)x(r,s)dr

and )
x(t,s):/ U(t,s,0)x(t,o)do
0

(in case of Theorem 15.1), or

dx(t, s):/o o(t, s, 7)x(r,s)dr

and

Uat, ) — /0 (5, 0Va(t, o) do

(in case of Theorem 15.3), belong to £7(L,). In this way, verifying the corresponding
hypotheses simply reduces to studying families of Fredholm or Volterra integral equations
in Lebesgue spaces. In particular, (15.24) has a unique L,-solution for any f € L, if the
kernels [, m and n are bounded, and a unique continuous solution for any continuous
function f if the kernels [, m and n are continuous and bounded.

Under the hypotheses of Theorem 15.3, the spectral radius of the operator K is zero.
Other sufficient conditions for this may be found in ZABREJKO-LOMAKOVICH [1987,
1990] and also in the note KALITVIN [1997a]. The relation r,(K) = 0 was established
in case of a bounded kernel function first in MUNTZ [1934] and GOURSAT [1943|. The
classical work of VEKUA [1948] is devoted to holomorphic solutions of partial integral
equations with Volterra operators and their application in elasticity theory and in the
theory of elliptic boundary value problems.

15.3. Bounded and continuous solutions

In view of some applications (see e.g. AGOSHKOV [1988|, BRACK [1985], GNEDENKO
[1988], KLIMONTOVICH [1982]) it is interesting to find bounded, continuous, or even
smooth solutions of equations (15.1) and (15.24).

Unfortunately, the situation here is quite different from that for usual Fredholm
integral equations. It is well-known that any solution of the linear Fredholm integral
equation

x(t) = /Tk(t,T)x(T) dr + f(t)



is continuous (or bounded) if, for example, the function f and the kernel k are continuous
(respectively bounded). As the following example shows, the equation (15.1) with
constant functions [, m, n, and f can have both bounded and unbounded solutions.

Example 15.2. Let T'= S = [0, 1] and (¢, s,7) = m(t,s,0) = n(t,s,7,0) = 1 and
f(t,s) = —2. Then the equation

x(t,s):/le(T,s)d7'+/le(t,a)da+/Ol/olx(T,a)dea—2

has the continuous solution z(t, s) = 1, the bounded solution
2 if 0<s<3,

x(t,s) =
z 1

and the unbounded solution

( 1
1- if 0§5<%,
L
2
; — 1
w(t’s): 0 lf 5—27
1
1+ if $<s<1
1

Thus, even the analyticity of the functions [, m, n, and f does not guarantee the
continuity or boundedness of the solutions of equation (15.1). Nevertheless, if the
operator K is bounded in the space C(T x S) or Loo(T x S), the operator I — K
is invertible, and the function f in equation (15.1) is continuous, then every bounded
solution x of (15.1) is continuous.

15.4. Using tensor products

Let us now take a closer look to the case I(t,s,7) = I(t,7) and m(t,s,0) = m(s, o)
in (15.1), i.e. we consider the equation

2(t,s) = / 1t )2, $)dp(r) + / m(s, o)z (t, o) dv(o)
(15.27) ’ °

[ ntsmagatno)dx v)(o) + £0.9)
TxS
We rewrite this again as
(15.28) (I—-L—-M-—N)x=f,

where N is the operator (11.5), and L and M are now given by

(15.29) Lx(t,s):/Tl(t,T)x(T, s) dp(T)



and
(15.30) Mz(t,s) :/Sm(s,a)x(t,a) dv (o).

In general, even in case of continuous kernels the equation (15.27) is not Fredholm,
because it contains the partial integral operators L and M. However, if the operators
L and M are continuous in some Banach space X, and N is compact in X, in some
important cases one may prove that the integral equation (15.27) is Fredholm. This is
possible if the operators L and M may be represented as tensor products L = LI
and M = I®M, where L and M are defined by (14.3) and (14.4). If we use now the
results of § 14 and the fact that the Fredholm property and the index of an operator is
stable with respect to compact perturbations (see e.g. KATO [1966] or KREJIN [1971]),
we arrive at the following results.

Theorem 15.6. Suppose that the integral operator L acts in an ideal space U =
U(T), the integral operator M acts in an ideal space V = V(S), and the integral
operator N is compact in the space X = [U — V] or X = [U < V. Assume that one
of the following conditions is satisfied:

(a) U= Ly(T) and V= L,(S) (1 <p < 0);

(b) V.= Ly(S), U is almost perfect, and X = [U — V7,

(c) U= Ly(T), V is almost perfect, and X = [U «— V.

Then the integral equation (15.27) is Fredholm of index zero if and only if 1 & o.s(K),
and Fredholm if and only if 1 & 0ew(K); here oos(K) and 0., (K) are the sets defined

in Theorem 14.1. In case 1 € 0¢,(K), the index of equation (15.27) may be calculated
by formula (14.10).

Now let T" be a compact set, U = C' = C(T') the space of continuous functions on
T, and V = V(S) some Banach space. In LEVIN [1969] it is shown that the space
U®V with the norm (11.42) is a Banach space, and the norm (11.42) coincides with
the weakest crossnorm A which is defined by

(15.31) A (Z up @ vk> = sup {Z (g, ') (v, VY| 2 || || < 1|0 ||y < 1}.
k=1 k=1

This norm is uniform (see e.g. SCHATTEN [1950]). It is well known (GROTHENDIECK
[1955]) that in this case URV is just the space C(T, V') of continuous on 7" functions
with values in V. Similarly, if S is a compact set, V = C = C(S), and U = U(T) is
some Banach space, then VU = C(S,U).

The following theorem follows from the results of T. ICHINOSE [1978, 1978a] on
the spectra of tensor products of operators in tensor products of Banach spaces with
quasiuniform crossnorms (see § 14).

Theorem 15.7. Let T and S be compact sets. Suppose that the integral operator L
is bounded on C = C(T), the integral operator M is bounded on some Banach space
V = V(95), and the operator N is compact on the spaces X = C(T,V). Then the
assertion of Theorem 15.6 holds true.



In the previous two theorems, we have given conditions under which the integral
equation (15.27) is Fredholm (of index zero) in the tensor product of Banach spaces
which may be represented as spaces with mixed norm or space of vector functions with
uniform crossnorms. The Theorems 14.8 - 14.10 below give such conditions in spaces
with mixed norm whose crossnorms are not necessarily uniform or quasiuniform.

Theorem 15.8. Suppose that the integral operators L and M act in completely
reqular ideal spaces U = U(T) and V = V(S), respectively. Assume that one of the
following conditions is satisfied:

(@) 7= I, ) |lv € U, t = ||l(t,)||or € U, and X = [U « V];

(b) o — ||m(-,0)|lv € V', s+ |m(s,")||lv €V, and X = [U — V];

() 7= [l Dw eV, [U—=V]CU V], and X =[U < V];

() t—=|lt, ) €U, [U—V]C[U—V], and X =[U « V|,

(e) o |m(-, o)y eV, [U—V]|CU—-V],and X =[U — V];

(1) 5 Im(s, v €V, [U— V] C[U — V], and X = [U = V].

Finally, suppose that N is a compact operator in X. Then the assertion of Theorem
15.6 holds.

Using Theorem 14.10 and Example 14.5 we may of course formulate Theorem 15.8,
in particular, for the Lebesgue spaces [L, — L,| and [L, < L,] with mixed norms.

We consider now another important special case of the equation (15.27), namely

(15.32) x(t,s) = / I(t,m)z (T, s)du(r /m s,0)x(t,o)dv(o) + f(t,s).

T
In various classes of function spaces (see § 14) this equation can be written in the form
(15.33) (I — K)z = (IR — LI — I[&M)x = f;

here K is the operator (14.1), and L and M are the operators (14.3) and (14.4).
Applying the results of § 14 to equation (15.33) allows us to give a fairly complete
description of the spectral properties of the equation (15.32). We confine ourselves
only to the invertibility condition

(15.34) 1¢o(K)=0(L)+0(M)={a+p:acao(l), ca(M)},

which follows from equality (14.7).

Let us suppose that 1 € ¢(K). Then we can find open neighborhoods G of (L) and
F of o(M) such that the function h(¢,7) = (1 — & —5)~! is holomorphic in G x F.
Applying classical results of the theory of operator calculus of tensor products (see e.g.
ICHINOSE [1978b]) we get

(I—K)"'=(I®I — LRI — IQM)™!

(15.35) - I) (77] i)

dg dn,

AN



where I'¢ C G and I'p C F' are some rectifiable curves which do not meet the spectra
0([:) and o (M), respectively. Consequently, the solution of equation (15.33) is given
by z = (I — K)~' f with (I — K)~! given by (15.35). In this way, we have proved the
following theorem.

Theorem 15.9. Let U = U(T) and V = V(S) be Banach spaces. Suppose that the
operator L is bounded in U, the operator M is bounded in V, and one of the following
conditions is satisfied:

(a) U= L,(T), V=L,95), and X = L,(T x 5) (1 <p < 0);

(b) U = Ly(T), V is an almost perfect ideal space, and X = [U < V|,

(¢) V.= Ly(S), U is an almost perfect ideal space, and X = [U — V;

(d) U and V' are regular ideal spaces, X = [U «— V], and L is a regular operator in
U;

(e) U and V are regular ideal spaces, X = [U — V|, and M is a regular operator in
Vi

(f) T and S are compact sets, U = C(T), V. =C(S5), and X = C(T x S).

Then the equation (15.32) has a unique solution in the space X, for any f € X, if

and only if the condition (15.34) is satisfied. Moreover, this solution is x = (I — K)7'f
with (I — K)™' given by formula (15.35).

To illustrate these theorems, let us consider the linear integral equation

1 s
(15.36) Az(t, s) +/ It —T1)z(r,s) d7'+/ m(s,o)z(t,o)do = f(t,s)
-1 0
which occurs in the mechanics of continuous media (see e.g. ALEKSANDROV-KOVALENKO
[1980, 1986] and KOVALENKO [1981]). Here we have 7' = [—1,1], S = [0,a], and the

kernel [ has the form
1 -

= [ e i

2/

where \ and 0 are a parameters (which have a mechanical and geometric meaning),
and [ is a positive continuous function satisfying

I(z) = A+ 0(z%) (2 — 0), 12]i(z) = B4+ 0(z7}) (2 — o0).

Moreover, the kernel m is either continuous or weakly singular, and the function f has
the form

fts) = [1(t) + fals) + 1 fs(s)  (fr € Lyp(T), fa, f3 € Lp(5)).

Equation (15.36) may be studied in the space L,(T" x S). Under the hypotheses given
above, the operators L and M are compact in L,(T) and L,(S), respectively, and thus
the results of § 14 apply. The spectrum of the compact operator L consists of 0 and
either a finite number, or a sequence converging to 0, of eigenvalues A. On the other
hand, the spectrum of M contains only 0. The operator L is selfadjoint and positive
definite in Ly(T'). Therefore, its spectrum is contained in the nonnegative real axis.
Since 0 € o(L) in any of the spaces L,(T), and the other points of spectrum form



a discrete set, by a well-known results of HALBERG-TAYLOR [1956], the spectrum
of the operator L in L,(T) is the same for any p, i.c. consists of 0 and a finite
number or a sequence (converging to 0) of positive eigenvalues. Thus, the spectrum
of the corresponding operator K coincides in this case with that of the operator L;
in particular, all elements of this spectrum are not eigenvalues. Altogether, equation
(15.36) has a unique solution x € L,(T" x S) for any f € L,(T x S), provided that
—\ & o(L). Moreover, this solution is z = (I — K)~' f with (I — K)~! given by formula
(15.35). Analogous results are true for the case of the space C'(L,) (1 < p < 00).

We remark that some approximate methods for constructing the solutions of equation
(15.36) (for A > 0) have been studied in KOVALENKO [1981].

15.5. Using eigenfunction expansions

Suppose that the integral operators L and M are compact in Lo(T) and Lsy(S),
respectively, and have symmetric kernels. Let {¢1, @2, @3, ...} be an orthonormal basis
in Lo(T") which consists of eigenfunctions of the operator L with corresponding eigenvalues
aq, g, g, . . ., counted according to their multiplicity. Similarly, let {1, 19,73, ...} be
an orthonormal basis in Ly(,S) which consists of eigenfunctions of the operator M with
corresponding eigenvalues (31, 32, 33, . . ., again counted according to their multiplicity.
Then the system {¢; ®; : i,j =1,2,3,...} forms an orthonormal basis in Ly(T x S),
and the equation (15.32) may be written in the form

(15.37) Z ¢i @ jlwi (1 — oy — B5) — fi5] = 0,

1,j=1

where z;; and f;; are the Fourier coefficients of the functions x and f with respect to
the system {¢; ® ¢, : 4,5 =1,2,3,...}. By the results of § 14 we have then

o(K)=o0(L)+a(M), o,(K)=0,(L)+0,(M),
and
C\ 0es(K) = (C\ (1)) N (C\ o(M)).

As we can see from (15.37), if 1 € o(K), then z;; = (1 — a; — 3;)7" fi;. Therefore, the
unique solution of equation (15.32) may be written in the form

(15.38) z(t,s) = i %

1,j=1

Gi(t);(s).

On the other hand, if 1 € o(K), but 1 € o(L) Uo (M), then 1 = a; + 3;, where i runs
over some finite set P C N and j runs over some finite set ) C N. It follows from
(15.37) that z;; = (1 —a; — B;) ' fi; if i ¢ Pand j € Q, and f;; =0ifi € Por j € Q.
We conclude that the condition

(15.39) fi=0 (ieP jeqQ)

is necessary and sufficient for the solvability of equation (15.32). This condition simply
means that f is orthogonal to the nullspace

(15.40) N(I — K)=span{¢; @, : i € P,j € Q}



of the operator I — K. If (15.39) is satisfied, the equation (15.32) has a finite number
of linearly independent solutions of the form

(15.41) x(t,s) = Z cijdi(t)¥;(s) + Z

(L9)eP>Q (1,j)eEN2\PxQ 1 —o; =3

where ¢;; (i € P,j € ()) are arbitrary constants.

Now suppose that 1 € o(L)Ua(M), but 1 is not an eigenvalue of K. Then it follows
from (15.37) and (15.38) that equation (15.32) is solvable if and only if the series

(15.42) i (1—5—]—@)2

ij=1

converges: If the condition (15.42) holds, then the equation (15.32) has unique solution
which may be found by formula (15. 38) On the other hand, if 1 € o(L) U o(M) and
1 is an eigenvalue of K, then it follows from (15.37) that equation (15.31) is solvable
if and only if the condition (15.39) holds; in this condition P and () may be finite or
countable subsets of N such that

fe’e) fij 2
(15.43) Z (1 o) <
(1,7)ER

The solution of equation (15.31) may then be written in the form

(15.44) z(t,s) = zo(t, s) + Z i ()15 (s),
(% ])ER ]
where zy € N(I — K) is arbitrary.
Suppose that the kernels [ and m in the integral equation (15.32) are degenerate,
ie.
p q

(15.45) (t,7) =) dit)(r), m(s,0) = vi(s)u;(0),

i=1 j=1

where {¢1,...,0p}, {¢1, ..., ¥}, {11, ..., v}, and {pa, . . ., p1} are linearly independent
systems. Let

Ey :=span ({¢1,...,0pt U{t1,...,¢p}), Ea:=span({v1,...,v.} U{p1, ..., p1q}),

and denote by F} and F; the orthogonal complement of F; and Fsy in Lo(T') and Lo(S),
respectively. Then
Ly(T) = By @ I, Ly(S) = E, @ F,

and
L(TxS)=EiQE®&EQF®F QE® FiQF,.

Obviously, the spaces F; ® Fs, E1 ® Fy, and F; ® Fy are invariant under the operator
(14.1) with the kernel (15.45), and Fi®F» is mapped by this operator to the trivial
functions. Consequently, equation (15.32) may be replaced by the equations

(15.46) 2 W(t, s) = Z@ () +ZVJ WM () + FD(E,s),



(15.47) Z¢z Jal? (s) + fA(t, 5),

q

(15.48) 1(t5) = 3wt (1) + £t 5),
and
(15.49) zW(t,s) = fB(t, s).

Here 2z, f() ¢ E1 ® E,, z( f<2> EEIQF, 29 f® c Fi@FE, 2%, Y c QF,,

r =M 4. cand f = fO .+ f@. Moreover, the coefficients a{®, ..., alf j

(k=1,2) and blk), . .,bgk (k= 1,3) are given by

(15.50) al?(s) = /T e W (7, )by (T)du(r) (i=1,...,p)
and
(15.51) b (1) :/S:E(k)(t,o)uj(a) dv(o) (j=1,...,q).

Let us consider first the equation (15.46). Putting (15.46) into (15.50) for £ = 1 and
into (15.51) for k = 1 we obtain the equations

(15.52) o’ (s) =Y af' czl+zuj D) Gi=1,...p)
=1

and

(15.53) Zd]kb +Z¢z v+ GG=1.....9),

where the constants c¢; and dj; and the functions fz-(l) and g](l) are defined by

(15.54) w:L@mEmmmxcmzéwmwwmw>
and

(15.55) ﬁ%@=£ﬁ”h$%@MMﬂ,¢W) /jﬂ@®w<mw>

and the unknown constants ZL‘ ) and y l may be determined by

(15.56) x?aAWw%HWW,@35Amewmw>



Multiplying the equations (15.52) and (15.53) by p;(s) (j = 1,...,¢q) and ¢;(t) (i =
1,...,p), and integrating the resulting equations over S and T, respectively, from
(15.56) we get the systems

p
:Zcily]l Zd :L‘ +fz] )

1
yy(z) chlyjl +Zdﬂkxzk +fZJ

fori=1,...,pand j =1,...,q, where

= //fmm 5 (@) du(r) dv (o).

From the definition it is clear that

(15.57) g =2l i=1...p j=1,....9).
Consequently,
xl(]l) Z Czﬂzj + Z d; x(l)
=1
fort=1,....,pand j =1,...,q. The last system may be written as a matrix Liapunov
equation
(15.58) X=CX+XD"+f,

where the matrices C' = (¢;;), D* = (dj;), and f = (fi;) are known, while the matrix
X = (xj;) is unknown (: = 1,...,p, 7 = 1,...,q). Thus, the solution of equation
(15.46) is reduced to the solution of the systems (15.52), (15.53), and (15.58). If these
M may be found from (15.58), and y](ll) = :L‘l(]l)
found from (15.57). Puttmg x and y ) into (15.52) and (15.53) and solving the last
systems we find then a ) and b . Putting now az(»l) and bg-l) into equation (15.46) we
get the solution z(!) of this equatlon. Obviously, if the systems (15.52), (15.53) and
(15.58) are solvable, then equation (15.46) has a unique solution or a finite number of
linearly independent solutions.

Analogously, putting (15.47) into (15.50) for & = 2 and (15.48) into (15.51) for
k = 3, we end up with the systems

systems are solvable, then w;; may be

(15.59) a?(s) = caal”(s) + fP(s) (i=1,...,p)
=1

and

(15.60) b ( Zd W +9P) (G=1,....9).

From these systems (if they are solvable, of course) we may find the unknown functions
a§2) and bg-g) (t =1,...,p, 7 = 1,...,q). Putting these functions into (15.47) and



(15.48) we get 22 and 2, respectively. However, if the systems (15.59) and (15.60)
are solvable, the equations (15.47) and (15.48) have a unique solution or an infinite
number of linearly independent solutions. In fact, if 1 is not an eigenvalue of the
matrices C' and D (i.e. 1 € o(L) and 1 &€ o(M)), then the systems (15.59) and (15.60),
and hence also the equations (15.47) and (15.48) have a unique solution. However, if 1 is
an eigenvalue of C' and D, then 1 € 0,(L) and ¢,(M) and, obviously, the homogeneous

equations
Z@ ) [ s dutr)

and
Zvj ) [ oo

have infinitely many solutions of the form

2@(t,s) = htyu(s), 2Pt s) = g(s)o(t)

with h e N(I — L)NEy,u€ Fy, g€ N(I — M) N E,, and v € F.
All these arguments do not only allow us to give explicit criteria for the solvability of

equation (15.32) in the case of degenerate kernels, but they also provide a constructive
method for solving this equation. We summarize with the following

Theorem 15.10. Suppose that the kernels I and m in equation (15.32) are of the
form (15.45). Then the following solvability criteria hold true:

(a) If 1 & o(L) + U(M), the equation (15.32) has a unique solution for any function
feLy(T xS).

(b) If 1 € o(L) + (M) but 1 € o(L) U (M), then the equation (15.32) is solvable
if and only if the equation (15.58) is solvable; moreover, equation (15.32) has then a
finite number of linearly independent solutions.

(c) If1 € U(Z) + J(M) and one of the following conditions is satisfied:
(c1) 1 € o(L) but 1 & o(M),
(c2) 1 & o(L) but 1 € a(M),
(c3) 1 €o(L) and 1 € o(M),
then the equation (15.31) is solvable if and only if both (15.58) and (15.59) (in case
(c1)), (15.58) and (15.60) (in case (c2)), or (15.58), (15.59) and (15.61) (in case (c3))
are solvable; moreover, the equation (15.32) has then an infinite number of linearly
independent solutions.

We remark that a fairly complete description equation (15.32) in the case of degenerate
kernels and matrix Ljapunov equations was established in VITOVA [1975, 1976, 1976a,
1977|. As we have seen, the study of equation (15.32) may be reduced to the study of
the equations (15.46) - (15.48). A detailed analysis of these equations may be carried
out with the help of the methods which we used in the proof of Theorem 14.9.

We close this section with detailed bibliographical comments. Partial integral equations
with continuous kernel functions have been studied in OKOLELOV [1967, 1967a, 1967b,
1968|, with bounded kernel functions in FENYO [1955|, and with symmetric kernel
functions in BOLTJANSKIJ [1979, 1980, 1981], BOLTJANSKIJ-LIKHTARNIKOV [1982],



LIKHTARNIKOV-MOROZOVA [1983], and LIKHTARNIKOV-VITOVA [1976]. We also mention
the papers KAKICHEV-KOVALENKO [1973| and VITOVA [1988] on equations with degenerate
or Jordan-type kernel functions, and LIKHTARNIKOV [1974, 1975] on equations with
two parameters and selfadjoint operators. In KALITVIN [1989, 1989b| one may find
conditions under which a partial integral operator is Fredholm (of index zero). We also
mention the classical work by KANTOROVITZ {1957, 1958], KOVALENKO [1968, 1971,
1975, and MAURO [1976].

Singular equations have been studied in ABHUANKAR-FYMAT [1969], GAKHOV
[1977], GAKHOV-KAKICHEV [1967], KAKICHEV [1967, 1968, 1969, 1978|, P1LIDI [1971,
1971a, 1982, 1988, 1989|, PILIDI-SAZONOV [1983], SIMONENKO [1971], SKORIKOV
[1980], and TOKILASHVILI [1985, 1987]. Partial integral operators containing difference-
type kernel functions are considered in BOTTCHER [1982, 1983], BOTTCHER-PASENCHUK
[1982], GOVORUKHINA-KOVALENKO-PARADOKSOVA [1985, 1986, 1987, 1987a, 1989],
KOVALENKO [1975], MORARU [1969, 1975|, SIMONENKO [1968|, and MALYSHEV [1970].

We did not consider here another important class of partial integral operators,
namely that of operators of so-called Romanovskij type. A classical reference is ROMANOVSKIJ
[1932] which uses some kind of analogue to Fredholm determinants. This method is also
employed in SHCHELKUNOV [1972; 1974]. Spectral properties of such operators have
been studied in LIKHTARNIKOV [1976, 1980, 1981, 1987|, LIKHTARNIKOV-MOROZOVA
[1988|], LIKHTARNIKOV-SPEVAK [1976, 1976a|, MOROZOVA [1984, 1984a, 1984b, 1986/,
and KALITVIN [1983]. Other equations of Romanovskij type are treated in KALITVIN
[1983a, 1984, 1985, 1986a, 1987a, 1987h, 1988, 1988a1996¢|, KALITVIN-GALITSKAJA-
SOKOLOVA [1988|, KALITVIN-ROMANOVA [1993], and LIKHTARNIKOV-KALITVIN [1989).
The paper KALITVIN [1985a] is concerned with so-called multi-spectrum operators with
partial integrals.

Approximate and numerical methods for solutions of linear partial integral equations
may be found in BELOTSERKOVSKIJ-LIFANOV [1985], DZJADYK-OSTROVETSKIJ [1981],
GABDULKHAEV [1980], KOVALENKO [1981]|, LENHARDT [1986], MOROZOVA [1984,
1984b|, OKOLELOV [1967b]|, and TIVONCHUK [1971].

Several special classes of partial integral equations of Volterra or Volterra-Fredholm
type coming from applied problems will be discussed in detail in Section 20 below.



Chapter 1V

(Generalizations and Applications






§ 16. Generalized equations of Barbashin type

In this section we bridge the gap between the integro-differential equations of Barbashin
type we considered in Chapter I and Chapter II, and the theory of partial integral
operators we studied so far in the present chapter. We also introduce and study a class
of generalized Barbashin equations (for functions of three variables) which occur in
certain problems of mathematical physics. The scheme of reducing integro-differential

equations and generalized equations of Barbashin type to integral equations is outlined
in KALITVIN [1991a, 1995, 1996a).

16.1. Reduction to partial integral equations

Suppose we are interested in finding a solution z of the integro-differential equation
of Barbashin type

ox(t, s)

(16.1) e c(t, s)z(t,s) +/ k(t,s,o)x(t,o)do + f(t,s)

satisfying the initial condition
(16.2) x(to, s) = xo(s) (a <s <),

where ¢ty € J is fixed and zo : [a,b] — R is a given continuous function. Putting
0x(t,s)/0t := y(t, s) we arrive at the equation

t t b
(16.3) y(t,s):g(t,s)—l—/t c(t, s)y(t,s) dT—l—/t / k(t,s,o)y(r,o)dodr,

where

(16.4) g(t,s) = f(t,s) 4+ c(t, s)zo(s) +/ k(t,s,o)xo(o)do.

This is a partial integral equation of type (13.1) with
l(t,s,7) =c(t,s), m(t,s,0) =0, n(t,s,1,0)=k(,s,0).
More generally, one may study parameter-dependent integro-differential equations of
the form
%jj’s) = c(p,t, s)u(p,t,s) + / Lo, t, s, T)u(p,T,s)dr+

T

(16.5)
/ mlo,t,5,0)ulp,t,0) do + / / n(g.t, 5,7, 0)ulo, T, 0) do dr + F(prt, ).
S TJS

subject to the initial condition

(16.6) u(po, t, s) = ug(t, s),



where t € T := [a,b], s € S := [¢,d], and ¢y € J. Putting du(p, t,s)/0p =: v(p,t,s)
we obtain

®

v(p,t,s) = glo,t, S)+/ c(p,t,s)v(p,t,s)dp

®o

(16.7) —i—/s:/l(w,t,s,r) v(p, T, s)drdp—l—/ /m o, t,s,0)v(p,t,o)dodp

/// n(p,t,s,7,0)v(p,7,0)dodr dp,

ﬁ%u@—f@%ﬁ+d%t@m@$+éﬂ%t&ﬂmﬁﬁwf

where

(16.8)
—l—/m(go,t,s,a)uo(t,a) da+//n(g0,t,s,7, o)ug(T,0)do dr.
s TJs

We point out that the equations (16.1) and (16.5) may be transformed into partial
integral equations by applying Fourier or Laplace transforms. For example, suppose
that we are interested in bounded solutions z of the Barbashin equation (16.1) with
the property that both x and 0x /0t belong to the space with mixed norm [L; «— X],
where X is some regular ideal space over [a,b] and L; = Ly(R). This means that we
want x to satisfy

+o0 400
[ letellyar<oe [

Assume that both the multiplier ¢ and the kernel & in (16.1) do not depend on ¢, the
function s — ¢(s) is bounded, and the function (s, o) +— k(s, o) belongs to [X «— X'],
where X’ is the associate space to X (see Subsection 4.1). Taking now the Fourier
transform of the corresponding equation

ox(t, )

dt .
ot < 00

X

z(t, s b
0 gft, ) = c(s)x(t, s) +/a k(s,0)x(t,0)do + f(t,s)

with respect to the variable t leads to the equation

%ﬂ&$=d$ﬂ6@+/kﬁﬂﬁ@ﬂma+ﬂ§%

where . N
seo)= [ ato s fes= [ st
This is an integral equation for the unknown function z : R x [a,b] — C.

Similarly, if both v and du/d¢ in (16.5) belong to [L; <« X], where X is some
regular ideal space over T x S, the coefficient ¢ in (16.5) is bounded, and the kernels [,



m and n do not depend on ¢ and generate regular integral operators in the space X,
one may transform the corresponding equation

Ou(p, t, s)
dp

—l—/m(t,s,a)u(gp,t,a) da—l—//n(t, s, 7, 0)u(p, 7,0)dodr + f(p,t,s)
S TJs

= c(t, s)u(p,t,s) + /Tl(t, s, T)u(p, 7,8)dr

into the form

iu(é,t,s) = c(t, s)u(é,t,s) + /l(t s,T)u(&,T,s)dr

+/ m(t,s,o)u ftada—l—// (t,s,7,0)0(&, 7,0) dodr + f(E,t,s),

where

+o0o R +oo '
W%S)—/ u(p,t,s)e P dp,  f(&t,s) = fp,t, 8)e™" % dp.

—00 —00

This is a partial integral equation for the unknown function o : R x T x S — C.

16.2. Volterra operators and Barbashin equations

As we have seen, integrating the Barbashin equation (16.1) with initial condition
(16.2) leads to the Volterra equation (16.3). The corresponding Volterra operator

(16.9) Vy(t, s) —/ttc(t, s)y(T, s) dT—i—/tt/ k(t,s,o)y(t,0)do dr

has the pleasant property that, under natural assumptions on the functions ¢ and k, its
spectral radius is equal to zero. This fact will be used in the following theorems which
refer to the cases X = C(J x [a,b]) and L,(J X [a,b]). (Here we consider C(J x [a, b])
as locally convex metric linear space if J is a noncompact interval; see Subsection 7.1.)

Theorem 16.1. Suppose that the operator (16.9) is bounded in the space C(Jx[a,b]).
Then the Volterra equation (16.3) has, for each g € C(J X [a,b]), a unique solution
y € C(J x [a,b]).

O Let ¢t be an arbitrary point in J. By Theorem 13.1, the number
b

M= M(D) = s [[ets)] + [ Ihtt.s. o)l da].
(t,s)eD a

is finite for every bounded D with [to,t] X [a,0] C D C J X [a,b]. Let z € C(J X [a,b])
be fixed. For any (t,s) € D we have then

\Vz(t,s)| <2M(t —ty) sup |z(t,s)],

(t,s)eD



and hence, by induction,

t—ty)" 2M (b — a)|™
e sl < @M E qup et o)) < BECZT qup fogr ).
n: (t,s)eD n. (t,s)eD
This implies that
(16.10) y(t,s) == V"g(t,s)
n=0

is a well-defined continuous function on D, being the uniform limit (on D) of the
continuous functions y; ;== Vy+¢g,y2 :=Vy1 +9g,...,yn := Vys_1 + g. It is clear that
(16.10) is a solution of equation (16.3). To see that this solution is unique, let § be
another continuous solution and put 7(t) := y(t) — g(t). Since n = V7 and the sequence
(V™n),, converges uniformly to zero, we conclude that n =0, hence g =y. B

We remark that it suffices to verify the boundedness of the operator
b
(16.11) Viz(t,s) = c(t, s)z(t, s) +/ k(t,s,o)x(t,o)do,

since V' is the composition V = V4V with
¢
(16.12) Vay(t, s) = / y(r,s)dr
to

which is always a bounded operator.
Let us now study the operator (16.9) in the space L,(J X [a,b]) (1 < p < c0).

Theorem 16.2. Suppose that the operator (16.9) is bounded in the space L,(J X
[a,b]), the functions ¢ and k satisfy estimates of the form

le(t,s)| < é(s), |k(t,s,0)| < k(s,0) (telJ),

and the operator V; defined by
b
(16.13) Viz(s) == &(s)x(s) +/ k(s,0)x(o)do

is bounded in L,([a,b]). Then the Volterra equation (16.3) has, for each g € L,(J X
[a,b]), a unique solution y € L,(J X [a,b]).

O Since the operators (16.11) and (16.12) both act in L,(J X [a,b]) and commute,
we have for the spectral radius 7,(V) of V in L,(J X [a, b]) the estimate

ro(V) = 1,(VaVi) < 1, (VaWi) < 1y (Va)r, (V1) = 0,

with V; given by (16.11) and V3 given by (16.12). From this the assertion follows
immediately. Wl

Theorem 16.2 may be strengthened in several directions. First, if we suppose that
the operator (16.13) acts in some ideal space X over [a, b], it is not hard to see that the



operator (16.11) acts in the space [L, < X] for 1 < p < co. Therefore the statement
of Theorem 16.2 remains true if we replace L,(J X [a,b]) by [L, «— X].

Second, under the hypotheses of Theorem 16.2 the operator V' in (16.9) is automatically
regular. One may give different results without requiring V' to be regular; for example,
the following holds true.

Theorem 16.3. Suppose that c(t, s) = c(s) and k(t, s, o) = k(s, o), and the operator

(16.14) Via(s) = c(s)x(s) + / k(s,0)x(0) do

is bounded in L,([a,b]). Then the Volterra equation (16.3) has, for each g € L,(J X
[a,b]), a unique solution y € L,(J X [a,b]).

O The assertion follows again from the equality r, (V') = ro(VaV1) = 0 and the fact
that the operators V; and V5 commute. H

16.3. Volterra operators and generalized Barbashin equations

Analogous results may be obtained also for the generalized integro-differential equation
(16.5) with initial condition (16.6). To this end, we define operators W, and Wy by

Wiu(ep,t,5) = c(p,t, s)u(p, t, s)+/l(¢,t,s,f)um7, s)dr

(16.15) g
+ [ tsoptotords s [ [ ntetsmaute.r0)dodr
S TJs
and
©
(16.16) ng(go,t,s):/ v(,t, s)dip.
%0

We may write (16.7) then as an operator equation
(16.17) v =g+ WylWju,

with ¢ given by (16.8). The following theorems are contained in KALITVIN [1991] and
may be proved in the same way as Theorem 16.1 and Theorem 16.2, respectively.

Theorem 16.4. Suppose that the operator (16.15) is bounded in the space C(J X
T x S). Then the Volterra equation (16.7) has, for each g € C(J x T x S), a unique
solution y € C(J x T x S).

Theorem 16.5. Suppose that the operator (16.15) is bounded in the space L,(J X
T x S), the functions c,l,m and n satisfy estimates of the form

le(o,t,8)| < Et,s), |l(g,t,s,7)] <I(t,s,7), |mlp.t,s o) <mlt,s, o),

In(p,t,s,7,0)| <n(t,s,T,0) (pelJ),



and the operator W, defined by

Wiul(t,s) == &(t, s)u(t,s) + / I(t, s, T)u(r,s)dr
(16.18) T

+/ﬁl(t,s,a)u(t,o) da+//ﬁ(t,s,7,0)u(7,o) do dr
s TJs

is bounded in L,(T x S). Then the Volterra equation (16.7) has, for each g € L,(J x
T x S), a unique solution v € L,(J x T x 5).

Theorem 16.6. Suppose that the functions ¢, I, m and n in (16.159 do not depend
on the variable ¢, and the operator (11.1) acts in L,(T' x S). Then the Volterra equation
(16.7) has, for each g € L,(J x T x S), a unique solution v € L,(J x T x S).

Theorem 16.5 and Theorem 16.6 also extend to more general spaces than Lebesgue
spaces. For example, if the operator (16.18) acts in some ideal space U over T' x S, the
operator (16.16) acts in the space [L, «— U], and hence L,(J x T'x S) may be replaced
by [L, < U] in Theorem 16.5.

16.4. Connections with differential equations in Banach spaces

A large part of Chapter I was devoted to studying the connections between integro-
differential equations of Barbashin type and differential equations in Banach spaces.
Of course, we may try the same for the generalized Barbashin equation (16.5). In this
and the following subsection we confine ourselves to just some simple remarks.

Let X be an ideal space of real functions on T x S. As in § 1, we identify the
function u : J x T'x S — R with the function ¢ — u(¢p,-,-) from J into X, and the
function f : J x T'x S — R with the function ¢ — f(¢p,-,-) from J into X. Putting
up = u(po, -, -) and defining P(p) : X — X by

P(p)u(t,s) := c(p, t, s)u(t,s) + / l(p,t, s, T)u(T, s)dr
(16.19)

T
—|—/m(<p,t,s,0)u(t,a) da—l—//n(gp,t,s,T, o, )u(t,o)dr do,
s TJs

we may write (16.5)/(16.6) as differential equation in X

du
16.20 — =P
(16.20) T = Plo)u+ f()
with initial condition
(16.21) u(po) = uyp.

Denote by C,(X) the space of all functions u : J x T'x S — R such that ¢ — u(yp,-, ")
is continuous from J into X . Likewise, by C(X) we denote the space of all u € C,(X)
such that u(ep, ¢, s) is absolutely continuous on J for (¢,s) € T'x .S and du/0p € C,(X)
as well. We may then formulate the following analogue of Lemma 1.2: If P(yp) is
strongly continuous operator function in £(&) or is absolutely strongly continuous in



£(X), then the generalized CJ(X)-solutions u = u(p,t,s) of (16.5) coincide with the
CL(J, X)-solutions of the differential equation (16.20). The most important special case
is of course X = C(T'x S) and X = L,(T' x S) (1 <p < o0).

We recall that nessesary and sufficient conditions for the strong continuity of the
operator function (16.19) in £(C) and its absolute strong continuity in £,(L,) (1 <
p < 00) have been obtained in Theorem 13.7 and in Theorems 12.17, 12.18, and 12.20,
respectively.

16.5. A representation theorem for the evolution operator

This subsection is parallel to Subsection 2.7 and Subsection 3.6. Our goal is to
compare the evolution operator U (¢, @) of equation (16.20) with the evolution operator
Uo(p, ¢o) of the “reduced” equation

(162 T = Clehu+ F(e),
where
(16.23) C(p)u(t,s) := c(p, t, s)u(t,s).

As in Subsection 1.4, we give first an explicit formula for Uy(¢p, ¢o).

Lemma 16.1. Suppose that ¢ : J x T x S — R is bounded on each bounded subset
in J x T x S, and the corresponding operator function (16.23) is strongly continuous
on J. Then the evolution operator Uy = Up(p, vo) of equation (16.22) is given by

(16'24) UO(‘»Ov SOO)U(ta S) = G(QO,QOQ,t, S)U(t, 3)7
where

%)
(16.25) e(p, o, t,s) := exp {/ c(&,t, s) dﬁ} .

Similarly, the following two theorems are proved as Theorem 2.3 (in case X = C') and
Theorem 3.4 (in case X = L,).

Theorem 16.7. Suppose that the functions (13.35)-(13.38) are continuous, and the
function (13.39) is bounded on each bounded subset its domain of definition. Then the
evolution operator U(p, o) for the differential equation (16.20) admits a representation

(1626) U(907 QOO)U(t? S) = 6(307 ¥o, t S)”(tv S) + H(907 @O)U(tv S>7
where e = e(p, o, t,s) is given by (16.25) and H is defined by

~

H(p, po)u(t,s) :z/l(gp,gpo,t,s,T)u(T,s) dr
T

+/m((p7900at7570)u(ta0—) d0+//ﬁ(@,@o,tS,T,O’)U(T,U) dadT?
S TJS



where I, m and A are measurable functions on J X J XT xS XT, JxJXxTx§xS,
and J x J xT xS xT xS, respectively.

Theorem 16.8. Suppose that the operator function (16.19) is absolutely strongly
continuous in the space £(L,). Then the evolution operator U(p, @o) for the differential
equation (16.20) admits a representation (16.26) where e, [, m and 1 are as in Theorem
16.7.

The assertion of Theorem 16.8 is true also for more general spaces than L,, see
CHEN [1995, 1997].

As we have done in Section 10, one may also study boundary value problems for
generalized integro-differential equations of Barbashin type. We do not do this here,
but just refer to CHEN [1996, 1997].



§ 17. Nonlinear equations and operators

In this section we illustrate the applicability of topological methods, monotonicity
methods, and variational methods to the solution of various types of nonlinear integro-
differential equations of Barbashin type and nonlinear partial integral equations. We
show first how to solve initial and boundary value problems for nonlinear Barbashin
equations by means of the fixed point theorems considered in Subsection 7.1 and
Subsection 9.4. An important step consists here in transforming the boundary value
problem into an equivalent operator equation involving Uryson-type integral operators.
Finally, we show how to use Minty’s monotonicity principle to prove (unique) solvability
of a Barbashin equation containing Hammerstein-type integral operators. For studying
the boundary value problem (17.13)/(17.14) we apply a scheme which has recently been
proposed in APPELL-KALITVIN-ZABREJKO [1994, 1996], see also KALITVIN [1993a].

17.1. Barbashin equations with Uryson operators

Consider the nonlinear integro-differential equation of Barbashin type

0x(t, s)

(17.1) o

b

—clt,s)alts) + [ kit.s,ovn(t.))do+ ()
with initial condition

(17.2) x(to, s) = zo(s),

where zg : [a,b] — R, ¢ : J x [a,b] — R, k : J X [a,b] X [a,b] x R — R, and
f :J x[a,b] — R are given measurable functions, and J is a compact interval in
R. Imposing appropriate growth conditions on the functions ¢ and k, one may apply
“brute-force-estimates” to prove the solvability of the initial value problem (17.1)/(17.2)
by means of the classical fixed point principles of Banach-Caccioppoli and Schauder.
Instead, we are going to apply the more sophisticated fixed point principle by DARBO
[1955] (see Theorem 7.1). To this end, we first give a general result on the solvability
of nonlinear initial value problems in Banach spaces:

Proposition 17.1. Let X be a Banach space, tg € R, o € X, and Q = {(t,x) €
RxX: |[t—to] <a, |[x—x0||] <b}. Suppose that g1 : Q — X is continuous and
also Lipschitz-continuous with respect to the second variable, i.e.

(17.3) g1 (t, ) — g (E, )| < LB |z = yll,

and gy : Q — X is compact and continuous. Choose ¢ € (0,a] such that both

S

to+c
/ Lo <1, sl ()] +sup ()| <
t

0o—c¢
Then the nitial value problem
(17.4) 2'(t) = gi(t, z(t) + g2(t, 2(1),  z(to) = 2o

has a continuously differentiable solution x on the compact interval [to — ¢, to + c] with
values in X.



O We apply Theorem 7.1. Let E = C([to—c¢,to+¢], X), M ={x:x € E, ||[z—x0|| <
b}, and

Gix(t) :/ gi(t,x(7))dr  (i=1,2).

to
Define ® : M — E by &z = G1x + Gox. By assumption, ¢ is continuous and leaves
the set M invariant. Moreover, for any set N C M we have

A(B(V)) < 1(G1(N)) +1(Ga(V)) = 1(G1(N)) < ( [ dt) AN,

0—C

where v is the measure of noncompactness (4.50). This shows that ® is condensing on
M. The assertion follows now from Theorem 7.1. W

Of course, Proposition 7.1 holds in the special situation when g;(¢t,z) = 0 or
g2(t,z) = 0. In this case we get classical existence results for the initial value problem
(17.4).

Consider now the nonlinear integro-differential equation (17.1), subject to the initial
condition (17.2). Given an ideal space X (see Subsection 4.1) of measurable functions
over [a, b], in the same way as in the linear case (Subsection 1.4) we may write equation
(17.1) as differential equation

dx

(17.5) i C(t)x + K(t)x + f(t)
in X, where
(17.6) C(t)x(s) = c(t, s)z(s)

is the (linear) multiplication operator generated by the multiplier ¢,

(17.7) K(t):c(s):/ k(t,s,o,x(0))do

is the (nonlinear) Uryson integral operator generated by the kernel k, and f(t)(s) =
f(t,s). By means of Proposition 17.1, we get then a local existence result for the
problem (17.1)/(17.2) in a suitable function space. As in Subsection 9.2, let us denote
by C} = C}(X) the set of all functions x : J X [a,b] — R such that the map ¢ — z(¢, -)
is continuously differentiable from J into X, equipped with the natural norm

d
(17.3) el = et 1+ || .0
A standard choice is of course X = L, for 1 <p < oo.

Theorem 17.1. Suppose that the map t — C(t) is strongly continuous in X, and
the map (t,z) — K(t)x is continuous and compact. Then the initial value problem
(17.1)/(17.2) has, for each f € C(J,X), a local solution x € C}(X).

O Let g1(t,z) = C(t)z + f(t) and ¢2(t,x) = K(t)z, and let @ be as in Proposition
17.1. By assumption, ¢; : @ — X is continuous and satisfies a Lipschitz condition (17.3)
with L(t) = [|C(t)||z(x), and g, : @ — X is continuous and compact. By Proposition



17.1, the initial value problem (17.4) has a continuously differentiable solution = on
[to — ¢, to + ] which is a C}-solution of (17.1)/(17.2). W

Since the operator family ¢ — C/(t) is supposed to be strongly continuous in Theorem
17.1, the smallness condition

to+c
/ |C(7)]]dr < 1
t

0o—c¢

may always be achieved for sufficiently small ¢ > 0. The crucial hypothesis is therefore
the compactness of the map of two variables (t,z) — K(t)x. The following lemma
reduces the problem of verifying the compactness of this map to that of verifying the
compactness of each operator K (t) (¢ fixed), as well as the equicontinuity of the family
of functions ¢t — K(t)x (z fixed):

Lemma 17.1. Let B C X be bounded, and suppose that the following conditions are
satisfied:

(a) each operator K(t) : B — X is compact and continuous,
(b) the function set {K(-)x : © € B} is equi-continuous.

Then the map g defined by g(t,x) = K(t)x is continuous and compact from J X B
into X.

O Continuity follows from the inequality
lg(t, ) = g(to, zo)|| < |[K )z — K (to)z|| + [ K (to)x — K (to)ol|

and our hypotheses on K. For compactness, it suffices to prove that g(J x B) has
a finite e-net for any ¢ > 0. By hypothesis (b), there exists a d(¢) > 0 such that
||K(t)r — K(t')z|| < €/2 whenever |t —t/| < §(¢) and x € B. Consider a partition
{to,...,tn} of Jsuch that |t;—t;_1| < d(¢) fori =1,... n. Since K(¢;)B is precompact,
it contains a finite ¢/2-net A;. We claim that N U...UN,, is an e-net for g(J x B).
In fact, let (t,2) € J x B be arbitrary. Then t;_; < t < t; for some i. Choose y € N;
such that ||g(¢;,x) — y|| < /2. This implies that

g(t,x) —yll < |lg(t,z) — g(ti, 2)|| + ||g(ti,x) —yl| < e
as claimed. W

As a typical application of Lemma 17.1, let us consider the case k(t,s,o,u) =
ko(t,s,o)h(o,u), i.e. the special family of Hammerstein integral operators

b
(17.9) K(t)a(s) = / ko(t, s,0)h(0, 2(0)) do.

The operator (17.9) may be written as composition K(t) = Ky(t)H of the nonlinear
Nemytskij operator

(17.10) Hax(s) = h(s,z(s))



and the family of linear integral operators

(17.11) Kg(t)y(s):/ ko(t,s,o)y(o)do.

Theorem 17.2. Suppose that the map t — C(t) is strongly continuous in X, there
exists some normed linear space Y such that H : X — Y is bounded and continuous,
and each operator Ko(t) : Y — X is compact. Assume that the map t — Koy(t) is
continuous in the operator norm. Then the initial value problem (17.1)/(17.2) has, for

each f € C(J,X), a local solution x € C}(X).

O It suffices to prove that g : ) — X is compact and continuous; to this end, we
check the conditions of Lemma 17.1. If B C X is bounded, H(B) C Y is bounded as
well. Since K (t) is a compact operator, the set K (t)B = Ky(t)(H(B)) is precomapct.
Moreover, since the map t — Ky(t) is continuous in the operator norm, we find some
d > Osuch that [t;—t3| < 0 implies ||Ko(t1)y—K (t2)y|| < e for y € H(B). Consequently,

K (t1)x — K(t)x|| = [[Ko(t) Hr — Ko(to) Hal| < e

for all x € B, which shows that the set {K(-)x : x € B} is equicontinuous. W

17.2. Generalized Barbashin equations with Uryson operators

In the preceding subsection we have seen that, under some natural hypotheses,
the initial value problem for the integro-differential equation (17.1) has always a local
solution; this is completely analogous to ordinary differential equations. As usual, the
existence of solutions of boundary value problems for (17.1) is more difficult to prove
(and, as a matter of fact, is not always true). This will be illustrated in this subsection.
Our main tool is the fixed point principle for operators in K-normed spaces which
turned out to be useful already in the linear case (Subsection 9.4).

Let E be a Banach space with K-norm || - |[| £ — K which takes its values in
the positive cone K of some ordered Banach space Z, and F' : E — E a bounded
continuous operator which satisfies a contraction type condition

(17.12) |IFz — Fyl[ < G(le —yl)  (z,y € E).

Here G : K — K is some positive linear operator in Z. As we have seen (Theorem
9.6), the operator F has a unique fixed point in F, provided that G has spectral radius
r.(G) < 1.

To apply Theorem 9.6, let us replace equation (17.1) by the more general integro-
differential equation

(17.13)

1

= c(p,t,8)x(p,t,s) +/ Lo t,s, 7, x(p,T,8))dr
—1

0x(p,t, s)
Oy

d d 1
4 / m(o,t,0,2(p,t,0)) do + / / n(@.t, 5,70, 2(0, 7, 0)) dr do + F(ot, s)
c c —1



((p,t,s) € Q), subject to the boundary condition

{ z(a,t,s) = ¢(t,s) if (¢, 8)€Qy,
x(b,t,s) =(t,s) if (t,8) € Q_;

here we have put Q = [a,b] x[—1,1] X [c,d], Q4+ = (0,1] X [¢,d], and Q_ = [—1,0) X [c, d].
Equations like (17.13) occur as Fourier transforms of a certain type of Schrodinger
equations. As above, ¢ : Q - R, ¢ : Qy - R, v : Q- — R,and f: Q — R are
given measurable functions, and [ : Q@ x [-1,1] x R = R, m: @ x S x R — R, and
n:Q x[—1,1] x S x R — R are supposed to satisfy a Carathéodory condition.

(17.14)

We are going to study the boundary value problem (17.13)/(17.14) in the space
W}, = W2(Q) (1 < p < oo) of all measurable functions z : @ — R for which the

norm
P 1/p
] dsdt dgp}

ar15) iy, = { | b / / d lo(ort.5) +

(1 < p < o0) is finite; this norm was introduced in NIKOL'SKIJ [1969] in a different
context.

dx(p,t,s)
)

Consider the kernel of four variables

13

(17.16) (. 0.t 5) = exp / (6,1, 5)dE

®o

which generates a partial integral operator (see Subsection 11.1)

/SD e(p,0,t,8)f(0,t,s)dd if (t,s) € Qy,
(17.17) Pflp,t,s)=¢ "°

/SD e(p,0,t,8)f(0,t,s)dd if (t,s) € Q_.
b

To begin with, we show how to solve the boundary value problem (17.13)/(17.14)
explicitly in case | = m = n = 0. The proof of the following lemma consists in a
straightforward calculation:

Lemma 17.2. For ¢ € Lo(Q), f € L,(Q), ¢ € L,(Q+) and ¥ € L,(Q-), the

problem

PLY i s)alontis) + Sets) i () €Q,
(17.18) 2(a,t,s) = o(t, s) if (t,s)€Qy,
z(b,t,s) = (t,s) if (t,s) € Q-

has a unique solution z € Wép. This solution is given by

Pf+¢ almost everywhere on la,b] x Q,
(17.19) 2=

Pf+1 almost everywhere on [a,b] x Q_,



where

QS(QOJ, 3) = ¢(t7 3)6(90’a7ta S) ((tv S) € Q+)

and

U(pt,s) = ¢(t,s)e(e,b,t,5)  ((t,5) € Q).

Lemma 17.2 allows us to transform the boundary value problem (17.13)/(17.14) into
an operator equation which may be treated by Theorem 9.6. As in Subsection 11.1, we
introduce the operators

Cx(p,t,s) = c(p,t,s)x(p,t,s),

1
Lx(go,t,s):/ l(p,t,s,m,x(p,T,8))dr,

1

d
Mx(gp,t,s):/ m(p,t, s, 0,2(p,t,0))do,

d 1
Nz(p,t,5) =/ / n(e,t,s,7,0,2(p,7,0))dr do,
c —1

and
K=L+ M+ N.

The equation (17.13) may then be written more concisely in the form

o _

(17.20) 50

[C+ Klx+ f.

Proposition 17.2. Let the conditions of Lemma 17.2 be satisfied. Suppose that the
nonlinear operator K = L + M + N s continuous and bounded in L,. Then every
solution x € W}, of the boundary value problem (17.13)/(17.14) solves the nonlinear
operator equation

P(Kz + f) + ¢ almost everywhere on [a,b] X Q4,
(17.21) z =

P(Kz+ f)+4 almost everywhere on [a,b] X Q_.

Conversely, every solution x € L, of (17.21) belongs to Wép and solves the boundary
value problem (17.13)/(17.14).

O The proof follows immediately from Lemma 17.2 with f replaced by Kz + f. B

We remark that partial integral operators of Uryson type have been studied by
PovoLOTSKIJ-KALITVIN [1985, 1991, KALITVIN-GLOTOV [1996], KALITVIN [1997],
APPELL-DE PASCALE-KALITVIN-ZABREJKO [1996], KALITVIN-KORENCHUK-EVTUKHINA
[1993], and CHEN-KALITVIN [1997, 1998].

We begin now to study the operator equation (17.21) from the viewpoint of fixed
point theorems in K-normed spaces; the constructions and results will be parallel to
those in Subsection 9.4. For a < ¢ < b, 0 <t < 1, and s € S, we put z(p,t,s) =

u(p, t,s), (o, —t,s) = v(p,t,s), z(p,t,s) = glp, t,s), z(p,—t,s) = h(p,t,s) (z from



Lemma 17.2), e(p, po, t, ) = i(p, o, t,s), and e(p, v, —t, s) = j(p, @o,t, s). Moreover,
we define four operators A, B,C', and D by

© 1
Au(p,t, s) :/ / i(p,0,t,8)(0,t, s, 7,u(,T,s))drdd
a 0

© d
+/ / i(p,0,t,8)m(0,t,s,0,u(f,t,0))dodl

© d 1
+/ / / i(p,0,t,8)n(0,t,s,7,0,u(f,7,0))drdo db,
a c 0

® 1
Bu(p,t,s) = / / i(p,0,t,8)(0,t,s,—1,v(0,7,s))dr df
a 0

© d 1
+/ / / i(p,0,t,s)n(0,t,s,—7,0,v(0,T,0))drdo db,
a c 0

© 1
Cu(p,t,s) = / / 3(0,0,1, $)1(6,—t, 5,7, u(6, 7, 5)) dr df
b 0

© d 1
+/ / / Jj(p,0,t,s)n(0, —t, s, 7,0,u(l,1,0))dr do db,
a c 0

© 1
Du(p,t,s) —/ / Jlp,0,t,8)l(0,—t,s,—T,v(0,T,s))dr dd
b Jo

and

© d
+/ /j(go,ﬁ,t,s)m(&,—t,s,a,v(ﬁ,t,a))dad@

/// (p,0,t,8)n(0,—t,s,—7,0,v(0,7,0))dr do db.

The operator equation (17.21) may then be written as a system

()-8 (0)
Suppose now that the kernels [, m, and n satisfy Lipschitz conditions
(o, t,s,mu) — g, t,s,T,0)| < ai(e,t,s,T)|u—v,
Im(p,t,s,0,u) —m(p,t, s, o,0)| <asp,t, s o)u—uv],
In(e,t,s,7,0,u) —n(p,t, s, 7,0,0)] < asz(p,t,s,1,0)|u—1,
(o, t, s, —T,u) — (o, t, s, —T,0)| < bi(p,t,s,7)|u—1v],
In(p,t,s,—7,0,u) —n(p,t,s,—7,0,0)| < bs(p,t,s,7,0)|u— vl
(o, —t,s,T,u) — (@, —t,s,T,0)| < c1(p,t,s,7)|u— v,
In(p, —t,s,7,0,u) —n(p,—t,s,7,0,0)| < o, t,s,7,0)|u—1v,
(o, —t, s, —T,u) — (@, —t, s, —T,v)| < di(p,t,s,T)|u—v],

’m<307 _t7 S, 0, U) - m(@? _t7 s,0, U)’ S d2(907 t? S, U)lu - U|7



and
|TL(QO, _ta S, —T,0, U’) - TL(QO, _ta s, —T,0, U)| S d3<307 t? $T, 0)|u - U|'

Moreover, assume that
1 d
H / i(p,0,-,)ai(0, -, -, Tu(r,-)dr + / i(p,0,-,)ax(0,-, -, 0)u(-,0)do
0 c
d pl
+/ / i<90707'7')a'3(97'a'7T7U)u(7—70) deO—H S a||u||,
c 0
1
H/ 16,0, Y1 (0, - Yo7, ) dr
0
1

d
+/ / i(@uea'7'>b2<07'7'77—70)v<7—70) deO—H Sﬁl‘UH?

0

H/Olj(‘P»Q,.7.)01(9,.,.’7)u(7_,‘) dr

d
s [ [ a0ttt ) drdo| < lul,

0

and

H /Olj(go, 8, Vi (6, -, -, )o(r, ) dr + /Cdj(go, 0, )ds(0, -, 0)(-, o) do

d gl
+/ / §(,0,5, s 0, 7, o)l 0) dr do| < ol
c 0
where all norms are taken in L,(Q+). We define a linear operator G by

(17.23) o) = G ( u() ) _ ( fab[auw) + fv(6)] df ) |
Jolyu(®) + 6v(0)] db

Theorem 17.3. Let the assumptions of Proposition 17.3 be satisfied. Assume, moreover,
that the numbers o, 3, v and & can be defined as above and satisfy one of the following
four conditions:

a+5+\/z.

a) A= (a+8)?2—48y>0 and (b— a)VA < log — Y=
(@487 =487 > 0 and (b —a)/A < log "2

(a)

(b) (a+8)? =487 and (b —a)(d + §) < 2;

( v
(

>

c) A<0,a+d#0, and (b —a)y—A < 2arctan 5
a

d)A<0,a+d=0,and (b—a)V—A <.

Then the operator equation (17.21), and hence also the boundary value problem
(17.13)/(17.14), has a unique solution x € W, ; this solution may be obtained by the
usual method of successive approximations.



O We have to construct a suitable K-normed space E such that the operator

o (D)-(43)(2)(0)

satisfies the contraction condition (17.12). We take X = L,(Q+) x L,(Q-), equipped
with the norm ||(u,v)||x = ||ullz, + ||v||z,. Moreover, let E = L,([a,b],X) be the
Bochner-Lebesgue space of all X-valued functions ¢ — z(y, -, ) = (u(p,-,-),v(v, -, ")),
equipped with the norm

1/p

|zl = {/ab[Hu(% S+ (e, -5 )] dw}

and the K-norm
Jlz|[= (lule, - lp, [lv(e; - )lp)-

Thus, the K-norm takes its values in the natural cone of the Banach space Z =
L,([a, b], R?). Our assumptions ensure that the estimate (17.12) is true for the operators
(17.23) and (17.24). As in Theorem 9.7 we see that the spectral radius of G is less than
1. Consequently, Theorem 9.6 applies. W

17.3. Partial integral equations with Hammerstein operators

In the preceding subsections we have proved existence and uniqueness theorems for
various types of integro-differential equations of Barbashin type in Lebesgue spaces by
means of topological methods. Now we are going to discuss partial integral equations
of the type

y(t,s):/l(t,s,T)h(T,s,y(T,s))dT—l—/m(t,s,a)h(t,a,y(t,a)) do
(17.25) ’ °

—|—/S/Tn(t,S,T,O')h(T,U,y(T,U))d7d0+g(t7 s)

in the space C(D) of continuous functions over D := T x S. Here | : D x T — R,
m:DxS—R,n:DxD — R,and g: D — R are given measurable functions, while
f D xR — R is supposed to satisfy a Carathéodory condition. We restrict ourselves
to the model case T' = [a,b] and S = [¢, d] in the sequel.

Let us define operators L, M, and N by

(17.26) Lz(t,s) = /bl(t,S,T)CL’(T,S) dr,
(17.27) Ma(t, ) = / Conlt, 5. 0)(t, o) do,
and

d b
(17.28) Nx(t,s):/ / n(t, s, ,0)x(r,0)dr do,



and denote by
(17.29) Hy(t,s) = h(t, s, y(1, 5))

the Nemytskij operator generated by the function f. We may then rewrite equation
(17.25) as an operator equation

(17.30) y=KHy+g.

From standard theorems on Nemytskij operators in spaces of continuous functions (see
e.g. APPELL-ZABREJKO [1990]) it follows that, by the continuity of the function f, the
operator K H maps C(D) into itself if the operator K = L + M + N does. Moreover,
Theorem 13.1 implies the following

Theorem 17.4. Suppose that the function f is continuous, and the functions

F(t,s)::/ t37d7‘+/mtsada+// (t,s,7,0)dr do,

Le(t,s) == /j t,7) {/ m(t,s,o)do+ (& —7)[l(t,s,7) n(t,s,T,0) da]} dr,
)

o[
L,(t,s) = /c77 k(s,0) {/abl(t,S,T) dr + (n—o)[m(t,s,o) + /ab n(t,s, 1,0 dT]} do,

Lep(t,s) = //{ —)(t,s,T)k(s,0) + (n—o)m(t,s,o)k(t, T)

+ (& —=T1)(n—o0o)n(t,s,7,0)|} drdo

are continuous on D for all (§,m) € D; here k(t,7) and k(s,o) are defined as in
Subsection 13.2. Assume, moreover, that the function

b d d b
f(t,s):/ |l(t,s,7')|dr+/ ]m(t,s,0)|da+/ / In(t,s,r,0)|dr do

is bounded on D. Then the operator K H acts in the space C(D), is bounded, continuous,
and uniformly continuous on bounded sets.

The following example shows that the acting condition KH : C(D) — C(D) does
not imply the acting conditions K : C(D) — C(D) or H : C(D) — C(D):

Example 17.1. Let g : R — R be a continuous function, not identical zero, p :=

s(a+0),
g(u) if a<t<p,
h(t,s,u) :=
( ) {—g(u) if p<t<b,

l 1 if a<t<p,
t,8,7) =
( ) —1 if p<t<b,



and m(t,s, o) = n(t,s,7,0) = 0. Obviously, the operators M and H do not map the
space C(D) into itself, but the operator

b
(17.31) LHx(t,s):/ g(x(1,s))dr
does.

Let U be some real interval (bounded or unbounded), and either Q@ =T, Q =S, or
) = D. We say that a measurable function a : D x Q x U — R is integral-bounded if
for each r > 0 we have

sup sup /| a(t,s,w,u)|dw < oo,

|u|<r (t,s)€D

and continuous in the whole if for each r > 0 we have

lim sup / la(ty, s1,w,u1) — a(ta, So,w, us)| dw = 0,

d—0 Jut|,|uz|<r

where d = |t1 — t2| + |81 — 82| + |u1 — U2|.

Theorem 17.5. Suppose that the functions
(t,s,T,u) — U(t,s, T)h(T,s,u), (t,s,0,u)— m(t,s,o)h(t,o,u),

and
(t,s,1,0,u) — n(t,s,7,0)h(r,0,u)
are both integral-bounded and continuous in the whole. Then the operator KH acts in
the space C(D), is bounded, continuous, and uniformly continuous on bounded sets.
O We prove the assertion for the operator LH, the proof for M H and N H is similar.

First we show that LH maps the space C(D) into itself. Given z € C(D), we have
|z(t, s)| < r for some r > 0, hence

(17.32) sup sup / L(t, s, T)h(T, s,u)| dr < oo,

|u|<r (t,s)€D

by assumption. This implies that

(17.33) sup |LHz(t,s)| < oo,
(t,s)eD

which shows that LH is defined on C(D). Further, the continuity in the whole of the
integrand in (17.32) implies that
b

lim  sup [U(t1, s1, T)I(T, s51,u1) — [(t2, 52, T)R(T, 52, u2)| dT = 0,

d=0 |y | Juz|<r Ja
where d = |ty — ta| 4+ |s1 — S| + |u1 — uz|. But this and the continuity of x on D imply
that

|LH[E(t1,81> - LHI(tQ, 82)| — 0 (|t1 - t2|, ‘81 — 82| — 0)



We have shown that the operator LH maps C(D) into itself and is bounded. Now,
choose x,y € C(D) such that ||z||, ||y|| < r and ||z — y|| < I, with  as in (17.32) and

d small. Then ||[LHx — LHy|| < ¢, which shows that LH is uniformly continuous on
bounded sets. W

We remark that the hypotheses of Theorem 17.5 are fulfilled if the functions (t, s, 7, u) —
[(t,s,T)h(T,s,u), (t,s,0,u) — m(t,s,o)h(t,o,u),and (¢, s, 7,0,u) — n(t,s,7,0)h(r,o,u)
are all continuous. In particular, this true for the functions in Example 17.1, since
l(t,s, T)h(T,s,u) = g(u).

Now we will be interested in finding conditions for the Lipschitz continuity of the
Hammerstein operator K H. Since

|KHz — KHyl|| = [|K(Hz — Hy)|| < ||K]|[|[Hz — Hyl|,

we have only to care for the Lipschitz continuity of the Nemytskij operator (17.29). As
was shown in APPELL [1981] (see also APPELL-MASSABO-VIGNOLI-ZABREJKO [1988]),
the Lipschitz condition for H, i.e.

1Hx — Hy|| < k(r)llz —yll (]l [lyll <)
is equivalent to the corresponding Lipschitz condition for the function h(t, s,-), i.e.
(17.34) \h(t, s,u) — h(t,s,v)|] < k(r)u—v| (Ju|, Jv| < 7).
Consequently, the following result is true:

Theorem 17.6. Suppose that both operators K and H act in the space C(D). Then
the operator K H satisfies a Lipschitz condition in C (D) if (17.34) holds.

Observe that Theorem 17.6 does not apply to the operator given in Example 17.1,
since the operator H there does not act in the space C(D). On the other hand, the
operator (17.31) satisfies a Lipschitz condition on C(D) if the function ¢ is Lipschitz
continuous.

Let us now give an elementary differentiability result for the operator K H. Since
the Fréchet derivative of this operator has the form [KH] = KH' (if it exists), we
have again to care only for the differentiability of the Nemytskij operator (17.29) in
C(D). From well-known differentiability conditions of the Nemytskij operator (see e.g.
KRASNOSEL'SKI1J-ZABREJKO-PUSTYL'NIK-SOBOLEVSKIJ [1966]) we get therefore the
following

Theorem 17.7. Suppose that both operators K and H act in the space C(D), and the
function h has a continuous derivative Oh/Ou. Then the operator K H is differentiable
at each point xy € C(D) and

(17.35) (K H)' (o) = L(o) + M(x0) + N (o),

where

A

L(zo)h(t,s) ::/ l(t,s,T)%[T,s,xo(T,s)]h(T,s)dT,



~

M (zo)h(t,s) ::/ m(t,s,a)%[t,J,xo(t,a)]h(t,a) do,
and

N(zo)h(t, s) = / / n(t,5,7,0)%[7,a,xo(r,a)]h(T,a)dea.

We illustrate Theorem 17.7 by an elementary example:

Example 17.2. Using the notation of Example 17.1, let g(u) = u. As we have seen,
the operator LH is then

LHa(t,s) = / bx(f, s)dr.

Being linear, this operator is clearly differentiable with (LH) (xo) = LH for every
o € C(D). On the other hand, neither of the operators L or H acts in the space
C(D). A similar fact is true in case g(u) = u?, say: here

(LH) (z0)h(t,s) = 2/ xo(T, 8)h(T, s) dr,

but again neither of the operators L or H acts in the space C'(D).

17.4. Surjectivity results for monotone operators

In Subsection 17.2 we have studied the Barbashin equation (17.1) in Lebesgue spaces
by means of topological methods. Since most Lebesgue spaces are reflexive, and many
nonlinearities arising in applications are monotonically increasing or decreasing, it is
a useful device to apply also monotonicity methods, rather than topological methods.

This will be illustrated in this and the following subsection by means of the equation
(17.25).

The existence results given below essentially build on Minty’s celebrated monotonicity
principle (MINTY [1962|, see also BROWDER [1968]). Recall that a subset Z of the
product space X x X* is said to be monotone if

(17.36) (y1 —ya2, 01 —22) >0 ((z1,11), (x2,y2) € Z).

A monotone set Z is mazimal monotone if it is not properly contained in any other
monotone set. A (multivalued) mapping A : D(A) — 2% (with D(A) C X) is called
monotone (respectively mazimal monotone) if its graph G(A) = {(z,y) € X x X* :
x € D(A),y € Az} is a monotone (respectively maximal monotone) set. A mapping A
is called weakly coercive if either D(A) is bounded or D(A) is unbounded and

(17.37) ﬁek’%’ nf lyl| = oo
Here (-, -) denotes the natural pairing between X* and X . Minty’s monotonicity principle
may be stated as follows:



Theorem 17.8. Let X be a reflerive Banach space, and let A : D(A) — 2% with
D(A) C X be maximal monotone and weakly coercive. Then R(A) = X*, i.e. A is
onto.

17.5. Partial integral equations with monotone operators

As in Subsection 17.3, we rewrite equation (17.25) as operator equation (17.30) with
K = L+ M+ N. Since all operators occuring here act on functions of two variables, it is
reasonable to study equation (17.30) in spaces with mixed norm (see Subsection 12.1).
To this end, we first reduce the operators (17.26) and (17.27) to families of operators
acting on functions of one variable by putting

(17.38) L(s)u(t) = /Tl(t,s,T)u(T) dr (se€09)
and
(17.39) M(#)o(s) = /S m(t,s,0)o(0)do (teT).

Lemma 17.3. Let 2 < p,q < oo, I%—{—}% =1, and % —i—& = 1. Suppose that the
following three conditions are satisfied:

(a) the linear integral operators (17.38) are bounded from L, into L, for each s € S,
and the map s — ||L(s)||z(w,.z,) belongs to Loy /-y = Lq/(q—2);

(b) the linear integral operators (17.39) are bounded from L, into Ly for eacht € T,
and the map t — [|M(t)||c(z,,z,) belongs to Ly p—p) = Lpjp-2);

(c) the linear integral operator (17.28) is bounded from [L, — L] into [L,;, — L] if
p>q, or from [L, < L] into [Ly < Ly] if p <q.

Then the operator K = L+ M + N is bounded from [L, — Lg| into [Ly — Ly] if
p>q, or from [L, < L,| into [Ly < Ly] if p < q.

O By Theorem 12.1, the operator L is bounded from [L, — L] into [L,, — L]
and the operator M is bounded from [L, < L,] into [L,, < Ly]. Moreover, by the
Minkowski inequality, we have the continuous embeddings [L, — L,| C [L, < L,] if
p>gq,and [L, — L, D [L, — L] if p < q. Thus, we get the conclusion. W

With p,q,p', ¢ as given above, let us put for shortness X = [L, — L, if p > ¢,
and X = [L, «— L,] if p < ¢. Since [L, — L,* = [L, — L, = [Ly — L,] and
(L, < L, =[L, < L, = [Ly < Ly]| for these p and ¢, Lemma 17.3 gives a set of
sufficient conditions under which the operator K = L + M + N maps X into its dual
X*. Observe, moreover, that the space X is reflexive, by our choice of p and gq.

In order to apply Theorem 17.8, we make the following further assumptions:
(A1) there exists ¢ > 0 such that (—Kx,z) > c||Kz||* for allz € X;
(A2) there exist a function a € X and b > 0 such that

(17.40) h(t,s,w)| < a(t, s) + blw|" P9,

where r(p,q) =p'/p if p>q, and r(p,q) =¢'/q if p < q;



(A3) the function h(t,s,-) is monotonically increasing for almost all (t,s) € D;
(A4) there exist a function h € Ly and d > 0 such that

(17.41) h(t, s, w)w > dlw]*P? + h(t, s),

where s(p,q) = ¢ if p>q, and s(p,q) =p' if p < q.

Theorem 17.9. Suppose that the hypotheses of Lemma 17.3 as well as the assumptions
(A1) - (A3) are satisfied. Then the operator equation (17.30) has, for each g € X*, a
unique solution y € X*.

O We first show the existence of a solution. The operator equation (17.30), i.e.
y=KHy+ g with K =L+ M + N, is equivalent to the relation

(17.42) 0c(—K) ' (y—g)+ Hy

(see BROWDER-DE FIGUEIREDO-GUPTA [1970]). Let z = y — g, and let H, be defined
by Hyz = H(z + g). Then equation (17.42) holds if and only if

(17.43) 0€([(—K) "'+ H,=

Under the assumptions (A2) and (A3), it is easy to show that the Nemytskij operator H,
acts from X* into X and is monotone and continuous. Since (—K)~! and H, are both
maximal monotone, by a result of ROCKAFELLAR [1970], the mapping (—K)™' + H,
is also maximal monotone. Moreover, the estimate

H
inf e+ B > i SEHERE S )

ze(—K)~ 1z z€(—K)~12 HZH

shows that (—K)~' + H, is weakly coercive. The solvability of equation (17.43) thus
follows from Theorem 17.8.

For the proof of uniqueness, let y;,y> € X* such that y;, = KHy,+g, y» = KHys+g.
Then
(y1 = y2, Hyr — Hyo) + (=K)Hyr — (—=K)Hyy, Hy: — Hya) =0,

and, by the monotonicity of H and the assumption (A1),
0> ((—K)Hy, — (—K)Hyy, Hyy — Hys) > c||[K(Hy, — Hy,)||*
This implies that K Hy; = K Hy, and hence y; = 3. W

In fact, under the assumptions (A2) and (A3), we only need that (—K) is monotone,
ie. (—Kz,z) > 0 for all x € X, such that (—K)~' + H, is maximal monotone.
Furthermore, if the assumption (A4) is satisfied, by the Holder inequality we have

(Hy,y) > d|ly|[*® + d"

for some d' > 0 and d” € R. Now let g = 0; since

)

H d' ||y 5@ 4 g
inf [zt Hyl| > inf (z + Hy,y) > [ly|[*9" +
ve(~K) 1y ve(-K)"ty ||y [|yl|



(—K)™! + H is weakly coercive. In this way, we have proved the following

Theorem 17.10. Suppose that the hypotheses of Lemma 17.3 as well as the assumptions
(A2) - (A4) are satisfied. If (—K) is monotone and g = 0, then the operator equation
(17.30) has a solution y € X*.

We remark that other solvability results for partial integral equations involving
Hammerstein operators have been given in POVOLOTSKIJ-KALITVIN [1985a, 1987,
1989, 1989a, 1991].

17.6. Variational methods
Let the operators L, M, N and H be defined as in (17.26) - (17.29). We will show

how to study the operator equation
(17.44) y= KHy,

with K = L + M + N as before, by means of variational methods. For solving an
operator equation Ay = 0, the main idea consists in looking for critical points of a
potential for A. Recall that a real functional ¥ on a Banach space F is called weakly
lower semicontinuous if

n—oo

for every sequence (u,,), converging weakly to u in E. The following is a standard
result.

Proposition 17.3. Let E be a reflexive real Banach space, and let ¥ : E — R be
weakly lower semicontinuous. Suppose that the gradient VV of U exists on E and is
coercive, 1.€.

o (V)

llull—>o0 [|ul]

Then there exists some uy € X such that

U(ug) = inf W(u).

uelE
Moreover, g is a critical point of ¥, i.e. ¥'(ug) = 0.

Now let 1 < p,q < oo, and let X = [L, — L,] or X = [L, <« L,|. Our first step
consists in finding potentials. For the Nemytskij operator H we can explicitly give its
potential (KRASNOSEL'SKIJ [1956]), namely

(17.45) O(y) = /T /S [ /0 e h(t,s,u)du] ds dt.

Lemma 17.4. Suppose that the operator H maps X* into X. Then (17.45) defines
a continuous functional ® : X* — R. Moreover, ® is differentiable with gradient
Vb =~H.



O By the classical Krasnosel’skij-Ladyzhenskij lemma (KRASNOSEL'SK1J-LADYZHENSKIJ
[1954]|) and Holder’s inequality we have

x[[Hy'[lx  (yeXY),

IﬂMSALW@ﬂW@mﬂwmwﬁSM

where y* is a suitable measurable function on D = T x S with |y*| < |y|. Since the
Nemytskij operator H maps X* into X, we have || Hy*||x < oo, and so ® is defined on
the whole of X*.

To prove the second assertion, let y,n € X* and consider

w(y,n) = 0y +n) — d(y) — (Hy,n)

y(t,s)+n(t:s) y(t,s)
:// / h(t,s,u)du—/ h(t,s,u)du — h(t,s,y(t,s))n(t,s)| dsdt
TJs |Jo 0

y(t,s)+n(t,s)
:// / {h(t,s,u) — h(t,s,y(t,s))} du| dsdt.
TJS y(t,s)

Again by the Krasnosel’skij-Ladyzhenskij lemma, there exists a measurable function
yy with [y| < |y, < |y + n| such that

Hy, — Hy||x.

X*

|MwmsélmwwmmMMmmwﬁSM|

For [|n||x- — 0 we have ||y, — y||x» — 0, and hence ||[Hy, — Hy||x — 0, by the
continuity of H. This implies that

i 2@ 0,

nfi=o{[nl|

il.e. VO = H as claimed. B

A standard way to apply Proposition 17.3 is to consider a square root of K. The usual
assumption for this is that there is some Hilbert space H with X* C H C X** = X.
However, for the “natural choice” H = L, this implies that p, ¢ < 2. On the other hand,
Lemma 17.3 holds only for p,q > 2. Thus we may cover only the Hilbert space case
p = q = 2 in this way.

To overcome this difficulty, we apply the following result of BROWDER-GUPTA
[1969]:

Theorem 17.11. Let E be a real Banach space, and let K : E — E* be bounded,
linear, monotone, and selfadjoint. Then there exists a Hilbert space H and a bounded
linear operator B : E — H such that K = B*B. Moreover, B* : H — E* is injective,
and ||B]|* < ||K]].

To apply Proposition 17.3 to the equation (17.44) we make now the following
assumptions:

(H1) the operator K : X — X* is monotone and selfadjoint;



(H2) the growth estimate
(17.46) \h(t,s,v)] < alt,s) + blo| @D

holds for some a € X and b > 0, where r(p,q) :=p'/p if p > ¢, and r(p,q) := ¢'/q if
PG

(H3) the monotonicity condition
(17.47) (Hyy — Hyz, 9o — y2) < cllyn — v %

holds, where ¢ ||K]|| < 1.

Theorem 17.12. Suppose that the hypotheses of Lemma 17.4 as well as the assumptions
(H1) - (H3) are satisfied. Then the operator equation (17.44) has a unique solution
ye X"

O As mentioned before, we have H(X*) C X, by (H2), and K(X) C X*, by
Lemma 17.4. Using the assumption (H1) we can construct a Hilbert space H with
scalar product (-,-) and an operator B : X — H as given in Theorem 17.11. To solve
the equation (17.44) it suffices to find a solution h € H of

(17.48) h— BHB*h = 0.

Indeed, h € H solves (17.48) if and only if y = B*h solves (17.44).
Consider the functional ¥ : H — R defined by

W) = 5 (hh) — B(BR).

where ® is given by (17.45), i.e. V& = H. We verify the conditions of Proposition 17.3
for £ = H. For fixed hg,h € H we have

lim % [ (hy + th) — W(ho)] = {ho, h) — lim % [@(B*hy + tB*h) — &(B*hy)]

t—

= (ho, h) = (H(B"ho), B*h) = (ho, h) — (BH(B"ho), h).

This implies that VU = [ — BHB* exists. Moreover, for hy,hys € H we have, by
assumption (H3),
(17.49)

(VUhy — VWhy) = ||k — hol|} — (BHB*hy — BHB*hy, hy — hy)

=|lhy — h2||%{ — (HB*hy — HB*hy, B*hy — B*hsy) > ||hy — h2||%{ —c||B*hy — B*h2||§(
> [|hy — hall3; — c||B*|]?||h1 — hol|; > (1 — ¢[|K|])||h1 — hao||F > 0.
This shows that VW is monotone and

(V¥(h),h)
v
The monotonicity of VW implies the lower semicontinuity of ¥ (see e.g. VAINBERG

[1969]). Therefore, all conditions of Proposition 17.3 are satisfied, and thus (17.48) has
a solution.

(Al — o0).



To prove uniqueness, suppose that y; and y are solutions of (17.44). Then h; =
(B*)"'y; and hy = (B*) 'y, are solutions of (17.48). From inequality (17.49) it follows
that (B*) 'y, = (B*) " 'ys, hence y; = 3,. W

We point out that the assumption (H3) is in some sense too restrictive for the
application of variational methods: As we have seen in the proof of Theorem 17.12,
this assumption implies that VW is monotone and weakly coercive. But VWV is even
maximal monotone, being continuous. So, we get the same result by applying Minty’s
monotonicity principle.

Variational methods have been applied to the study of partial integral equations with
Hammerstein operators in KALITVIN [1986a] and POVOLOTSKIJ-KALITVIN [1985a,
1989, 1991]. A parallel theory for Uryson operators has not been given systematically;
however, some results may be found in KALITVIN [1986, 1986a, 1997], KALITVIN-
KORENCHUK-EVKHUTINA [1993], POVOLOTSKIJ-KALITVIN [1985, 1991], and CHEN-
KALITVIN [1997, 1998|. More existence theorems for nonlinear partial integral equations
have been given in POVOLOTSKIJ-KALITVIN [1994], MURESAN [1982, 1984], and PACHPATTE
[1981, 1983, 1984, 1986]. Nemytskij operators in spaces with mixed norm have been
studied, for example, in KALITVIN [1984a| and CHEN-VATH [1997].



§ 18. The Newton-Kantorovich method

In this section we discuss the applicability of the Newton-Kantorovich method to
the nonlinear partial integral equation of Uryson type

x(t,s):/l(t,s,T,x(T, s))dr
(18.1) ’

+/m(t,s,a,x(t,0))da+//n(t,s,ﬁa,x(T,a))dadT
S TJs

by means of the Newton-Kantorovich method. A basic ingredient of this method
consists in verifying a local Lipschitz condition for the Fréchet derivative of the the
corresponding nonlinear partial integral operators. The abstract results are illustrated
in the spaces C' and L, for 1 < p < oo. In particular, we show that a local Lipschitz
condition for the derivative in L, for p < oo leads to a strong degeneracy of the
corresponding kernels. The basic results of this section are taken from APPELL-DE
PASCALE-KALITVIN-ZABREJKO [1996].

18.1. The abstract Newton-Kantorovich method

The Newton-Kantorovich method is one of the basic tools for finding approximate
solutions of the operator equation

(18.2) F(z) =0,

where F' is some nonlinear operator in a Banach space X. In the corresponding iterative
scheme

(18.3) Tpi1 = Ty — F'(2,) " F(x,) (n=0,1,2,...)

one has to require, in particular, that the Fréchet derivative of F' at all points x,, exists
and is invertible in the algebra £(X) of all bounded linear operators in X. The direct
verification of this requirement may cause essential difficulties in practice. However,
in the last years several new ideas have been developed to overcome these difficulties.
For the reader’s ease, let us briefly sketch some of these ideas related to the Newton-
Kantorovich method ZABREJKO-NGUYEN [1987, 1989).

Suppose that F' is defined on the closure Bg(X) of some ball Br(X) = {z : x €
X, ||z|| < R} and admits a Fréchet derivative F’(z) at each point of Br(X) such that
F' satisfies a Lipschitz condition

(18.4) 1F' (1) = F'(@2)l| < k(r)ller — 22|l (21,22 € B (X), 0<r < R)

as a map from Br(X) into £(X). We also assume that the Fréchet derivative at zero
is invertible and put

(18.5) a:= |[F'(0)"'F(0)]|
and

(18.6) b= |F'(0)7}.



Since the (minimal) Lipschitz constant & = k(r) in (18.4) is positive, the function
¢ : [0, R] — [0, 00) defined by

(18.7) o(r) :==a+ b/OT(T —t)k(t)dt (0<r<R)

is convex. The scalar equation

(18.8) r=(r)

may have no solution, a unique solution, or many solutions in [0, R]. Let us suppose
for the moment that (18.8) has a unique solution r, € [0, R] and ¢(R) < R. In this
case the equation (18.2) has a solution x, € B, (X), and this solution is unique in the
open ball Br(X) (see ZABREJKO-NGUYEN [1987]). Moreover, the iterations (18.3) are
defined for every n and converge to the solution z,.

The usefulness of the Newton-Kantorovich method does not only consist in reducing
the operator equation (18.2) in a Banach space to the scalar equation (18.8) on a real
interval. It is also possible to give estimates for the convergence speed. In fact, let

_plr)—r
o)
V(r):=U(r+Ur)),
and

W(r) =Y V¥r).

Then the estimates
[[Tn 41 — 2n|] < V"(a)

and
|2 — || < W(V"(a))

hold ZABREJKO-NGUYEN [1987]. So, in order to study equation (18.2) from the viewpoint
of existence, uniqueness, and approximation it suffices in many cases to calculate (or
estimate) the constants a and b, as well as to calculate (or estimate) the scalar function
k= Ek(r).

As already mentioned, the simplest case is when the scalar equation (18.8) has a
unique solution 7, in [0, R] and ¢(R) < R. Other cases may be reduced to this case.
For example, if (18.8) has another solution r* € [0, R] with r* > r,, say, we simply take
R < r*. Likewise, if (18.8) has a whole continuum of solutions [r,,7*] C (0, R], we can
choose R = r,.

18.2. Lipschitz conditions for derivatives and norm estimates

Throughout we denote the (partial) integral operator generated by some kernel
function by the corresponding capital letter, i. e.

(18.9) L(x)(t,s) ::/Tl(t,s,T,x(T, s))dr,



(18.10) M(z)(t,s) ::/Sn(t,s,a,x(t,cr))da,
and
(18.11) N(z)(t,s) = / /Sn(t,s,T, o,z(1,0)) do dr.
T
The nonlinear partial integral equation (18.1) may then be rewritten as operator
equation (18.2) if we put
(18.12) F(z) =z — L(x) — M(x) — N(x) (x € Br(X)),

where X is some Banach space of real functions over T' x S.

Suppose now that the three kernels in (18.1) have partial derivatives in the last
argument

ol om

Li(t,s,T,u) == %(t,sm, w), my(t,s,ou) = %(t,s,a, u),

and

n
nl(t7 s, 7,0, U) = %(tv s, T,0, U’)a

Consider the operators L*, M* and N* defined by

(18.13) L*(z)(t,s,7) :=Uli(t,s,1,2(7,)),
(18.14) M*(z)(t,s,0) :=my(t,s,o,z(t,0)),
and

(18.15) N*(z)(t,s,1,0) :=nqi(t, s, 7,0,2(1,0)).

These operators are not Nemytskij operators in the usual sense, since they map functions
of the two variables (¢, s) into functions of three (or even four) variables; we call such
operators “generalized Nemytskij operators” in the sequel. The operators (18.13) -
(18.15) may be considered between the space X and the kernel spaces (X)), R, (X),
and R, (X) defined by the norms

(18.16) Ipllsce == sup | / [p( ), )] dr
[|hl]x <1
(1.17 lallmsr == sup | [ laC.o o0t o) ol
[|hllx <1
and
(18.18) [ ———— H//yr(.,-,T,o—)h(f,a)|dad7\|x,
hl|lx<1 JTJS



respectively. Of course, the functionals (18.16) - (18.18) are nothing else than the
operator norms of the moduli of the corresponding (regular) linear partial integral
operators

(18.19) Ph(t,s) ::/p(t,s,T)h(T,s) dr,
T
(18.20) Qh(t,s) ::/q(t,s,a)h(t,a) do,
S
and
(18.21) RA(t, s) :—//r(t,s,T,U)h(T,a) do dr
TJs
in the algebra £(X) of bounded linear operators on X. We set
(18.22) La(2)h(t,s) = / Lt 5,7 2(7, $))h(r, ) dr,
T
(18.23) My(2)h(t,s) = / mi(t, 5,0, 2(t, 0))h(t, o) do,
s
and
(18.24) Ni(z)h(t,s) 22//n(t,S,T,U,l'(T,O'))h(T,O) dr do.
TJs

Lemma 18.1. Suppose that the generalized Nemytskij operators (18.13) - (18.15)
act from Br(X) into R(X), Rn(X), and R, (X), respectively, and satisfy a Lipschitz
condition. Then the operators (18.9) - (18.11) are Fréchet differentiable with L' = Ly,
M' = M, and N' = N;. Consequently,

(18.25) F'(z) = I — Li(z) — My(2) — Ni(z) (2 € Br(X)).

O The assertion has been proved in APPELL-DE PASCALE-ZABREJKO [1991] for
integral operators of the form (18.11), so we have to prove it only for the partial integral

operators (18.9) and (18.10). For x € Br(X) and h € X we have
[L(x + h) — L(x) — Ly(x)R](t, s)

/ (t,s,m,x(7,s) + h(1,s)) = U(t,s,7,x(7,s)) — l1(t, s, 7, 2(7, ) h(T, s)] dT
// [Li(t, s, 7, x(7,s) + Ah(T, 8)) — Li(t, s, 7, 2(7, 8))|h(T,s) dNdT
{/ La(x + M) — L(z )]hd)\}(t,s).

0

Since the operator Ly : Br(X) — £(X) satisfies a Lipschitz condition, by assumption,
we conclude that

|L(z + h) = L(x) = Li(2)h]] < /0 || L1(z + Ah) — La(2)[[ [[R]] dX = of[[R]]),



which means that L'(x) = Li(x). The equality M'(z) = M;(x) is proved similarly. B

Applying Lemma 18.1 allows us to “find” the constants a and b for the equation
(18.2), where F is given by (18.12). In fact, the function h := F’(0)~'F(0) satisfies the
linear partial integral equation

h(t,s) — [ li(t,s,7,0)h(7,s)dT — [ my(t,s,o,0)h(t,o)do
. ) )

//m t,s,7,0,0)h(r,0)dodr = g(t, s),

where
(18.27) g(t,s) ::—/l(t,s,T,O) dT—/m(t,s,a,O) dO’—//n(t,S,T,U,O) do dr.
T S TJs

Suppose that the (unique!) solution of equation (18.26) may be written in the form

h(t,s) = g(t, s)+/T7“l(t, $,7)g(T,$) dT+/srm(t’ s,0)g(t,o)do

—|—//rn(t,s,7,a)g(7,0) do dr
TJs

with some resolvent kernels r;, r,,, and r, which are defined through the kernels [,
my, and n;. Then the constant a in (18.5) is of course nothing else than the norm
[|h||x of the function (18.28) in the space X. Since the explicit form of these resolvent
kernels is in general hard to find, one usually looks for a representation of the form
F'(0) =T — E, where T is boundedly invertible and the norm of E in £(X) is small.
The elementary equality T— F = T'(I —T~'E) implies then that, under the hypotheses
of Lemma 18.1, the estimates

(18.28)

i i o IR -
b= O < T 1 =T ) < TSI B € e
k=0
and 1T F )]
o= ||F(0) F(0)]] <
T BT

are true. In this way, we have proved the following

Lemma 18.2. Suppose that the hypotheses of Lemma 18.1 are satisfied, and F'(0) =
T — E, where T is invertible in £(X) and ||E|| < e. Then the estimates

—1 —1
IEAL Ol P | i |
— =g — L—ef[T]

hold.

Under the conditions of Lemma 18.2 it is natural to write the linear operators T and
E also as sums of (partial) integral operators like (18.9) - (18.11). Various conditions



for the “smallness” of the norm of £ may then be found in §12 - 13. On the other hand,
the invertibility of T" is often not easy to verify, except for particular cases. Assume,
for instance, that T" has the special form

Thit,s) = hit, s) — /T 6(t )h(r, ) dr

—/Sw(s,cr)h(t,a) dJ—C/T/SQS(t,T)w(S,U)h(T, o) do dr,

where ¢ : T'xT — R, 9% : S xS — R, and ¢ € R are given. Then T is invertible if
and only if

(18.29) 1€ 0(®)+0(V)+ co(P)o(V),

where ® and VU are the integral operators generated by the kernels ¢ and v, respectively.
Moreover, in some cases the operator 7! may be expressed explicitly through the
operators ® and V. For example, in case ¢ = 0 the formula

e
v ¢

holds, where I'g and I'y are simple closed contours around o(®) and o (), respectively.
If the kernels ¢ and v are symmetric or degenerate, the relation (18.29) may be verified
by standard schemes.

18.3. Lipschitz conditions for partial Uryson operators

The crucial assumption in Lemma 18.1 is of course the Lipschitz condition for the
operators (18.13) - (18.15). In this subsection we take a closer look to this condition
from a general point of view. More information in some specific function spaces which
arise frequently in applications will be given in the next subsections.

Suppose that the three kernels in (18.1) also have second partial derivatives in the
last argument

o2l 0?
lo(t, s, T,u) = 5 (s, u), ma(t,s,ou) = a—:;(t,s,a,u),

and o

na(t, s, 7,0,u) := 5 Z(t,S,T o, u),
and that
(18.30) 1 (t, s, 7, u1) — Ly(t, 5,7, u9)| < Io(t, 5,7, w) [uy — usl,
(18.31) |ma(t, s, 0,u1) —my(t, s, o,u2)| < ma(t, s, o,w)|u — usl,
and

(18.32) Ini(t, s, 7,0,u1) —ni(t, s, 7,0,us)| < no(t, s, 7,0,w) |ug — usg



for |us], |ug| < w. Here

Iy(t, s, 7,w) = sup |lo(t, s, 7, u)], ma(t, s,o,w) = sup |la(t, s, 0,u)],
|u|<w [u|<w

and
na(t, s, 7,0,w) = sup |la(t, s, 7,0,u)l,
|u|<w
respectively. It is then natural to state the Lipschitz condition (18.4) in terms of the
generalized Nemytskij operators

(18.33) L™ (x)(t,s,7) := la(t, s, 7,2(7,5)),
(18.34) M*(z)(t,s,0) :=ma(t, s, o,x(t,0)),
and

(18.35) N*™(x)(t,s,7,0) :=ns(t,s, T,0,x(T,0)),

which are second order analogues to (18.13) - (18.15). As a matter of fact, we want to
replace the generalized Nemytskij operators (18.33) - (18.35) by the usual Nemytskij
operators

(18.36) L (x)(t,s,7) = ly(t, s, 7, x(t, 5, 7)),
(18.37) M**(x)(t,s,0) = ma(t,s,0,z(t,s,0)),
and

(18.38) N**(m)(t, s,7,0) :=mns(t,s, T,0,2(t,s,7,0))

defined on functions over T'x S x T, T'x § x S, and T x § x T x S, respectively.
To make this precise, we need some special definitions. First, given a Banach space
X of real functions over T' x S, we denote by X;, X,,, and X,, the space of functions
p: TxSXxT—R,q: TxSxS—=R,andr: T xS xT xS — R defined by the
norms

|Ipllx, = inf {[[pllx : [p(t, s, 7)] < B(7,s) (b € X)},
llallx,, = inf {[|dl|x : lq(t, s,0)] < 4(t,0) (¢ € X)},

and
7l x, = inf {|[7[|x : [r(t,s,7,0)] <7(7,0) (7 € X)},

respectively. (The inequalities in these definitions are considered almost everywhere on
TxSxT, TxSxS,and T xS xT xS, respectively.) Further, we define spaces R;(X),
R, (X), and R, (X) of measurable functions p: TxSxT =R, ¢: TxSxS — R,
andr: T xS xT xS — R by the norms

(18.39) IPllsyx) == sup H/T|p(-,',T)a:(r,')hm)!clrllx,

ll|lx [l x <1



(18.40) lallsy,x) = sup ||/S|C](',',U)x(';U)h('aUﬂdUHXy

llzlx 1Rl x <1

and

1841)  rllsoi= s 1 [ [ it moatn oo dodrlx
llzllx,hl|x<1  JT JS

respectively.

The construction described above is not as trivial as it seems to be. For example, if
X is a Lebesgue space L, with p > 2, one can easily see that the spaces Ej%l(X ) ﬁ%m(X ),
and R, (X) consist of kernels of linear integral operators (18.19) - (18.21) acting from
Lyjo into Ly; in the case 1 < p < 2 these spaces strongly degenerate (i.e. contain
only the zero function). More generally, if X is an Orlicz space Ly, the spaces i)N%l(X ),
R, (X), and R, (X) contain kernels of linear integral operators (18.19) - (18.21) acting
from Ly into Lj,;, where the Orlicz space Ly is generated by any Young function N
satisfying for some ¢ > 0 the asymptotic condition

lim N(CUQ) < o0
i )
u—oco M (u)

Below we use the usual abbreviation (u V v)(t, s) := sup{u(t, s),v(t,s)} and put
(r) == sup {|fu Vol| - [[ul], [[v]| <} (r>0).
Moreover, given a bounded nonlinear operator F' between two normed spaces, by

u(F: p) == sup{[|Fz[| : [[z|[ < p} (p>0)

we denote the growth function of F'. This growth function may be used to state Lipschitz
conditions and differentiability conditions, both necessary and sufficient, for Nemytskij
operators in terms of the generating nonlinearity (APPELL [1981], APPELL-MASSABO-
VIGNOLI-ZABREJKO [1988], see also APPELL-ZABREJKO [1990]).

Lemma 18.3. Let X be a Banach space of real functions over T x S. Then the
following holds:

(a) if the Nemytskij operator (18.36) is bounded from X, into PRy(X), then the
generalized Nemytskij operator (18.13) satisfies, for ||xi||x,||z2||x < r, the Lipschitz
condition

(18.42) [[L*(21) — L™ (22) || x) < (L5 9(r) |21 — 22| x;

(b) if the Nemytskij operator (18.37) is bounded from X, into Ry (X), then the
generalized Nemytskij operator (18.14) satisfies, for ||xi||x,||z2||x < r, the Lipschitz
condition

(18.43) |M*(21) — M*(22) ||, x0) < (M59(r)) |21 — 22| x;



(c) if the Nemytskij operator (18.38) is bounded from X, into R,(X), then the
generalized Nemytskij operator (18.15) satisfies, for ||xi||x,||z2||x < r, the Lipschitz
condition

(18.44) IN*(21) — N*(22) || x) < (N5 9(r)| |21 — 22| x.

O Let us prove (18.42), the estimates (18.43) and (18.44) are proved in the same
way. For any 1,z € X with ||z1]|x, ||z2||x < r we have, by (18.30),

1L (1) = L™ (2) || x)

= sup |(ts) / Lt 5,7, 207, 8)) — b (£ 5,7 2 (7, 9))]| B, )| drllx
T

P[] x <1

< s [l / ot 5,7, [21(7, )| V [aa(7, )] |es (7, ) — a7, )] [A(r, )] dr]|x.
h||x <1 T

By the Krasnosel’skij-Ladyzhenskij lemma (see e.g. KRASNOSEL'SKIJ-ZABREJKO-PUSTYL'NIK-
SOBOLEVSKIJ [1976]) there exists a function w : T'x .S x T — R such that |w(t, s, 7)| <
|z (7, 8)| V |22(T, 5)| and

|l2(t7 S7T7w(ta 377-))| - iQ(tv S, T, |ZE1(T, S)| \% |ZL’2(T, S)D

Thus,
[L*(z1) — L*(22) ||y (x) <

sup H/ lla(t, s, T, w(t, s, 7)||z1(7, s) — xo(T, 8)| |R(T, 5)| dT|| x-

[lh]lx <1

This implies (18.42), by the definition of y(r) and u(L**;y(r)).

18.4. The case X = C(T x S)

Lemma 18.3 is in many cases sufficient to find the constants a and b and the function
k = k(r) in the space C' explicitly. Consider the scalar functions

I1(t — 1 (t
(18.45) ki(r) := sup / sup [b(t, 5,7 m) = h(t, 5,7, w0)) dr,
(t,9)€TxS JT sl |uz|<r (U1 — g
(18.46) km(r) := sup / sup [t s,0,w) = ma(t, 5,0, w)] do
(t,5)eTxS J S Jusljus|<r |u1 — ug| ’
and
(18.47)  ky(r) := sup // sup It 57 00w) = mlt 5,70, 1) do dt
(t,s)eTxS S Juil,uz|<r |U1 - u2|



These functions are finite for » < R if and only if the operators (18.13) - (18.15) satisfy
a local Lipschitz condition in C'. Moreover, the numbers given in (18.45) - (18.47) are
then the minimal Lipschitz constants for the corresponding operators on B,(C). This
may be stated in a more precise and convenient way:

Theorem 18.1. The operators (18.22) - (18.24) satisfy a Lipschitz condition on
Br(C) if and only if the three kernels in (18.1) have second partial derivatives in the
last argument ly(t, s, 7,u) = O%l(t,s,T,u)/Ou?, ma(t,s,o,u) = ?m(t,s,o,u)/ou* and
no(t, s, 7,0,u) = 0*n(t, s, 7,0,u)/Ou? for all (t,s) € T xS and almost all (T,u) € T xR,
(o,u) € S xR, and (1,0,u) € T x S x R, respectively, and the three functions

(18.48) ki(r) == sup / sup |la(t, s, 7,u)| dr,
(t,s)ETXS JT |ul<r
(18.49) ke (r) :==  sup / sup |mo(t, s, 0, u)| do,
(t,9)€TXS JS |ul<r
and
(18.50) kn(r) == sup // sup |na(t, s, 7,0,u)| dodr
(t,s)eT'xS S |ul<r

are finite for r < R. Moreover, the numbers ki(r), kn(r), and k,(r) are then the
minimal Lipschitz constants for the operators (18.22), (18.23), and (18.24), respectively,
on B,.(C). Finally, the minimal Lipschitz constant k(r) for the operator (18.25) on
B,(C) satisfies the two-sided estimate

(18.51) max{l;:l(r), ko (1), kn (1)} < k(1) < Ki(r) + k(7)) + k(7).

O The proof for the integral operator (18.24) is contained in APPELL-DE PASCALE-
ZABREJKO [1991]. Let us prove the assertion for the partial integral operator (18.22),
the proof for (18.23) is similar. By what has been observed before, for this it is necessary
and sufficient to show that the function (18.45) is finite for r < R.

Suppose first that (18.45) is finite for all » < R. This means that

I (¢t — I (t
/ sup At 5,7, w) = b ’S’T’u2)‘drﬁk1(r)<oo
T

[ur |, |uz| <r [ur — sl

for all (t,s) € T'x S, and hence the function \; s given by

\l1(t, s, T,u1) — 1(t, s, 7, us)|

Ais(T) == sup
fual, Juz|<r [uy — us|
is finite a. e. on T'. Since |l (¢, s, 7, u1) — 1 (t, s, T, u2)| < Aes(7)|ur —ug| for |ugl, |us| <,
the map u — [y (t, s, 7, u) is absolutely continuous. Consequently, the partial derivative
lo = 0ly /Ou exists for almost all v and satisfies

sup |la(t, s, 7, u)| < Aes(7).

Ju|<r



But this implies that

ki(r) < sup />\t7s(7') dr < 0.
T

(t,s)eTxS

_ Conversely, suppose that (18.48) is finite for » < R. This implies that the function
At,s given by 3
Aes(T) == sup |la(t, s, 7, u)|
u|<r

is finite a. e. on T', for all (¢,s) € T x S. Consequently, for |u], |us| < r we have

/ lo(t, s, 7,u) du

u2

’ll(tv S, T, ul) - ll(t7$77—a U2)| = S 5\t,s(/r)'ul - U2|.

We conclude that
ki(r) < sup / Ais(T) dT < 0.
T

 (t,s)eTxS

Of course, the proof shows also that k;(r) = k;(r) for all * < R. W

Theorem 18.1 implies, in particular, that the estimate k(r) < k(1) + k(1) 4 kn(r)
holds for the Lipschitz constant in (18.4) in case X = C. The problem of calculating
the numbers @ in (18.5) and b in (18.6) is quite easy. In fact, suppose that the partial
integral equation (18.26) has a unique solution (18.28) in the space X = C'. From the
definition of the norm in the space C' we obtain then the equality

a= sup
(t,s)eTxS

+ [ralts.alatords+ [ [ ratsmolgno)dodr].
S TJS

g(t,s)—{—/rl(t,s,T)g(T, s)dr
(18.52) !

and from explicit formulas for the norm of a linear partial integral operator in the space
C' (see § 13) the equality

b=1+ sup [/]rl(t,s,ﬂ\dr
T

(t,s)eTxS

+/|T‘m(t7370)|d0+//|7“n(t,3,7',0)|d0d7- .
s TJs

Here g is defined by (18.27), and 7y, rp,, and 7, are the resolvent kernels corresponding
to Iy, my, and nq, respectively.

(18.53)

The resolvent kernels r;, r,,, and r, are in general difficult to compute explicitly.
An exceptional case is that of degenerate kernels; we illustrate this by means of a very
elementary example.

Example 18.1. Let S = T = [0,1], I(¢,s,7,u) = Au), m(t,s,0,u) = p(u), and
n(t,s, 1,0,u)



= 0. Here A and p are real C*-functions with X'(0) # 1, ¢/(0) # 1, and X' (0)+x/(0) # 1.
For any g € C([0,1] x [0, 1]) the equation (18.26) has then the unique solution

h(t,s) = g(t,s) + %/0 g(T,8)dr + %/ g(t,o)do
N(0)p'(0)(2 = X'(0) — ﬂ’(o
RO R0 ) #edn
In particular, since g(t,s) = —[A(0) + w(0)] in this case, we get here the constant
solution A(t,s) = g(t,s)/(1—XN(0) — 1/(0)). Putting this into (18.52) and (18.53) yields
200
1=X(0) = (0)
and
_ N(0) 1 (0) N(0)p'(0)(2 = N(0) = #'(0))
ot ‘1 - X(O)‘ ! ’1 - u’(o)‘ '(1 = N(0))(1 = (0))(1 = XN(0) = p'(0) |

The function k = k(r) from (18.4) may in turn be estimated by

k(r) < sup [X'(u)| + sup |p"(u)].

ul<r lul<r

This gives a sufficiently effective “recipe” for finding the scalar function (18.7), and
hence for applying the Newton-Kantorovich method to equation (18.1) in this special
case. To be more specific, suppose that the functions A and p are quadratic polynomials

(18.54) Mu) = Xu® + M\ju + Ao, p(u) = pou® + pu + po
which is the simplest nonlinear case. A trivial calculation shows that then

‘ >\1,u1(2 - A= /~L1)
(1= A)@ = pa) (L= A = ) |
and k(r) = 2(|\2| + |u2]), hence ¢(r) = a+ cr?, where ¢ = b(|A\a| + |u2|). Consequently,

the number of real solutions of the fixed point equation (18.8) depends on the sign of
the discriminant D = 1 — 4ac.

A1
1-XN

M1

+
L=t

_ | Aot o
1—X —

=1+

‘

We remark that this effective calculation also applies to the more general case

I(t,s,7,u) = a(t)b(s)c(T)\(u), m(t,s,o,u) = d(t)e(s)f(o)u(u),

and also to the case of degenerate kernels.

18.5. The case X = L (T x S)

In rather the same way as in X = C(T'x.5), the Lipschitz conditions for the operators
(18.25) and (18.22) - (18.24) are also equivalent in the space X = Lo (T x 5). This
may again be analyzed by imposing appropriate conditions on the kernels &, m;, and
n1, and the corresponding operators (18.13) - (18.15).



For r > 0 and § > 0, let

(18.55) ki (r,d) := esssup / sup |l (t, s, T, u1) — (¢, s, 7, us)| dT,
(t,8)€ETXS JT Iuililug|<r
lug—ug|<é
(18.56) (7, d) := esssup / sup |mq(t, s, 0,u1) — my(t, s, o,us)|do,
(t,9)€TxS J S luillug|<r
[ug —ug|<s
and

(18.57)  ky(r,0) := esssup // sup |ni(t, s, 7,0,u1) —ny(t, s, 7,0,u2)| do dr.

(t,5)eT %S [ugl,lug|<r
lug —ug|<é

Lemma 18.4. The following three conditions are equivalent:
(a) the limits

ki(r, 0

(1858)  Ja(r) = tim 20 ) o lim . ka(r) = lim

5—0 O 5—0 ) §—0 1)

are finite for r < R;

(b) the operators (18.22) - (18.24) satisfy a Lipschitz condition from Br(Ls) into
L(Loo);

(c) the operator (18.25) satisfies a Lipschitz condition from Br(Ls) into £(Le).

O We prove this again for the function (18.55) and the operator (18.22). Suppose
that (a) holds. For € > 0 choose 6 > 0 such that k(r,d) < (k(r) +¢€)d for 0 < § < 0.
By the definition (18.55) of k;(r,d) we get

| L1(w1)h — Li(22) || < ka7, 0)||z1 — 22|10

for ||| < 1, ||z1]],||z2]| < 7, and ||z1 — 22| < 4. In fact, for ||z; — x9|| < 0’ < 6 and
fixed (t,s) € T x S we have

/T[ll(t, s, T,21(7,8)) — li(t, s, 7, x9(7, 5))|h(T, 5) dT

< (5’/ [li(t, s, 7, x1(7,8)) — l1(t, s, 7, 22(T, 8))| i
T(z1,22)

|x1(7, 8) — 22(T, 5)]

S 5// sup ’ll(t7377—7 ul) - ll(tvsa7—7 u2)| dT,
T

ol Jug|<r ur — us
lug —ug|<é
where we have put T'(z1,22) = {7 : 21(7,8) # w2(7,s)}. Since &' > ||x; — 23] is

arbitrary, this implies that

[[L1(21) = La(22)||g(ree) < Kalr, 0)|[x1 — 2|1,



for ||z —z2|| < 6. Now, for arbitrary x1, 29 € Lo, fix m € N such that ||x; —xs|| < md.
Then

m

. . - -
1Ly (1) = La(22)||e(ay < D 1La[(1 = ?‘771)931 + %952] — Lif(1-? ——)rt ! —— o]l e(za)

J=1

< m(k(r) + €>—||x1 — o

= (ka(r) + &)llwy — wal|,
and hence (b) is true. Conversely, suppose that (b) holds. As was shown in ZABREJKO-
ZLEPKO [1983] (see also APPELL-DE PASCALE-ZABREJKO [1991]), the equality

sup  |Li(z1)h(t,s) — Li(z2)h(t, s)| = / sup  |li(t, s, 7 u1) — Li(t, s, 7, u2)| dT

[EAINEE T lugllug|<r

[lzg—z2||<6 [ug—ug|<s
holds in the space L., and (a) follows by taking L..-norms. The equivalence of (b)
and (c) is clear. W

The following is parallel to Theorem 18.1.

Theorem 18.2. The operators (18.22) - (18.24) satisfy a Lipschitz condition on
Br(Ls) if and only if the three kernels in (18.1) have second partial derivatives in the
last argument ly(t, s, 7,u) = O%l(t, s, 7,u)/Ou?, mo(t,s,o,u) = 0*m(t,s,o,u)/Ou? and
no(t, s, 7,0,u) = 0*n(t, s, 7,0,u)/0u® for all (t,s) € T xS and almost all (7,u) € T xR,
(o,u) € S X R, and (1,0,u) € T x S x R, respectively, and the three functions

(18.59) ky(r) := esssup / sup |la(t, s, 7, u)| dr,
(t,8)€TXS JT |u|<r

(18.60) ke (1) == esssup / sup |mo(t, s, 0, u)| do,
(t,s)ETxS JS |ul<r

and

ol
:

(18.61) = esssup // sup |na(t, s, 7, 0,u)| do dr
S

(t,s)eT'xS Ju|<r

are finite for r < R. Moreover, the numbers ki(r), kn(r), and k(1) are then the
minimal Lipschitz constants for the operators (18.22), (18.23), and (18.24), respectively,
on B,(Ls). Finally, the minimal Lipschitz constant k(r) for the operator (18.25) on
B, (Ls) satisfies the two-sided estimate (18.51).

The example of the operator

Fa(t,s) = x(t,s)—/o tsﬁ(f,s)dT—/o (1= 1)1 — 8)22(t, o) do

shows that, in general, the equality



1s not true.

Theorem 18.2 gives an effective algorithm for estimating the function (18.4) in the
space X = L. Analogously to what we have done in the preceding subsection for
X = C, we may calculate the numbers (18.5) and (18.6) in the space X = L. The
following theorem follows from the definition of the norm in L., and formula (12.31):

Theorem 18.3. Suppose that the equation (18.26) has a unique solution (18.28) in
the space X = Lo,. Then the numbers (18.5) and (18.6) may be calculated in Lo, by
means of the formulas

a = esssup |g(t,s)+/rl(t,s,7')g(7, s)dr
T

(18 62) (t,s)€T*S
+/7"m(t,s,o)g(t,o) d0+//7“n(t,s,7',a)g(7,a) do dr|,
s TJS
and
b=1+ esssup {/ \ri(t, s, T)| dr
(1863) (t,8)€T %S

—i—/|7“m(t,s,a)|da+//|7‘n(t,s,7,a)|dad7'].
S TJs

Here g is defined by (18.27), and ry, rm, and r,, are the resolvent kernels corresponding
to ly, my, and ny, respectively.

We illustrate the results of this subsection again by means of Example 18.1. The
constants a and b may be calculated precisely as in the space X = C'. The functions
(18.59) - (18.61) have the form k() = sup {|N"(u)] : |u| < 7}, km(r) = sup {|p" (u)] :
lu| <}, and k, () = 0. For the polynomials (54) this gives, in particular, k;(r) = 2
and ky, (1) = 2ps.

18.6. The case X =L,(T x S) (1 <p < )

The analysis of the preceding two subsections becomes more difficult when passing
to the case of the Lebesgue space L, with 1 < p < co. One reason for this is that the
unit ball in L, contains lots of unbounded functions, and therefore one “cannot get rid
of the function A” under the integrals in the right-hand sides of (18.16) - (18.18). But
this is not just a technical problem: in fact, imposing a Lipschitz condition like (18.4)
in L, may lead to a strong degeneracy of the kernel functions involved! For the integral
operator (18.11), for example, it was shown in APPELL-DE PASCALE-ZABREJKO [1991]
that the derivative N/ satisfies a Lipschitz condition in Lo only if the corresponding
kernel n; satisfies a Lipschitz condition in u, and in L, for 1 < p < 2 only if n; does
not depend on u, i.e. the kernel n is linear in u.

We shall show now that the situation is even worse for the partial integral operators
(18.9) and (18.10): a Lipschitz condition for the derivatives L’ and M’ necessarily leads
to linear kernels for all values of p!



Theorem 18.4. The derivatives of the operators (18.9) and (18.10) satisfy a Lipschitz
condition in X = L,(T x S) (1 < p < o0) if and only if the corresponding kernels
and m are linear in the last argument.

O We prove the assertion for the operator L’ or, what is equivalent by Lemma 18.1,
for the operator Ly given by (18.22). Of course, if the kernel [ is linear in u, the kernel
[1 is independent of u, and there is nothing to prove. Suppose that the operator (18.22)
satisfies a Lipschitz condition in L,, i.e.

(18.64) /S/T

where all norms are taken in L,(7"x.S). Choosing, in particular, x;(t, s) := w;xp(t)x&(s)
and h(t,s) = xp(t)xe(s), where D C T and E C S satisfy u; mesDmesE < r?
(1 =1,2), and putting this into (18.64) yields

1
(18.65) mesE/E/T /D[h(t’S’T’ uy) — lLi(t, s, 7,ug)] dr

< EP(r)|uy — ua|P(mesD)?(mesE).

p

dt ds

/T[ll(t, s, T,21(7,8)) — li(t, s, 7,297, 8))|h(T, 5) dT

< K (P)l|ee =PRI (o]l (2] <),

p
dtds

Letting mesE in (18.65) tend to zero, we get

(18.66) /T

for almost all s € E. From (18.67) it follows in turn that

p

dt =0

/ [ll(t, S, T, ul) — ll(t, S, T, UQ)] dr
D

/ I(t, 5, 7,u1) — L(t, 5,7, un)] dr = 0
D

for almost all (¢,s) € T' x E. Since D is an arbitrary measurable set, we conclude that
Li(t,s,T,u1) — li(t, s,7,uz) = 0 for almost all (¢,s,7) € T x E x D, and the assertion
follows. W

Theorem 18.4 is, of course, rather disappointing: the Newton-Kantorovich method
applies to equation (18.1) in L, (1 < p < 00) only if the kernels I and m are linear in
u. Only for the kernel n we have a larger choice in L,, provided that p > 2. Taking
into account this degeneracy, we close with another example in X = L.

Example 18.2. Let S =T = [0, 1] and p = 2. By what has been observed before,
this choice of p forces us to choose [ and m linear in u. For example, let I(¢, s, 7,u) =
M (E)A2(8)u+ Ao(t, s, 7), m(t,s,o,u) = p(t)p2(s)u+ uo(t, s,0), and n(t, s, 7,0,u) = 0.
The function (18.27) is here

1 1
g(t,s) = —/ Xo(t,s,7) dT—/ to(t, s, o) do,
0 0
and the equation (18.26) for h takes the form

(18.67) h(t,s) = () Aa(s)P(s) + (D) pa(s) V() + g(t, ),



where we have put

(18.68) o(s) ::/0 h(r, s)dr, WY(t) ::/0 h(t,o)do.

Inserting (18.67) into (18.68) we arrive at the system

1

o(s) = / M () Aa(8)6(s) dr + / i1 () aa() () dr + / o(r,s) dr,

b(t) = / M (8)a(0)b(o) do + / i1 (£) 2 (0 (8) do + / g(t,0)do

for the unknown functions ¢ and 1. If we suppose that

1

als) = 1— AQ(S)/O M(r)dr £0, B(E) = 1— m(t)/o 1o(0) dor £ 0,

and put X X
v(s) :—/0 g(r,s)dr, i(t) :—/0 g(t,o)do,

we end up at a system of two scalar equations

([ M ) - [ 20,

([ ) [ e

for the unknown real numbers

e= [ nordn, n= [ @i

The last system has a unique solution (£,7) € R? if and only if

L2505 (e )

and this solution may be used to find (¢(s), ¢ (t)) and, consequently, the solution h(t, s)

of (18.26).

In this way, we may find the numbers (18.5) and (18.6) by means of well-known upper
estimates for the Ls-norm of a linear integral operator. The function (18.4) is very easy
to compute in this case, since [y (t, s, 7,u) = A (t)Aa(s) and my(t, s, 0,u) = py(t)u2(s)

do not depend on u.



§ 19. Applications of Barbashin equations

In this section we describe various problems whose mathematical modelling leads
to integro-differential equations of Barbashin type. Such problems arise, for example,
in probability theory, in the theory of elementary particles, in transport problems,
in kinetic gas theory, in radiation propagation problems, and in some problems of
mathematical biology.

19.1. Applications to probability theory

The mathematical description of some problems in physics and engineering leads
to systems in which certain changes of states occur in “jumps”, i.e. discontinuously.
Some of these discontinuities are related to random processes. In what follows, we will
study such processes without “after-effect”, assuming that the set of possible states of
the system is R. In this case a random process is simply a set of random variables &(t)
(—o0o0 < t < 00). In this setting, the variable ¢ is usually considered as time, and the
variable £(t) is interpretated as state of the system at the moment ¢.

To describe a process without after-effect, one usually introduces a function F' =
F(t,x;7,y) which represents the probability that the random variable £(7) assumes
the value y at time 7 if {(¢) assumes the value z at time ¢ < 7. The absence of an
after-effect means that the knowledge of the state of the system at times ¢’ < ¢ has no
influence on the function F(t,z;7,y) or, lossely speaking, that we are dealing with a
system “without memory”.

In this subsection we follow the paper GNEDENKO [1988]. We assume throughout
that the function y — F(t,z;7,y) is left-continuous, and that
(19.1) lim F(t,z;7,y) =0, liI_El F(t,z;1,y) = 1.
y——o0 y—+oo

If, in addition, the function y — F(t,z;T,y) is even continuous then the generalized
Markov equation

+oo
(19.2) F(t,x;7,y) :/ F(s,z;m,y)d . F(t,z;s,2)

holds true. Observe that the function F' is defined so far only for 7 > ¢; for 7 =t we
set

0 if y<u,

lim F(t,z;, lim F(t,z;7,y) = E(z,y) =
im F(t,z;7,y) 1m0(1:7'y) (z,y) {lif -

T—t+0 - t—7—
If the function (t,z;7) — F(t,z;7,y) is even differentiable the generalized Markov
equation (19.2) takes the form

+o0
flt,x;7y) = f(s,z5my)f(t 258, 2) dz,

where the density f satisfies the relations

“+oo

Yy
/ f(t,asm, 2)dz = F(t, 27 y), F(tasmy)dy = 1.

—00



Suppose that the random process is “purely discontinuous”, i.e. on every time interval
(t,t 4+ At) one has £(t) = = with probability 1 — P(t, z)At + o(At), and £(t) # = with
probability P(t,x)At — o(At). In addition, we suppose that the probability for more
than one change of £(t) on (t,t + At) is also o(At).

By P = P(t,x,y) we denote the conditional distribution function for £(t) under the
hypothesis that a jump occurs at time ¢, and Tliarioﬁ(T) = z (i.e. the value of £(t)

“Iimmediately before t” was x). In this case we have
(193> F(ta 5T, y) = [1 - P(ta iL’)(T o t)]E(aja y) + (T - t)P(t,LC)P(t,.Z‘,y) + O(T o t)

By definition, the functions (¢, x) — P(t,x) and (¢, z,y) — P(t,z,y) are nonnegative,
and the latter function satisfies
(19.4) lim P(t,z,y) =0, liELn P(t,z,y) = 1.
y——00 y—-+oo
Let us suppose now that the functions (¢t,z) +— P(t,z) and (t,z,y) — P(t,z,y) are

bounded, the functions ¢t — P(t,z) and t — P(t, z,y) are continuous, and the functions
x+— P(t,z) and (x,y) — P(t,z,y) are Borel measurable.

Theorem 19.1. The distribution function F of a purely discontinuous process without
after-effect satisfies the integro-differential equations

. +oo
(19.5) W = P(t,x)F(t,x;7,y) — / P(t,x)F(t,z;1,y)d,P(t, z, 2)
and
F(t. 1 y
OFltzimy) _ / P(t,2) d.F(t,z;7,7)
or oo
(19.6)

+o0
+/ P(r,x)P(7,z,y) d, F(t,x; T, 2).

o0

O By the generalized Markov equations we have

+o00
F(t,z;7,y) = / F(t+ At, z;1,y) d F(t, z;t + At, 2).
Replacing in this formula the function F(¢, x;t+ At, z) by the right-hand side of (19.3)
we get

+o00

Fltairy) = [ F(t+ Atzmy) df1 - P(ta) AEG, 2
+00 +oo

+/ F(t+ At, z;1,y)d, P(t,z)P(t,x, 2) At + / F(t+ At, z;1,y) d,o(At).

Since e
/ F(t+ At, z;7,y)d, E(x, 2) = F(t + At, x; 7, ),

o0



we further get

F(t,z;7,y) = [L = P(t,2) AF(L + At, x;7, y)

+o0
LP(t,2) At / F(t+ At, 27, 9) d.P(t, 7, =) + o( At).
Consequently,
Pt + Atz y) — F(t,z;7,y)
At
oo o(At)

which proves (19.5) by passing to the limit At — 0.
Using the generalized Markov equation (19.2), the relation (19.3), and the definition
of E(x,y) we obtain

—+oco
F(t,z; 7 + A1, y) :/ F(r,z;m+ AT, y)d, F(t,z;7, 2)

—00

= /_ oo[(1 — P(1,2)AT)E(2,y) + ATP(1,2)P(7, 2,9) + 0o(A)]d, F(t,x; 7, 2)

[e.o]

Yy Yy
:/ dZF(t,x;T, Z) —AT/ P(T, Z) sz(tax;7_7 Z)

—00 —00

oo
+AT/ P(7,2)P(1,z,y)d, F(t, z;7,z) + o(AT)

(e o]

y
=F(t,z;T,y) — AT/ P(r,2)d F(t,x;T,2)

—00

+o0o
+AT/ P(r,2)P(T,z,y)d,F(t,z; 7, z) + o AT).

—00

This shows that (19.6) holds true. W

The equations (19.5) and (19.6) are called Kolmogorov-Feller equations. They are
Barbashin equations containing a Lebesgue-Stieltjes integral. If the function z —
P(t,z, z) is absolutely continuous, we may write (19.2) as a pure Barbashin equation.

There is another way to relate the above problem to a Barbashin equation (KOLMOGOROV
[1986]). Suppose that the parameter y preserves the preceding value in the “infinitesimal”
interval (t,t + dt) with probability 1 — a(¢,y)dt, and that y passes to ¢y’ € (z,z + dz)
with probability u(t,y, z)dtdz, where

+oo
/_ u(t,y,z)dz = a(t,y).

[e.e]

Consider the “infinitesimal” distribution function g defined by

+o0
glt,y) = / olto, ) f(to, st y)de (1> to),

oo



where g(tg,y) is known at the time moment ¢ = ¢(, and

0
f(to,l’,t,y) - _F(t(],l',t,y).

dy
Then this function satisfies the Barbashin equation
9g(t,y i
(197) U — —att ot + [ gttty ) b

We still introduce some other equations which arise in the mathematical description
of processes without after-effect (PROKOFIEV-ROZANOV [1987]). Suppose that £(¢) is a
random process without after-effect in some measure space (X, Y) with Borel measure
A If £(t) = x at time t, we suppose that the state does not change in the interval
(t,t + At) with probability 1 — A(¢,z)At + o(At), but passes to some other state
y € B C X, where z ¢ B, with probability A(¢,z, B)At + o(At). We assume that
B +— A(t,x, B) is a finite measure for fixed t and z, while t — \(¢,z, B) is uniformly
continuous for fixed x and B. Under these assumptions, the distribution function of
the process satisfies

P(t,x;t + At, B) = A(t, z, B)At + o( At).

If this equality holds uniformly in ¢, x, and B, for every bounded function ¢y on X we
may define another function ¢ : R x X — X by

(19.8) o(s,x) = / wo(2)P(s,z;t,dz) (s <t).
b's
This function satisfies then the Barbashin equation
0
(19.9) Pt [ G ady) <0
as X

with initial condition

(19.10) o(t,z) = po(z).

In particular, if ¢ is the characteristic function of B, we have ¢(s,z) = P(s,z;t, B),
by (19.8). Consequently, we may define the distribution function P(s,x;t, B) through
(19.9) and (19.10).

Now let pg be some finite measure and

(19.11) wu(t, B) = / po(dx)P(s, x;t, B) (t > s).
X
Then p satisfies the integro-differential equation
t,B
(19.12) % _ / Mtz Blu(tdz)  (t>s)
X

with initial condition

(19.13) (s, B) = pio(B).



In particular, if ug(B) = P(s, x; s, B), we may define the distribution function P(s, z;t, B)
through (19.12) and (19.13).

We point out that the problems (19.9)/(19.10) and (19.12)/(19.13) may be solved by
means of the method of successive approximations. In fact, for the problem (19.9)/(19.10)
we have

00(5,2) = 9o(z), - ., Puer (8, 7) = ol) + / /X on(t, )\, 2, dy) du,

where

esssup sup [ga(s,7) — p(s,0)] =0 (n— oo).
reX to<s<t

Likewise, for the problem (19.12)/(19.13) we have

Ho(t, B) = jo(B), . s (1 B) = io(B) + / t /X bt d) At 7, B) do,

where
Var [Mn(t7B) _M(tv B)] —0 (n_> 00)7

uniformly in ¢ on every interval [s, f].

19.2. Applications to evolution equations

Various classes of nonlinear evolution equations with applications in physics may
be studied by means of the linear theory, see TAKHTADZHJAN-FADEEV [1986] or
ABLOWITZ-SEGUR [1981]. We sketch some results in this direction.

Given two operators L and M, consider the problem

Lv =,
(19.14)
vy = M.

The compatibility of the system (19.14) and its relation to specific evolution equations
depend of course on the choice of the operators L and M. For instance, in the Korteweg-
de Vries equation one takes L = 0%/0x* + u(z,t) (see e.g. ABLOWITZ-SEGUR [1981]).
Another example is given by the system

t
8véx, ) =i¢Dv+ Nu,
(19.15) v
Ov(x,t) 0
—_———— /IJ
ot ’
where v = (vy,...,v,), & = 0, and D, N, and ) are n X n-matrices such that

the diagonal entries of N and the off-diagonal entries of D are zero. The system
(19.15) describes various evolution processes with a natural physical interpretation (see
ABLOWITZ-SEGUR [1981]). In particular, the Boussinesque equation and the nonlinear
vector Schrodinger equation may be obtained in this way:.



If one passes in (19.15) formally to infinitely many variables, i.e. to the limit n — oo,
one is led to the Barbashin equations

+oo
(19.16) WD) _ieayye.y.t)+ [ Nz (e 21 dz
and
400
(19.17) i@y, t) = Q(z,y, z,t)v(x, z,t) dz.

ot

—00

Here the kernel N(z,y, z,t) must satisfy the nonlinear integro-differential equation of
Barbashin type

ON(z,y,2,t) ON(z,y,z,t)
at - Q(I,y) ax
(19.18)

+oo
+/ la(y, 2") — a(Z', 2)|N(x,y, 2/, t)N(x, 2', 2, t) d2’
with a(y, z) = a(z,y).

We describe now a general approach to integro-differential equations of Barbashin
type. Consider the system of ordinary differential equations

(dx
d_tl = fl(t7$17"'axn)
dx
d_t2 = fg(t,fEl,...,iL‘n)
(19.19)
dz,,
\ E = fn(t,Il,...,ZEn).

Following VOLTERRA [1959|, we replace the discrete index i € {1,...,n} by the

continuous variable s € [a,b] and get an equation of the form

0x(t, s)
ot

(19.20) = Flt,s,¢(t)]

containing the unknown function = = x(¢, s); here ¢(t) = ®z(t,-) with some functional
® which acts on z(t, -) for fixed t. If F'(¢, s, -) is linear, we may write (19.20) in the form

ox

(19.21) gt’s) :/ f(t,s,o)z(t,o)do;

this is a special Barbashin equation which was studied in SCHLESINGER [1914, 1915|.
Integrating equation (19.20) over [ty, ¢] yields

(19.22) x(t,s) = xo(s) + / Flr,s,x(r,s)|dr

to



with z¢(s) := z(to, s). If we suppose that F' is continuous in all variables and satisfies
a Lipschitz-type condition

sup |F(t,s,u) — F(t,s,v)] < Ae

fu—v|<e

with some constant A > 0, the solution of (19.22) may be obtained by the usual method
of successive approximations with initial approximation xy(t, s) = xo(s).

Similarly, consider the following canonical Hamiltonian system:

( @ _ 8H(t7q17"'7QTL7p17"'7pn)
dt Ip1
% _ aH(taqlv--'7Qn7p17"'7pn)
dt dp2
% _ aH(t7q17"‘7qn7pl7'"7pn)
dt Opn
19.23
( ) < @ _ _aH(tachv"'7qnap17"'7pn)
dt oq
@ _ _aH(taq17"'7qn7p17""pn)
dt g2
dpn COH(,q1s---,qn P, Pn)
| dt Ign '
Replacing again the discrete index ¢ € {1,...,n} by the continuous variable s € [a, b],

we may transform this system in the same way into the integro-differential equation
(see VOLTERRA [1959)])

dq(t, s) OF(t,s,9(1), (1))

dt op
(19.24)
Op(t,s) _ OF(t s ¢(t), (1))
dt dq ’

where ¢ and 1) are defined similarly as ¢ in (19.20). We point out that other nonlinear
integro-differential equations of Barbashin type arise in the theory of permutable functions
which have important applications to integral equations (VOLTERRA [1959)).

Consider now the matriz differential equation

dv(r)
dr

(19.25) —=CV+LV+VM+F,

where C,V, L, M, and F are n X n-matrices with C' = diag(cy, ..., c,). Such equations
arise, in particular, as evolution equations for the transition matrix in inverse problems



for nonlinear Schriodinger equations (TAKHTADZHJAN-FADEEV [1986]). Passing (formally)
in the matrix equation (19.25) to the limit n — oo gives the equation
ov(r, s,t)
or

—+o00

=c(s,t)v(T,s,t) + /_ l(T,0,t)v(T,s,0)do

(19.26) »
+/ m(r, s,o)v(r,0,t)do + f(1,s,t).

o0

This is a generalized Barbashin equation of the form we have studied in Subsection
16.1.

19.3. Systems with substantially distributed parameters

As we have shown in the previous subsection, integro-differential equations of Barbashin
type, both linear and nonlinear, naturally arise from systems of n differential equations
after passing to the limit n — oo or, what is essentially the same, after replacing discrete
indices by continuous variables. While this way of obtaining Barbashin equations may
seem rather “academic”; it has in fact a reasonable physical background which we will
discuss in this subsection (see BRACK [1985]).

Consider, for instance, the system
dq
(19.27) dt
2(t) = Calt)+ Du(t),

= Aq(t) + Buf(t)

where the values of A, B, C, and D are m x m-matrices, and the values of ¢, z, and u are
m X n-matrices. The system (19.27) represents the nonstationary balance equations for
certain quantities (called substances) over given balance spaces, and the state vector ¢
represents a distribution density function for these substances. Physically, n denotes the
number of independent balance spaces, while m is the number of independent substances.
Here passing to the limit n — oo or m — oo has a natural physical meaning.

In fact, n — oo means that no more discrete balance spaces can be distinguished
which occurs in systems with spatially distributed parameters. The mathematical model
leads here to a system of m partial differential equations.

On the other hand, m — oo means that one has to deal with an arbitrarily
large number of substances; the corresponding systems are then called systems with
essentially distributed parameters (BRACK [1985]). In this case one is led to the system

(19.28) 0(5:D) _ o)g(s,t) + / A(s, 0)q(o, ) do + / B(s, o)u(o, t) do

ot

which consists of n integro-differential equations of Barbashin type. If B is a diagonal
matrix, the system (19.28) may be written in the form

b
(19.29) 0(5:) _ oya(s,t) + / A(s, 0)q(0, 1) do + b(s)u(s, ).

ot

The variable s € [a,b] in (19.28) or (19.29) may have different meanings, according
to the physical setting. For example, s may be the number of C'-atoms in chemical



compouds, the chain length in polymers, or the boiling temperature of a multicomponent
mizture (see e.g. ROTH [1972], RATzZSCH-KEHLEN [1984|, GILLES-KNOPP [1967]). For
fixed t, the function ¢(-,t) may be regarded as density function of the distribution of
the material.

If the matrices A and B in (19.27) depend on t as well, and B is a diagonal matrix,
the system (19.29) has to be replaced by the system

dq(s, 1)
ot

(19.30) =a(s,t)q(s,t) + / A(s,o,t)q(o,t)do + b(s,t)u(s,t).

This is a Barbashin equation of the type we have studied in Chapters I and II.

We remark that some applications of Barbashin equations to problems in control
theory have been given in BISJARINA [1964], KHOTEEV [1976, 1984|, BEESACK [1987],
and KURZWEIL [1957].

19.4. The Kimura continuum-of-alleles model

In 1965, M. Kimura proposed a model for describing mutations as a source for genetic
variability in quantitative characters (KIMURA [1965], see also BURGER [1986]). The
crucial assumption in this model is that new alleles are produced continuously through
genetic mutation, and that the expression of a metric trait is determined by a continuum
of possible alleles. Assuming that the selection mechanism in the system is constant,
this model leads to certain integro-differential equations as we shall show now.

In Kimura’s model, one assumes that a quantitative character is under control of a
single gene locus at which every mutation may produce a new allele different from the
previous ones. The effect of a new allele on a character is assumed to be only slightly
different from that of the parent allele.

Let us denote by s the effect of the action of an allele on the quantitative character.
It is assumed that an allele having the effect s mutates to an allele with effect o with
probability density u(s — o). By p(t, s) we denote the relative frequency of the allele s
at time ¢ in the population under consideration, i.e. p(t, -) is a probability distribution.
Let m(s) denote the Malthusian fitness of the population, and m(t) its average at time
t, i.e.

+o0
m(t) = / m(s)p(t, s) ds.

e}

In a population of competeting generations, the evolution of allelic effects is described
by the nonlinear integro-differential equation of Barbashin type

(1931 L8 ) w0t )+ [ uls = oot o) do ),

where p is the mutation rate. Based on biological considerations, KIMURA [1965]
proposes the choice
6732/272

\/ 21?2

m(s) = —as”, u(s) =



which leads to the Barbashin equation

(19.32)

Ip(t, s) 2 oo gle—a)t/2y” B

——— = —as’p(t, s)+p —=—=p(t,0)do+ap(t,s) o°p(t, o) do—pp(t, s).
ot e (/2172 oo

Here the equilibria of equation (19.32) are particularly important, i.e. solutions of the
form p(t,s) = p(s). From (19.32) it follows that every equilibrium must staisfy the

relation
—+o00

a5 =2 [ uts = awlo)do = (A=) ).

a 0

Integrating this relation leads to

In BURGER [1986] it is shown that equation (19.32) has a unique equilibrium solution
p = p(s); this solution is strictly positive, symmetric, and globally asymptotically
stable.

We shall prove now that the equation (19.32) with initial condition
(19.33) p(to, s) = po(s)
has, under appropriate conditions on py, always a local solution:
Lemma 19.1. Let
(19.34) g(t, s) = po(s)e @ 1)

and suppose that the function g(-,s) is integrable for any s. Let f(-,s) be continuous
for all s. Then the initial value problem

op(t,s) )
(19.35) —5 = —asp(t,s) + f(t,s) (t> 1o, —00 <5 < 00)
p(to, s) = pol(s) (—o0 < 5 < ).

has the unique solution

(19.36) p(t,s) =g(t,s) + /t e~ ) £ (7, 5) dr.

to

O For fixed s, the problem (19.35) is a linear initial value problem which can be
solved by the classical “variation of constants” formula. W

Consider the operator
tproo o —(s-0)2/29?
Kx(t,s) = u/ / —————x(7,0)dodr
to J—oco A/ 2m7?
t +oo

(19.37) t
—I—a/ x(T, s)/ o?x(T,0) dadT—u/ x(7,s) dr.
to —00 to



Let w : R — (0, 00) be bounded, continuous, and integrable, and denote by Cr,, the
space of continuous functions z : [to — T, ty + 7] x R — R, equipped with the norm

(1+ s?)|x(t, s)|
w(s)

We assume that w is chosen such that the initial function py belongs to Cr,, for some

(and thus all) 7" > 0. The next lemma gives a local Lipschitz condition for the operator
(19.37) between Cr,, and C:

(19.38)  ||z|l7w ::sup{ tto—T <t<ty+1T, —oo<s<oo}.

Lemma 19.2. For each € > 0 and each R > 0 there is some T > 0 such that
(19.39) |Kz — Kylle < ellz — yllr.w

for [[z]|zw, [[yllrw < R.
O By the definition of the norm (19.38) we have

o, 5) (e, )] < LI )< Rus), 2yt ) < Rus).

Consequently, we get

|Kx(t,s) — Ky(t,s)| < u

oo o— )2 /2~
/ / ———|x(7,0) — y(r,0)|do dr
+oo

o?|z(7, 8)[x(r,0 —y(r,0)] + [2(7,8) — y(7, 8)|y(r, 0| do dT

+,u/t |z(7,8) —y(T,s)|dr

+o0 —(s o) /2'y
< / / —Yllrww(o)(1 + o) do
—+o0
o*Rw(s)||z — y|lrww(o)(1 + o) dodr
t “+o00
+a / / |2 = y||7ww(s)(1+ s*) "' Rw(o) do dr
to J —o0

t
+M/|u—mme@u+¥r%h
to

< Ot = to| [|o = yllrwlp + aRw(s) + pw(s)]
with some constant C' > 0 depending only on w. Now the statement is obvious. B

Theorem 19.2. Let w : R — (0,00) be bounded, continuous, and integrable.
Assume that py : R — R is contmuous with

(19.40) sup M < 00.

—o00<s<0o0 U}(S)



Then for each sufficiently large R > 0 there is some T > 0 such that the initial value
problem (19.32)/(19.33) has a unique solution x € Cr,, with ||z||r. < R.

O We show first that the initial value problem (19.32)/(19.33) is equivalent to the
fixed point equation

(19.41) r=GKzx+g,

where g is given by (19.34) and G : C' — Cr,, is defined by

t
(19.42) Gy(t, s) :/ e~ =y (1, ) dr.

to
Indeed, if x solves (19.41), then Lemma 19.1, applied to f = Kx, implies that z solves
the initial value problem (19.32)/(19.33). Conversely, if z € Cr,, is a solution of the
initial value problem (19.32)/(19.33), then again Lemma 19.1 implies that x satisfies
(19.41).

Without loss of generality, let R > ||g||r.w. Fix ¢ < (R—||g||7.w)/R||G||, and choose
T as in Lemma 19.2. To prove existence and uniqueness of a solution of (19.41), we
apply the Banach-Caccioppoli fixed point principle to the operator Ax = GKx + g on
the closed ball B := {z : © € Cru, ||2||7w < R}. In fact, A maps B into itself since

[ Az]| < [[GEz[| +[lgll < |Gl [lz]] + [lg]l < B ([[z]] < R).

From Lemma 19.2 we conclude that ||[Az — Ay|| < ||G||e ||z — y|| with ||G]|e < 1.
Thus, A has a unique fixed point in B. B

In THIEME [1980, 1986] one may find other problems from population dynamics
which lead to nonlinear integro-differential equations of Barbashin type. We also mention
the nonlinear Barbashin equation studied in HADELER [1986], which is some kind of
continuous analogue to the ordinary differential equations occurring in Fisher’s model
of n alleles at a locus (HOFBAUER-SIGMUND [1984]) or in evolutionary game dynamics
(HOFBAUER-SIGMUND [1984], SEEMAN [1980]). The paper ARINO-KIMMEL [1987]
provides an analysis of the asymptotic behaviour of a cell cycle kinetic model, based
on the assumption of unequal RNA division during cytokinesis.

19.5. An application to a radiation propagation problem

We are now going to apply the existence and uniqueness theorems for boundary
value problems obtained in Subsection 9.5 to other physical and mechanical “real life”
problems. Consider the integro-differential equation

(19.43) s% +x(t,s) = /_1 k(s,o)z(t,o)do + f(t,s)

with boundary conditions
(19.44) z(0,s5) = ¢(s) (0<s<1), z(T,s) =9(s) (—-1<s<0).

Problems of this type arise in the mathematical modelling of the propagation of radiation
through the atmosphere of planets and stars (CASE-ZWEIFEL [1967], MININ [1988],



SOBOLEV [1956, 1972, 1985]); here f describes the interior radiation, k the scattering
properties of the atmosphere, and z the (unknown) radiation density. In another physical
interpretation, the above problem arises in the modelling of transfer of neutrons through
thin plates and membranes in nuclear reactors (VAN DER MEE [1983|); here f describes
the interior neutron emission, k the diffraction properties of the plates and membranes,
and x the (unknown) angular density of neutrons. The problem of isotropic scattering
of neutrons in an infinite homogeneous medium consiederd in MARCHUK [1961] also
leads to equation (19.43).

We shall study the problem (19.43)/(19.44) in the space X = L,([—1,1]), i.e. we
take ¢ € X, = L,([0,1]) and ¢ € X_ = L,([—1,0]) (1 < p < 00). By X(s), X;(s), and
X_(s) we denote the weighted spaces with norm (9.43) for the special weight function
w(s) = s (which is of course suggested by the form of equation (19.43)). Obviously, we
have X C X (s) and X1 C X.(s) (continuous imbeddings with imbedding constants
1).

Observe that the equation (19.43) exhibits a singularity, since the weight function
w(s) = s is not bounded away from zero. We have to pay a price for this, inasmuch as
we must require more regularity for the right-hand side f in the next lemma:

Lemma 19.3. Let X = L,([-1,1]) and Y = L,([-1,1]) with p < r < oo, and let
Q=10,T] x [-1,1]. For any ¢ € X;,v € X_, and f € Cy(Y'), the problem

0x(t, s) B ,
S~ +x(t,s) = f(t,s) if (t,8) €Q,
z(0,s) = @(s) if 0<s<1,
z(T,s) = (s) if —1<s<0

has then a unique solution v € Cy(X) with 0x/0t € Cy(X(s)); this solution is given,
for almost all (t,s) € Q, by

1 t

e dr st if 0<s<l

S Jo

x(t,s) =
1 t

[ e dr s vl D i —1<s <o

SJr

O We only have to prove that z € Cy(X); the fact that dz/0t € C(X (s)) follows
then from f € Cy(Y) and the structure of equation (19.43). For fixed ¢y, € [0,7] we



have
(19.45)
|z (¢, ) — z(to, )| |x

1 to
- / e~ f(rs) dr — / e to=/s f (1 s) dr
0 0

S

1 P 1/p
< {/ ds}
0
1 1/p 1 1/p
+ {/ |p(s)[et/* — e~ t0/]|P ds} + {/ [ (s)[e” =T/ — o= (lo=T)/s)p ds}
0 0
011 ft to P 1/p
H{ [ | [ e [t as)
-1 T T

s
For definiteness, let ¢ > ty. We only prove that the first term in (19.45) tends to zero
as t — tg; the proof for the other terms is similar. By the Hélder inequality we have

il )

1 [ to
—/ e~ f (1 s) dr — / e~/ £ s)dr
0 0

S
P 1/p
ds}

P 1/p
ds}

t
—/ e_(t_T)/sf(T, s)dr

S
A/

= /t: {/01 q dS}l/q {/01 £ (, s>|rds}w dr
*Am{él q“}w{Awﬂﬂ$V%}wdﬂ

where 117 =14 %. Thus, it suffices to show that

o= [{]

1

S

L[
_L/“[B—Q—TVs__e—@o—ﬂ/ﬂj(T7S>dT
0

S

1
L (t=7)/s

S

1 —(t—7)/s _ 6—(t0—7')/5]

1
_6_(t_7_)/3

q 1/q
ds} dr — 0 (t —to)
s

and

q 1/q
[e=t)/s _ o=(to=m)/s] ds} dr — 0 (t —to).




hence Ay(t) = Oast — to. If 1 < ¢ <2, we get Ay(t) — 0, as t — o, by the continuity
of the imbedding L, C L,. It remains to analyze the case 2 < ¢ < oco. Let first ¢ = 3.
Integrating by parts and observing that (a + b)* < a® + b* for 0 < a < 1 yields

t 1 oy 1/3 t - 1 1 1/3
A t — = 3(t-T sd d :/ —(t—7 o d
() /{ A } =), [3<t_7> -2 7

<L/td—7—+i tL—e/_g3(t_t)2+\3/§\3/m
S V=t B S 2V 0 0,

hence A3(t) — 0 as t — to. If ¢ € N with ¢ > 3, the proof is the same as for ¢ = 3.
Finally, if ¢ € (2,00) is arbitrary, the assertion follows from the continuity of the
imbedding Lig41 C L.

We have shown that A,(t) — 0, as t — ¢, for any ¢ € (1, 00). To see that B,(t) — 0
as well is easy. In fact,

to 1 1
Bq(t) = / {/ Ze—(to=T)/s [1 _ ef(t*to)/s}
0 o |S
1/2(] 1/2
1 —(to—7)/s “ ' —(t—to)/s|?2 .
—e ds !1 —e ‘ ds dr.
S 0

Since the first integral remains bounded, and e~(~*)/s — 1 as t — t,, by Lebesgue’s
dominated convergence theorem we conclude that B,(t) — 0 for any ¢ € (1,00). W

q 1/q
ds} dr

Lemma 19.3 is the basic tool to obtain existence and uniqueness results for the
problem (19.43)/(19.44) building on the preceding abstract theorems. For the sake of
completeness, we summarize these results with the following two theorems.

Theorem 19.3. Suppose that the integral operator defined by the kernel function k is
regular from X = L,([—1,1]) into Y = L,([—1,1]), where p <r < 0o, and f € C¢(Y).
Then every solution of the problem (19.43)/(19.44) solves the equation (9.47), where

1 t 1
g/ e(tT)/s/ k(s,o)x(r,0)dodr if 0<s<1,
(19.46)  Lx(t,s) = 0 "

1t !
_/ e—(t—f)/s/ k(s,o)x(t,0)dodr if —1<s<0,
S Jr -1
and
1t
s / e f(r sy dr + g(s)e if 0<s<1,
0
(1947)  glts) =1 |7,
_/ e~ f(r sy dr + (s)e” D if 1< s <0,
S Jr

Conversely, every solution x € Cy(X) of (9.47), with L given by (19.46) and g given
by (19.47), is a solution of (19.43)/(19.44), and the partial derivative Ox /Ot belongs to
Ci(X(s))-



Theorem 19.4. Suppose that the integral operator defined by the kernel function k
is reqular from X = L,([—1,1]) into Y = L,([-1,1]), where p < r < co. Assume that
the estimates (9.36) hold, where the functions a,b,c, and d are defined by

(a(t,T,s,0) = Le 7155, 0),
b(t,7,8,0) = %e_(t_”/sk(s, —0),

ct,7,5,0) = =Lt/ k(=35 0),

| d(t,7,8,0) ==L/ k(—s,—0).

Suppose, moreover, that one of the four conditions (a), (b), (¢) or (d) of Theorem 9.7
is satisfied. Then the problem (19.43)/(19.44) has a unique solution x € Cy(X), with
Oz /ot € Cy(X(s)), forany p € X1 ,v € X_, and f € Cy(Y).

19.6. Applications to astrophysics

The following approach to the Kolmogorov-Feller equations of a purely discontinuous
Markov process is taken from AGEKJAN [1974]. A Markov process is called purely
discontinuous if the the corresponding random function which takes the value x at the
moment ¢, remains unchanged in the time interval At with probability 1 — P(t, z) At +
o(At), and changes with probability P(t,z)At + O(At). Let &(t,z,y) dy denote the
probability with which this function takes values from the interval [y,y + dy|, and
o(t, z;7,y) dy the probability which this function takes values from this interval at
time 7. Then

o(t,z;t+ At,y)dy = [1 — P(t,z)At + o(At)]6(y — x) dy
(19.48)
+[P(t, ) At + o At)|E(t, x; y) dy,

where ¢ denotes the delta distribution. Putting (19.48) into the Kolmogorov-Chapman
equation

+o0
(a7 ) = / ot a3t + At )t + Aty 7, 2) dy

we get

o(t,x;1,2) = /00 [(1 — P(t,z)At + O(At))é(y — )
(19.49) —oc

+(P(t, x) At + o(At))E(t, z; y)} o(t + At y; 7, 2) dy.
Since

+o0o
/ o(t+ At,y;7,2)0(y — z)dy = o(t + At, z; 7, 2),

oo

from (19.49) we further get

@(t + At>$;77 Z) B Sp(taflf;ﬂ Z)
At

— {p(t ) + %} o(t + At,x; T, 2)

(19.50)

— |P(t.z) + 48] / E(twiy)plt + Aty 7, 2) dy.



Taking the limit At — 0 in (19.50), we obtain the first Kolmogorov-Feller equation

57 = P (etains) - [ etmnettyina)dy).

Furthermore, using the identity
o(T,y; T+ AT, 2) dz = (1 — P(1,y)AT + O<AT))(5(Z —9)

+(P(1,y)AT + o(AT))&(7, y5 2) d=
and well-known properties of the delta distribution, we get
p(t, a7 + AT, 2) = p(t, 257, 2) — p(t, 237, 2) (P(7, 2) AT + o( A7)

(19.51) .
+/ o(t, ;7,y) (P(’T, y)AT + O(AT))S(T, y,2) dy.

e}

Putting now (¢, z;7,2) in the left hand side of (21.12), dividing by A7, and taking
the limit A7 — 0, we end up with the second Kolmogorov-Feller equation

op(t,x; T,z o
QL) - pr2hpttai2) 4 [ PO )ET, v 2elt, o) dy

—00

Let L(t,z;z)dtdz be the probability with which the corresponding random function
which takes the value z at the moment ¢, makes a jump after time dt and assumes
values in the interval [z, z + dz|. Then

L(t,z;z)dtdz = P(t,x)&(t, x; ) dt dz.

+o00
/ E(t,r;2)dz =1,

—0o0

Since

we have .
/ L(t,z;z)dz = P(t, ).

Consequently, the Kolmogorov-Feller equations for a purely discontinuous random
process have the form

3 t . +oo +oo
(952 PSR i) [ aa - [ L yetn) dy

and

“+o00

= —@(t,.%;T,Z)‘i‘/ L<7—72;y) dy

—0o0

op(t,z;T,2)
or
(19.53)

—+o00
+/ L(t,y; 2)o(t, x5 7,y) dy.

[e.9]

From (19.52) and (19.53) one sees that the knowledge of the function L(t,z,y) is
indispensable for solving the Kolmogorov-Feller equations.



19.7. Plane-parallel transport problems

In Subsection 19.5 we have studied the boundary value problem (19.43)/(19.44) for
a Barbashin equation related to the theory of plane-parallel transport problems. This
relation is not accidental. In fact, consider the integro-differential equation of Barbashin

type 1
M + :L'(lf, 3) = /_ k(t, S, U)l‘(t, 0') do + f<t7 S)

ot 1
with boundary conditions
b b
25 =pls) (5> 0),  2l(s) =v(s) (5<0)

on the domain
D := ([0,b] x (0,1]) U ([=b,0] x [-1,0)) U{(t,s) : 0 < s < %, t > b}
U{(t,s) : =2 <s<0, t <—b}.
After the change of variables ¢t = 7/u and s = u, this equation has the form

?Lay(T,U)

19.54
(19.54) or

+y(r,u) = /_1 m(1,u,o)y(r,o)do + g(T,u),

with boundary conditions

(19.55) y(0,u) = p(u), u>0, y(b,u) = (u), u<0.

Here (7, u) belongs to the triangular domain
A:={(r,u):0<7<b, -1 <u<l1}.

The boundary value problem (19.54)/(19.55) is one of the classical problems describing
plane-parallel transport.

We point out that several integro-differential equations may be transformed into
Barbashin equations by means of Fourier transforms. For instance, applying to the non-
stationary one-velocity transport equation with isotropic scattering (CASE-ZWEIFEL

[1967])
8ZE 6x C /1 (t )
—at +S_a7" +ZE——2 _11' , S, T dS

the Fourier transform in 7 one is led to the integro-differential equation of Barbashin

type
1
% + (1 +iks)xy(t, s) = g/ x(t, s) ds,

1
where

z(t, 5):/ x(t,s,r)e”* dr.

[e.o]

Integro-differential equations of the type (19.54) have numerous applications in astrophysics.
For example, they describe the radiation transport in the atmospheres of stars, or the
absorption lines in star spectra (CHANDRASEKHAR [1950], SOBOLEV [1956, 1972]).



They also occur in the mathematical modelling of wave propagation in media which are
bounded by a pair of parallel planes (SOBOLEV [1956, 1972]), in biological experiments
(ISHIMARU [1978]), in transport problems for elementary particles in flat media (AGOSHKOV
[1988], MASLENNIKOV [1968|, CASE-ZWEIFEL [1967|, CERCIGNANI [1969], CHANDRASEKHAR
[1950]), and in other applications (ENGLAND [1974]).



§ 20. Applications of partial integral equations

In this section we discuss some classes of partial integral operators and equations
which occur in various problems of mathematical physics, such as continuum mechanics,
mixed problems of evolutionary type, axially symmetric contact problems for composite
media, fracture mechanics, elasticity and viscoelasticity, creep theory of non-uniformly
aging media, and other fields of solid mechanics. Most of the material covered in this
section is due to ALEKSANDROV-KOVALENKO [1977, 1978, 1980, 1981, 1984, 1986|,
KOVALENKO [1979, 1981, 1984, 1984a, 1985, 1988, 1989, 1989a, 1990|, and MANZHIROV
[1983, 1985]. Applying our previous results from § 14 and from the recent paper
KALITVIN [1998| we arrive at several solvability results for such problems.

Obtaining such solvabiblity results usually amounts to studying the essential spectrum
of the resulting partial integral operator in a suitable Banach space. In fact, this
makes it possible to derive existence, uniqueness, and well-posedness results which are
important for the approximate solution and numerical analysis of the corresponding
equations. Our philosophy is very simple-minded: First we associate with the given
partial integral operator another (simpler) operator whose spectrum may be calculated
explicitly and coincides with the essential spectrum of the given operator. From a
physical reasoning we may then often conclude that the spectrum of the simpler
operator is contained in the positive real half-axis which implies the desired existence
and uniqueness results.

A large part of this section is taken from APPELL-KALITVIN-NASHED [1998|. For
the physical interpretation of the obtained solutions we refer to the papers cited below.

20.1. Applications to elasticity and viscoelasticity theory

The following problem from elasticity is studied in VEKUA [1948]. Suppose that a
thin elastic plate is clamped in the (z,y)-plane, the z axis is orthogonal to this plate,
and F = F(X,Y, Z) denotes the force acting on a unit area of the plate. Assume further
that another force is acting on the boundary of the plate in the (x, y)-plane. These forces
cause a deformation of the plate which may be described by some displacement vector
(u,v,w) and which is the sum of the vertical bending and the horizontal deformation
of the plate. The mathematical modelling of the horizontal deformation is a classical
problem of two-dimensional elasticity theory (see e.g. VEKUA [1948]). The problem of
finding the normal displacement leads in turn to the equation

5 O*w O*w O*w ow ow
(20.1) DA*w =7+ X, 92 +Y, Iy +2X, oy Xy e oy
here A is the Laplace operator, X,, X,, and Y, are the known components of the
stress tensor, and D = Eh3/12(1 — u?) is the cylindrical rigidity, where h denotes the
thickness of the plate, E' the Young module, and p the Poisson coefficient.

If the orthogonal force F to the plate and the horizontal deformation are negligible,
then X =Y =0 and X, =~ X, = Y, = 0. In this case (20.1) becomes the classical
equation of a bending plate

(20.2) DA*w = Z.



If the plate lies on an elastic medium, one has to replace the equations (20.1) and (20.2)
by the equations

(20.3) DA*w + kw = Aw
and
(20.4) DA*w + kw = Z,

where A is the operator defined by the right hand side of (20.1), and k is some positive
constant.

In complex coordinates, equation (20.3) may be written in the form

'w Pw PPw Fw
205 arocs o5V g + 2 Oazac M

where z = x + 1y, ( = v — 1y, and
a(z,¢) = g (—Xo + Y, — 2iX,), a1(2,() = g5(—Xo + Y, +2iX,),
(20.6) b(2,0) = —75(Xa +Y,), ¢(2,0) = g5(X +1iY),
ci(z,0) = p(X —1Y), A= 5.
Equation (20.5) in turn may be rewritten as a partial integral equation of Volterra type

w(z,() + /Z( ,C, tw t{dt+/m LCmw(z,T)dr
(20.7)

// (z, ¢, t,T)w(t, 7)dr dt = g(z,(),

where we have put
(20.8)

7(37 C7 t) = (Z - t)al(ta C)? m(za C7 T) = (g - T)G(Z, T)7
n(z, ¢, t,7) =2b(t,7) + (( —71)c(t, 7) + (2 — )er(t, 7) + (2 — ) (¢ — 7)d(t, 7),

Oa ob ob daq
c=-92~-_9~ G =92~ 92t
€=y, Tt T AT iy i T

2 2 2

d:8a+28b+6a1_8c_801+)\’

922" “9:0¢ T a2 9z acC

and

z ¢
:/0 dT/O (2 =t)(C—T7)f(t,7) dT + 2¢00(C) + C¥o(2) + ¢1(C) + Y1(2).



Here ¢, ¢1, Yo, and 1 are arbitrary holomorphic functions. The equation (20.7) with
holomorphic functions (20.6) and f is a special case of the equation

(20.9) w(z,¢) + Kw(z,¢) = g(2,¢),

where K is the partial integral operator of Volterra type

w(z,¢) = / (2, C. 1w tg“dtJr/mz(T) (2,7) dr

/ / 2 ot TYw(t 7) dr dt.

In VEKUA [1948] it was shown that equation (20.9) has a holomorphic solution if all
data [, m, n, and f are holomorphic. However, this equation may have a unique solution
also for more general data. The reason for this is that, under reasonable conditions on
the kernels [, m, and n, the spectral radius of the operator (20.10) is zero in many
natural function spaces.

In fact,let Ty = {z:2=m(u):0<u<a}and Ty = {C: ( = 1%@®) :0<v < b}
be two smooth simple curves in the complex z-plane and (-plane, respectively, and let
[' =T’y xT'y. The integrals in (20.10) are understood as contour integrals over I'y joining
0 and z, and over I'y joining 0 and (, respectively. If the data are not holomorphic,
these integrals, and hence also the operator K, depend of course on the contours I'y
and I'5. Nevertheless, for fixed I'; and I'y the spectral radius of K is still zero. Put

h(u, v, @) = U (u), 72(v), (@) (@),

ma(u,v,0) = 171 (), 12(v), 72(0))75(9),
ni(u, v, %, 0) = n(yi(u), 72(0), 71(@), 12(9))71 (W) (),
w1 (u, v) = w(y(u), 72(v)),

(20.10)

and
g1(u,v) = g(n(w),72(v)).
Then the operator (20.10) takes the form

Kywq (u,v) = /u I (u, v, w)wy (@, v) du—l—/ my(u, v, 0)w; (u, 0) do

/ / ny(u, v, w, 0)w (4, v) do da,

and the equation (20.9) becomes

(20.11)

(20.12) wy (u,v) + Kywy (u,v) = g1(u, v).

Now we may apply the results of KALITVIN [1998] to this equation. For instance,
the spectral radius of the operator (20.11) is zero in the spaces C(D) and L,(D)
(D =10,a] x1[0,b], 1 <p < 00), provided that the kernels I/, m, and n are bounded and
integrable. Consequently, equation (20.12) has a unique solution in C'(D) or L,(D),



and thus equation (20.9) is uniquely solvable for any function g from C(D) or L,(D),
repsectively.

Analogous results hold for systems of differential equations occuring in the modelling
of thin elastic hulls (VEKUA [1948]). Here the kernels depend only on the form of the
hull, and the solution determines the stress function. A solution (in a generalized sense)
also exists for non-holomorphic entries of the stress tensor and for non-smooth surfaces.

Several conditions for the solvability, or even unique solvability, of equation (20.12),
as well as formulas for the resolvent kernel, may be found in KALITVIN [1998]. Unfortunately,
only in quite exceptional cases it is possible to construct the resolvent kernel exlicitly. It
is therefore useful to have methods for the approximate computation of the resolvent.
We point out that also the equations (20.9) and (20.12) themselves are approximations.

To obtain an approximate solution for equation (20.12), one has to replace this
equation by the equation

w(u,v) = /ul(uvT) (1,v) dT—I—/ m(u,v,0)w(u,o)do
(20.13)

// A(u, v, 7,0)w(t,0) do dr + f(u,v).

In what follows, we denote the partial integral operator defined by the right hand side
of (20.13) by K. A crucial problem is here to get estimates for the norm of the difference
between the solutions and resolvents of the equations (20.12) and (20.13).

Suppose that [, m, n, f, l , m, n, and f are continuous functions. Then the equations
(20.12) and (20.13) both are uniquely solvable in the space C(D), where D = [0, a] x
0,]). Denote by (I — K;)~! and (I — K)~! the corresponding resolvent operators,
and by w and w, respectively, the corresponding solutions. We get then the obvious
estimates

11 = K)™ = (I — K1)~
(20.14) 3 ) )
<17 = K) 7T = K)7H K = K| < e[ Ky = K],

where ¢ is some constant which will be specified below. The estimate (20.14) in turn
implies that
(20.15)

H(I—K)_l—(I—Kl) H <c sup [/ |l (u,v,7) — (uvr)|d7‘

(u,w)eD

+/ |m1(u,v,0) —m(u,v,0)|do +/ / |ni(u,v,7,0) — n(u,v,7,0)| dodr| .
0 o Jo
Now, the smallness condition

- £
20.16 Iy —1 —-n Ny < ——7——+

( ) ma‘X{| 1 |a |m1 m|7 |n1 7’L|} c(a—i—b—l—ab)

trivially implies that ||(I — K)~' — (I — K;)7!|| < &, by (20.14). This means that the
resolvent operators of the equations (20.12) and (20.13) do not differ very much if the
kernels in (20.13) are sufficiently “close” to those in (20.11).



From (20.14) and the obvious inequality
lw — @[l < (7 = K| [||(f — K)7 [ = KNI+ 11 = 1
it follows that
(20.17) lw =&l < el Ky = KNI+ I =)L = FI:

this shows that also the difference ||w — @|| of the solutions is small if (20.16) holds and
f is chosen sufficiently “close” to f.

The problem of calculating the constant ¢ in (20.14) is related to estimates for the
norms of the operators (I — K)~! and (I — K;)~". Since the kernels occurring in (20.12)
and (20.13) are continuous, by assumption, they are bounded by a common constant
o, say. Therefore we have

max {[|(1 = K)7, (7 = K) 7'} < 0=

>
n=0

where the operator () is defined by

t s t s
Qox(t,s) = ¢ / x(7, s)dr + ¢ / x(t, o) do + co/ / x(r,0)dodr
0 0 o Jo

for (¢, s) € D. To calculate the number gy one may use the methods discussed in MUNTZ
[1934]. However, this leads to very cumbersome calculations. Therefore we propose here
another method for estimating the constant qq.

Let ¢ = max {1, ¢}, and define an operator @y by

t s t s
Q1x(t,s) = ¢ / x(7,8)dT + ¢4 / x(t,0)do + / / z(7,0) do dr.
0 0 0 Jo

Since Qoz < @z for all positive functions x, we have ¢y < [[(I — Q1) =: ¢1. It
suffices therefore to estimate the constant ¢;. Put

Lix(t) = 01/0 z(r)dr (0<t<a), Miz(s) = 1 /08$(<7) do (0 <s<b).

Then I — Q = I®I — L1®I — IQM, — Li®M,. Using the classical tensor product
formula (ICHINOSE [1978, 1978a])

(&1 — Ly) 1@(77[ — ]\41)_1
I - = dé d

we get

0sia | /2“ et el
< 47r2 |1 —r(e™ + et + rei(m+a))| |

For estimating the last integral it suffices of course to estimate all factors in the
numerator and denominator. The evident inequality

(I —pLy) ta(t) = x(t) + ,0/0 e/ (7) dr



1 .
implies, for the special choice p = —e™'", that
r

A 1 _
I(re™T = L) =l = —[I(1 = pL1) 7|

1 ¢ 2e%/" 1
= — <1 + Sup p/ ep(t*‘r) d ) — QO( ) #
r 0<t<a 0 r
Analogously,
io _ 2eP" 4+ 1
(re' T = M) M| = (r) € ——F——

Now, for r = ¢, say, we have |1 — r(e” + €7 4+ re't?))| > 1 and thus gp < ¢ <
Fo(H)v(3). Other effective upper estimates for the norm of (7—@Q;)~! may be obtained
through other choices of r.

Here is yet another method for estimating the norm ||(I — K;)~' — (I — K)™'||. For
any two operators A and B we have

I(A+B)t =AY <|(A+B)'— A1+ A 'BA7Y| + ||[A1BA™Y||
< 2[ATHPIBIP + JATHPIBI = AT IATHIIB] + 1) 1 B].
Choosing, in particular, A = I — K and B = K — K yields

I = K)~ = (1= )
(20.18) ) N 5
<= B (210 = ) - K+ 1) 1K - K.

Combining this with the obvious estimate

| K, — K| = sup {/ (w0, 7) — l(u, v, 7)| dr

(u,w)eD

(20.19) +/ |my(u,v,0) —m(u,v,0)|do
0

+/ / |ni(u,v,7,0) — n(u,v,7,0)| dodr|,
o Jo

we see that it suffices to know the norm of the operator (I — K)~! in order to estimate
|(I — K1)~ — (I — K)7!||. Finally, using (20.18) and (20.19) yields estimates for the
error ||w — @|| between the two solutions w and @.

In the preceding discussion we supposed throughout that the operators K; and K
act in the space C(D) and the functions f and f are continuous on D. For numerical
studies equation (20.12) is often replaced by (20.13), where f(t;,s;) and &(t;, s;) (i =
1,...,n; j=1,...,m) are n X m matrices; in this case K has to be considered in the
matrlx space R”X’”. To apply the estimates for the difference ||w — @[ we may then
identify this matrix space with an appropriate subspace of C'(D).

20.2. Applications to mechanics of continuous media



The mathematical modelling of some mixed problems of elasticity theory, viscoelasticity,
and hydrodynamics (ALEKSANDROV-KOVALENKO [1978, 1980|, KOVALENKO [1981,
1985]) leads to the equation of Volterra-Fredholm type

(20.20) Ax(t,s) + Kx(t,s) = g(t,s) ((t,s) € D=[0,a] x [-1,1], A > 0)

involving a partial integral operator

1

(20.21) Kat,s) = /0 I(t, )2 (r, s) dr + / m(s — o)a(t, o) do,

-1
with a kernel m of the form

(20.22) m(€) = % / N m(x)e® dr (0 > 0).

[e.o]

Here m = m(x) is a positive continuous even function on R satisfying
m(z) = A+ O(2?) (z — 0), lz|m(x) = B+ O(z™1) (x — o0),
the kernel [ is continuous or weakly singular, and the function g has the form

g9(t,8) = g1 (1) + sg2(t) + f (),

with g1, g0 € C([0,a]) and f € Ly([-1,1]).

The equation (20.20) is usually studied in mechanics (ALEKSANDROV-KOVALENKO
[1980], KOVALENKO [1981, 1985]), where either the functions ¢g; and gy are given, or
the functions

pt) = /1 o(t,o)do,  q(t) = /1 ox(t, o) do.

1 1
A solution of (20.20) is then a function = such that z(¢,-) € Lo([—1,1]) and z(-,s) €
C'(]0,a]). Thus, an appriopriate space for studying this equation is the tensor product
of Ly([—1,1]) and C([0, a]) with uniform crossnorm and, in particular, the space C;(Ls)
we introduced in Subsection 1.1. It is clear that the solvability results for (20.20) are
closely related to the properties of the operator (20.21) in these spaces. In KALITVIN-
ZABREJKO [1991] it was shown that the spectrum of the operator (20.21) in L,(D)
(1 < p < o0) coincides with the spectrum of the compact operator — M, where

1
(20.23) Max(s) = / m(s — o)x(o) do
-1

maps L,([—1,1]) (1 < p < o0) into C([—1,1]) and is selfadjoint and positive definite
in Ly([—1,1]). This implies that for any positive number A ¢ o(K) and each function
g € L,(D), equation (20.20) has a unique solution = € L,(D).

We remark that, for ¢ = 0, (20.20) gives a classical equation of the theory of mixed
problems (ALEKSANDROV-KOVALENKO [1980], KOVALENKO [1981]).

 Let us now consider the operator (20.21) in C'(D) and in Cy(L,) (1 < p < c0). By
L we denote the operator

(20.24) Lx(t) = /Ot l(t,7)z(T)dr,



which in the case of a continuous or weakly singular kernel [ is compact in the space
C([0, a]) and has zero spectral radius. Under our assumptions on M and L, the operator
(20.21) is bounded both in Cy(L,) (1 < p < 00) and in C(D), we have o(L) = {0},
and o(M) consists of zero and a countable (possibly finite) set of positive eigenvalues
A1, A2, Az, ... with corresponding continuous eigenfunctions. Since the spaces Cy(L,)
and C(D) are isometric to the weak tensor product C®L,, and C([0,a])®C([-1,1]),
respectively (GROTHENDIECK [1955]), and the weak cross-norm is uniform (SCHATTEN
[1950]), one may apply the results of ICHINOSE [1978, 1978a]. In particular, the equality

0(K) = 0es(K) = 0 (K) = 0e(K)
(20.25) )
= 04(K) =0 (K) = ai(K) = 04(K) = o(M)

is true, where we use the notation of Subsection 14.1. Consequently, the operator K

n (20.20) is invertible (Fredholm, Fredholm of index zero, n-normal, or d-normal) if
and only if —\ & o(M). In particular, equation (20.20) has a unique solution for any
positive \. We summarize with the following

Theorem 20.1. Suppose that the integral operator

(20.26) Max(s) = /_1 m(s — o)x(o) do

is bounded in L,([—1,1]) (1 < p < o0) or in C([—1,1]), and the operator (20.24) is
bounded and weakly compact in C([0,al]). Then the operator

1

(20.27) Kz(t, s) :/0 l(t,T)x(T,s) dT—I—/ m(s — o)x(t, o) do

-1

is bounded in C(L,) (1 <p < o0) orin C(D), respectively, and satisfies the equalities

O'Z(K) :O'Z(M), O'd<K) :O'd(M)

and
0(K) =0es(K) = 0e(K) =0(K) =0, (K)=0_(K) =o(M).
Consequently, the following four statements are equivalent:
(a) The operator NI + K is Fredholm;
(b

)
(c) the opemtor M + K is invertible;
) —

(d) =X & o(M).

In partzcular equation (20.20) has a unique solution for any A > 0.

O For the proof it suffices to remark that 0(L) = 0es(L) = 0ew(L) = 0ep(L) =
04(L) =0_(L) = oy(L) = {0}, and to apply Theorem 14.1 and Theorem 14.2. W

the operator \I + K is Fredholm of index zero;

Consider the equation of continuous media

(20.28) r+ Kz = f,



where K is the operator (20.27). Under the hypotheses of Theorem 20.1, the invertibility,
the Fredholmness, and the Fredholmness with index zero of I+K in Cy(L,) (1 < p < o0)
or in C(D) are all equivalent to the condition —1 ¢ o(M). But this condition is clearly
satisfied, since the kernel m = m(s, o) arising in the equations of continuous media
generates a selfadjoint positive definite compact operator M in Lo([—1,1]). Moreover,
the unique solution of equation (20.28) has the integral representation

(20.29) (/F i S Ll_Qz(i]_M) d&dn) f,

where L is the operator (20.24), M is the operator (20.23), and I'; and I'; are simple
closed contours surrounding (L) and o (M), respectively. In this way, (20.29) gives an
explicit representation for the contact stress x.

20.3. Mixed problems of evolutionary type

Some contact problems of elasticity which involve abrasion effects between the rough
surfaces of two bodies lead to partial integral equations of Volterra-Fredholm type.
Further examples arise in some mixed problems describing visco-elastic multilayer
ground, when the relative thickness and rigidity are small, or in the study of so-called
refined equations of elastic plates (see e.g. ALEKSANDROV-KOVALENKO [1977, 1980,
1986, ALEKSANDROV-KOVALENKO-MKHITARJAN [1982], ALEKSANDROV-SMETANIN
[1985], and KOVALENKO [1981, 1989, 1990]).

The equation in question has the form
(20.30)  x(t,s) + Kaz(t,s) + Nxz(t,s) = g(t, s) ((t,s) € D =10,a] x [-1,1]),

where K is the operator (20.21), and N is the Volterra-Fredholm operator

(20.31) z(t, s) // (t,7)m(s — o)x(r, o) do dr.

The given functions [, m, and g satisfy here the same conditions as in Subsection
20.2, and the kernel n = n(t,7) is supposed to be continuous or weakly singular. An
important particular case of (20.30), namely

m(s —o) = —log|s — o] +d, n(t,7) =1(t,7) = e 2,

and
9(t,s) = g1(t) + f(s),
has been studied in ALEKSANDROV-KOVALENKO [1986].

Conditions for the operator I + K + N to be invertible or Fredholm in the space
Cy(L,) (1 <p < o0) may be found in KALITVIN [1994, 1997, 1997a, 1997b|. Let

(20.32) Na:(t):/o n(t,7)z(T) dr.



Theorem 20.2. Suppose that the integral operator (20.26) is compact in L,([—1,1])
(1 < p < ) orin C([—1,1]), and the operators (20.24) and (20.32) are compact
in C([0,a]). Then the operator K + N acts in Cy(L,) or C(D), respectively, and the
equalities
( ) 0(K+ N)=0(K+N)=0u(K+N)=0,(K+N)
20.33 -

=0 (K+N)=0(K+N)=04K+N)=0(M)

are true.

O The fact that the operator K + N acts in Cy(D) or C(D) is obvious. The
compactness of N is a consequence of the compactness of the operators (20.24) and
(20.32). The equalities

0(K+N)=0(K+N)=0ew(K+N)=0,(K+N)
=0_(K+N)=0/(K+N)=04K+N)

follow from Theorem 20.1 and the stability of Fredholmness and the index with respect
to compact perturbations.

It remains to prove that o(K + N) = o(M). The inclusion o(M) C o(K + N) is
obvious. Let A & o(M). Then the equation \x — (K + N)x = f has the form

1. _ - 1 - L
(I — XL)®(>\I — M)z = <XL — N)@Mz + f.

Since the operator (I — %E)@()\I — M) is invertible, this equation is equivalent to the
equation r = Ax + g, where
1
A A

and g = (I — +L)"'®(AI — M)~'f. Moreover, since (I — L)™' (1L — N) is a compact
integral operator of Volterra type in C(][0, a]), its spectral radius is zero. Consequently,
A has also spectral radius zero, and thus the equation x = Az + ¢g admits a unique
solution. But then the equation Az — (K + N)x = f has a unique solution as well which
means that A Z o(K + N). R

A= - L)Y L - N)®W\ — M)™'M

Theorem 20.2 implies, in particular, that the operator A\ + K + N is Fredholm of
index zero if and only if —\ ¢ o(M). Since —1 ¢ o(M), the operator I + K + N
in equation (20.30) is certainly Fredholm of index zero. Consequently, the Fredholm
alternative applies to equation (20.30).

We remark that equation (20.30) occurs also in the mathematical modelling of some
axially symmetric contact problems for non-uniformly aging visco-elastic foundations
(MANZHIROV [1983, 1985]). The corresponding Volterra-Fredholm equations have the
same properties as the operator K + N in Theorem 20.2. However, there are other
axially symmetric contact problems which lead to completely different partial integral
operators of Volterra-Fredholm type. We will consider such problems in Subsections
20.4 and 20.6.

Again, under the hypotheses of Theorem 20.2 the invertibility, the Fredholmness,
and the Fredholmness with index zero of I + K + N in Cy(Ls) are all equivalent to the



condition —1 ¢ o(M). In the important particular case n(t,7) = I(t, 7), this condition
also implies the integral representation

(&1 — L)~'®(nI — M)~
(/rl/m e Y dédn>f

for the solution z. The condition —1 ¢ o (M) is again satisfied automatically, since
the kernel m = m(s,o) in (20.30) defines a selfadjoint positive definite operator in
L2<[_1’ 1])

Approximate solutions z,, of equation (20.30) may be constructed in rather the same
way as we have done in Subsection 20.1 for the equation (20.12). Let z(t;,s) denote
the value of the solution = of the system (20.30) for t =t¢; (i =0,1,...,n— 1), and let

ZL‘(tz‘_hS) if (t, S) S [tz 1, ) [ 1 ]_}
(20.34) zp(t,s) =
z(tp_1,s) if (t,s) € [tn1,tn] x [—1,1].

Equation (20.30) may then be approximated by the system of integral equations

5) = —% il(ti,tk)xk(s) -
k=0

—/_lm(s,a)wi(U)dUﬂLf(tuS) (1=0,1,...,n).

—_

1—

n(ti,tk_l)/ m(s,o)xg(o) do

1

3le
il

0

Since —1 ¢ o(M), for each n we get a unique solution (z¢(s), . .., z,(s)) of this system.
Putting this solution into (20.34) we get the approximate solutlon (1=0,1,...,n—1)

[L’i_l(S) if (t, S) € [ti—lati) X [—1, 1},
To(t,s) = y,(t,s) = '
Tpo1(s) if (¢, s) € [tho1,tn] X [-1,1]

for equation (20.30). If the kernels [ and n in the equations of continuous media and
mixed problems of evolutionary type are continuous, the sequences (z,), and (y,),
obtained in this way converge in the space with mixed norm [L., < Ls] (see Subsection
12.2) to the exact solution.

We point out that our method for the approximate solution of the equations (20.28)
and (20.21) is different from that proposed in ALEKSANDROV-KOVALENKO [1980] or
KOVALENKO [1981].

For numerical purposes the following approach is suitable. Let {to,...,t,} be an
equidistant partition of [0,a|, and {so,...,s,} an equidistant partition of [—1,1].
Replace the original equation by the approximating system

CL i—1 m—1
Tij == g U(ts, ty)wr; + —n (ti, tr) g m(s;, 5;)Tw
k=0 =0

m—1

——Zm(sj,sl)xil:fij (1=0,1,...,n; j=0,1,...,m).

m
=0



This system may be solved successively for ¢ = 0,1,...,n, and then the solution is
extended by linear interpolation. In this way, one obtains continuous approximate
solutions to the original equation which are arbitrarily close to the exact solution.

20.4. Axially symmetric contact problems and surface mechanics

The axially symmetric contact problem describing the impression of an annular
stamp in an elastic rough surface with abrasion effect leads to the partial integral
equation of Volterra-Fredholm type

(20.35) Ax(t,s) + Kyx(t,s) = g(t, s) ((t,s) € D =10,a] x [-1,1], A > 0),

see ALEKSANDROV-KOVALENKO [1978, 1981, 1984|, ALEKSANDROV-SMETANIN [1985],
AVILKIN-ALEKSANDROV-KOVALENKO [1985], GALIN-GORJACHEVA [1977|, and KOVALENKO
[1985, 1988]). Here

! 2 (1 2s0
(20.36) Kyx(t,s) = / sx(t,s)dr + —/ m ( SU) 7 x(t, o) do,
0 T J. st+o's+o

my(k) is an elliptic integral of the first kind, and g(t,s) = f(t) + f(s), where f €
Ly([c,1]) and f € C([0,a]). In the problem described above, f has the form f(t) =
a + [t + 7(t) and characterizes the displacement of the stamp in time, o and 3 are
constants, and y(t) — 0 as t — 0o. The unknown function z = z(t, s) describes the
contact pressure, while the function

p(t) = 27T/ ox(t,o)do

is the force which the stamp imposes on the surface.

In this connection, two problems are of particular interest (ALEKSANDROV-KOVALENKO
[1978], GALIN-GORJACHEVA [1977|, KOVALENKO [1985]): First, how to find the contact
pressure x and the contact force p for given f; second, how to find the contact pressure
x and the displacement ~ for given p. These problems have been studied in KOVALENKO
[1985], however, without referring to the spectrum of the operator K. Since the
operator K is not of the form (14.1), the results established in § 14 do not apply.
Nevertheless, it is possible to give a fairly complete description of the spectrum. Define
two operators Ly and M; by

Los(t) = /0 Ce(r)dr Mya(s) = / ' (s, 0)2(0) do

where we have put
(s, — 2MET/ (5 + @)
s s+o

Theorem 20.3. Under the above hypotheses, the equalities
U(K1> = Ues(Kl) = er(Kl) = Ueb(Kl)

(20.37)
=04 (K1) = 0 (K1) = oi( K1) = 04(K1) = o(M)



are true. Consequently, the following four statements are equivalent:
(a) The operator \I + K is Fredholm;
(b) The operator NI + K5 is Fredholm of index zero;
(c) The opemtor M + Ky is invertible;
(

d) =A & o(M).

In partzcular, equation (20.35) has a unique solution for any A > 0.

O Let A € o(M;) and A # 0. Then A is an eigenvalue of the operator M; with
corresponding normalized eigenfunction v = v(s). Since L; is a compact operator in
C(]0,al), we find a sequence of normalized functions w, = u,(t) without convergent
subsequence such that Liu,, — 0 as n — co. We have then

(K1 — M)uy(t)v(s) = sv(s)Liun(t) + un(t) (M — M )v(s) = sv(s)Lyu,(t) — 0

as n — 00. Now let A = 0. Then we find a sequence of normalized functions v, =
v, (s) without convergent subsequence such that Mjv, — 0 as n — oo. Here we
have Kju,(t)v,(s) — 0 as n — oo. In both cases, A € 0,(K;) C o(K) for a €
{es,ew,eb, +,—,[,d}; in fact, the sequence (u, ® v,), does not contain a convergent
subsequence if A # 0, and the operator K; — Al has either an infinite-dimensional
nullspace or a non-closed range.

To prove (20.37), it remains to show that o(K;) C o(M;). Let A € o(M;). Then the
equation (A — Kj)x = g, where g is an arbitrary function in C;(Ls) or C'(D), has the
form

IQN — My)z(t,s) = s(L1®1)x(t, s) + g(t, s).
1

Since the operator I®(A — M;)~" is inverse to the operator I&(AI — M), the last
equation is equivalent to

(20.38) 2(t,s) = L@ — Mi)"\sz(t, ) + TR — M) g(t, s).

Let A = Li®(AN — M;) ' with ITz(s) = sx(s). Since o(L;) = {0}, we get o(A) =
o(Ly)o([A —M,;|7'I) = {0} as well (ICHINOSE [1978]). Consequently, equation (20.38)
has a unique solution, and hence also the equation (Al — K;)z = g. This shows that
the operator A\l — K is invertible, hence A\ € o(K7). In this way we have proved that
o(Ky) C o(My).

We show now that no number A < 0 may belong to the spectrum o(M;). In fact,
since the integral operator with kernel m is compact, self-adjoint, and positive definite
in Ly([—1,1]), the same is true for the integral operator M with kernel (s, o) =
som(s, o). Therefore M, is a compact, self-adjoint, and positive definite operator in the
space Lo([—1, 1]; w) with weight function w(s) = s, and thus its spectrum in this space
contains only nonnegative real numbers. Since the spaces Lo([—1, 1]; w) and Lo([—1, 1])
are isomorphic, the spectrum of M; in Ly([—1,1]) also contains only nonnegative real
numbers. From this and (20.37) it follows that the operator AI 4+ K is invertible for
positive A. Consequently, for A > 0 equation (20.35) has a unique solution in C}(Ls) or
C(D) if g belongs to Cy(Ls) or C(D), respectively.

Define operators il, Ml and f(l by

(20.39) Lyx(t) = /Ot L(t,7)z(r)dr, Mx(s / mi(s,o)z(o)do,



and
(20.40) Kiz(t,s) = a(s)/o L(t,T)x(T,s)dr + /1 mi(s,o)x(t, o) do,

respectively. In the same way as we have proved (20.37) one may prove the following
slightly more general result (KALITVIN [1997b]):

Theorem 20.4. Suppose that the integral operator Ly in (20.39) acts in C([0, a]) and
is weakly compact, and the integral operator M, is compact in L,([-1,1] (1 <p<o0)
or in C([—1,1]). Assume further that the function a = a(s) in the definition of K is
continuous on [—1,1]. Then the operator (20.40) acts in Cy(L,) and in C(D), and the

equalities 3
J<K1) = Ues(Kl) = er(Kl) = Ueb( l)

= 0 (Ky) = 0_(K1) = 0i(K1) = 0a( K1) = o(M))

=h

are true.

Consider the integral equation (20.35) of the axially symmetric contact problem. In
Theorem 20.4 we have proved the unique solvability of this equation for each A > 0.
For solving equation (20.35) explicitly it is useful to apply the Laplace transform with
respect to the variable ¢. Thus, let X = X (p,s) and F' = F(p, s) denote the Laplace
transforms of x = (¢, s) and f = f(t, s), respectively. Equation (20.35) becomes then

1

p ~ p
20.41 AX — X do = F
(20.41) 0.9)+ 2 [ ls,0)X (p.0)do = T (p.s),

where m is defined through m; as above. In this way, we have reduced the problem to
the solution of a Fredholm integral equation which depends on a parameter. For p > 0
it is useful to study this equation in the space Lo([—1,1];w) with weight w(p,s) =
s(p+s). In fact, the integral operator with kernel m(s, o)p/(p+s) is obviously compact,
selfadjoint and positive definite in this weighted space. Denote by A;(p), A2(p), .. . its
eigenvalues, and by e;(p, s),ea(p, s), ... the corresponding normalized eigenfunctions.
We have then

AX(p,s) = xr(p)er(p, s)

and

p—stF(p’ 5) = kz:;fk(l?)ek(p,s).

Putting this into equation (20.41) we get

(20.42) ex(p; s)[xk(p) (A + A (p)) = fi(p)] = 0.

NE

>
Il
—_

Since all eigenvalues A\ (p) are nonegative, from (20.42) we get

xk(p):% (k=1,2,...).



Therefore the unique solution of (20.41) may be written in the form
Z ex(p; s
A+ /\k:

Taking now the inverse Laplace transform of this function yields a solution of equation

(20.35).
Analogously, we may solve the equation

(20.43) x(t,s) + a(s) /0 It —71)x(r,s)dr + /1 m(s,o)x(t,o)do = f(t,s),

where m and f are as above, and the functions a = a(s) and [ = [(t) are continuous
and positive.

Another type of integral equations arising in axially symmetric contact problems
for the creeping of non-uniformly aging bodies is (20.44) below. Under the hypotheses
of Subsection 20.5, this equation has a unique solution in C;(Ls). However, to find
this solution explicitly is hardly possible in the general case. Of course, one may again
apply approximate and numerical methods; for the equations (20.44), (20.35), and
(20.43) this may be done in rather the same way as before. For more general equations
we will study this problem in Subsection 20.6 below.

20.5. Creeping of non-uniformly aging bodies and fracture mechanics

The statement of the following problems may be found in ALEKSANDROV-ARUTJUNJAN-
MANZHIROV [1986] and MANZHIROV [1985], see also ALEKSANDROV-KOVALENKO-
MANZHIROV [1984], KOVALENKO [1984a| or MANZHIROV [1983]. Consider the axially
symmetric plane contact problem of a smooth rigid stamp penetrating into a non-
uniformly aging viscous-elastic multilayer surface which consists of an inhomogeneous
thin layer, a rod-like intermediate layer, and a homogeneously aging layer of arbitrary
thickness. Suppose that an alloy of such layers is in contact with a rigid surface,
the boundary of the thin layer is free of tangential stress, and the stress along other
directions of the alloy is realized by adhesion or smooth contact.

Problems of this type lead to partial integral equations of Volterra-Fredholm type
of the form

(20.44) z(t,s) — Kqx(t,s) — Nox(t,s) = g(t, s) ((t,s) € D =[1,t] x [a,b]),
where . )

Koa(t, s) = /1 b(t, 7)a(r, s) dr — c(t) / ma(s, 0)a(t, o) do,
and

(20.45) Ngx(t,s)—c(t)/l / n(t, 7)ma(s, o)z (T, o) do dr.

Here ¢ = ¢(t) is a positive continuous function on [1,7T], and the kernels ly = l5(t, 7)
and n = n(t,7) are bounded and of Volterra type, i.e. equal to zero for 7 > t and



continuous everywhere on [1,7T] x [1,T], possibly except on the diagonal ¢ = 7. We
further assume that the operator

Moa(s) = / bmg(s, o)z (o) do

with square summable kernel my = ma(s, o) is self-adjoint and positive definite on
Ly([a, b]). In this connection, two problems are of particular interest: First, how to find
the unknown solution x € Cy(Ly) and the functions

p(t) = / ety do, qlt) = / ’ pi(t.o) do

for given g € Cy(Ls); second, how to find the functions x and g if the functions p and
q are known.

Given g € Cy(Ly), let
Lox(t) = /t lo(t, T)x(T) dr.
The equation (20.44) may then be Writt;n in the form
IR + c(t) IQMs)[I — Lo)®I)x(t,s) = [—c(t) La®@Ma + NoJx(t, s) + g(t, s).
Since o (c(t)I@Ms) = E(c)o(Ms) (see ICHINOSE [1978]), where
B(e) = {c(t) s 1<t < T}

is the range of the function ¢, and the spectrum o(Ms) consists of 0 and a countable
(possibly finite) number of positive eigenvalues, the operator QI +c(t)I® M, is invertible.
Since r,(Ly) = 0, the operator (I — Ly)®I is also invertible. Consequently, we may
rewrite the last equation in the form z = Vx + f, where

f(t,s) = [I +c(t) I@M] " g(t, 5),
and V is the compact integral operator of Volterra type
(20.46) V =[(I = L) '"QI[IRI + c(t)[@Ms] ' [—c(t) La® My + No).

Evidently, this operator is compact in Ly(D). Consequently, r,(V) = 0, and the
equation (20.44) has a unique solution in Cy(Ly) for any g € Ci(Ls). Moreover, this
solution may be obtained by means of the successive approximations z,,, = Vz, + f
(n=0,1,2,...) for any initial approximation zg € C}(Ls). Finally, under our hypotheses
the equalities

0(K3) = 0es(K2) = Oeu(K2) = 0ep(K2) = 04 (K>)

(20.47)
=0_(Ky) = 0(Ks) = 04(Ky) = —E(c)o (M)
and
0(Ks + N3) = 0cs(Ko + No) = 0y (Ko + No) = 0y (Ko + No)
(20.48)

= 0'+(K2 + Ng) == U_(KQ + NQ) == —E(C)O'(Mz)



are true. In fact, from —\ ¢ E(c)o(Ms) it follows, as in (20.44), that the equations
Ar — Kox = g and Ax — (K3 + Ny)z = ¢ have unique solutions in Cy(Ly) for any
g € Cy(Ls). Consequently, —\ & o(K3) U o(Ks + Ns), hence o(Ky) C —E(c)o(Ms)
and o(Ky + No) € —E(c)o(M;). Now let —\ € E(c)o(M,). Then —\ = ¢(ty)7y, where
to is some point from [1,7], and ~ is a nonzero eigenvalue of My or zero. By the
compactness of the operators Ly and N5, we find a sequence of normalized functions
u, € C([1,T]) without convergent subsequence, and a sequence of normalized functions
v, € Lo(la,b]) such that Lou, — 0 and Myv, — yv, — 0 for n — oo. But then the
sequence of normalized functions w,, = u, ®v,, € C;(Ly) (n = 1,2, ...) has no convergent
subsequence either and satisfies

(20.49) Koyw, + \w,, = Lyw,, — cu, & (Myv,, — yv,) — 0 (n — 00).

This shows that —\ € 0,(K3) for a € {es, ew,eb, +,—,1,d}, and hence (20.47) follows,
by the inclusion o(K3) C —E(c)o(Ms). The equality (20.48) in turn is a consequence
of (20.47), since the Fredholmness, the index, the n-normality and the d-normality are
stable under compact perturbations. Thus, we have proved the following

Theorem 20.5. Suppose that the kernels lo = l(t,7), my = ma(s,0), and n =
n(t, ) are square integrable, ¢ = c(t) is a continuous function, and the operator Lo
is compact in C([1,T]). Then the operators Ky and Ko + Ny act in Cy(Ls), and the
equalities (20.47) and (20.48) are true.

Theorem 20.5 may be generalized in the following way:

Theorem 20.6. Let U = Ly([1,T]), V = Ly([a,b]) (1 < p < 00,7+ ; = 1),
mo € [U « V], and let ¢ € C([1,T]). Suppose that the operator Ly acts in C([1,T])

and is reqular and compact in L,([1,T]). Then the operators Ky and Ky + Ny act in
Cy(L,) and the equalities (20.47) and (20.48) are true.

O For the proof it suffices to observe that, for fixed ¢ € [1,T], the resolvent operator
for I + ¢(t)M, has the form I + c(t)My(t), where My(t) is a ug-bounded integral
operator (see KRASNOSEL'SKIJ-LIFSHITS-SOBOLEV [1985]). This shows that (20.46)
is a compact integral operator of Volterra type in the regular ideal space [U « V.
Consequently, the spectral radius r,(V') of the operator (20.46) is zero (ZABREJKO
[1967, 1967al), and the assertion follows in the same way as in Theorem 20.5. B

Observe that, if the kernels [y, ms and n are continuous, then the operators Ky and
Ky + N, certainly act in C'(D) and the equalities (20.47) and (20.48) hold true.

20.6. A unified approach to some equations of continuum mechanics

The operators considered in Subsections 20.2 - 20.5 may be written in the general
form

Ka(t, s) = as) / I(t, ) (r, s) dr + (t) / m(s, o)z (t, o) do
(20.50) ° ’

—l—d(t,s)/o /0 n(t, 7)m(s,o)z(r,0)do dr ((t,s) € D=10,T] x [0,0]),



with continuous functions a = a(s), ¢ = ¢(t) and d = d(t, s), and measurable kernels
[ = 1(t,7), m = m(s,o) and n(t,7). The spectral properties of the operator (20.50)
may be studied by the methods discussed in the preceding two subsections.

Consider the Volterra integral operators

ix(t):/o I(t,7)z(T)dr, Nx(t):/o n(t,7)z(T)dr

and the Fredholm integral operator

Ma(s) = /O bm(s, o)a(o) do.

Put

¢ b
(20.51) Kux(t,s) = a(s)/o [(t,7)x(T,s)dr + c(t)/o m(s,o)z(t, o) do,

and E(c) = {c(t) : 0 < t < T} as before. In the following theorem we use the
terminology of Sections 4 and 12.

Theorem 20.7. Let U = U([0,T]) and V' = V([0,b]) be two reqular ideal spaces,
and let V' be the Kdthe dual of V. Suppose that the operators L and N act in C([0,T1])
and are compact and reqular in U. Then the operators (20.50) and (20.51) act in Cy(V')

and satisfy the relations

(20.52) i N i 8 .
= 04 (K) =0_(K) = o1(K) = 04(K) = E(c)o (M)
and
(20.53) 0(K) = 00s(K) = 00p(K) = 04, (K) = 0_(K) = E(c)a(M).

Moreover, if the functions I, m, n, a, ¢, and d in (20.50) are continuous, then the
operators K and K act in C(D) and the relations (20.52) and (20.53) hold.

All partial integral equations arising in the theory of continuous media, in mixed
problems of evolutionary type, and in axially symmetric contact problems may be
written in the general form

(20.54) x(t,s) — Kx(t,s) = f(t,s) ((t,s) € D),

where K is given by (20.50). Under the above hypotheses, the Fredholm alternative
applies to equation (20.54) in the space Cy(V) if and only if 1 & E(c)o(M). In several
special cases the solution of this equation may then either be given explicitly, or may
be obtained by solving a Fredholm integral equation depending on a parameter. In
the general case, however, solving equation (20.54) is a highly nontrivial problem. It
is therefore interesting to find algorithms for the approximate or numerical solution of

this equation. We describe now one of the simplest of such algorithms.



In the terminology of Theorem 20.7, let V = Ly([0, b]), suppose that 1 & E(c)o(M).
Then equation (20.54) has a unique solution z in Cy(Ls); in particular, the map ¢ —
x(t,-) is uniformly continuous on [0, 7. Let {to,...,%,} be an equidistant partition of
[0,T]. As approximate solutions we choose the functions (i = 1,2,...,n — 1)

I(ti_l, S) if (t, S) S [tz 1, ) [0 b]
(20.55) xp(t,s) =
x(tn—1,s) if (t,s) € [ta_1,ts] x [0,0].

Here (z(t1,s),...,x(ty, s)) is the solution of the system

x(t;, s) = a(s) / i l(t;, 7)x(T,8)dT + C(ti)/ m(s,o)z(t;, o) do
(20.56 ’ ’

) ti b
—i—/o /0 d(t;, s)n(t;, T)m(s,0)x(r,0)dodr + f(t;,s) (i=0,1,...,n)

which in turn may be approximated by the system of integral equations of the second
kind

—_

11—

’ﬂ
S

i—1 b
_Za It te)zr(s) + d(ti,s)n(ti,tk)/o m(s,o)x,(o) do

(20.57) " k=0 =0
velt) [ mis,o)r0) o+ S(t8) =01, )
0
Now, each of these equations is uniquely solvable, since 1 ¢ c(ti)a(M Yfori=0,1,...,n.

Using the solutions z; = x;(s) of (20.57) we put then (i =1,2,...,n —1)
.Z‘i_l(S) if (t,S) c [ i—1, ) [0 b]

Tpo1(s) if (t,s) € [tn-1,tn] x [0,0].

oty 8) = yu(t, s) =

The numerical solution is carried out as in Subsection 20.2. Let {¢o,...,t,} be an
equidistant partition of [0, 7], and {so, . .., S;, } an equidistant partition of [0, b]. Replace
the original equation by the approximating system

T i Ty m—1
zij = Za(sj)l(ti, th)Trj + . Z Ed(ti’ s;)n(ti, tr) Z m(s;, $1)Tx
_ k=0 =0

m—1
Zm si,si)xy + f(ti,s;) (i=0,1,...,n;7=0,1,...,m).
1=

(20.58)

This system may be solved successively for ¢ = 0,1,...,n, and then the solution is
extended by linear interpolation. In this way, one obtains continuous approximate
solutions to the original equation which are arbitrarily close to the exact solution.

20.7. Other applications



In this final subsection we briefly sketch some other applications. We start with
a problem from aerodynamics. For the approximate calculation of the aerodynamic
characteristics of a thin rectangular wing with finite amplitude and stationary streamline
one uses two-dimensional integro-differential equations. In appropriate function classes,
these equations may be transformed into operator equations of the form (BELOTSERKOVSKIJ-
LIFANOV [1985])

(20.59) x(t,s) — Kz(t,s) = f(t,s) ((t,s) € D = [—a,a] x [-b,1]),

where

(20.60) Kx(t,s) =1(t) /a x(7,s)dr + /_b m(s,o)z(t, o) do.

—a

Here m = m(s,0) and f = f(t,s) are given functions, and [(t) = —% aH For
numerical calculations, equation (20.59) is usually replaced by an approximating linear
algebraic equation. In BELOTSERKOVSKIJ-LIFANOV [1985] one may find some error
estimates for this approximation under the assumption that the operator equation
(20.59) admits a unique solution. Of, course, this assumption may be verified by

studying the spectral properties of the operator (20.60).
Define two operators L and M by

a b
f/x(t):/ [(t)z(T) d, Mx(s):/bm(s,a)x(a)da.

—a

Observe that now neither the operator L nor the operator M is Volterra, and thus one
cannot expect that the spectrum of K may expressed through the spectrum of only one
of these operators. Nevertheless, since the operator L is one-dimensional, its spectrum
contains just one non-zero eigenvalue.

Let U be a Banach space of functions over [—a, a], V' a Banach space of functions over
[—b,b], and X = UV their tensor product with respect to a quasi-uniform crossnorm
(see Subsection 15.4).

The operator L acts in U if and only if | € U and U C L([~a, a]); in this case, L
is compact in U and o(L) = {0,a/b}. On the other hand, if M is a bounded operator
in V, then from the results of ICHINOSE [1978, 1978a| we get the equalities (KALITVIN
[1994a)

o(K) =o(M)U[o(M) + {0,a/b}],
) U [oep(M) + {a/b}],
) U [0ew(M) + {a/b}],

and

O'ES(K):0'<M) [O'es( )+{a/b}]

We summarize with the following

Theorem 20.8. Under the above hypotheses, the operator I — K with K given by
(20.60) is



(a) invertible in X if and only if 1 & o :) [o(M ) + {a/b}];
(b) Fredholm in X if and only if 1 & o(M) U [0ew(M ) + {a/b}];
(¢) Fredholm of index zero in X if and only if 1 € o(M) U [oes(M) + {a/b}].

Interestingly, in the monograph BELOTSERKOVSKIJ-LIFANOV [1985] the solvability
of equation (20.59) is proved building on a heuristic physical reasoning. In this connection,
one may represent the solution of equation (20.40) in the form (20.29), where L and
M are defined as above.

For the numerical solution of (20.59), one has first to regularize the equation; this
may be done as described in Subsection 15.1 (see also KALITVIN-ZABREJKO [1991]).
After such a regularization one ends up with a two-dimensional Fredholm integral
equation of the second kind which may be solved numerically by standard methods.
For example, using standard quadrature formulas one is led to a system of linear
algebraic equations for x;; (i = 1,...,n; j = 1,...,m), which is uniquely solvable for
n and m sufficiently large. There are also other methods based on Theorem 8.3.1 of
the monograph BELOTSERKOVSKIJ-LIFANOV [1985].

We close with a problem which leads to a partial integral equation of the first kind.
When calculating a dam by means of the cantilever method, the console load x = z(¢, )
satisfies the partial integral equation

(20.61) /Oal(t,S,T)JZ(T,S) dr + /b m(t,s,o)z(t,o) do = f(t,s).

The arched load in turn satisfies an analogous equation (MOROZOV [1965]|) which may
be written in the form

(20.62) Kz(t,s) = f(t,s) ((t,s) € D =10,a] x [=b,b]),

where f € Ly(D) and

Kz(t,s) = /azu,s,f) (7, s) d7+/ m(t, s,0)x(t, o) do

// (t,s,1,0)x(T,0)do dr.

The solutions of (20.62) are usually looked for in Wz(l) or in W2(2), under the assumption
that the homogeneous equation Kz = 0 has only the trivial solution. This means that
one has to care for conditions under which the operator (20.63) acts from Wg(l) or W2(2)
into Lo(D) and is bounded. Conditions which are both necessary and sufficient are
not known. However, one may find sufficient conditions building on the continuity of
the imbeddings W2(1), W2(2) C Ly(D). In particular, the operator K is bounded from
W;l) and W2(2) into Ly(D) if the kernels [, m, and n are measurable and such that
the functions ||I(¢, s, )||z,, |lm(t,s,-)||L,, and ||n(t, s, -, )|z, belong to Ls(D). This is
trivially true, for example, if the kernels [, m, and n are continuous.

(20.63)

To prove that the equation Kx = 0 has only the trivial solution = 0 one has
to show of course that 0 ¢ 0,(K). In the case of general kernels this is a very hard



problem. Nevertheless, in the special case [(t,s,7) = [(t,7) and m(t,s,0) = m(s,0)
the situation is much simpler. If the operators

a b
Falt) = / It D) (r)dr,  Ma(s) = / m(s,0)z(o) do
0 b
are bounded in Ly([0,a]) and La([—b,b]), respectively, and 0 € o,(L) + 0,(M), then
0 € 0,(K). Moreover, if L or M has a pure point spectrum, then 0 € 0,(K) if and only

if a € 0,(L) and —a € g,(M) for some a.

A problem which leads to the solution of a special case of equation (20.63) may
be found in SOLODNIKOV [1969] and DIDENKO-KozLOV [1975]. In that problem the
authors give estimates for a choice function r(t) with “white noise”. Let r(t) = m(t) +
n(t), where m = m(t) is the choice function of a random process with zero mean,
finite dispersion and correlation function f(¢,s), and n = n(t) is an obstacle with zero
mean and correlation function g(¢, s). Estimates for r(¢) may be obtained through the
optimal linear filter with a time parameter. To this end, the impulse transition function
x = z(t, s) is chosen in such a way that

min E[(m(t) — /Oa u(t,o)r(o)do)?] = E[(m(t) — /Oafl:(t, o) do)?]

for 0 <t < a. The minimality criterion means that u satisfies the Euler equation

/Oax(t,a)[f(s,a) +g(s,0)]do = f(t,s) (0<t<a,0<s<a);

if there is no white noise in the system, the last equation is a special case of (20.62).
The Euler equation is used in DIDENKO-KOZzLOV [1975] for constructing a regularizing
solution, under the assumption that this equation is uniquely solvable. Of course, the
latter condition is satisfied if and only if 0 ¢ o,(M) and (20.62) admits a solution,
where M is given as before with m(s, o) = f(s,0) + g(s,0).

A particularly important special case of (20.61) is the equation

(20.64) /0 [(T)x(T,s)dr + /_1 m(s —o)z(t,o)do = f(t,s)

which occurs in the modelling of a contact interaction of overlapping bodies with
abrasion (see ALEKSANDROV-KOVALENKO [1984]). Here [ = [(¢) is a piecewise smooth
nonnegative function, and

m(s) = /000 m(u) cos @ du

with A > 0 and m = m(u) being a positive continuous even function satisfying certain
growth conditions for © — 0 and u — oo. The operator K; defined by the left hand side
of (20.64) is obviously bounded in both Cy(Ls) and Lo(D). Moreover, the operators

Lyx(t) :/o I(T)a(t)dr, Max(s) = /_lm(s—a)x(a) do



are compact in C([0,a]) and Ly([—1,1]), respectively. Since 0 € 0,(L;) and M is a
positive selfadjoint operator in Lo([—1,1]), we have 0 € o0,(/K;) if and only if 0 €
ap(ﬂl). Consequently, the unique solvability of (20.64) is equivalent to the condition
0 ¢ op(M1).

Some initial-boundary value problems for equations describing gravitational gyroscopic
waves in the Boussinesque approximation (GABOV-SVESHNIKOV [1990]) may be transformed
into the partial integral equation of Volterra-Fredholm type with convolution kernels

x(t,s) = /l(t—T) (TsdT—/ms—U) (t,o0)do
(20.65)

// (t—1,8—o0)x(r,0)dodr + f(t,s).

This equation is uniquely solvable, and the solution may be contructed by the classical
method of successive approximations (GABOV-SVESHNIKOV [1990]).

If we apply as above the Laplace transform with respect to ¢ to equation (20.65) we
get the parameter-dependent Fredholm integral equation

X(p, )1 - L(p) = / N(p, s — ) — m(s — )| X (p,0) do + F(p, ),

where X, L, N, and F' denote the Laplace transforms of z, [, n, and f, respectively.

Let us return to equation (20.62) and its particular cases. Since these equations
are of first kind, the existence and uniqueness problem for them is not well-posed.
Nevertheless, in MOROZOV [1965] one may find an effective regularization method for
equation (20.62) which reduces the problem of solving (20.62) to a uniquely solvable
variational problem. The solution of this variational problem is possible by means of
the classical Ritz method.

We remark that the solution for some classes of equations of type (20.62) may be

found rather effectively. For example, it is quite natural to apply the Laplace transform
to the equation

/tl(t—r) (r, s) d7+/ m(s — o)z(t, o) do

// (t— 15— 0)a(r, o) dodr = f(t,5)

and to solve then the resulting algebraic equation by standard methods of numerical
linear algebra.

Suppose that the kernels [ and m in (20.62) are symmetric, the operator L is
compact in Ly([0,a]), and the operator M is compact in Ly([—b,b]). Furthermore,
let N be bounded in Ly (D) with eigenfunctions ¢; ® ¥; (i,j = 1,2,...) corresponding
to eigenvalues v;;, where ¢; and 1; are the eigenfunctions of L and M, respectively,
corresponding to eigenvalues a; and ;. Equation (20.43) may then be written as

D i)i(s) i (s + B + i) — figl = 0,

1,7=1



where z;; and f;; are the Fourier coefficients of the functions  and f. Evidently, the
solvability of this equation is equivalent to the solvability of the system

vl + 0 +v) = fiy (L7 =1,2...)
Now, if o; + 3; + 745 # 0 for all ¢ and j, the unique solution of (20.62) has the form

>
ot Bi + i

’,

(t,s) = pi(t)1;(s).

On the other hand, if P = {(4,7) : s + 3; + 715, = 0} # 0, a necessary and sufficient
condition for the solvability of (20.62) is that f;; = 0 for all (¢, 7) € P. In this case the
(non-unique) solution has the form

fij
z(t,s) = E —— 2 i(t)i(s) + E Eij0i(t);(s),
iper M T G5+ % (i.j)EP

where the scalars §; may be chosen arbitrarily for finite P and must satisfy the

condition
PORTEES
(i,7)EP
for infinite P.

To conclude, we remark that various problems of mechanics and engineering lead to
Fredholm-type partial integral equations of the second kind

2(t, ) = /Tl(t,s,T)x(T,s) dr + f(t,5)

or of the first kind
/ U(t, 5, 7)a(r, 5) dr = f(t,5),
T

containing a parameter s. In particular, this refers to the Lipman-Schwinger equation
(REED-SIMON [1972]), to the homogeneous stationary Schrédinger equation with two-
dimensional Laplacian, to the equation for the amplitude function of a regular or
singular string (KATS-KREJN [1958], KATS [1963]), to the state equation for a transversal
stroke on a visco-elastic flexible fibre (RAKHMATULLIN-OSOKIN [1977]), to the Euler
equation discussed above, to the Gel’fand-Levitan equation (GEL'FAND-LEVITAN [1951]),
and to several integral equations coming from inverse problems (LEVITAN-SARGSJAN
[1988]). Other problems of this type have been studied in ALEKSANDROV-BRONOVETS-
KOVALENKO [1988], ALEKSANDROV-KOVALENKO-MARCHENKO [1983], AVILKIN- KOVALENKO
[1982], DIL'MANOV [1982], HALTON-LIGHT [1985|, ISHIMARU [1978], KALITVIN [1989],
and KOVALENKO-MANZHIROV [1982].

Partial integral operators also occur in applications of control theory (SROCHKO
[1984]), as well as in the study of boundary value problems for Navier-Stokes equations
(see e.g. the monograph BELONOSOV-CHERNOUS [1985]). Interestingly, there is also a
connection with minimal projections in L, spaces (HALTON-LIGHT [1985|) and with
some problems in integral geometry (DIL'MANOV [1982]).

In all these applications it is a useful device to consider these equations as partial
integral equations, because one has then to study just one equation in a properly chosen
function spaces, rather than a whole family of equations.
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