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Chapter 1

Introduction

In this thesis we consider the history dependent initial-boundary value problem

%(m(b(v(t, x)) — b(ve(z))) —|—/O k(t — s)(b(v(s, ) — b(ve(x))) ds)

= div a(z, Dv(t,x)) + f(t,z) for (t,z) € Q:=(0,T) x Q, 4
b(v)(0,-) = b(vo) in Q,

v(t,z) = 0 for (t,z) € I' := (0,T) x 09

in a bounded domain © C RY. We assume that a : Q x RY — R¥ is a Carathéodory
function satisfying the classical Leray-Lions conditions which defines a bounded continuous
coercive operator from VVO1 () into its dual space for some 1 < p < co. However, some
of our results will also apply to (1.1) with the operator —div a(x, Dv) replaced by the
operator —div a(z,v, Dv), and some will even be applicable to conservation laws with
memory. Additionally, we impose the following assumptions on x, k and b.

k>0 and k : (0,00) — R is a nonnegative, nonincreasing function such that
ke Li.([0,00)) and k + fot k(s) ds > 0 for all ¢ > 0.

loc

(1.2)

b: R — R is continuous and nondecreasing, satisfying the normalization con-
dition b(0) = 0.

Note that these assumptions are quite general. As a special case, the degenerated elliptic-

(1.3)

parabolic initial boundary value problem

b(v); = div a(x,Dv)+ f in Q,
b(v)(0, ) b(vo) in Q, (1.4)
v = 0 on I,
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is included. Defining x = 0 and k(t) := ¢t=7/I'(1 — ), one easily sees that our assumptions
also include the case of a fractional derivative of order 0 < v < 1 in time, i.e.

" . :
%b(v) = div a(z,Dv)+ f inQ,

b(v)(0,-) = b(uv) in €, (1.5)

v = 0 on I'.

Here, the fractional derivative of order 0 < v < 1 is defined by

toll 0 [T(t—s)T

o) = &/0 Ta— s ds >0, .
o1 (s '
8137“(0) o Ehlg&/o (1 —+) uls) ds,

where u € C([0,T); L*(Q)) satisfying w(0,-) = 0, c.f. [Zyg59, Chapter XIL8].

We recall that equations of the form (1.4) and (1.5) are obtained when modelling the
transport of fluids in porous media. For the fractional derivative case (1.5), we refer to
[Cap99, Cap00] and the references therein. Indeed, in geothermal areas the fluid may
precipitate minerals in the pores of the medium, thus diminishing their size. To study
such situations, Darcy’s law has to be modified inducing a memory term. As shown in
[Cap99], this leads to a formulation as in (1.5) for 0 <y < 1.

But also the case k > 0 and k # 0 is of particular interest. Indeed, a second application
for (1.1) is the nonlinear heat flow in certain dielectric materials at very low temperatures.
In this situation, finite speed of propagation of thermal disturbances has been observed
experimentally. Several models to describe this phenomenon have been introduced. In
particular, [GP68, Mac77] and [Nun71] introduce a model in which the constitutive rela-
tions for the internal energy and heat flux, in difference to Fourier’s law, also depend on
the history of the temperature and the temperature gradient, respectively. As shown in
[CN81], this yields a problem of the form (1.1) under certain assumptions on the internal
energy and heat flux relaxation functions.

We remark that the assumptions on &, k in (1.2) are motivated by the fact that one wants
to insure positivity of solutions. In several applications this is a physically necessary
assumption. Indeed, when modelling the nonlinear heat flow in materials with memory
one assumes v(t, z) of problem (1.1) to denote the absolute temperature in = € Q at time
t. Such assumptions were first introduced in [CN79] and lead to the notion of complete
positivity, c.f. [CN81] and [CMSS].

It is our intention to develop a solution theory for (1.1) in the state space L'(£2). Indeed, as
the space L'(Q) is the natural setting for several evolution problems, such as the transport
of fluids in porous media and heat conduction, we are interested in solving (1.1) for general



L'-data, i.e. for

vg : 2 — R measurable with b(vo) € L*(Q),
fe L.

We recall that the case of the elliptic problem

b(v) = div a(z,Dv)+ f inQ,

v = 0 on 012, (1.7)

and of the elliptic-parabolic problem (1.4) with general L!-data has been investigated by
several authors in recent years. Note that, when considering weak solutions, i.e. solutions
in the sense of distributions, of (1.7) and (1.4), respectively, one encounters a problem of
nonexistence of solutions for small p, ie., for 1 < p < 2 — %, see [BBGT95, Appendix
I]. Moreover, as shown in a counterexample given in [Ser64| for a linear problem, weak
solutions are in general not unique. These problems of nonexistence and nonuniqueness
of weak solutions carry over to the history dependent case.

In order to overcome the above mentioned problems of nonexistence and nonuniqueness of
weak solutions, new notions of solutions for the elliptic and the elliptic-parabolic problem,
i.e. for (1.7) and (1.4), have been introduced. One concept to guarantee uniqueness is
the concept of renormalized solutions, which was first introduced in [DL89] for the study
of the Boltzmann equation. In [BGDM93| and [Mur93], this concept was then applied
to an elliptic problem, and was extended to parabolic problems in [BM97]|. The second
concept, which can be shown to be equivalent to the concept of renormalized solutions
for the elliptic and parabolic problems, is the concept of entropy solutions introduced in
[BBGT95]. See also [AMSALT99] for the extension to parabolic equations.

We compare the two concepts of solutions in order to develop a solution theory for the
history dependent degenerated elliptic-parabolic problem (1.1) in the state space L'().
It turns out that only the notion of entropy solutions can naturally be extended to our
problem (1.1) for general k, k satisfying (1.2). This is due to the fact that the derivative
in time operator in (1.1) does not satisfy a Kato equality, but only a Kato inequality. For
the new notion of entropy solutions of (1.1) that we introduce, existence and uniqueness
of solutions are shown under certain assumptions.

It turns out that the notion of entropy solutions of (1.1) coincides for u = b(v) and
up = b(vg) with the notion of generalized solutions, see [Gri85, CGL9I6|, of the abstract
Volterra equation

% <R(u(t) — Up) +/0 k(t — s)(u(s) — up) d8> + Au(t) > f(t), te€][0,T) (1.8)

in L'(Q). Here, A is an m-accretive, or m-completely accretive, possibly multivalued,
operator in L'(2) corresponding to b and — div a(z, Dv).
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Moreover, we investigate the regularity of solutions by considering generalized solutions of
the abstract Volterra equation (1.8). As shown in [Gri85], the existence of strong solutions
of (1.8) can be obtained for k = 0, even if the generalized solution itself is not differentiable
a.e. on the interval (0,7). For x > 0, this can not be achieved in general. Therefore,
we recall that for an arbitrary m-accretive operator A in a general real Banach space X,
Lipschitz continuity of the generalized solution w of (1.8) is known by [Gri85, Theorem 2]
if up € D(A) and f € BV([0,T); X). Since the Radon-Nikodym property of the space X
is equivalent to the differentiability of absolutely continuous functions u : (0,7) — X, we
can conclude that the generalized solution u of (1.8) is in fact a strong solution if X has
the Radon-Nikodym property and ug € D(A) and f € BV(0,T; X).

However, in spaces without the Radon-Nikodym property, such as L*(£2), no general reg-
ularity results are known. In the case of kK > 0, we therefore restrict our investigation to
m-completely accretive operators A in a normal Banach space X C L'(2). We show that
under these assumptions regularity results can be achieved that are quite similar to those
known for accretive operators in Banach spaces having the Radon-Nikodym property.
One of the most important qualitative questions in evolution problems is the one on the
long-time behavior. One is interested in stability, the existence of equilibria, or periodic
solutions, or those which are close-to-periodic, such as asymptotically almost periodic
solutions, or weakly almost periodic solutions in the sense of Eberlein. The results obtained
here extend those of [Kre92, Kre96] for mild solutions of nonlinear Cauchy problems and
those of [CN81] on nonlinear Volterra equations. We give sufficient conditions such that the
generalized solution of (1.8) is asymptotically almost periodic, respectively weakly almost
periodic in the sense of Eberlein. Since, in applications, one is often only interested in the
asymptotic behavior of the mean of the solution, we give a characterization of the almost
periodic part of the generalized solution as a solution of a certain limit equation. Here,
we only assume that the operator A is m-accretive. Thus, the results obtained apply to
(1.1) as well as to conservation laws with memory as considered in [CGL96].

In chapter 2 we consider the regularity of generalized solutions of the abstract Volterra
equation (1.8). The main tool is an integral inequality developed in section 2.1, see proposi-
tion 2.1, allowing us to compare two generalized solutions for different data. The remainder
of section 2.1 is devoted to simple applications of this integral inequality. In section 2.2 we
investigate the existence of strong solutions of (1.8) in Banach spaces without the Radon-
Nikodym property. Our main result is given in proposition 2.14, stating the existence of
strong solutions for m-completely accretive operators in normal Banach spaces X C L(Q)
satisfying a strong convergence condition. This result is essential for the existence of weak
solutions of (1.1) for regular data.

In chapter 3 we introduce a notion of entropy solutions for the history dependent degener-
ated elliptic-parabolic problem (1.1), see definition 3.3, and show existence and uniqueness
of solutions. Section 3.1 is concerned with the question of nonexistence and nonuniqueness



of weak solutions. In section 3.2 a Kato inequality for the time derivative operator in (1.1)
is developed, see proposition 3.23 and corollary 3.24. We also give a motivation for the
fact that the concept of renormalized solutions is not applicable in a straightforward way
in the context of (1.1). The uniqueness of entropy solutions is shown in section 3.3, see
theorem 3.26. An essential tool is Kruzhkov’s method of doubling variables, which was
first introduced in [Kru70]. Since we need some assumptions on the continuity of solu-
tions, the final uniqueness result, corollary 3.31, is a consequence of the existence result for
b = id, theorem 3.30, presented in section 3.4. The remainder of section 3.4 is concerned
with open problems in the theory of entropy solutions, such as the strong convergence of
an approximating sequence of solutions in L?(0, T; Wy () and the existence of entropy
solutions for general b # id.

Chapter 4 is concerned with the asymptotic behavior of generalized solutions of (1.8).
The main estimate used for the proof of existence of asymptotically almost periodic so-
lutions and of weakly almost periodic solutions in the sense of Eberlein is obtained in
proposition 4.2 of section 4.1. It is then applied to show that generalized solutions are
asymptotically almost periodic under certain assumptions, see theorem 4.10. In section
4.2 we construct a solution of a certain limit equation on the whole real line characterizing
the almost periodic part of solutions of the initial value problem (1.8), see theorems 4.11
and 4.20. Section 4.3 is devoted to the study of weakly almost periodic solutions in the
sense of Eberlein. Existence of such solutions is shown in theorems 4.16 and 4.19. A main
tool used in this section is Grothendieck’s double limit criterion for weak compactness in
(Co(Ry), || /o), see [RS89, Theorem 2.1] for the Banach space valued version. We remark
that the results obtained apply to (1.1) as well as to conservation laws with memory.

We conclude this introductory chapter by the investigation of two applications, in which
equations of the type (1.1) naturally occur, and by stating preliminary results on the
abstract Volterra equation (1.8). The applications, diffusion of fluids in porous media
with memory and heat flow in materials with memory, are presented in section 1.1 and
section 1.2, respectively. The main facts on the abstract Volterra equation (1.8) are given
in section 1.3.
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1.1 Diffusion of fluids in porous media with memory

In this section, we present a model for the diffusion of fluids in porous media with memory
introduced in [Cap99]. We first remark that the diffusion of fluids in a porous medium
situated in Q C R3 is determined by the law of conservation of mass

my +div ¢ = h. (1.9)

Here, m = m(t,x) denotes the average mass of the fluid, and ¢ = ¢(¢,x) is a vector field
describing the mass flow of the fluid in the porous medium. Moreover, h = h(t, z) denotes
the external sources.

It is clear that the mass m of the fluid is the product of the porosity ¢ of the porous
medium, the density o of the fluid, and the saturation S = S(p) of the porous medium
depending on the pressure p = p(¢,x). Thus, we have

m = 6oS(p). (1.10)

Here, for simplicity, we assume the porosity ¢, and the density o = 09 > 0 to be constant.
Thus, we only investigate the incompressible case. Additionally, we need a constitutive
relation for the flux ¢ determined by the specific type of medium. Most authors who
have studied diffusions in porous media use the classical empirical law of Darcy, stating
dependence of the flux ¢ on the gradient of the pore pressure p, i.e.

q = —ok(p)Dp, (1.11)

where k = k(p) denotes the permeability of the porous medium possibly depending on the
pressure p.

However, some fluids may react chemically with the medium, enlarging the pores and some
fluids carry solid particles that may obstruct some of the pores. In geothermal regions
the fluid may precipitate minerals in the pores of the medium. In particular, steam wells
used for heat extraction in such areas are often self-sealed in a relatively short time.
These phenomena create permeability changes that can occur locally, see [Cap00] and the
references therein.
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In [Cap99], see also [Cap00], a modification of Darcy’s law is suggested including the
history of the pressure gradient. In particular, if one considers the case that permeability
diminishes with time, the effect of the fluid pressure at the boundary on the flow of the
fluid through the medium is delayed and the flow occurs as if the medium had a memory.
Thus, the modified Darcy’s law may be written as

oY

q= —%(QK(P)DP)- (1.12)

Here, the fractional derivative of order ~, defined by (1.6), with 0 < v < 1 is used to model
the decrease of permeability. We remark that in [Cap00] a different notion of fractional
derivative is used. For the relation between these two notions we refer to [Mai96].

The law of conservation of mass together with (1.10) and the modification of Darcy’s law

(1.12) yield
a7 h

(¢S(p)): — o div (k(p)Dp) = s (1.13)

Integrating this equation over (0,¢) and using the initial condition S(p(0,-)) = S(po), we
obtain

st - [ Fs

Since the measure « on [0, 00), defined by

8, )

div (k(p(s, 2)) Dp(s. z)) = 6S(po()) + /0 his, @)

ds. (1.14
. (1.14)

alA) = /Am dr

for all measurable subsets A C [0,00), is completely positive (see definition A.5), we can
transform (1.14) to the problem

o -

5= (95(p) —div (k(p)Dp) = h inQ=(0,T)x Q,
S()(0,-) = S(po) inQ, (1.15)
p =0 onI'=(0,T) x 09.

Here, for simplicity, we assumed Dirichlet boundary conditions. Hence, for constant & this
model of diffusion of fluids in porous media yields a problem of the form (1.1).

1.2 Heat flow in materials with memory

In this section, we present a model of heat conduction in materials of fading memory type.
As we will see, this model leads to a special class of history dependent initial-boundary
value problems.
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For simplicity, we limit our attention to the heat conduction in a homogeneous material
of unit density which is situated in a bounded domain ©Q C RY. In the following, ¥ =
Y(t, x) > 0 denotes the absolute temperature of the material at time ¢ at = € Q. Assuming
the absence of deformation, the law of balance of energy reduces to

e +div g = h, (1.16)

where € = £(t, ) is the specific internal energy, and ¢ = ¢(¢, x) is a vector field representing
the heat flux. Moreover, h = h(t, z) is the external heat supply.

Equation (1.16) has to be supplemented with constitutive assumptions for the internal
energy and the heat flux characterizing the particular type of material.

According to Fourier’s classical theory of heat conduction, the internal energy and the heat
flux are assumed to be functions of the temperature 9 and of the temperature gradient D1,
respectively. In particular, considering the nonlinear heat flow, the constitutive equations
are given by

e = b(v) (1.17)
qg = —a(Dv). (1.18)

Here, we assume that a : RY — R¥ is monotone and satisfies a coercivity assumption and
has a growth bound. Moreover, we assume that b is nondecreasing. Thus, the constitutive
equations (1.17), (1.18), together with the law of balance of energy, yield the elliptic-
parabolic equation for the temperature 9

b(9), — div a(DV) = h. (1.19)

We recall that (1.19) predicts infinite speed of propagation for thermal disturbances. De-
spite this prediction, Fourier’s theory provides a description of heat conduction that is
useful under a wide range of conditions. However, there are situations in which differ-
ences to the prediction by Fourier’s law can be observed experimentally. In particular,
"wavelike” pulses of heat that propagate with finite speed have been observed in certain
dielectrics at very low temperatures, see [BH88] and the references therein.

There have been several attempts to overcome the problem of infinite propagation speed of
thermal disturbances, and to develop a theory of heat conduction that yields finite speed
of propagation. To our knowledge, the first such theory was given by Cattaneo in [Cat48],
who suggested to replace the constitutive equation (1.18) by

k(0)q + g = —a(DV) (1.20)

with k£ > 0.
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Following the approach in [CN81], we assume that the constitutive relations for the internal
energy and the heat flux are given by

e(t,x) = [Bob(¥(t,x)) + /_t B(t — s)b(I(s,x)) ds, teR, x €, (1.21)

t

q(t,z) = —vya(DI(t,x)) +/ v(t — s)a(DV(s,x)) ds, teR, ze€0. (1.22)
Here, 3y, 70 > 0 are positive constants and (3,7 : [0,00) — R are assumed to be sufficiently
smooth functions called the internal energy and the heat flux relaxation function. In
the physical literature these functions are usually taken as finite linear combinations of
decaying exponentials with positive coefficients. However, we consider a more general
physically reasonable class of relaxation functions. Still, we require that 3, are bounded
nonnegative nonincreasing and that # and log~ are convex. Moreover, we assume that

B, € L'(0,00) and that
Yo — / v(7) dr > 0. (1.23)
0

This assumption is physically reasonable. Indeed, this assumption insures ”forward” heat
flow at equilibrium. Consider the one dimensional case Q2 = (0,1), and suppose that
the temperature (¢, r) converges to an equilibrium temperature J(z) as t — oo. For
definiteness, assume that 9J,(z) > 0 for z € (0,1). Then, by the constitutive relation
(1.22), we obtain

i a(t.) = = (= [ 2 dr) atd) <0
Here, we used the fact that a is monotone and satisfies a coercivity assumption. Thus,
condition (1.23) insures that the equilibrium flux is negative, which guarantees ”forward”
heat flow. Recall that even in the linear case the ”backward” heat equation does not, in
general, lead to well posed problems.

Additionally, we assume that

0
G'(t) mB(zﬁ) <0 for all t > 0. (1.24)
o
Note that this assumption is not a severe restriction. Indeed, if we assume that §(t) =
Y brexp(—0gt) with by, > 0 and 0 < §; < ... < f3,, then, since log(3) is convex and
nonincreasing, condition (1.24) is satisfied if

gt _ (0

lim < — .
t—oo ((t) Yo

Thus, in this case it is sufficient to require that £, > v(0)/7o.
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Without loss of generality we can assume that the material is at zero temperature up to
time t = 0, otherwise one has to incorporate the history of the temperature up to time
t = 0 into the forcing term h. Then the constitutive relations (1.21), (1.22) and the law
of balance of energy (1.16) yield the equation

[Bob(0) + (8% D(9))], =0 div a(DV) + (y+div a(DY)) =h in Q := (0,00) x Q. (1.25)

Here, f * g denotes the convolution of two functions defined by f * g := fot ft—s)g(s) ds.
Moreover, for simplicity, we assume Dirichlet boundary conditions, i.e. ¥(¢,z) = 0 on
I' := (0,00) x 0.

We show that the above assumptions on the parameters 3y, v, 6 and ~ allow us to trans-
form (1.25) into an equation given in (1.1). Define

t
Ct) = v —/ v(7) dr, t>0,
0
t
G(tz) = Bob(Do(x)) + / hrz)dr, >0, z€Q
0
where 1, denotes the temperature at time t = 0. Note that

Yo div a(DV) — (v * (div a(D9))) = %[C * (div a(D9))].

Thus, we can integrate equation (1.25) using the initial condition b(Jy(z)) = b(¥(0, x))
and obtain

Bob(¥) + (B b(F)) = (C * (div a(DV))) + G in Q. (1.26)
Defining the resolvent r3 of 3 to be the unique solution of the convolution equation
Borﬁ+ﬁ*rﬁ:ﬁ7 tZ()?

it is clear that 73 € L ([0,00)). Thus, we can define ¢ : [0,00) — R by

loc
c:=C—(rgxC).
By simple calculation one verifies that we can rewrite (1.26) as
Bob(V) = (c* (div a(D9)))+G —rgxG in Q.

As shown in [CN81, Lemma 4.2], the assumptions imposed on (7,5 and v imply that
the measure « defined by a(A) := [, ¢(r) dr for all measurable subsets A C [0, 00)
is completely positive (see definition A.5). Moreover, there exist k = 1/79 > 0 and
k € L'(0, 00) nonnegative nonincreasing such that

c c
k— 4+ (kx —) =1, t>0.
Bo ( 50)
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Thus, the problem can be transformed to a problem of the form (1.1).

Finally, we refer to [BH88] for the problem of compatibility of constitutive relations (1.21),
(1.22) and the above assumptions on the parameters 3y, v, 3 and v with the second law
of thermodynamics.

1.3 Abstract Volterra equations

In this section we recall the basic results on the existence of solutions of the abstract
nonlinear Volterra equation

% (/{(u(t) — ) —|—/0 k(t —s)(u(s) — up) ds) + Au(t) > f(t), te€][0,T) (1.27)

in a real Banach space X. Here, we assume that s, k satisfy (1.2) and that A is an m-
accretive possibly multivalued operator in X. Moreover, in order to guarantee existence
of solutions, we always assume that ug € Tﬁ and that f € L'(0,T; X).

To our knowledge, the first existence result for (1.27) was given in [CN78] for the case
k > 0. Using the concept of mild solutions of nonlinear Cauchy problems, see [BCP], the
existence of a generalized solution of (1.27) is shown by a fixed point argument.

A different approach including also the case x = 0 and, in particular, the fractional
derivative case, is given in [Gri85], see also [CGL96]. Here, the idea is to construct a
sequence of approximate solutions converging towards the generalized solution of (1.27)
by approximating the time derivative operator by a sequence of regularizations.

Indeed, given k, k satisfying (1.2) one can always choose a sequence {k, } ,en of nonnegative
nonincreasing functions k, : (0, 00) — R satisfying k,(0+) < oo for all n € N such that

t t
/ ko(T) dr — K + / k(T) dr forall t >0 asn — co. (1.28)
0 0

Then for each n € N there exists a unique strong solution u,, of (1.27) with s, k replaced
by K, := 0 and k,, respectively. Here, we use the following definition of strong solutions.

Definition 1.1. Let A C X x X be an operator in a Banach space X, let x, k satisfy
(1.2) and ug € X, f € L'(0,T; X). A function u € L'(0,T; X) is called a strong solution
of (1.27) if the function

v:=k(u—up) + (k* (u—1up))
is absolutely continuous and differentiable almost everywhere on (0, T') satisfying v(0) = 0,
and there exists a function w € L'(0,T; X) such that (u(t), w(t)) € A almost everywhere
for ¢ € [0, 7], and u, w satisfy the equation

% (m(u(t) — up) —i—/o k(t — s)(u(s) — up) ds) +w(t) = f(t), ae. fortel0,T).
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Note that if £ = 0 and k(0+4) < oo, then (1.27) is equivalent to

ult) = Thon (ﬁ (f(t)+k(t)uo— /(M u(t — s) dk@))), te0,7). (1.29)

Here, the resolvent J{! = (I+AA)~! of A for A > 0 is a single valued nonexpansive mapping
defined on X, since A is assumed to be m-accretive. One can show, using Banach’s
fixed point theorem, that the problem (1.29) admits a unique solution. In [CGL96| the
convergence in L'(0,T; X) of the sequence of approximate solutions {u,},ey towards a
generalized solution, according to the following definition, is shown.

Definition 1.2. Let A C X x X be an operator in a Banach space X, let k, k satisfy (1.2)
and ug € X, f € L'(0,T;X). For the definition of generalized solutions we distinguish
two cases.

(i) For k =0 and k(0+) < oo, a function u € L'(0,T; X) is called a generalized solution
of (1.27) if it is a strong solution.

(ii) If s, k satisfy k > 0 or k(0+) = oo, then a function v € L'(0,7T;X) is called a
generalized solution of (1.27) if for all sequences {k,} of functions k,, satisfying (1.2)
and k,,(04) < oo with

t t
/ ko(T) dr — K +/ k(t)dr, forallt>0asn— oo,
0 0

the equation (1.27), with &, k replaced by &, := 0 and k,, respectively, admits a
generalized solution u, for all n € N, and u,, — w in L'(0,T; X). The sequence {u,}

is then called a sequence of approximate solutions.
In particular, the following result is obtained in [CGL96, Theorem 1].
Theorem 1.3. Let X be a real Banach space and assume that
(i) k, k satisfy (1.2),

(11) {kn}nen is a sequence of nonnegative nonincreasing functions k, : (0,00) — R sat-
isfying k,(0+) < oo and

t t
/ ko(T) dr — Kk + / k(t)dr, forallt>0 asn — oo,
0 0

(111) A is an m-accretive operator in X,

() ug € D(A) and f € L*(0,T; X),
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(v) u, € L'(0,T; X) is a strong solution of (1.27) with r, k replaced by k, := 0 and k,,
respectively.

Then there exists a function v € L*(0,T;X), independent of the choice of the sequence
{kp}nen, such that u, — u in L*(0,T; X). Moreover, u is continuous, if either k > 0 or
k(0+) = oo and f is continuous. If f is continuous and either k> 0 or k(0+) = oo, then
the convergence is uniform on [0,T).

Remark 1.4. Let the assumptions of theorem 1.3 be satisfied and let kK = 1 and &k = 0.
Then the generalized solution u of (1.27) coincides with the mild solution of the abstract
Cauchy problem

u+ Au > f,
u(0) = wup.

For the notion of mild solutions and results on nonlinear semigroups in Banach spaces we
refer to [BCP].

The second main result on generalized solutions of (1.27), which will frequently be used,
is the continuous dependence of the solution on the data shown in [Gri85, Theorem 5], see
also [CGL96, Theorem 4].

Theorem 1.5. Let X be a real Banach space and assume that
(i) K, k satisfy (1.2),

(1) {(Kn, kn)tnen is a sequence of pairs (kn, ky) satisfying (1.2) for all n € N such that

t ¢
Kn, +/ kn(T) dr — K +/ k(t)dr,  forallt >0 asn — oo,
0 0

(7ii) {A,}nen is a sequence of m-accretive operators in X converging in resolvent to an
m-accretive operator A in X, i.e. J/‘\L‘"x — J{z in X asn — oo for all x € X and

all A > 0,

(iv) ug, € D(A), up,, € D(A,) and f, f, € L'(0,T; X) for alln € N such that ug,, — ug
in X and f, — f in LY(0,T; X) as n — oo.

Then the sequence {uy, }nen of generalized solutions u,, of (1.27) with k, k replaced by k.,
k,, respectively, converges in L*(0,T;X) to the generalized solution u of (1.27).



18

CHAPTER 1.

INTRODUCTION



Chapter 2

Regularity of solutions

In the following we are going to study regularity properties of generalized solutions u of
the Volterra equation

% (ﬁ(u(t) — Up) —i—/o k(t —s)(u(s) — up) ds) + Au(t) 3 f(t), tel0,7), (2.1)

where A is an m-accretive or m-completely accretive operator in a Banach space X, ug €
D(A) and f € L'(0,T;X) for 0 < T < oo. We recall that, by the existence results of
[Gri85] and [CGL96], the generalized solution u of (2.1) is an element of L*(0,T’; X). Note
that, for the Cauchy problem

iu(t)—FAu(t) > f(t), tel0,7),

dt (2.2)
uw(0) = up,

it is well known that mild solutions w : [0,7) — X are continuous, even if there is no
further regularity assumption on the data, i.e. if only ug € D(A) and f € L'(0,T; X). In
contrast to this result, generalized solutions of (2.1) do not satisfy this type of regularity

for general

k > 0 and k : (0,00) — R nonnegative, nonincreasing such that k& €
LL([0,00)) and  + [} k(s) ds > 0 for all t > 0.

loc

(2.3)

In view of this lack of regularity, we will concentrate on sufficient conditions for bounded-
ness and continuity of generalized solutions in the first section of this chapter. In particular,
we consider uniform continuity of the generalized solution on the interval [0, 00). This will
be essential for the study of the asymptotic behavior of generalized solutions.

In the second section, we will ask for sufficient conditions on the data such that the
generalized solution u of (2.1) is a strong solution.

As already shown in [Gri85], the existence of strong solutions of (2.1) can be obtained for
rk = 0, even if the generalized solution itself is not differentiable a.e. on the interval (0, 7).

19
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For x > 0, this can not be achieved in general. In this context we remark that this
investigation covers the case of the Cauchy problem (2.2) by defining x = 1 and k£ = 0.
Therefore, we recall that for an arbitrary m-accretive operator A in a general Banach
space X, Lipschitz continuity of the mild solution u of the Cauchy problem (2.2) is known
if ug € ﬁ(A) and f € BV([0,7); X). Since the Radon-Nikodym property of the space X
is equivalent to the differentiability of absolutely continuous functions u : (0,7) — X, we
can conclude that the mild solution u of the Cauchy problem is in fact a strong solution
if X has the Radon-Nikodym property and ug € D(A) and f € BV(0,T; X).

However, the natural setting for a large number of evolution problems is a space without
the Radon-Nikodym property — like, for instance, L!. In this case no general regularity
results are known so far.

In the case of kK > 0, we therefore restrict ourselves to m-completely accretive operators
A in a normal Banach space X C L*(2) with a bounded domain 2 C RY. We show that
under these assumptions regularity results can be achieved that are quite similar to those
known for accretive operators in Banach spaces having the Radon-Nikodym property.

2.1 Continuity of solutions

In this section, we will always assume that the constant x and the function k satisfy
the assumption (2.3), and that A is a ¢-accretive operator in a Banach space X, with
¢ : X — R continuous and convex. For the concept of ¢-accretive operators we refer to
[CPT78]. See also appendix B, in particular definition B.5.

Our aim is to develop sufficient conditions on the data ug € X and f € L'(0,T; X) such
that the generalized solution u of the Volterra equation (2.1) is a continuous function on
the interval [0,T). We first remark that we will at least assume that uy € D(A), in order
to guarantee existence of generalized solutions of (2.1) for an m-accretive operator A.

In order to be able to compare two generalized solutions, we need an integral inequality
which will be used frequently in the sequel. In the case of the Cauchy problem (2.2) it
is well known that an integral inequality holds, see e.g. [Bén72, Proposition 1.27]. For
generalized solutions of (2.1) with an m-accretive operator A first results in this direction

were obtained in [Clé80, Theorem 1] and [KKM85, Lemma 3.1].

Proposition 2.1. Let A be a ¢-accretive operator in a Banach space X, where ¢ : X — R
is continuous and convez, k, k satisfy (2.3), ug,vo € D(A), f,g € L'(0,T;X), and let
u be a generalized solution of (2.1), and v a generalized solution of (2.1) with uy and f

replaced by vy and g, respectively. Then

Pu(t) —v(t)) < ¢lug —vo) + | ¢ fult —s) —v(t —s), f(t =) — g(t — s)] da(s)

[0,¢]
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almost everywhere for t € [0,T), whenever the functions ¢(u —v), ¢’ (u —v, f — g) and
P(un — vy), ¢ (un — vy, f — g) belong to L*(0,T). Here, {u,}, {v,} are sequences of
approzimate solutions of u and v, respectively, for k > 0 or k(0+) = oo, and « is the
resolvent of the first kind of the pair (k, k) (see proposition A.4).

Proof. In the first step we consider the case of kK = 0 and k(0+) = lim; o4 k() < 0.
In this case the generalized solution u is a strong solution by definition. Thus, almost
everywhere for ¢ € [0,T"), we have u(t) € D(A) and

f(t) = k(0+)(u(t) —up) — / (u(t — s) — ug) dk(s) € Au(t). (2.4)

(0,¢]

Obviously, (2.4) holds as well for the generalized solution v of (2.1), with ug, f replaced
by vy and g, respectively. Since A is ¢-accretive, we have almost everywhere for ¢t € [0,T')

0 < & [ult) — v(t), F(1) — g(t) — K(Eu(t) = v(t) — (o — v0)}
[ ) = o) — it — 5) — ot — 5))} di(s)]
< & [ult) - v(t), £6) — g(0)]
[0~ o0, [ l0) ~o00) = ) (e = ) k(o)

+ 6l [ult) = v(t), —k(E]u(t) = v(t) — (o — v0)}]

¢ [u(t) — g(t)]
" /(] {qs(u(t) —o(t)) = dlult — 5) — vlt — 5))} dik(s)
k() {6u(t) - v(t)) — Bluo — v0) }.

Here, we used the properties of the Gateaux derivative ¢/, of ¢ (see proposition B.1), in
particular the continuity in the second variable and the fact that k is nonincreasing. The

IN

latter implies that the measure dk is a locally finite nonpositive measure on (0, 00). Since
the resolvent « of the first kind of the function k is a locally finite nonnegative measure
on [0,00), as shown in proposition A.4, the convolution of the above inequality with the
measure « yields

¢(u(t) —v(t)) < ¢(uo = vo)

+/ ¢y [u(t —s) —v(t —s), f(t — 5) = g(t — 5)] da(s) (2.5)
0.4

almost everywhere for ¢ € [0, 7).
In the second step we assume that x > 0 or that k(0+) = co. We approximate the gener-
alized solutions u of (2.1) and v by taking a sequence {k, }nen of functions in L{ ([0, 00))
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satisfying (2.3) such that
t t
/ kn(s)ds — K +/ k(s)ds forallt >0 asn — oo. (2.6)
0 0

Then, for each n € N, let u,, be a strong solution of (2.1) with k replaced by k,. By the
definition of generalized solutions, we know that u, — w in L'(0,T; X). Therefore, we
can assume that wu,(t) — wu(f) in X almost everywhere for ¢ € [0,7)). The same can be
assumed to hold for the generalized solution v. As a result of the first step of the proof,
the approximate solutions u,, and v, satisfy the inequality

¢(un(t) = vn(t)) < d(uo — vo)

+/ & [un(t — 8) — va(t — 8), f(t — ) — g(t — )] deva(s) (2.7)
[0,¢]

almost everywhere for ¢ € [0,7) and for all n € N, where «, is the resolvent of the first
kind of the function k,,.

Due to the upper semicontinuity of the Gateaux derivative ¢/, of ¢ (see proposition B.1)
and the fact that the sequence of measures {a,,} converges in D’([0, 00)) to the resolvent
of the first kind « of the pair (k,k) as n — oo (see lemma A.10), we can apply lemma
A.11 to conclude that

O(u(t) —u(t)) < dlug — vo)

bt 9) =80, 10 5) ~ gt = 9] da(s) (2:8)

0.t
holds almost everywhere for t € [0,T). O
Note that in special cases, such as ¢ = || - ||, we can assume that ¢(0) < ¢(x) for all z € X

with x # 0. Then proposition 2.1 gives the uniqueness of generalized solutions.
We remark that for x € D(A) and y € Ax the function v(t) := = for ¢ > 0 is a strong
solution, and thus, a generalized solution of

d

7 (/{(v(t) — 1) +/0 k(t —s)(v(s) —x) ds) + Av(t) > v, t>0.

Therefore, we can conclude from proposition 2.1 that the following holds.

Corollary 2.2. Let A be a ¢-accretive operator in a Banach space X, k, k satisfy (2.3),
ug € D(A), f € LY0,T; X), and let u be a generalized solution of (2.1). Then for all
x € D(A) and y € Ax

ou(t) =) < ou — ) + |

[0,t

| o', (u(t —s)—ux, f(t—s)— y) do(s) (2.9)
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almost everywhere for t € [0,T), whenever the functions ¢(u — x), ¢/ (v —x, f —y) and
o(un, — ), ¢, (uy — x, f —y) belong to L*(0,T). Here, {u,} is a sequence of approzimate
solutions of u for k > 0 or k(0+) = oo, and « is the resolvent of the first kind of the pair
(k, k) (see proposition A.4).

If we assume that A is accretive in X, then by (2.1) we have for all (z,y) € A

lu(t) — x| < ||luo — x| + /[Ot] |f(t —s)—y| da(s) a.e. fortel0,T). (2.10)
Thus, we easily see that f € L*(0,T; X) implies u € L*>(0,T; X) for arbitrary uy € W
In case k > 0, the measure « is absolutely continuous with respect to Lebesgue measure
and the Radon-Nikodym derivative a € L _([0,00)) of « is bounded almost everywhere
by % Thus, in this case, u € L>(0,T; X) for all f € L'(0,T; X).
We remark that, if uy € D(A), there exists a sequence {(2,,yn)tnen C A such that
T, — up in X and |lyn|| — |uola = supyso||Aruol| as n — oco. Here, A, is the Yosida
approximation of the operator A, defined by Ay := % (I —Jy). By (2.10), we conclude

|lu(t) — uol| < |ug|ace(]0,1]) +/ |f(t —9)| da(s) a.e. forte[0,T). (2.11)
[0,1]
Moreover, if uy € D(A) and vy € Aug, then the generalized solution u of (2.1) obviously

satisfies
lu(t) — uo|| < / | f(t —s) —vo|| da(s) a.e. fort € [0,T].
[0,¢]

In case k > 0, the right hand side of the above inequality converges to 0 as ¢t — 0+.
If we consider the case of k = 0 and k(0+) = oo, and assume that f € L>(0,7; X), then
we might estimate the right hand side of the above inequality by

/[Ot] 1 (t =) =yl da(s) < |If = ylleerx)a((0, 1)) ae. fort € [0,T].

We remark that in this case we have a({0}) = 0 (see lemma A.7). Therefore, it is clear
that the following corollary holds.

Corollary 2.3. Let A be an accretive operator in X, k, k satisfy (2.3), ug € D(A),
f € LY0,T;X), and let u be the unique generalized solution of (2.1). If k > 0 or if
k(04) = oo, and f € L*>(0,T; X), then u is continuous at 0.

If we assume that A is accretive, and ug € D(A), then there exists a sequence {x, },en C
D(A) converging to up in X as n — oo. Let y, € Az, and u be a generalized solution of
(2.1) with initial value ug. Then, by proposition 2.1, we have

lat) = uoll < ult) — 2ol + l2n — o]
< o — ]| + /[ 1= 5) =l dao)
0,t
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almost everywhere for ¢ € [0,7"). Thus it is obvious that the following holds.

Corollary 2.4. Let A be an accretive operator in X, k, k satisfy (2.3), ug € D(A),
f e LY0,T;X), and let u be the unique generalized solution of (2.1). If K > 0, or if
kE(04) = oo, and f € L>(0,T; X), then u is continuous at 0.

In order to show continuity of the generalized solution at points ty > 0, we have to compare
u(to) and u(ty + h) for |h| > 0 small. For the Cauchy problem

iu(t) + Au(t) > f(b), tel0,7),

dt (2.12)
u(0) = o,

this is normally done by considering v(t) := u(t+h) as a solution of the translated problem
with initial value u(h) and the right hand side f of (2.12) replaced by f(-+h). This method
is not applicable for Volterra equations on [0, 00), or on intervals [0, 7), as these problems
fail to be translation invariant in general. But we remark that translation invariance
holds for Volterra equations on the real line. Therefore, we can not apply proposition 2.1
directly, in order to obtain an estimate on ||u(ty) — u(to + h)||, where u is the generalized
solution of (2.1). But the following result will use essentially the same methods as used
for the proof of proposition 2.1.

Proposition 2.5. Let A be a ¢-accretive operator in a Banach space X, k, k satisfy (2.3),

ug € D(A), f € L'(0,T;X), and let u be a generalized solution of (2.1). Then
¢(u(t +h) —u(t)) < sup ¢(u(T) — uo)
T€|[0,

+ o P (ut+h—s)—ult—s), f(t+h—s)— f(t —s)) da(s)

(2.13)

almost everywhere for 0 < h < T and t € [0,T — h), whenever the functions ¢(u(- + h) —
u(-), ¢ (u(-+h)—=ul(), f(-+h) = () and ¢(un(-+h) —un()), &y (un(-+h) —un(), f(-+
h) — f(-)) are in L'(0,T), where {u,} is a sequence of approzimate solutions {u,} of the
generalized solution w such that w is the uniform limit of the u, on [0,T) if & > 0 or
k(0+) = oco. Here « is the resolvent of the first kind of the pair (k,k) (see proposition

A4).

Proof. In the first step, we consider the case of kK = 0 and k(0+) = lim;_4 k(t) < oo.
Then the generalized solution v € L'(0,7T; X) is a strong solution of (2.1). In particular,
almost everywhere for ¢ € [0,7), we have u(t) € D(A), and

F#) = R(0-0) (u(t) — ug) — / (u(t — 5) — ug) dk(s) € Au(t).

(0,¢]
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By the definition of ¢-accretivity of the operator A, we have almost everywhere for 0 <
h<Tandtel0,T—h)

0 < ¢ [ult+h)—ul), f(t+h)— ft)—kO+)(u(t+ h) —u(t))

—/ (u(t+h —s) —up) dk(s) + / (u(t — s) — uo) dk(s)]

(0,t+h) (0,¢]
¢, [ult +h) —u(t), f(t+h) — f(t)]
+ ¢ [ut + h) — u(t), —k(t + h)(ut + h) — u(?t))]
+ ¢ [u(t + h) — u(t), o t]{u(t + h) — u(t)

—(u(t 4+ h —s) —u(t — s))} dk(s)]

+ ¢ [u(t + h) — u(?), / {u(t+ h) — u(t)

(t,t+h)]

—(u(t 4+ h — ) — ug)} dk(s)].

IA

This implies that almost everywhere for 0 < h < T and t € [0,T — h)
0 < ¢ [ult+h)—ul),ft+h)—ft)]
—k(t+ h)p(u(t+ h) —u(t))
+ {p(u(t +h) —u(t)) — p(u(t + h —s) —u(t —s))} dk(s)

(0,2]
i /(t th] {o(u(t +h) —u(t) — ¢(u(t +h —s) —uo)} dk(s)
= ¢ [u(t +h) —u(t), f(t+h) — f(t)}

— k(0+)p(u(t + h) —u(t)) — o (u(t +h—s)—u(t—-s)) dk(s)

_ / Sult + b — 5) — ug) dk(s).
(t4+h]

Here, we again used the properties of the Gateaux derivative ¢/, , in particular the conti-

nuity in the second variable and the fact that & is nonincreasing. The convolution of the

above inequality with the measure « yields

P(u(t +h) — u(t))
— U h—s—o0)—uy) dk(o) da(s 14
< /[ ) /(t_s,t+h_s]¢< (t+ ) — uo) k(o) da(s) (2.14)

+/[Ot]¢/+[u(t+h—8)—u(t—s),f(t—i-h—s)—f(t_s)} do(s)

almost everywhere for 0 < h < T and ¢ € [0,T — h). This gives the assertion.
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In the second step, we assume that x > 0 or that k(0+) = co. We approximate the
generalized solutions u of (2.1) by taking a sequence {k, }nen of functions in L ([0, 00))

satisfying (2.3) such that
¢ ¢
/ k.(s)ds — K +/ k(s)ds forallt >0 asn — oo. (2.15)
0 0

For each n € N, let u, be the strong solution of (2.1) with k replaced by k,. By the
definition of generalized solutions we know that u,, — u in L*(0,T; X). Therefore, we can
assume that u,(t) — u(t) almost everywhere for ¢t € [0,7). As a result of the first step of
the proof, the approximate solutions u,, satisfy the inequality

P(un(t + h) — un(t))
< sup ¢(un (1) — up) - /[Oﬂ(k:n(t —38) —ky(t+h—5)) day(s)

T€[0,h] (2.16)

—l—/[Ot] qb,—i—[un(t‘i‘h—s) —up(t—3s), f(t+h—2s) —f(t—s)} dov, (s)

almost everywhere for 0 < h < T and t € [0,7 — h) and for all n € N, where «,, is the
resolvent of the first kind of the function k,,.

Due to the upper semicontinuity of the Gateaux derivative ¢/, in the first variable (see
proposition B.1), and the fact that the sequence of measures {«,,} converges in D’([0, 00))
to the resolvent of the first kind « of the pair (k, k) as n — oo, we can apply lemma A.11,
and we see that

¢ut +h) —u(t))
< | liminf sup ¢(u,(7) — uop)
< e 76[01?’11 > (2.17)

+/[()t]¢/4r[u(t+h—8)—u(t—s),f(t+h—s)—f(t_3)} do(s)

holds almost everywhere for 0 < h < T and t € [0,T — h). O

We now turn to the continuity of generalized solutions u of the Volterra equation (2.1)
with an accretive operator A. For x > 0, the following proposition has been shown in
[Gri85, Theorem 1 and Theorem 2].

Proposition 2.6. Let A be an m-accretive operator in a Banach space X, ug € @, fe
LY0,T; X), and let u be the unique generalized solution of (2.1), with k, k satisfying (2.3)
and k > 0. Then u is continuous on [0,T). Moreover, if ug € D(A), f € BV([0,T); X),
then w is Lipschitz continuous on [0,T).
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For the Lipschitz continuity of u we remark that, by proposition 2.5 and lemma A.8,

<2 (lala 17001+ [ em-smler) 21

u(t + h) — u(t) H
h

holds almost everywhere for 0 < h < T and ¢t € [0,T7 — h). Here, |z]|4 := sup,-, ||[Arz],
where A, denotes the Yosida approximation of A.

In case k = 0 and k(0+) = oo, we will have to assume that the right-hand side f of the
Volterra equation is essentially bounded in order to obtain continuity of the solution. But
it is not necessary to ask for Lipschitz continuity of u, as the function

0, 7)>t— /0 k(t —s)(u(s) —up) ds

can be absolutely continuous and differentiable almost everywhere, even if u is not abso-
lutely continuous.

Proposition 2.7. Let A be an m-accretive operator in a Banach space X, ug € D(A),
f € L>(0,T;X), and let u be the unique generalized solution of (2.1) with k = 0,
satisfying (2.3), k(0+) = oco. If

(i) f€C(0,T); X), or
(i) log(k) is convez on (0,00),
then w is continuous on [0,T).

Proof. The case (i) has been shown in [Gri85, Theorem 1]. We therefore give only the
arguments for case (7).

Let {u,} be a sequence of approximate solutions, i.e. there exists a sequence {k,} of
functions satisfying (2.3), such that k,(0+) < oo, and

t t
/ k.(s) ds — / k(s) ds asmn — oo for all £ > 0.
0 0

Assume that w, is the strong solution of (2.1) with s, k replaced by x, = 0 and k,
respectively. Then, for (z,y) € A and almost everywhere for 0 < h < T,

sup [t () = wol| < 2|luo — | + [[f = ylleccn ([0, A]).
T€(0,

Choose € > 0 arbitrary, and let (z,y) € A such that [[ug — 2| < §. Since a([0,h]) — 0

as h — 0+, we can choose hy > 0 such that «([0,hg]) < g7, where M := [|f — y||cc.
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As shown in [Gri80, Theorem 3], the Radon-Nikodym derivative a € L{. _([0,00)) of « is

loc
nonincreasing. Thus, we can choose 0 < hy < %0 such that for all 0 < h < hy

t

T—h
[f(t+h—s) = f(t =)l da(s) < a(ho)/0 [f (s +h) = f(s)]l ds <

] o

ho

Since a,, — « in D'([0,00)), we can find ng € N such that for all n > ny we have
([0, h1]) < a([0,2h1]) + g57. This obviously implies by (2.17) that

lut +h) —u(®)]| <e
almost everywhere for 0 < h < hy and ¢t € [0,7 — h). O

In order to study the asymptotic behavior of solutions, we now consider the Volterra
equation

% (li(u(t) — Up) —i—/o k(t —s)(u(s) — up) ds) + Au(t) > f(t), t€[0,00), (2.19)

for f € L ([0,00); X) and an m-accretive operator A in a Banach space X. By the
uniqueness of generalized solutions on intervals [0,7"), it makes sense to call a function u
a generalized solution of (2.19), if u is a generalized solution of (2.1) for all 7" > 0.

The first question that arises in this context is, whether the generalized solution w is
bounded. By definition and propositions 2.6 and 2.7 , it is clear that, for f € C([0,00); X),
and k > 0, or k(0+) = oo, there can not be blow up in finite time. But still lim; ., ||u(t)| =

oo is possible.

Proposition 2.8. Let A be an m-accretive operator in a Banach space X, let f €

L>(0,00; X), up € D(A), and K, k satisfy (2.3) and

k(oco0) := lim k(t) > 0. (2.20)

t—oo

Then the unique generalized solution u of (2.19) is bounded on [0, 00).

Proof. 1f (x,y) € A, then, by corollary 2.2 and by lemma A.9,

[u(t) — x| < fluo — z[| + sup [If(T) = ylla([0,00)) < o0 (2.21)

T€[0,00)
almost everywhere for ¢ € [0, 00). O

By propositions 2.6 and 2.7, we already know that the generalized solution u of (2.19) is
continuous on [0, 00), whenever £ > 0 or k(0+) = oo, and f € C([0,00); X). We now ask
for uniform continuity of the generalized solution u on [0, 00). Therefore, we assume that
f is uniformly continuous on [0, c0).
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Proposition 2.9. Let A be an m-accretive operator in a Banach space X, let f €

C([0,00); X) be uniformly continuous on [0,00), ug € D(A) and k, k satisfy (2.3), (2.20)
and
k>0 or k(0+)= oc. (2.22)

Then the unique generalized solution u of (2.19) is uniformly continuous on [0,00).

Proof. Let € > 0; by corollary 2.4 there exists hy > 0 such that for all 0 < h < hy

lu(h) = uol| <

DO ™

Also, by the uniform continuity of f, we can choose hy small enough such that for all
0 <h<hgandall t €[0,00)

£

[f(E+h) = f@O) < 2a(0.50))"

Due to the uniform convergence of the approximate solutions, as shown in [CGL96, The-
orem 1], we can apply proposition 2.5, and obtain for all 0 < h < hy and all ¢ € [0, c0)

We now define G to be the solution mapping

§: D(A) X Lige([0,00); X)  — Lig,([0, 00); X)

(o, f) i “ (2.23)

which maps every initial value uy € D(A) and every right-hand side f € L ([0, 00); X)

loc
to the generalized solution u of (2.19). By the above results, it is clear that for &,
k satisfying (2.3), (2.20) and (2.22), and for every uy € D(A) the solution mapping
G(up, -) leaves the space BUC([0,00); X) invariant, i.e. G(ug, f) € BUC([0,00); X) for
all f € BUC([0,00); X). For the study of the asymptotic behavior in chapter 4, it will
be of particular interest, whether this solution mapping G leaves certain subspaces of

BUC([0,00); X), such as AAP([0,T); X) invariant.

2.2 Strong solutions

In this section, we will always assume that A is an m-accretive operator in a Banach space
X. Recall that generalized solutions of (2.1) in the case that k = 0 and k satisfying (2.3)
with £(04) < oo are strong solutions by definition. It is our purpose to give sufficient
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conditions for ug and f such that generalized solutions become strong solutions for x > 0
or k(0+) = oo.

For k = 0 and k(0+) = oo, the following lemma of [Gri85, Lemma 3.4] is the main tool in
order to show that generalized solutions are strong solutions under certain conditions on
up and f.

Lemma 2.10. Let k € L ([0,00)) and v € BV ([0,0); X), where X is a Banach space.
Then the function

[0,00) 2t — /0 k(t — s)v(s) ds

18 locally absolutely continuous and differentiable almost everywhere and

T d t T
/ H—/ k(L — s)o(s) dsf| dt < / k()| ds([[o(04) | + Var(v: 0,7))).
o dt Jo 0
Moreover, if {v,} is a sequence in BV (]0,00); X) such that for all T >0

sup Var(vy,; [0, T]) < oo,
neN

and v, — v in L _([0,00); X), then

d t

i), k(t — s)v,(s) ds — %/0 k(t — s)v(s) ds

in LL ([0,00); X) as n — oo.

We have already seen that generalized solutions are Lipschitz continuous if uy € ﬁ(A),
f € BV([0,T]; X) and x > 0. Thus, the following proposition of [Gri85, Theorem 2] is
almost obvious.

Proposition 2.11. Let A be an accretive operator in a Banach space X, k, k satisfy (2.3),
and let u be the unique generalized solution of (2.1) with uy € D(A), f € BV([0,T]; X).

(i) If Kk =0, then u is a strong solution.
(i1) If K > 0 and X has the Radon-Nikodym property, then u is a strong solution.

As mentioned before, many of the important spaces for applications fail to have the Radon-
Nikodym property, such as for example L'(Q), where (2, A, ) is a o-finite measure space.
It is well known (see [BC91, Theorem 4.2]) that in a normal Banach space X C Lo(f2)
satisfying the convergence condition

u, < ue€ X forneNandu, »uae = |u,—ulx—0, (2.24)
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the semigroup {S(t)}:>o generated by an m-completely accretive operator A leaves the
domain D(A) of the operator invariant. Here, we used the notations and definitions
introduced in appendix B. Since {S(t)}+>0 leaves D(A) invariant, all orbits ¢ — S(t)x for
x € D(A) are strong solutions. Note that for all x € D(A) the orbit ¢t — S(t)z is the
unique mild solution (see remark 1.4) of the homogeneous Cauchy problem

u(0) = =

In particular, the following regularity result holds.

Proposition 2.12. Let X C Lo(2) be a normal Banach space, (2, A, n) be a o-finite
measure space, A be m-completely accretive in X, and {S(t)}+>o the semigroup generated
by A. Then we have:

(i) D(A) = {u € Lo-cl(D(A)) N X ’ JveX: M < v for t > 0 small }
(ii) S(t)D(A) C D(A).
(iii) If u € D(A), then

u——f(t)u<<v for t > 0 and v € Au,
and (s
Ly(2)- lim Su—u = —A°u.
t—0+ t

() If, in addition, X satisfies the convergence condition (2.24), then

X- lim SMu—u = —ACu.
t—0+ t
By generalizing the above result to inhomogeneous Volterra equations, two problems will
arise, as we will point out in the following.
The straightforward idea to obtain regularity of generalized solutions of (2.1) would of
course be to reduce the problem to the case of the homogeneous Cauchy problem. As the
following proposition shows, this is practical at the point t = 0.

Proposition 2.13. Let A be an m-completely accretive operator in a normal Banach
space X C Lo(Q), satisfying the convergence condition (2.24), where (2, A, 1) is a o-finite
measure space. Let k > 0, k satisfy (2.3), and ug € D(A), f € C([0,T); X). Then the
unique generalized solution u of (2.1) is differentiable from the right at t = 0 and

d +

1 o
T u(0) = E(A — f(0))uo.
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Proof. Since A is m-completely accretive in X, one can easily verify that the operator
B = (A — f(0)) is m-completely accretive in X as well. Then, according to proposition
2.12, the mild solution (see remark 1.4) v of the homogeneous Cauchy problem

%v(t)—i—Bv(t) > 0
v(0) = wy

is strongly differentiable from the right at ¢ = 0. As v is a strong solution of the Cauchy
problem, it is obvious that v is as well a strong solution of the Volterra equation

% (/ﬁ(v(t) — up) +/0 k(t —s)(v(s) — u0)> ds + Av(t) 3 g(1), (2.25)

where, for t € [0,T),

g(t) == f(0) + %/0 k(t — s)(v(s) — ug) ds.

By [CGL96, Theorem 1], v is the unique generalized solution of the Volterra equation
(2.25). Since u and v are continuous, we can apply proposition 2.1 and obtain for all
0<t<Z

u(t) —up  v(t) — ug

t t

< = [ re=s)= s date
1 t d t—s

/0 k(t — s — o) (v(0) — o) daH da(s)

Kt Jo dt
- (2.26)
< = [ e - s as
d+ /t
—||l= v k(s) ds.
K2 || dt Loo(0,t:X) J0

Here, a denotes the resolvent of the first kind of the pair (k,k) (see proposition A.4).
Moreover, by lemma A.8, the Radon-Nikodym derivative a € L*(0,T) of a exists. As v is
locally Lipschitz continuous and differentiable from the right, ||%+v|| Lo (0,7/2:x)) < 00. By
the continuity of f, and the fact that k& € L'(0,T), one can pass to the limit for ¢ — 0+
in (2.26). Thus, we conclude that u is differentiable form the right at ¢ = 0, and that
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One might conjecture that this reduction to the homogeneous case would yield the regu-
larity of generalized solutions even at points ¢y > 0. But this method turns out to be not
applicable directly. Indeed, if we define for ¢ € [0, to]

g(t) == f(t) — %/0 k(t — s)(u(s) —ug) ds,

and B := %(A —g(ty)), which is again m-completely accretive in X, we still can not apply
proposition 2.12, as we do not know whether u(ty) € D(A). Thus, it is unclear whether
the mild solution v of the homogeneous Cauchy problem for B with initial value u(ty) is
differentiable at all.

For the second problem that arises when generalizing proposition 2.12, recall that the main
step in the proof of proposition 2.12 is to show that

St)u —u

— < (2.27)

for some v € X and ¢ > 0 small. By the weak sequential compactness in Ly(2) of the set
{ue M(Q) } u< v},

this yields
— weakly in Lg(Q)

for some sequence {t,} with t,, — 0+ and for some z € Ly(£2). Unfortunately, by propo-
sition 2.5 we only know that for all m > 0

/ <u(t+h)—u(t) —m)+ i
O h
_ +
< sup / (M_m) i
T€[0,h] JQ h
t t+h—s)— f(t—
+/ / St )= (t=9) dx da(s)
0 JOn{ult-+h—s)—u(t—s)>mh} h

' f@+h—@—f@—@>+dd
—i—/o /Qﬂ{u(t+h—s)—u(t—5)mh}< h z do(s)

almost everywhere for 0 < h < T and t € [0,7 — h). But as R > r +— (r —m)* fails to be
sublinear, we can not estimate the last two terms of (2.28) by

/Ot/g (f(t+h—82—f(t_3) _m>+ dr dofs).

(2.28)
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However, by (2.28), we can conclude that for all m > 0 and almost everywhere for 0 <
h<Tandtel[0,T—h)

[ ) 0 <y [ (02
+/t/ﬂ f(t+h—s})L—f(t—s>

Obviously, an analogous result can be obtained by considering

o)1= [ (F+m)

dx da(s).

for m > 0. But this is not sufficient in order to show weak sequential compactness of the
differential quotient 3 (u(t + k) — u(t)). Therefore, it will become necessary to study the
Volterra equation (2.1) in an appropriate Orlicz space. For the theory of Orlicz spaces we
refer to [KR61]. The following proposition is a generalization of a result for mild solutions
of inhomogeneous Cauchy problems, which can be found in [Wit92, Proposition 2.4.5], to
Volterra equations .

Proposition 2.14. Let k > 0, k satisfy (2.3), (2, A, 1) be a o-finite measure space, and let
A be an m-completely accretive operator in a normal Banach space X C L*(Q) satisfying
the strong convergence condition, i.e.

{u,} € X, u € Lo(R), u, < u
liminf, o ||un||x < 00, u, — u a.e.
Then, for all ug € D(A), and f € WH(0,T; X), the generalized solution u of (2.1) is

locally Lipschitz continuous and differentiable a.e. on [0,T) such that almost everywhere
forte[0,T)

= u € X and |u, —ul|x — 0. (2.30)

o

d 1 d

) = 2 (a0~ 10+ 5 [ b= 9(uls) —un) )

In particular, u is the unique strong solution of (2.1).
We remark that the strong convergence condition (2.30) is equivalent to

X satisfies the convergence condition (2.24), and

X has the Fatou property, i.e.
(2.31)
{tuntneny C X, liminf||u,|x <

= weX, ||ul|lx <lminf ||u,|x.
00, Uy — U a.€.

Simple examples of normal Banach spaces satisfying (2.31) are the Banach function spaces
LP(Q2) for 1 < p < oo and Ly(12).
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Proof of proposition 2.14. We assume that vy € D(A), f € WH1(0,T; X), and that u is
the unique generalized solution of (2.1) in X. Moreover, we assume vy € Aug. Since u is
Lipschitz continuous, by proposition 2.6, we can apply lemma 2.10 to see that the function

0,7)>t— /0 k(t —s)(u(s) —up) ds

is absolutely continuous and differentiable a.e., and that

d

o) ::%/0 k(t — $)(u(s) — u) ds, ¢ € [0,T),

satisfies g € L'(0,T; X). We remark that the set L, C [0,T) of right Lebesgue points of
g, i.e. the set of all t € [0,T), such that

1 t+h
dm 5 [ et = st dr <o (2.32)

is the complement of a nullset in [0,T), i.e. A([0,T)\L,) = 0. We will now prove that u
is strongly differentiable at all £, € L,, and that at these points u satisfies the equation.
This proof will consist of several steps.

(1) In the first step, we will construct an Orlicz space Ly(2), where N is an N-function
satisfying the As-condition (see [KR61, Definition 1.4.1]), such that

up,vo € Ln(92), and
f.f € LN0,T; Ly()).

Before proceeding with the proof, we remark that for any N-function N satisfying the
Ay-condition, the Orlicz space Ly (2) equipped with the Luxemburg norm

lully = inf{k: > o‘ /QN H%H < 1}

is a normal Banach space.

Following the arguments in [KR61, p. 60ff], there exists an N-function N satisfying the
Ay-condition, such that for @ := (0,7) x Q

|u0’7 |U0’7 ’f|7 |f/’ ELN(Q)

Here, we interpreted ug, vy as constant functions over (0,7). This implies for p = uy and

TAMWIéNMRm,

p = vy, respectively,
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and thus ug, vy € Ly(€2). On the other hand we have by Fubini’s theorem for p = f and

p = f', respectively,
/N\p\ du‘ /N|p|

This implies f, ' € L*(0, T} LN

(2) Now, our purpose is to show that for ¢y € [0,7") there exists a sequence {h, }nen With
hn, — 0+ as n — oo, such that the sequence {t(u(to + hy) — u(ty)) bnen converges weakly
in L]

loc(Q)
Note that (ug,vo) € A, and ug, vy € Ly(£2). Thus the restriction

Ay = {(u,v) € A | u,v € Ly(Q)}

is nonempty and obviously a completely accretive operator in Y := X N Ly (). Moreover,
Ay is m-completely accretive in Y. Indeed, for A > 0, let y € Y be arbitrary and let
x € X be a solution of (I + AA)z = y. Then, by the complete accretivity of A

1
uo—x<<u0—m+)\(vo—X(y—x)):qur/\vo—y

Since Ly(2) is a normal Banach space, we conclude z € Y.
According to [CGL96, Theorem 1], the Volterra equation (2.1) in Y admits a unique
generalized solution v € C([0,T);Y). Since the embeddings

Y—X and Y — Ly(Q)

are continuous, v = u, and u is as well a generalized solution of (2.1) in the space Ly ().
Note that the Radon-Nikodym derivative a € L'(0,T) of the resolvent of the first kind of
the pair (k, k) exists by lemma A.8. As u is continuous by proposition 2.5, we have

u(to + h) — u(to)
h

u(T )—uo

< sup

N T7€[0,h]

/t”/ 170l do alto — ) dr

for 0 < h < T — ty. Here and in the following, a denotes the Radon-Nikodym derivative
of the resolvent « of the first kind of the pair (k, k) satisfying a(t) < 1/k a.e. t € [0,00)
(see lemma A.8). By proposition 2.13 applied to the space Y — Ly(£2), we already know

(2.33)

that u is strongly differentiable from the right at t = 0. Therefore, applying Lebesgue’s
dominated convergence theorem, we can pass to the limit for h — 0+ in (2.33) and obtain

u(to + h) — u(to)

< 0.
N

lim sup
h—0+
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Thus, we have shown that the set of differential quotients is norm bounded in Ly(£2).

Since () is a o-finite measure space, we may choose an increasing sequence wy " €1 of
measurable subsets of Q, satisfying pu(wy) < oo for all £ € N. Then, we can define the
injection of Ly (Q) into the Fréchet space [, . L' (wi) by

v Ly(Q) = LM (wr)

keN

= (fly)ken

By de la Vallée Poussin’s theorem it is clear that «(B) is weakly sequentially compact for
all bounded subsets B of Ly(£2). Thus, we can conclude that there exists a sequence {h,},
with h, — 04 as n — oo, and (zx)r € [[pen L' (wi), such that
u(to + hn) — u(to)
P
Therefore, it is clear that there exists z € M (€2) such that z1,, = z; for all k£ € N.

1, — 2z weakly in L'(wy) for all k € N. (2.34)

(3) Our goal is to show that u(ty) € D(A) and f(to) — g(te) — z € Au(t) for all ty € L,,
where A denotes the closure of A in the space Ly(f2). For this purpose we first show that

For all m > 0, it is clear that, for 0 < h < T — ty,

<u(t0 +h) —ulty) m) -

u(to + h) — u(to)

N

h

N

Thus, we may assume that

h

for a subsequence again denoted by {h,} and some z,, € M(2). Since the weak limit in

to+h) —u(t -
(U( o+ h) —u(to) _ m) 1,, — 2nl,,  weakly in L'(w,) for all k € N,

LY(Q) is order preserving, it follows from

u(to + hn) — ulto) u(to + hy) — ul(to) i
o _mg( hn _m)

that z — m < z,,. Since z,, > 0, we conclude (z —m)* < z,, for all m > 0.

We are now going to apply (2.29). For all £ € N we have

/Wk(z—m)Jr < /wkzm

Cm [ <u(t0 + h;z) —u(to) m)*

</ (%+u<o>—m)++§ [ [l duate =) ar

n—oo
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Since, by definition, wy " () as k — oo, we conclude that

/(z—m)+<oo for all m > 0.
0

As one can apply exactly the same arguments used above for r +— (r +m)~ instead of
r+— (r —m)™T, we have shown that z € Lo(2).

Before we proceed with the proof, we remark that the generalized solution u of the Volterra
equation (2.1) is in fact a mild solution of the inhomogeneous Cauchy problem

/iiv(t) + Av(t) > f(t) —g(1), tel0,7),

dt (2.35)
v(0) = wp.

Indeed, for A > 0 the Volterra equation (2.1) with A replaced by the Yosida approximation
A, of A admits a unique strong solution uy,. As A, is m-completely accretive as well,
it is clear from (2.18) that the w) are equi-Lipschitz continuous. Thus, we can define
gr € LY(0,T; X) by

d

ga(t) := %/0 E(t — s)(ux(s) — uop) ds.

Since uy — u in L*(0,T; X), by the continuous dependence on the data of the solution of
the Volterra equation, it is clear by lemma 2.10 that gy — ¢ in L'(0,7;X). As uy is a
strong solution of the Volterra equation, it is as well a mild solution of the inhomogeneous
Cauchy problem (2.35), with A replaced by A, and g replaced by gy. Due to the continu-
ous dependence of the solution of the Cauchy problem on the data, it is now obvious that
u is a mild solution of the inhomogeneous Cauchy problem (2.35).

Now, let (&,7) € A, and for m > 0 let w,, € Lo(Q) = LY(2) N L>=(2) with
Wy, € 07,5 (u(ty) — €) a.e. in 2,

where j ' is the convex function on R defined by j ' (r) := (r —m)* for all r € R, and 95"
denotes the subdifferential of j . It is clear that

Wy =1 on  {u(ty) —&>m}
Wy, €10,1]  on  Au(ty) — & =m}
Wy, =0 on  {u(ty) — & < m}.

Since A is ¢ -accretive, and w is a mild solution of the inhomogeneous Cauchy problem
(2.35), we can apply the integral inequality for ¢ -integral solutions (see [Bén72, Propo-
sition 1.27])
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/Q“(t°+hﬁi_u(t°)wm < —/ ulty + o) — € —m)" — (ulto) — € —m)"]

= m UG ) — € 5() — g(r) — ) dr
i (2.36)
= /\f f(to) = g(7) + g(to)| dpu dr
+,%hn [ 1, ) — . 100) gt ]

As f is continuous in ¢, and ¢, is a right Lebesgue point of g, and (¢;)’, is upper semi-
continuous, we may pass to the limit at the right-hand side of (2.36). Moreover, since by
definition, wy, € L*(Q) and p({w,, # 0}) < p({u(ts) =& > 5}) < 0o, we can also pass
to the limit at the left-hand side of (2.36), and we obtain

« / 2w < (65 (ulte) = &, f(to) — g(to) — 7).

Since wy, € Lo(R?) with w,, € 95} (u(ty) — &) a.e. in  was chosen arbitrarily, it follows
that

(o) (ulto) — &, f(to) — g(to) — Kz —n) > 0.
The same arguments can be applied to j,.(r) := (r+m)~ for all m > 0. Therefore, for all
A>0and all (§,n) € A,

u(ty) — & < ulto) — &+ A(f(to) — g(to) — kz —n). (2.37)
This implies u(ty) € D(A) and

f(to) = g(to) — w2z € Au(ty). (2.38)

(4) We are now going to show that the right-hand side derivative of u exists in Ly(2) at
all right Lebesgue points ¢y, € L, of g, and that
d* 1, — o
Lo(Q)-= ulto) = — (=Aulto) + f(to) = g(to)) -

To this end, we use a reduction to the homogeneous case, as we have already shown that
u(ty) € D(A). We define the operator B C Ly(Q2) x Ly(Q) by B := A — f(to) + g(to). It is
obvious that B is an m-completely accretive operator in Ly(£2). Let v be the mild solution
(see remark 1.4) of the homogeneous Cauchy problem

d
k—u(t)+ Bo(t) > 0, t>0,

dt (2.39)
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where ty € L, is a right Lebesgue point of g. Then, as shown in step (3), u(ty) € D(A),
and by proposition 2.12 applied to the operator %B in the space Ly(2), we know that v
is differentiable from the right for all ¢ > 0, and that
t) —u(t 1
Lo(£2)-lim M = ——(Buf(ty))°. (2.40)
t—0 t K
In order to be able to compare v and u, we first have to shift u by ¢y and then interpret this
function as a solution of a Cauchy problem. We therefore define w(t) := u(t+ty) for t > 0.
As we have already mentioned in step (3), w is the mild solution of the inhomogeneous
Cauchy problem (2.35) in X, and as the imbedding X < Ly({2) is continuous, u is a mild
solution of (2.35) in Ly(€2) with A replaced by A. Due to the translation invariance of
Cauchy problems, w is the unique mild solution of the inhomogeneous Cauchy problem

n%w(t)JrZw(t) S5 ft+to) —g(t+ty), t€[0,T—tp),

w(0) = ul(ty).

(2.41)

Since mild solutions satisfy the integral inequality, we conclude for all 0 < h < T — ¢ty

1 h
< - / 1£(to+7) — F(t)l 10

w(h) —u(to) v(h) —ulty)
h h
|

1 h
i | ot +7) = gtto)l o

As f is continuous, and % is a right Lebesgue point of ¢, this implies that u is differentiable
from the right in Ly(£2) at to, and that

Lo(@)- ulto) = Lo(@)- 0(0) = — (Aulto) — f(to) + (to))°. (2.43)

(5) The task is to show that

X- lim u(to + h) — u(to)

h—0+ h (244)

exists at all right Lebesgue points tqg € L,.. Therefore, we first note, that u(ty), f(to),
g(ty) € X. This implies, by the continuity of the embedding X < Ly(£2), that the
solution v of the homogeneous Cauchy problem (2.39) in Ly(£2) equals the mild solution
of the inhomogeneous Cauchy problem in X, given by

KSu) + AU 3 f(t0) (), 120,
v(0) = wu(toy).

(2.45)
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In particular, 3 (v(h) — u(ty)) € X for all h > 0. According to the result of step (4), we
already know that

_ . v(h) —u(ty)
2 = Ly(Q)- lim S (2.46)
exists, and that by proposition 2.12 applied to B := A — f(to) + g(to)
h) —u(t
vlh) — ulto) < 2 for all A > 0 small enough. (2.47)

h

As v is the mild solution of (2.45), and w = u(ty + -) is the mild solution of (2.35), as
already shown in step (4), we can apply the integral inequality in X, and obtain

v(h) — ulto)
h

v(h) = ulte) _ w(h) — ufto)
h

h

X X X

h
L h
< L [t 0= sl dr+ 2 [t + 1)~ gt dr
1 Y f(r+h) — f(1)
el

h
Here, we used the fact that f € WH(0,T; X), that u is differentiable from the right at the
point ¢ = 0, and that ¢, is a right Lebesgue point of g. Since convergence in Lo(€2) implies

u(T) — g

. dr

X

+ sup
T€[0,h]

< 0oQ.

a.e convergence of a subsequence, we can conclude by the strong convergence condition
(2.30) that z € X and
h) —u(t
IR )

h—0+ h ’ (2.48)

as all subsequences converge to the same limit z. Using the integral inequality, we conclude
that

u(to + h) —u(ty) v(h) —u(to)

h h

1 h
< o [ Wttt m) = st dr

X

1 h
= | Natta+ 0 =gt o7
— 0 ash —0+.

The proof will be completed by applying the following technical lemma that can be found
in [Wit92, Lemma 2.4.3]. O

Lemma 2.15. Let X be a Banach space, and f : [0,T] — X absolutely continuous
and weakly differentiable from the right almost everywhere on [0, T). Then f is strongly
differentiable almost everywhere on [0,T).
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Assuming that f is weakly differentiable a.e. in [0,7"), this lemma is well known. But this
version, assuming only the weak differentiability from the right, can not be found in the
standard literature, as far as we know. For the sake of completeness, we will now present
the proof.

Proof. We first remark that, by the absolute continuity of f on [0,7), the real valued
function Vi (t) := Var(f, [0,t]) is absolutely continuous on [0,7"). Thus, V/ is differentiable
almost everywhere on [0,T), and £V} € L'(0,T). Moreover,

ft+h) - f(t)H d

lim sup
h—0

< — .e. . .
. < dtVf(t) a.e. fort € [0,7) (2.49)

Let X, denote the closed linear subspace generated by f([0,7')). Then, obviously, Xy is
separable and weakly closed. Thus, the set

+
{w—% f(t) ‘ t€[0,T), f is weakly right differentiable at t}

is contained in X,. It is well known that there exists a closed separable linear subspace Y
of X’ which is norming for Xy, i.e.,

|o]| = sup (y, o) for all zy € Xo.
€Yy

Y
[lyll=1

Obviously, the canonical embedding Xy < Y’ is an isometry.

Now, choose a countable dense set {y, |[n € N} in Y. Then the scalar valued functions
[0,T) >t — (yn, f(t)) are absolutely continuous, and thus differentiable almost everywhere
for t € [0, 7). Since the union of a countable number of nullsets is again a nullset, we can
find a nullset N C [0,T") such that, for all t € [0,7) \ N, (2.49) is satisfied, f is weakly
differentiable from the right at ¢, and

i <yn Ft+ h})L— f(t)> . <yn, f(t+hf)L - f(t)> _ <yn,w—i+f(t)> (2.50)

h—0 h—0+ dt

for all n € N.

Let t € [0,7) \ N; then, for y € Y and € > 0 arbitrary, we can find n € N such that
. ~1

ly —vall <5 (FV5(t)) . Thus,

: fE+h)—f@) d*
hr}?_s)(l)lp <y, h —w- f(t)>‘

d
< 2||yn — Z/H%Vf@)

<ym flt+ h]i - [ w_%+f(t>>‘

+ lim sup
h—0

IN

€.
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Therefore, we can define g(t) := o(Xo,Y)- dtf(t) a.e. for t € [0,T). Then, g is separably
valued, and (y, g) is measurable for all y € Y. Since Y is a norming subspace for X, of
X', we conclude by [DUj77, Corollary 2.1.4, p. 42] that f is measurable. By

ft+hh f()H_C‘;tVf() a.e. for t € [0,7),

Hg()H‘<1HnSUP

it is clear that g € L'(0,T; X). Therefore, we can define

f@) = f(O)—{—/Otg(s) ds for allt € [0, 7).

Obviously, for all y € Y, we have for almost all ¢ € [0,T)

(v, f(0)) = (v, f(0)), and
f@+m—f@>

G = a0 = i (5 =IO S ),

This implies (y, f) = (y, f) almost everywhere on [0, 7). Since f([0,7)) C X,, and Y
separates points in Xy, it is clear that f = f almost everywhere on [0,7"). Thus, f is
strongly differentiable almost everywhere on [0,7") with

%f(t) =g(t) a.e. fort € [0,T).
U

As mentioned before, proposition 2.14 is a generalization of the following proposition of
[Wit92, Proposition 2.4.5] for inhomogeneous Cauchy problems.

Proposition 2.16. Let A be an m-completely accretive operator in a normal Banach space
X C LYQ) satisfying the strong convergence condition (2.30). Then, for all ug € D(A),
and f € WH0,T; X), the mild solution v of

v(t) +Av(t) > f(1), t>0,

v(0) = wy,

dt (2.51)

is locally Lipschitz continuous and differentiable a.e. on [0,T), such that for almost all
te[0,7)

d o
—g (1) € (Aut) = f(1))".

In particular, v is the unique strong solution of (2.51).
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Since the proof of proposition 2.14 frequently used the fact that the generalized solution of
(2.1) is as well a mild solution, one might ask whether it is not possible to apply proposition
2.16 directly. But this is in fact not possible. What we know by lemma 2.10 is that the
function

0,T)>t+— %/0 k(t — s)(u(s) —up) ds

is an element of L(0,7T; X). To apply proposition 2.16 directly, we would have to assume

that the right hand side of the Cauchy problem is in W1H(0,T; X). But for general
k € LY(0,T) we have no information on the regularity of

d2 t

i |, k(t — s)(u(s) — ug) ds.



Chapter 3

Entropy solutions

In this chapter, we develop an L!-theory for the history dependent degenerated elliptic-
parabolic initial value problem, given by the Volterra equation

%(m(b(v(t, z)) — b(vo(w))) + /0 k() (b(0(5, 2)) — bluo(a))) ds)
= div a(x, Dv(t,z)) + f(t,z) for (t,z) € Q = (0,T) x , (3.1)
b(v)(0,-) = b(vo) in Q,
with Dirichlet boundary condition
v(t,z) = 0 for (t,z) € I := (0,T) x 00. (3.2)
Here, Q C R” is a bounded domain. We consider the above problem for L!-data, i.e.,
f € LYQ), and vy : Q — R is measurable with b(vy) € L'(€). (3.3)

We assume that the function a : Q@ x RY — R is Carathéodory, i.e., a(-,€) : Q@ — R is
measurable for all £ € RY, and a(x, ) : RY — RY is a continuous vector field for a.e.
x € Q. Moreover, we assume that a satisfies the classical Leray-Lions conditions, i.e., for
some p > 1 and p' :=p/(p — 1), a is monotone

VECeRY and ae. 2 € Q: (a(z, &) —alx, () - (£E—¢) >0, (3.4)
coercive
IA>0VEERY, and ae. z € Q: a(x,§) - &> NP, (3.5)

and satisfies a growth condition
FJA>0, €X' (QVECRY, andae € Q: |a(r, &) <AG(z) + €Y. (3.6)

45
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Note that we do not assume that a is strictly monotone, i.e., that

VECERN E£C, and ae. 7€ Q: (a(x,€) —a(z,()) - (€ —¢) > 0. (3.7)

Thus, our assumptions on a are rather general. But for the existence of solutions we
consider the special case of a strictly monotone a separately. It will turn out that, as-
suming strict monotonicity, one can obtain better convergence properties of a sequence of
approximating solutions than in the general case, assuming only the monotonicity of a.
Moreover, we assume that

k >0, and k : (0,00) — R is a nonnegative, nonincreasing function such that

ke LL .([0,00)) and & + fot k(s) ds > 0 for all t > 0, (3.8)
and that
k>0 or k<0+> = limt*)(H, ]C(t) = 0. (39)

For b : R — R, we assume that

b: R — R is continuous and nondecreasing, satisfying the normalization con-

dition b(0) = 0. (3.10)

Thus, it may happen that b is constant on some interval. In this case, (3.1),(3.2) partially
degenerates to an elliptic problem. In particular, if b = 0, then (3.1), (3.2) is a purely
elliptic problem.

The assumptions on k, k are such that our study covers degenerate elliptic-parabolic

problems
(b(v) = b(vg))e = div a(z, Dv) + f in @,
b(v)(0,) = b(vo) in Q, (3.11)
b(v) = 0 on I

without history dependence. Moreover, it covers the case of a fractional derivative in time.
Indeed, choose k = 0 and k(t) := 1“(t1;jy) for v € (0,1), then the fractional derivative in

time can be defined by
ol 0 bt —s)™

Here, in the limiting case 7 = 0, i.e., k = 1jp ), we have the degenerated elliptic problem

b(v) —b(vg) = div a(x, Dv) + f in Q,

b(v) = 0 on I (3.12)
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In the other limiting case, i.e., 7 = 1 and thus k = 1 and k = 0, we obtain (3.11). Thus,
the degenerated elliptic-parabolic problem of fractional order v € (0, 1) in time

%(b(v) —b(w)) = div a(z,Dv) + f in Q,
b(v)(0,-) = b(vo) in €2, (3.13)
blv) = 0 on I’

interpolates the degenerated elliptic and elliptic-parabolic problem, i.e. (3.12) and (3.11).
There already exists a vast literature on problems of the above mentioned type. In partic-
ular, the solvability and a suitable concept of solutions in order to guarantee uniqueness
of the non-degenerated elliptic problem

u = div a(x,Du) + f in Q,
3.14
u = 0 on 0f, ( )
and of the parabolic problem
u = div a(xz, Du) + f in Q,
u(0,-) = wy in €, (3.15)
u = 0 on I'

for general L'-data, i.e., for f € L*(Q) in the elliptic case, and ug € L'(Q), and f € L'(Q)
in the parabolic case, has been investigated in recent years by several authors. It is well
known, see e.g. [BBG'95, Appendix I], that even for the elliptic problem (3.14) with
1 <p<2—and f e L'(Q) one can not expect to find a solution which solves the
equation in the sense of distributions, since the gradient Du is not necessarily in L!(Q)".
But even if there exists a weak solution, i.e., a solution which solves the equation in the
sense of distributions, this solution is in general not unique. Indeed, in [BDG97, Theorem
1.2] (see also [BP84, BG&9] and [DO92|) existence of a weak solution u of (3.15) with
p > 2, up = 0 and for right hand side measures f € M(Q) such that u € L"(0,T; W, %(Q))

for all pairs (r, q) satisfying

N(p—1)
N—-1

Np—2)+p

1§q<min(
r

N
,p), 1<r<p, +—=>N+1

q
is shown by approximation with regular data. But the condition u € L"(0,T; W, %(Q)), for
all pairs (r, q) satisfying the above inequalities, does not imply uniqueness. A counterex-
ample can be found in [Pri95] for the elliptic, and in [Pri97] for the parabolic problem.
In section 3.1 we show that this problem of nonexistence and nonuniqueness carries over

to the history dependent problem, i.e. we show that one can not obtain weak solutions of
(3.1), (3.2) for general b(vg) € L*(2) and f € L'(Q) if 1 < p < 2— <. Moreover, we show
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by an application of a counter example given in [Ser64] that weak solutions need not be
unique. In particular, we show that nonuniqueness of solutions occurs even in the linear
case, i.e. for a(z,§) = (a;j(x));;€ with a;; € L>®(£2).

In order to overcome the above mentioned problems of nonexistence and nonuniqueness
of weak solutions, different notions of solutions for the elliptic, the parabolic, and the
degenerated elliptic-parabolic problem, i.e., (3.14), (3.15), and (3.11), were introduced.
These new concepts have in common that one does not expect the solution v itself to be in
a certain Sobolev space, but one introduces a class T1? of measurable functions v : Q — R,
respectively v : Q — R, such that all truncations Tk (v) of v are in W1P(Q), respectively
in LP(0, T; W'P(Q)). Here, the truncation function T : R — R is given by

Tk (r) := min(max(r, - K), K) for all » € R.

A

KA

-K K

K

The classes T'?(Q) and TH?(Q) can be defined by

T(Q) = {v:Q— R | vis measurable and Ty (v) € W'?(Q) for all K > 0},
T(Q) = {v:Q — R | vis measurable and Tk (v) € L?(0,T; W'?(1)) for all K > 0}.

Moreover, to satisfy the boundary condition one introduces the subclasses ‘J'(l)’p (Q) and
ToP(Q) of THP(Q) and THP(Q), respectively, which denote those functions v such that
Ty (v) € Wy P(Q), respectively Tk (v) € LP(0,T; Wy *(R2)). A new definition of the gradient
of a function v € T (2) can be introduced. We call a measurable function w : Q — R
the gradient of v € TH1(Q) if

wlyy<xy = DTk (v) a.e. for all K > 0.

An analogous definition can be given for the gradient of a function v € T7'?(Q). Note that
the above definition does not coincide any more with the definition of the gradient in the
sense of distributions, even if both gradients exist. In fact, this new definition coincides
with the definition of the so called approximate gradient in the sense of geometric measure
theory, see e.g. [Fed69]. It is obvious that the above defined classes of functions in which
we hope to find a solution are not linear spaces.

The two main concepts in the L-theory of elliptic and parabolic problems differ mainly in
the way they try to guarantee uniqueness of solutions. But both concepts have in common
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that one introduces an extra condition which uses a function of the solution itself as a test
function in the equation (3.14), (3.15) respectively.

One concept to guarantee uniqueness is the concept of renormalized solutions, which was
first introduced in [DL89] for the study of the Boltzmann equation. In [BGDM93| and
[Mur93], this concept was then applied to the elliptic problem (3.14). See also [Rak93a,
Rak93b] and [Rak94]. In [Rak94], existence and uniqueness of renormalized solutions of
the elliptic problem for L!-data according to the following definition is shown.

Definition 3.1. A function u € L'() is called a renormalized solution of (3.14) if T (u) €
WyP(Q) for all K > 0, and

/ wh(u)é + /Q a(z, Du) - D / Fhu

for all h € W(R) with compact support and all £ € W, (Q) N L>(€), and, moreover,

/ a(z, Du) - DTk gei1(u) = / a(Du) - Du — 0 as K — oo.
Q ON{K <|u|<K+1}

Here, the truncation function Tk, i, : R — R given by Tk, g, := Tk, — Tk, for Ky > K;

is used.
Ky — K A ﬁ

Ky — Ky

The concept of renormalized solutions was then extended to parabolic problems of the type
(3.15) in [BM97]. See also [Bla93] and [DO96] for partial results in this direction. Further
developments, which allow a(x, Du) to be replaced by a(t, z,u, Du) without any growth
assumption on u can be found in [BMR99], and for the degenerated case, i.e. (3.11) with
b # id, we refer to [BR98], and in particular to [CW99], where uniqueness of renormalized
solutions for the nonlinear degenerated elliptic-parabolic problem is shown.

The second concept, which can be shown to be equivalent to the concept of renormal-
ized solutions for the elliptic and parabolic problems, is the concept of entropy solutions
introduced in [BBG195].

Definition 3.2. A function u € L*() is called an entropy solution of (3.14) if Tk (u) €
WyP(Q) for all K > 0, and

/UTK(U—¢)+/a(x,Du) DTx(u— ¢ /fTKu—
Q
for all K > 0 and all ¢ € D(Q).
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The main idea of the above definition is of course adapted from the theory of conservation
laws, where, in order to guarantee uniqueness, one introduces an entropy condition, see
[Kru70].

The concept of entropy solutions has also been extended to parabolic problems. In
[AMSALT99], it is shown that for parabolic equations of the type (3.15) with strictly
monotone a, i.e., a satisfying (3.7), the concept of entropy solutions coincides with the
concept of mild solutions (see remark 1.4) of the nonlinear Cauchy problem

w4+ Au > f,
u(0) = ug

for f € L'(0,T; L*(Q)), up € D(A) and A C L'(Q) x L'(Q) an m-completely accretive
operator in L'(£2). Here, A can be constructed as follows, see also [AMSALT97]. We first
define the operator Ao, C L'(Q) x L'(Q) by

(u,w) € Ay if and only if u € WyP(Q) N L=(Q),w € L*(Q), and

/a(w,Du)-Dqﬁ: / wo (3.16)
Q Q
for all ¢ € W, (Q) N L>®().

The operator A, is completely accretive with D(Ay) = LY(Q) and R(I + M A) D L=(Q)
for all A > 0. Thus, we can define A := A, to be the graph-closure of A,. Then, A is
an m-accretive operator in L'(Q) with D(A) = LY(Q), and for all f € L'(0,T; LY(Q)) =
LYQ), up € LY(Q), there exists a mild solution u € C([0,T]; L'(Q)) of the abstract
Cauchy problem (see remark 1.4) which is also the unique entropy solution of (3.15).
In order to characterize the operator A, we introduce the following notation. We call
a function S : R — R piecewise continuously differentiable, if there exist finitely many
points —o00 =ty < t; < -+ < tp,_1 < t,, = oo such that S’(ti,ti—l) € CY(t;, tii1))
for i = 1,...,m. Moreover, C’; (R) denotes the set of continuous piecewise continuously
differentiable functions on R. Letting

P = {S € C’;(R) ‘ 0< S <1, supp S’ is compact and S(0) = 0}, (3.17)
the operator A can be represented as follows.

(u,w) € A if and only if w,w € L*(Q),Tx(u) € WyP(Q) for all K > 0, and

/ a(x,Du) - DS(u — ¢) < / wS(u— @) (3.18)
Q Q
for all p € D(2), S € P.
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In section 3.2, we compare the two concepts in order to develop a solution theory for
L'-data of the history dependent degenerated elliptic-parabolic problem (3.1), (3.2). Tt
turns out that only the concept of entropy solutions can naturally be extended to this
case, since the derivative in time operator in (3.1) does not satisfy a Kato equality but
only a Kato inequality, see proposition 3.23 and corollary 3.24. Thus, we do not have an
integration by parts formula for

o (st = w0y + [ 1t = )u(6) — w0 s

which is an essential tool in the theory of renormalized solutions of parabolic equations.
In section 3.3, we show uniqueness of entropy solutions of (3.1), (3.2) according to the
following definition.

Definition 3.3. Let (3.4)-(3.6), (3.8)-(3.10) and (3.3) be satisfied. A measurable func-
tion v : @ — R is called an entropy solution of (3.1), (3.2) if b(v) € LY (Q), Tk(v) €
LP(0,T; Wy *(€)) for all K > 0, and

/Ct / S(r — &) db(r) + /tkl(t—s)/v:(S)S(r—@db(r)ds]

+/qw@mﬂwwm—ww>
Q
bv(t —s)) — b(vg)) dka(s)| S(v(t) —
*AJ(“ ) — b(wo)) U](@ 0)

+4qmmwwu>Da< /< 9

for all ¢ € D(2), ¢ € D([0,7)) with ¢ > 0, S € P, where P is defined by (3.17), and
all nonnegative nonincreasing functions ky, ks € L'(0,7T), such that k = k; + ky and
k2(0+) < o0

The above definition is adapted from the definition of entropy solutions for fractional
conservation laws as given in [CGL96, Definition 6]. A main tool in the proof of uniqueness
of entropy solutions of (3.1), (3.2) will be Kruzhkov’s method of doubling variables, see
[Kru70].

In section 3.4, we show existence of entropy solutions for the non-degenerated problem,
i.e., for (3.1), (3.2) with b = id. In particular, we show that the generalized solution of the
abstract Volterra equation

%(n(u(t} —u0)+/0 k(t — 5)(u(s) — uo) ds) +Au(t) 3 f(t)  forte0,T),
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with the operator A given by (3.18), is an entropy solution of (3.1), (3.2). To this end,
we approximate the problem (3.1), (3.2) by sequences of regular data {ug, nen, {fn}nen-
The main task in showing the existence of entropy solutions for (3.1), (3.2) is to obtain
convergence of the sequence of gradients {Du, },eny and of {a(z, Duy,)}nen, where w, is
the solution for the regular data ug ., fn.

In the strictly monotone case we can show almost everywhere convergence of the sequence
{Duy,}, and thus of {a(x, Du,)}. In the general monotone case, only weak convergence of
{DTx(u,)} in LP(Q)" for all K > 0 can be shown by a priori estimates. Thus, one only
obtains weak convergence of {a(z, DTk (u,))} in L” (Q)N towards a(z, DTk (u)), where u
denotes the entropy solution, by a pseudo-monotonicity argument.

In the literature no result on the existence can be found for the degenerated case of
the elliptic-parabolic problem (3.11), i.e., with b continuous nondecreasing and possibly
constant on some interval. In particular, this problem is still open for the history dependent
problem (3.1), (3.2). Remarks on the existence of renormalized solutions in the degenerated
elliptic-parabolic case can be found in [BR98, BMR99| and [CW99]. We mention that the
method we use in the proof of existence for the non-degenerated problem fails in the
degenerated case, since there is no monotonicity in the time derivative operator any more,
as shown in example 3.25.

3.1 Nonexistence and nonuniqueness of weak solu-

tions

We assume that (3.4)-(3.6) and (3.8)-(3.10) are satisfied, and we consider the problem
(3.1), (3.2) for b = id and L'-data uy € L'(Q2) and f € L'(Q) = L*(0,T; L'(Q2)). Defining
the operator A, C LY(Q) x L'(Q) by (3.16), it can be shown that A, is a completely
accretive operator in L'(Q) with R(I + M) D L>®(Q) for all A > 0. Moreover, its
closure A := A, is an m-completely accretive operator in L'(Q); see for example [BW96,
Proposition 2.4] and [AMSdLT97].

As a consequence of the existence result of [CGL96] and [Gri85], we already know that
the abstract Volterra equation

% (ﬁ(u(t) — up) —I—/O k(t — s)(u(s) — up) d8> + Au(t) 3 f(¢) tel0,7), (3.19)

admits a unique generalized solution v € L*(0,T; L*(Q2)) = L*(Q). In particular, we know
by the approximation result for generalized solutions that for any k € L _(]0,00)) with

A = k(0+4) < oo satisfying (3.8) there exists a unique strong solution u of

k(0+)u(t) + Au(t) > f(t) + k(0+)uo — /(Oﬂ(u(t—s) —up) dk(s) t€[0,T). (3.20)
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Thus, by the definition of A, u(t) € L'(Q) is almost everywhere for ¢ € (0,7) in some
sense a solution of the initial value elliptic boundary value problem

k(0+)(u(t,x) — up(x)) + /(0 ) (u(t — s, ) — ug(z)) dk(s)
—div a(z, Du(t,z)) = f(t,z) in (0,T) x Q(3'21)
u 0 on (0,T) x 0%
u(0) = wug in .

As an example of the elliptic boundary value problem (3.21), consider

A —Ayu = g in €,
u = 0 on 0f).

Here, we have defined g € L'(Q) for t € (0,T) fixed by

g=f(t)+ g — / (u(t — 8) — ug) dk(s).
(0,4]

Moreover, A, denotes the p-Laplacian given by A, = div a(Du) with a(§) = [£[P72¢. One

easily sees that the assumptions (3.4), (3.5) and (3.6) are satisfied for this choice of a.

When considering the problem (3.21), one naturally thinks of understanding the first

equation in (3.21) in the sense of distributions, i.e.,

/Q (% /O Rt — $)(u(s.2) — uo) ds)¢+ /Q o(, Dut. 2)) - D — /Q ftoe  (3.22)

for all ¢ in the space of test function C2°(2) and almost everywhere for ¢ € (0,7"). There-
fore we have to give a sense to the gradient Du of the solution u. Additionally, with regard
to the boundary condition (3.21), the largest space in which we want the solution u to be
is L'(0,T; Wy (€2)). Thus, we consider the following definition of a weak solution.

Definition 3.4. A function u € L'(0,T; W, (R)) is called a weak solution of (3.21) for
f e LY(0,T) x Q) and ug € LY(Q), if a(x, Du) € L. (Q), and u satisfies (3.22) for all
¢ € C(Q) and almost everywhere for t € (0,7).

Now, our intention is to show that there exists a function f € L'((0,7) x Q) such that
the problem (3.21) does not admit a weak solution u € L'(0,T; W, ()). Therefore, we
will construct a counterexample adapted from [BBGT95]. In this sense the definition 3.4
is not sufficient for the problem of existence. The main idea of showing the nonexistence
of solutions will be the following nonembedding property.

Lemma 3.5. Let Q be an open subset of RN with N > 2 then W=12°(Q) n WM (Q) ¢
L>(Q).
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Proof. We construct a function which is an element of W~1°°(Q) N W,V (Q) but which is
not essentially bounded. Let € Q and R > 0 such that the open ball Bg(Z) with radius
R centered at 7 is contained in . For all z € Br(Z)\{Z}, we define

N

w(z) = In (m (RLP(”)) with pi= o= 3 = | S (- )2,

P i=1

and u(z) = 0 for all z € (Q\Bg(Z)) U{z}. Then, by lim,_; u(z) = oo, it is obvious that
u & L®(2). We now show that u € W, (Q). By the simple estimate

[ = [ (B2
= oy [ (BE0)) e

= CN/ In(s)RY exp (N(1 — 5)) ds
1
< C’NRN/ sV exp (N(1 — 5)) ds < oo,
1

we obtain u € LY (Q). The distributional derivative of u is given by

o _ o Rewl) o
oz, (Rexp(l)) Rexp(l)  p*  Oxi

almost everywhere for z € Bg(), and 2 = 0 almost everywhere for z € O\ Bg(#). Here
we have 22 — “”’px’, and thus |77 Op. £1<1 for i =1,...,N. This implies

ox;
D\ V1
[iopa s [ I(R_pw) 1y
Ox; p p
— C’/ <Rexp >_N7’NN1d7’
= / N ds < o0.
1

Thus, we conclude u € WHN(Q). Moreover, by lim, .gpu(z) = 0 and u(z) = 0 almost
everywhere for 2 € Q\Bg(Z), we obtain u € W, ™ (Q).

It remains to show that v € W=1°(Q). To this end, we define the functions U; for
1=1,...,N by

Uy(x) = —x]_vx In (ln <RLP(1)>) . with p =

p
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for x € Br(Z) \ {z}, and U;(x) := 0 for all z € (Q\Bg(Z)) U {Z}. Defining

1

Uy(z) := % . @

p

for x € Bgr(Z) \ {Z}, and Up(x) := 0 for all z € (Q\Bg(x)) U {Z}, we easily see that
U; € L=(Q) for i = 0, ..., N. Additionally, we obtain for all v € W, (Q)

N
1 1 i — &)? 1

/uv:/ [_—_§:<x2x)

Q Br@ "V n <R6X_P(1)> — PPN (Rexp(l))

o =1 o

Here, we used the fact that lim, .z U;(x) = 0 for ¢ = 1,..., N. This implies u € W~1>(Q),
which completes the proof. ]

In order to show the nonexistence of weak solutions for (3.21) for certain f € L'((0,T)x Q)
and ug € L'(2), we need to show the following duality.

Lemma 3.6. (WOII(Q) + W’l’q/(Q))/ = W=L°NWy? holds for 1 < q < co with ¢ = —L.

q
q—1

We first note that a couple (X;, X3) of Banach spaces is called compatible if X; is contin-

uously embedded in a Hausdorff topological vector space X for ¢ = 1,2. For a compatible

couple of Banach spaces (X7, X3) the spaces X;+ X5 and X; N X5 are again Banach spaces,
endowed with the norms

1l x,4x, = inf {||x1||X1 ¥ lallx| @ = 21+ 20 with 2, € X1, 20 € XQ} ,

respectively

||x||X1ﬂX2 = maX{HxHXla HIHXQ}

To prove lemma 3.6, we will make use of the following abstract result on the dual space
of a sum of Banach spaces, see e.g. [BS88, Exercise 3.2]

Proposition 3.7. Let (X1, Xy) be a compatible couple of Banach spaces, and let X1 N X5
be dense in X; fori=1,2. Then (X; + Xo)' = X| N XJ.

Proof of lemma 3.6. By proposition 3.7, it is sufficient to show that W, (Q) N W14 (Q)
is dense in W' (Q) and in W17 (Q).
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Therefore, we first note that C°(Q) ¢ Wy (Q)NW 17 (Q). And, by definition of W, (Q),

the space C°(1) is dense in W, (Q).
Take an element F' € W19 (Q). Then there exist f; € LY (Q) for i = 0,..., N such that

for all v € Wy (Q)
al ov
F,v) = —
(F,v) /Qfov+;/ﬂfzaxi

Choosing approximating sequences (¢$f))n€N C C2(2) for i = 0,..., N with ¢7(f) — f; in
L9 (Q) as n — oo, we can define

al ov
F,,v :—/ Oy + / O —
(Fov):= | @ ; Kot

for all v € W, 49 Then, obviously,

[(F' = Fy,v)| < maX{Hfl - ¢’£17:)HL(1I(Q)‘Z- =0,.., N} HUHWOL‘Z(Q)v
and thus F, — F in W=1(Q) as n — oo. O

Proposition 3.8. Let Q be a bounded domain in RN, and let 1 < p <2 — % Then there
exists a function f € LY((0,T) x Q) such that the problem (3.21) with ug = 0 does not

admit a weak solution u € L*(0,T; Wy (Q)).

Proof. First assume that for f € L*((0,7) x Q) and ug = 0 there exists a weak solution

w of (3.21), ie. u € LY(0,T; W, (Q)) satisfying (3.22). We show by using the growth

bound (3.6) that a(Du) € L7 ((0,T) x ), with ¢ := 5& and ¢’ := -& = L= The fact
p q p

that ¢’ = -13 < 25 =p/, ie., that LV ((0,T) x Q) C L7((0,T) x Q) holds, yields

T 7 T p-1
(/ / |a<Du>|q’) < A(Tp-1||j||m)+(/ / |Du|<p-1>q’) )
0 Q 0 Q

. —1
< A (Clllr o + 1l ) -

Thus, we have shown that diva(Du) € L7 (0,7;W~19(Q)). By the definition of weak
solutions this implies that f € L*(0,T; Wy (Q)) + L7 (0, T; W19 (Q)).

In the second step, assume that for each f € L'((0,T) x Q) there exists a weak solution
w € LY0,T; Wy ' (Q)) of the elliptic boundary value problem (3.21) with ug = 0. This
implies by our first conclusion that

LY((0,T) x Q) € L0, T; Wy () + L0, T; W=17(Q)).

Hence,
LYQ) c W' (Q) + W (Q).



3.1. NONEXISTENCE AND NONUNIQUENESS OF WEAK SOLUTIONS o7

By duality and Lemma 3.6 we obtain
W=12(Q) N Wy (Q) € L=(Q).
But the assumption ¢ = 2%1) < N implies
Wb (Q) N W N (Q) € Wh(Q) N W (Q) C L=(Q).

This is a contradiction to the nonembedding shown in Lemma 3.5. Thus, there exists a
function f € L'((0,T) x Q) such that the problem (3.21) with uy = 0 does not admit a
weak solution. O]

As a consequence of the above result, we can not expect the generalized solution u of (3.20)
to be a weak solution of the elliptic boundary value problem (3.21) almost everywhere for

€ (0,7, even though u is a strong solution of the abstract Volterra equation (3.20).
Moreover, if k, k satisfy (3.9), we can show nonexistence of weak solutions of (3.1) with
b = 0, by using the same methods as above.

Corollary 3.9. Let Q be a bounded domain in RN, and let 1 < p <2 — % Let b =0 and
let k, k be arbitrary. Then there exists f € L*(Q) such that (3.1) does not admit a weak
solution.

We further show that weak solutions of Volterra equations are in general not unique. To
this end, we will adapt the example given in [Ser64], see also [Pri95] and [Pri97].

Example 3.10. We consider the linear elliptic problem

Z 3o, ( aij ) =0 (3.23)

on the open unit ball Bg: of R%. Here, we define the coefficients a;; € L*(Bgz) for

= /2?2 + 2% by

= 6, + (a— 1)3“"”“"]. (3.24)

Then, it is easy to show that the matrix (a;;);; satisfies the coercivity assumption
Zaijfifj > o|¢)? for all £ = (&); € R? with some ¢ > 0 (3.25)
1]

for all @ > 0. Note that for a > 1 the coercivity assumption (3.25) is trivially satisfied
with o = 1 and that for 0 < a < 1 one can obtain (3.25) for ¢ = a > 0. We now define
the notion of weak solutions for (3.23).
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Definition 3.11. A function u € W!(Bg) is called a weak solution of (3.21) if

/ 0U 0% 10 =0 forall p € D(Bps) = C=(Bys).
B

Qjj~—
- J Oz, 8xz
1 :
Let 0 < e <1, and choose a := —. Defining u : Bgz — R by
€

u(x) = x4+, (3.26)

it is easy to see that for some constants ¢; > 0 with ¢ =0,1,2

1 B
/ lu|? do = co/ 7% dr, and /
B 0 B2

Thus, u € L?(Bg2) N W'(BR) for all § < {22 < 2. But u ¢ H'(Bg2). Moreover, since
is C for r > 0, it is easy to show that u € HY/?(S'), where S' = OB, see also [Pri95].
By simple calculation, one obtains

ou
81‘,‘

1
dr = ci/ B804 g fori=1,2.
0

R2

ou 8g0 ) ou Op
- ] YUYy
/Z Ua 81‘1 gi%l—&- T>g;aw ax al.z dx
. ou x;
= RO DL i
1
= = lim g_(2+€)/ r1p ds
€ 0—0+ r=p
=0

for all ¢ € D(Bgz), since for all ¢ € D(Bg2) we have

0
/ v ds| < o' || 22
r=p

7|
Thus, we have shown that u is a weak solution of (3.23). Due to u € H/2(S'), there exists

a unique variational solution v € H'(Bg2) of the linear elliptic boundary value problem

Z@x (”a ):0 in Bps

v=1u on S'.

—(2+¢)

2m
0 / cos’6 dh — 0 as 0 — 0+.
0

Defining wg := u — v, we conclude that the elliptic boundary value problem given by
(3.23) with Dirichlet boundary condition, i.e., u = 0 on S!, admits a weak solution wy €
L*(Bg2) N W'P(Bge) for all 3 < 2 such that wy ¢ Hj(Bge), which implies that wg
is different from the variational solution of the same problem. Hence, weak solutions of

elliptic boundary value problems are in general not unique.
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We are now going to show that this nonuniqueness carries over to Volterra equations.

Example 3.12. We consider for wy, and a;; defined as above and for 0 < v < 1 the
parabolic problem

o [t s
afo m(w(t—s,x)—wo(x)) ds

9, ow .
— Z a—xl (awa—x](zﬁ,x)) =0 m (O,T) X BR27

w(0,:) = wp in Bge,

(3.27)

w(t,z) = 0 on (0,7) xS

Using the following definition of weak solutions for (3.27), it is obvious that the function
w : [0,T) X Bz — R defined by w(t,z) := wp(x) for all (t,z) € [0,T) x Bgz is a weak
solution of the above problem.

Definition 3.13. A function w € L'(0,T; W, (Bg2)) is called a weak solution of (3.27)
if for all ¢ € D([0,T") x Bg2)

t s~ a
_ /(O7T)XB]R2 /0 m(w(t — S,J?) — wo(aj)) ds Ec‘p(t’x) dr dt

ow Op
+/ a;;—(t,x t,r)dr dt = 0.
(O,T)XB]R Z Jaxj( )8$z( )

2 Z7]

If we now define the operator A : D(A) — L?(Bg2) by

0 0
Au = Z e (aija—;j) for all u € D(A) with

1,J

D(A) = {v € H}(Bg2) ‘ Zaixl (aijaa—;j) € L2(BR2)}a

then it is clear that A is a densely defined linear operator in L?(Bg:) generating a Cy-
semigroup. Moreover, one can show, by the same methods as used in [Paz83, Theorem
7.2.7], that A generates an analytic semigroup on L?*(Bg2). Concerning the analyticity of
the semigroup generated by A, we also refer to [DL84, Exemple I11.17B.3.2]. Using [Prii93,
Corollary 1.2.4], we conclude that the linear Volterra equation

u(t) = wo —i—/o %Au(s) ds (3.28)

admits an analytic resolvent {S(¢)}+>0. Applying [Prii93, Theorem 1.2.2] to v(+) := S(-)wy,
we conclude that v € C([0,T); L*(Bgz)) with v(t) € H}(Bg2)) for all ¢t € (0,T). Since, by
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the definition of A, v is also a weak solution of (3.27) and v # w = wy ¢ H}(Bg2), we
have shown that weak solutions of (3.27) are not unique. Therefore, the concept of weak
solutions for Volterra equations is not sufficient in order to guarantee uniqueness.

We remark that the same results as above can be obtained in more than two space di-
mensions. This can easily be seen considering the function u(x) := (22 + 23)~(1+9)/2 on
Bgw, and defining a;; = d;; for the additional coefficients of the matrix (a;;);;.

3.2 A Kato inequality

This section deals with Kato inequalities for operators corresponding to the derivative in
time in the Volterra equation (3.1). The min results are stated in proposition 3.23 and
corollary 3.24. Thus, for T' > 0, we consider operators of the type

B:D(B) c L'0,T) — L*(0,7)
B(u)(t) := % (mu(t) —|—/0 E(t — s)u(s) ds) ,

with
D(B) := {u c LY0,7T) ‘ t — ku(t) + /t k(t — s)u(s) ds € WOI’I(O,T)},

(3.29)

with x, k satisfying (3.8). Here, we define W' (0, T) := {u € W(0,T) | u(0) = 0}. The
results obtained in this section are essential for the study of existence and uniqueness of
entropy solutions of the history dependent problem (3.1), (3.2).

Before turning to Kato inequalities, we remark that a Kato inequality will replace the
integration by parts formula which was used in the L!-theory for degenerated elliptic-
parabolic equations of the type

b(v); = div a(z, Du) + f in @ :=(0,7) xQ,
v =0 on (0,7) x 09, (3.30)
b(v)(0,-) = b(vy) in Q. '

Here, the same assumptions as for (3.1) apply, i.e., we assume (3.4)-(3.6), (3.8)-(3.10)
and (3.3). Using the definition of the set P given in (3.17), one can show the following
integration by parts formula.

Lemma 3.14. Let b : R — R be continuous and nondecreasing with b(0) = 0,
LP(0,T; Wy () with b(v) € LX(Q), b(v), € L (0,T; W (9)) + L1(Q) and b(v)(0,
b(vg), where vy : Q — R is measurable with b(vy) € L*(Q). Then

v €

)

_ /OT<b('U)t7£S(U —9)) = /Qgt /U: S(r — ¢) db(r) dx dt
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for all £ € D([0,T)), S € P and all ¢ € D(K2). Moreover,

_/OT< )i, ER(v /gt/ ) da dt

for all h € WY2(R), &€ € Wh(Q) with &(T) = 0 and h(v)é € LP(0,T; Wy*(Q)). Here,
(-,-) denotes the duality pairing between W= (Q) + LY(Q) and W, (Q) N L®(Q).

The proof of the above lemma can be done by using exactly the same methods as in
[CW99, Lemma 1.4 and Lemma 4.3], see also [AL83, Lemma 1.5] and [Ott96].

Since this integration by parts formula holds, there are two concepts of solutions of (3.30)
in order to guarantee uniqueness. One concept is the concept of entropy solutions.

Definition 3.15. A measurable function v : @ — R is called an entropy solution of (3.30)
if b(v) € LY(Q), Tx(v) € LP(0,T; W, *(Q)) for all K > 0, and for all ¢ € D(Q), S € P,
€€ D(0,T)) with £ >0

/&/Sr— db(r /gaxDv) DS(v — ¢ /gfgv_

The second concept is the concept of renormalized solutions.

Definition 3.16. A measurable function v :  — R is called a renormalized solution
of (3.30), if b(v) € LYQ), Tx(v) € LP(0,T; W, P (Q)) for all K > 0, for all h € C}(R),
e D(0,T) x Q)

- L& [ 1@+ [ o oo D) = [ ermo) (331)

/ a(z, Dv) - DTk g41(v) = / a(x,Dv)-Dv — 0 as K — oo.
Q QN{K<[vo|<K+1}

and

Whereas the concept of entropy solutions is only based on an inequality, the concept of
renormalized solutions is based on the equality (3.31). Thus, in order to show that weak
solutions v € LP(0,T; W, *(Q)) satisfying b(v) € L'(Q) are as well renormalized solutions,
one has to apply an integration by parts formula, as done in [CW99, Proposition 1.3].
Note that for (3.30) the two concepts coincide, i.e. a measurable function v : @ — R is an
entropy solution of (3.30) if and only if it is a renormalized solution.

The main problem that occurs when replacing the operator 0/0t in (3.30) by the nonlocal
operator B defined by (3.29) is that we can not expect the integration by parts formula
to hold in this case. Indeed, we have the following result.
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Example 3.17. Take b =id, k =0, k(t) :=t"7/T'(1 —7) for 0 <y < 1, and an arbitrary
bounded domain Q C RY. We define vy := 0, and v(t,z) := t¢(z) for all (t,z) € Q,
where ¢ € D(Q2). Since v is bounded, we may take p € C*°(R) with 0 < p’ < 1 such that

p(v) = v. Then, by simple calculation, we see that for certain choices of ¢ € D(§2) and
£ € D([0,T)) with ¢,£ >0

[0 (5 [ wte =100 = ) ds) o) o
_ /Qqﬁ2 dx/on(t)F -
> /ng? dfc/OTf(t)r(g__,y) dt
- [ [ aogire—
_ _/Qgt(t) /Otk(t—s) /U:(S)p(r) dr ds dz dt.

As a consequence, one can not extend the concept of renormalized solutions to the problem

given by the Volterra equation (3.1) in a straightforward way, since one can not even expect
weak solutions v € L?(0,T; W, ?(Q)) with b(v) € L'(Q) to satisfy (3.31) with

/ﬁt/ ) db(r) dz dt replaced by /&/ (t—s) /UU(S) h(r) db(r) dz dt.

But the concept of entropy solutions might still be applicable if we can show an appropriate
inequality. This will be done in proposition 3.23 and corollary 3.24.

To understand more clearly why we do not have an integration by parts formula for the
operator B defined by (3.29), and what we can expect to hold otherwise, we now consider
the above problem in an abstract setting

It is well known that the operator —= generates the translation semigroup (7'(7)),>0 on
Co(R). Here, Cy(R) denotes the space of continuous functions converging to 0 for |¢| — oo.
The translation semigroup given by T'(7)f = f(- — 7) for all 7 > 0 and all f € Cy(R) is
strongly continuous on Cy(R). In order to characterize semigroups and their infinitesimal
generators we introduce the following notions.

Definition 3.18. Let T': V' — V be a bounded linear operator on V', where V = Cy(R)
or V= LP(R) for some 1 < p < 0.

(i) For V= Cy(R), the operator T is called a homomorphism if 7" is a homomorphism
of the algebra Cy(R), i.e. T is linear and T'(fg) = (Tf)(Tg) for all f,g € Co(R).
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(ii) T is called submarkovian if 0 < 7'f <1 holds almost everywhere in R for all f € V
with 0 < f <1 a.e. in R.

(iii) T is called positive if 0 < T'f holds almost everywhere in R for all f € V with 0 < f
a.e. in R.

(iv) T is called translation invariant if T(f(- — s)) = (T'f)(- — s) for all s € R.

It is obvious that the translation semigroup (7'(7)),>o is a semigroup of homomorphisms,
i.e. T(7) is a homomorphism for all 7 > 0. We define

Jo = {j : R — (—o00,00] | j is convex and lower semicontinuous with j(0) = 0}. (3.32)

For j € Jy, let D(j) = {t € R | j(t) < oo}. Then, according to [AB92, Théoreme 13],
we can fully characterize infinitesimal generators of strongly continuous semigroups of
homomorphisms.

Proposition 3.19. Let —A be the infinitesimal generator of a strongly continuous semi-
group (S(7))r>0 on Co(R). Then the following assertions are equivalent:

(i) (S(7))r>0 is a semigroup of homomorphisms.
(ii) fg € D(A) and A(fg) = fAg+ gAf for all f,g € D(A).

(1ii) For all j € Jy, f € D(A) with f(R) C D(j), p € D(A), w € LY(R,|u|) with
w(t) € 0j(f(t)) |u|-a.e. fort € R, the following Kato equality is satisfied

Ao = [ wafdu (3.33)
R
Here, A" denotes the adjoint of the operator A.

By the above result it is clear that we can only expect an integration by parts formula
to hold if the corresponding operator generates a semigroup of homomorphisms, which is
equivalent to a product rule.

As we will see, in case of Volterra equations the operator given by the derivative in time
does not generate a semigroup of homomorphisms on Cy(R) in general, but still generates a
strongly continuous semigroup of translation invariant submarkovian operators on Cy(R),
respectively on LP(R) for 1 < p < 0.

Assume that the pair (k, k) satisfies (3.8). Then, by [CP90, Theorem 1.6], there exists a
unique Bernstein function ¢ : (0, 00) — R such that

o(2) = z(k + k(2)) for all z > 0,
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where k denotes the Laplace-Transform of k. Moreover, there is a one-to-one correspon-
dence between the class of Bernstein functions and pairs (k, k) satisfying (3.8).
According to [BF75, Proposition 9.2], for a function ¢ : (0,00) — R to be a Bernstein
function is equivalent to the condition

¢ >0 and (0,00) 3 z — exp(—7¢(z)) is completely monotone for all 7 > 0.

Applying Bernstein’s theorem, we conclude that there exists a family (7, ),~o of nonnega-
tive Radon measures on R, = [0, 00) such that

n-(z) = / e * dn.(t) = exp(—7p(2)) forall z > 0,7 > 0. (3.34)
R

In order to characterize the family (7,),~0, we introduce the following notion.

Definition 3.20. A family (y,),o of nonnegative bounded Radon measures on R is called
a convolution semigroup if

(i) p-(R) <1 forall 7 >0,
(i) por * o = piryo for all 7,0 > 0,
(iil) pr =" 0 in (Ce(R)) as 7 — 0+.

Here, p * v denotes the convolution of measures, and §; denotes the Dirac measure at the
point t € R.

Extending the measure 7, for all 7 > 0 by 7,(A) = 1.(AN[0, 00)) for all measurable subsets
A C R, one can show that the family (7,),~¢ is a convolution semigroup, in particular the
convolution 7, * 1, is well defined, since all measures are supported on R, . Moreover, by
[BE75, Theorem 9.18], there is a one-to-one correspondence between the class of Bernstein
functions and the convolution semigroups supported on R, , where the correspondence is
given by (3.34).

Moreover, we may define for V' = Cy(R) and for V = LP(R) with 1 < p < o0

S(0)f = f and S(7)f = f#m, forall 7> 0, f € V. (3.35)

Then it is well known that the family (S(7)),>0 is a strongly continuous semigroup on
Co(R), respectively on LP(R). Moreover, the operators S(7) are submarkovian for all
7 > 0, since 7, is a nonnegative measure on R satisfying 7,(R) < 1 for all 7 > 0. Then,
according to [AB92, Théoreme 4], one can still show a Kato inequality.
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Proposition 3.21. (i) Let —A be the infinitesimal generator of a strongly continuous
semigroup (S(7))r>o0 of submarkovian operators on LP(R) for 1 < p < oo. Then

J@aions [wsan

forall j € Jo, 0 < g € DA, f € D(A) with f(t) € D(j) a.e. fort € R such that
jof e LP(R), w e L®[R) with w(t) € Jj(f(t)) a.e. fort € R. Here, A" denotes the
adjoint of A.

(ii) Let —A be the infinitesimal generator of a strongly continuous semigroup (S(7))r>o of
submarkovian operators on Cy(R). Then

(A jof) < / w(Af) dy

R

forall j € Jy, 0 < pue DA, fe D(A) with f(t) € D(j) for allt € R, w € L'(R) with
w(t) € Jj(f(t)) |p|-a.e. forteR.

For the sake of completeness, we give the proof in case of a submarkovian semigroup on
LP(R) for 1 < p < oo.

Proof. Let j,g, f,w be chosen as stated above. Then, by w € 9j(f) a.e., we conclude for
all 7> 0

joS@)f > jof+uw(SE)f )  ae R

Since S(7) is submarkovian, we obtain by applying Jensen’s inequality S(7)(j o f) >
j o S(7)f almost everywhere in R for all 7 > 0. This implies

[0y [ SO [ (SO1)

T T

for all 7 > 0. Noting that j is continuous on D(j), and that A’ is the infinitesimal generator
of the dual semigroup (S’(7)),>0 in X’ endowed with the weak* topology, we can take the
limit for 7 — 04 in the above inequality and obtain the assertion. O

Note that, according to [BE75, Theorem 12.7], there is a one-to-one correspondence be-
tween convolution semigroups on R and strongly continuous contraction semigroups of
translation invariant submarkovian operators on LP(R) for 1 < p < oc.

Having constructed a strongly continuous semigroup (S(7)),>o on LP(R) for given k,k
satisfying (3.8), and already knowing that the infinitesimal generator —B,, of the semigroup
satisfies a Kato inequality, we refer to [CP90, Theorem 4.1] for the actual calculation of
the infinitesimal generator.
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Proposition 3.22. Let k, k satisfy (4.2), choose ky € LY(R,), ky € BV (R,) satisfying
(4.2) such that k = ki + ko, and define for 1 < p < oo
D(B,) = {f e I*(R) ‘ Kf 4 kix f e Wl’p(R)}, and for all f € D(B,)
B,f = %(mt) +/OO° Bt — 8)£(s) ds> +k2(o+)f(t)+/(0m)f(t—s) dis(s).
Then — B, is the infinitesimal generator of the semigroup (S(7))r>o defined by (3.35).

Returning to our original problem (3.1) on @ = (0,7) x © and omitting the calculation of
the adjoint of the time derivative operator, we can still show the following Kato inequality
which can be considered as a generalization of [GLS90, Exercise 20.6.30] and will serve as
a replacement of the integration by parts formula.

Proposition 3.23. Let k, k satisfy (3.8), b : R — R be continuous and nondecreasing,
v:Q — R and vy : Q — R be measurable such that b(v) € BV (0,T; L*(Q)), b(vy) € L'()
with b(v)(0+4, -) = b(vo) and (k((b(v))—b(ve))+kx*(b(v)—b(vo))) € WHL(0,T; L'(2)). Then

_/Qgt(t) (H/v:(t) S(r—¢) db(r)+/0tk(t—3) /U:(S) S(r = ) db(r) ds)
< /Q% (/@(b(v(t)) —b(vg)) + /Ot k(t — s)(b(v(s)) — b(vo) ds) S(v )36)

forall S € P, ¢ € D(Q), £ € D([0,T)) with & > 0. Moreover,

fi/Q/v:(T) S(r / / —3) " S(r — ¢) db(r) ds
(3.37)

/‘/at( —MW»+Akﬁ—ﬁ@@@ﬂ—M%Dﬁ)ﬂMﬂ—@
forall S € P, ¢ € D(Q).

Proof. As by assumption u := b(v) € BV(0,T;LY(Q)) and uy = b(vg) € L'(Q), we
conclude by applying [Gri85, Lemma 3.4] that k * (u — ug) € WH(0,T; L (Q)). Thus,
ku € WH(0,T; LY(Q)).

For a maximal monotone graph 3 in R x R with 0 € 3(0), we use the notation 3° for the
minimal section of 3, given by £°(t) := signy(s) minsege) |s| for all ¢ € R with 5(¢) # 0.
Letting S € P and defining j, : R — (—o00, 00| by

mm:Ahvwwwwﬂ%ms for r € R,

and o
Ju (1) 1= 00 for r € R(b)
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for all x € Q, it is clear that j, € Jy and that w := S(v—¢) € 9j,(b(v)) almost everywhere
in (), where 0j, denotes the subdifferential of j,. Thus, we conclude for all 7, € R

[ 55 = o)) dbls) = 1.07) — 32 00) 2 () = b)) S(r — o).
(1) Choosing ¢ € D(Q2), £ € D([0,T)) arbitrary with £ > 0, and defining v(t, -) := v, for

t < 0, it is clear that ¢ := 55(1} —¢) € LOO(Q) and that ¢, € W°°(0,T; L>=()) for all
p > 0, where (, is given by (,(t) :=1/p f t+p s. Thus, we conclude

/%ww—mm@-——/mwmwmmwt
Q Q

_ _Elkmuwy—wm»@@+p%—aﬂ>
_ _EéﬂMﬁ—pD—MWﬂ»ﬂﬂﬂ—¢K@) (3.38)

v

P v(t—p)
—;éaw[@ S(r— ¢) db(r)

_ [Etrp ) M
= /Q g /f/ S(r — ¢) db(r).

vo

Since ¢, — ¢ a.e. in ) and since (, stays uniformly bounded as p — 0+, we can pass to
the limit with p — 0+ in the above inequality and obtain

/fm/‘ /Em ) — b(w0))eS(v — ).

Since, for k > 0, we have v € W1(0,T; L'(2)), the above calculation stays valid for
§ = 1(_oo7)- Indeed, the boundary terms satisfy x [, (b(v(T)) — b(vo))¢,(T) = 0, since
C,(T) =0, and & [;,(b(v(0)) — b(vg))¢,(0) = 0. But, the right hand side of estimate (3.38)

gives
/ / Sr— ) db(r —>/£// ¢)db(r) asp—0+.
T—p V0 Vo

Note that, by |5, (b(v(2))) = j2(b(v(5)))] < [[Sleo[b(v(2)) =b(v(s))], it is clear that j,(b(v)) &
BV(0,T; L'(€)) and for x > 0 we moreover have j,(b(v)) € C([0,T]; L*()).

(2) In order to obtain an estimate on (k * (u — wug));, we first assume that k(04) < oc.
For u = b(v), up = b(vy), j. defined as above, and w := S(v — ¢), the following inequality
holds almost everywhere for x € Q:
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Here, we used the definition of the subdifferential, i.e., for w € 0j(r) the inequality
Jj(7) > j(r) + y(7 — r) holds for all # € R, and the fact that dk is a nonpositive measure
on (0,7]. Multiplying the above inequality by ¢ € D([0,7")) with £ > 0 and integrating
over () we obtain

_/Qgt/otk:(t—s) /U:(S) S(r — @) db(r) ds
< [ (/ Rt~ 5)(0(u(5)) — b(xo)) i5) S(0(0) — o).

(3) Now, assume that k(0+) = oco. Then we approximate k by a sequence {k,},en C
L'(0,T) such that each k, is nonnegative nonincreasing with k,(0+) < +oc and such that
k, — k in L'(0,T). Since u € BV(0,T; L'(2)), we have by [Gri85, Lemma 3.4]

o (] e = 10009) = bw)) s ) = 2 ([ o= 91000169 — ) s

in L'(Q) as n — oo, and since j(u) € L'(Q), we also conclude

/Ot En(t — 5) /Q /U:(S) S(r — ¢) db(r) dz ds — /Ot k(t —s) /Q /U:(S) S(r — ¢) db(r) dz ds

in L'(0,T) as n — oo. Applying this convergence to the result of step (2) and combin-
ing it with step (1) yields (3.36). We remark that (3.37) can be shown analogously by
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integrating (3.39) over (0,7, since j,(b(v)) € BV(0,T; L*(2)), and thus k x j,(b(v)) €
Wh(0,T; LY(Q)). O

In the special case b = id, we can use the linearity to show that the derivative in time
operator satisfies the following monotonicity property.

Corollary 3.24. Let k, k satisfy (3.8), u,v € BV(0,T;L'(Q)), ug,vo € L'(Q) with
u(0+, ) = uo, v(0+,-) = vo, and let (k((u—ug) +k*(u—1ug)), (K((v—0o)+kx(v—1p)) €
Wh0,T; LY (). Then

/@ ( / t: " s — 4 dr+/0tk(t—s) /UU(S:_U(S)S(T—@ dr ds)

< /Q %@(u(t) — u(t) — ug + vo) (3.40)
" /0 B(t = 5)(u(s) — v(s) — uo +v0) ds) S(ut) = v(t) — D)E()

forall S € P, ¢ € D(Q), £ € D([0,T)) with £ > 0. Moreover,

K/Q/uui)—v(T) (r — d7°+/ / /u :_U(S) S(r—¢)drds
/OT/Q% m(u(t) —v(t) — up + vo) (3.41)

+/0 k(t — s)(u(s) —v(s) — ug + vg) ds)S(u(t) —o(t) — ¢)
for all S € P, ¢ € D(Q).

Proof. Applying proposition 3.23 with b = id and v, vy replaced by u — v, ug — vg, respec-
tively, yields the assertion. O

Note that for uy = vy we can conclude by corollary 3.24 that

[ [ sttty + [ = 9)ats) = o669 ds) 00— v6) - ) 0

for all u,v € BV(0,T; L'(Q)) with s(u—v) +k* (u—v) € WH(0,T; L' (Q)) and u(0+) =
v(0+), and all S € P, ¢ € D(Q). Returning to the case of an arbitrary continuous
nondecreasing function b : R — R with 5(0) = 0, we see that the monotonicity condition
of corollary 3.24 does not hold in general. In particular, we can not expect

/0 % <;@(b(u(t)) —b(v(t))) +/0 k(t —s)(b(u(s)) — b(v(s))) ds) S(u(t) — v(t)) dt > 0

to hold for the above choices of u, v, S. Indeed, we have the following example.
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Example 3.25. Take 7' = 1 and define for @ > 0 the following functions on the interval
[0,1]

k(t) = exp(—at),
u(t) = at+ exp(at),
v(t) = at+1,
and for z € R we define
b(x) = 1—exp(—x),
S(x) = Tk(z) with K := tenl[()a,}f] lu(t) — v(t)].

Performing some calculations one easily sees that
/01% (/Ot k(t — s)(b(u(s)) — b(v(s))) ds) S(u(t) —o(t)) dt
= [ (v 60 - t0t0)
+f Kt ) (uls)) — lo(s))) ds) S(u(®) - o(t))
= [ (1-e(an (+ - (- explan)) xptat) - 1) a

/ / o exp(—at) (l—exp( exp(as))))(exp(at)—l) ds dt
., exp(=

1 a exp(—a) exp(—a) 1

e oe ae  2e e ae oe

- /0 " exp(— exp(at) di — /0 1 /0 " exp(— exp(as)) exp(as)a ds dt

IN

+ /01 exp(—at) ( exp(— exp(at))

— exp(—?at)/o exp(— exp(at)) exp(as)a ds) dt

2 a exp(—a) exp(—a) 1 exp(—3a) N 1

e 2e e o @ - o
-3 1 '
+exp( a) — 2/ exp(— exp(at)) dt.
€ 0

3ae 3a

Since all terms on the right hand side of the above inequality are bounded from above,
and since —% — —oo as o — 00, we can conclude that for a > 0 sufficiently large the

2e
inequality

/01 % (/Ot k(t — s)(b(u(s)) — b(v(s))) d5> E(ult) —v(t)) dt <0
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holds.
But even in the case of the operator u — %b(u), we can conclude by taking the above
defined functions that

/0 (b(u) — b()),S(u — v)

_ /0 1 % (exp(—at) (% _ exp(—exp(at))) (explat) — 1) dt

= —exp(—exp(a)) + é — a/o exp(— exp(at)) exp(—at) dt

a exp(—at) 1

€ (& €

Again, since all terms on the right hand side of the above equality are bounded from above
and since —% — —00 as @ — 00, there exists an a > 0 large enough, such that

/0 (b(u) = b(v))eS(u—v) <0.

Since we do not have monotonicity as in corollary 3.24 for the degenerated case, i.e. for
b # id, we will not be able to apply the same method to show the existence of entropy
solutions that we can use in the non-degenerated case. We remark that the problem of
existence of entropy solutions of the degenerated equation

b(v); —div a(x,Du) = f inQ=(0,T)xQ,
b(v)(0,-) = blvy) in Q,
b(v) = 0 on (0,7) x 0N

is also still open, if we only assume that b is continuous nondecreasing with b(0) = 0 and
with a satisfying (3.4)-(3.6).

3.3 Uniqueness of entropy solutions

As already shown in section 3.1, there is no uniqueness of weak solutions for parabolic
problems of fractional order in time. In this section, we show that the concept of entropy
solutions given by definition 3.3 is the right concept in order to ensure uniqueness of
solutions of a general class of degenerated elliptic-parabolic problems with L!-data.

A main tool in the proof of uniqueness of entropy solutions for the problem (3.1), (3.2)
is Kruzhkov’s method of doubling variables, which was first used in [Kru70] to show
uniqueness of entropy solutions for scalar conservation laws. See also [CGL96] for an
application of Kruzhkov’s method to entropy solutions of conservation laws with memory.
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Theorem 3.26. Let (3.4)-(3.6), (3.8)-(3.10) be satisfied, let f € L*(Q) and vo; : Q — R
be measurable with b(vo;) € L'(Q) for i = 1,2 such that b(vg1) = b(vga) a.e. in .
Moreover, let v; : Q — R be an entropy solution of (3.1), (3.2) with right hand side f and
initial data vo,; such that

lim [|b(v1)(¢, ) = b(vo,1)|| 1) = 0.

t—0+
Then b(vy) = b(ve) a.e. in Q.

Note that we only assume the continuity at ¢t = 0 for one of the entropy solutions. Thus,
the final uniqueness result, without any continuity assumption, will be a corollary of the
existence result, see corollary 3.31. Indeed, by theorem 3.30 we have the existence of
entropy solutions of the non-degenerated problem which are continuous at 0, whenever
the generalized solution of the associated abstract Volterra equation in continuous at 0.
For the proof of theorem (3.26), we need the following a priori estimate.

Lemma 3.27. Let (3.4)-(3.6), (3.8)-(3.10) and (3.3) be satisfied. Moreover, letv:Q — R
be an entropy solution of (3.1), (3.2). Then

/§|DTK,K+L(U)|p :/ ¢|Dv|P — 0 as K — oo
Q QN{K<|v|<K+L}

forall L >0, &€ D([0,T)) with & > 0.

PT’OOf. USil’lg ¢ =0, S = TK,K+L = (TK+L — TK) for K,L >0 and &k = k, ks = 0 in the
definition of entropy solutions, we conclude by dividing the inequality by L > 0

v(t)
v

- %/th(t) <f<:/ Tk +1(r) db(r) + /Ot k(t — s) /”(5) T ic+1(r) db(r) dS)

Vo
1 1
4 [ 60ate. Do®) DEicacssvt) < 1 [ €O Ticrrnlo®)
Q Q
for all £ € D([0,7T)) with & > 0. Applying the coercivity assumption (3.5), we obtain

0<?

1
< L/ §|DvP < Z/§|f|1{l<<|u}
QN{K<|v|<K+L} Q

+%H&Hoo/Q (H‘/v:(t) Ti.xe+(r) db(r)] (3.42)
+/Ot k(t —s)| /UU(S) T i+1(r) db(”‘)'

Since v : @ — R is measurable, {K' < [v|} | § as K — oo. Thus, by {|f| € L(Q), we
conclude for the first term on the right hand side of the above inequality

/ ¢l fl —0 as K — oo.
QN{K<[v[}
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And for the second term we remark that, using the notation Sk(r) := sign(r)(l —
1_k k)(r)) for all 7 € R, we get

< < /0 " Sie(r) db(r) +
+ ( /0 " Sie(r) db(r) +

)
| )
+ ([ et v + i) )
(/ SK db / SK db ) Lfjwo) o[> KD

1 v
. / The s (r) db(r)

- Ljvol i<k}
vo

Lol joi< iy

L {jvo| <K [o]>K}

< 0+ |b(vo) — b(sign(ve) K) |1 {juo|> K, v| <K}
+[b(0) L gjug <k o]> K}
+([b(v)] + [b(vo) — b(sign(ve) K) )L fjug jo]> K}
< b(v) 1>k

+1b(vo) — b(sign(ve) K)|1fjwe|>x3 — 0 as K — o0
almost everywhere in @, since {|v| > K} | 0 as K — oo, and

[b(vo) — b(sign(vo) K) |1 fjug|> )
< [b(vo) | L ik <juo|<oo} + |[b(v0) — b(sign(ve) )| jug|=cc} — O as K — oo

almost everywhere in ). Here, we used the fact that {K < |vg| < o0} | 0 as K — oo
and |b(vg) — b(sign(vg)K)| — 0 as K — oo in {|b(vg)| < oo, |vg] = oo}. Note that the
notations b(co) := lim; . b(t) and b(—o0) := limy;_,_ b(t) used above make sense, since
b is nondecreasing. Moreover, since for all K > 0

1

- < [b(0)] + Ib(eo)],

/ Thesesn(r) db(r)

vo

we conclude by Lebesgue’s dominated convergence theorem that

1

7 — 0 as K — oo in L'(Q).

/ Ty s (r) db(r)

Vo

Thus | |
Ii‘z/ TK,K—}—L(T) db(T)l + k * ‘z/ TK,K—}—L(T) db(T)l — 0.
V0 Vo
as K — oo in L'(Q), where f * g denotes the convolution of f and g, i.e., (f * g)(t) :=
fo f(t —s)g(s) ds. Therefore, the second term on the right hand side of (3. 42) converges
to 0 as K — oo. This yields the assertion. O
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Using the above a priori estimate we can now prove theorem 3.26.

Proof of theorem 3.26. By the definition of entropy solutions, we already know that

/ Cals / M~ 8) dbr) + /0 k(s — o) / " e~ ) do(r) o)

T /Q () (Ra0) (b0 () — b(un,))
# [ =)~ b)) dk2<a>)TL<v1<s> ~9)
s)a(x, Dvi(s)) - DTy (vq r(vi(s
# [ @t Do) DT ~0) < [ (T () )

for all L > 0, ¢ € D(Q), ¢ € D([0,T)) with ¢ > 0, and all nonnegative nonincreasing
functions ki, ky € LY(0,7T), such that ¥ = k; + ky and ky(0+) < oco. Since by our
assumption
WP (@)
Ti(v2)(t) € WP () = D(Q) :
almost everywhere for ¢ € [0, 7], we can use the method of doubling variables in time, see
also [CW99], and conclude by a simple density argument

v1(s)
(5.0 (s / Tolr — Tie (va(t))] db(r)

Q2 V0,1

[ Ths-a) [ " Lyl — Titwa(0)] b do)

0,1

§(s,8) (ka(0+) (b(vr(5)) = blvo))

Q2

+ /( | 0n(s =) = o) Bha(0) ) Tifor(s) = Tic(oa()

g §(s, t)a(z, Dui(s)) - DTp[vi(s) — T (va(t))]

, £(s, 1) f(s)T[vi(s) — Tk (va(t))]

2

for all K,L > 0, £ € D([0,T) x [0,7)) with £ > 0, and all nonnegative nonincreasing
functions ki, ko € L'(0,T), such that & = k; + ke and ke(0+) < oo. Here, we use the
notation @y := (0,7") x (0,7) x Q.

An analogous inequality can be obtained with roles of v; and vy interchanged. Note that
one still assumes that v; depends on (s, z) and that v, depends on (¢, z). Adding up both
inequalities, we obtain
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fsst</~i/ Tpr — Tk (va(t))] db(r)

hals — o) ~ b(u)) do) Tifon(s) — Tic(va(t))] (3.43)

alt - 1) — b(vio2)) dr ) T[vs(t) = Tie(vi(5))]

In order to let K tend to infinity in the above inequality, we first consider the term

1 = | &(s,0) (ale, Dur(s)) - DTy[on(s) = Tic(va(1))]
Q2
+ alz, Duo(t)) - DTy fua(t) — Tie(w1(5))]).
We show that liminfx . IIK’L > 0. One can split up the integral ]lK’L by

L = / §(s, t)[a(z, Duvi(s)) — a(z, Dva(t))] - DT[vi(s) — v2(t)]
Q2n{|v1(s)],|v2(t) <K}

&(s,t)a(x, Dvi(s)) - Dvy(s)

_|_

/Qzﬂ{w(t)|>K [v1(s) =Tk (v2(t))|<L}
§(s,t)alz, Duy(t)) - Dua(t)

_|_

/sz{v1<s )2 K oz () ~Tic (01 ()| <L}
§(s,)a(z, Duy(s)) - DTp[vi(s) — va(1)]

+

/Qzﬂ{w O]<K,lv1(s)| 2K}

+ £(s,t)a(x, Dug(t)) - DTy [va(t) — v1(8)]

/20{1}1(8 ‘<K |’U2(t |>K}
K,L
= ]1,1 +I1,2 +]1,3 +I1,4 1
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Note that the first term If 1’L on the right hand side of the above equality is nonnegative
by the monotonicity assumption (3.4) on a, and the second and third term I 1K 2’L and [ 1K éL
are as well nonnegative, since a satisfies the coercivity assumption (3.5). Defining sy :=
inf {|s—T | (s,t) € supp £}, to := {|t—=T|| (s,t) € supp &)} and T := T —min(sg, to) < T,
we can find ¢ € D([0,7)) such that 0 < ¢ < 1 and ((t) = 1 for all ¢t € [0,7]. Since we
have chosen ¢ such that ¢'/?'(s)¢Y/?(t) = 1 for all (s,t) € supp &, the fourth term [ﬁL
can be estimated for all K > L by applying the coercivity assumption (3.5) and Hélder’s
inequality by

KL
]1,4 =

/ £(s,t)a(x, Duy(s)) - Doy (s)
Q2n{|v2(t)|<K,|v1(s)|>K,|vi(s)—v2(t)|<L}

- / £(s, t)al(x, Dvy(5)) - Dua(t)
Q2N{|v2(t)|<K,|Jv1(8)|>K,|v1(s)—va2(t)|<L}

> / £(s,)a(z, Dvy(s)) - Dua(t)
Qan{|v2(t)|<K,|v1(s)|> K, |v1(s)—va(t)| <L}
> Jléle / I ()P (1) al, Don(s)) - Dus(t)]
Q2N{K<|v1(s)|[<K+LIN{K—L<|va(t)|<K}
) 1/p 1/p
> -7l ( clate oot ) ([ cIpuar)
QN{K<|vi|<K+L} QN{K—L<|va2|<K}
> —ATH§||ooIIC””DTK_L,K(UQ)||LP(Q>N<|!1{KS|U1\}J'||LP/(Q>

_|_||<’1/pDTK,K+L(U1)||IZ‘;(1Q)N>

In the last inequality we used the growth bound (3.6). By lemma 3.27 we conclude
liminfx o IﬁL > 0. Since an analogous estimate with the roles of vy (s, z) and wvy(t, z)
interchanged can be applied to I IK E;L, we conclude liminfg . [f 5;L > 0. This yields

lim inf I7°% > 0. (3.44)

—00

We now investigate the convergence of the remaining terms in (3.43). Note that

Tr(vi(s) = Tr(va(t))) — Tr(vi(s) —va(t)) and
Tr(va(t) — Tie(vi(s))) — To(va(t) —vi(s))

pointwise almost everywhere in (); as K — oo. Thus, we can apply Lebesgue’s dominated
convergence theorem, and obtain

— [ &(s,)(f(s) = f(£))TL(v1(s) — va(t))
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as K — 0o. Since ky(0+) < oo,

%(/Osk‘g(s—a)(b(vl(a))—b(vo,l))) e LY(Qy),

o ([ =10 - b)) € L@

Therefore, we may once again apply Lebesgue’s dominated convergence theorem. This
yields

(5.6)(55 [ s = ) 001(0)) = blens)) do) Tulon(s) = Tica(t)

3
Q2

f) t
<60 / ka(t = 7)(b(v(7)) = b(v02)) dr ) Tefua(t) = Tic(v1(s))]
= [ €ls.8) [la(04) (b(on () — blea(t))) + /( (b(ur(s = ) = b(en.) ditz(o)

Q2

- /( (0001 = 7)) = blan) ko (7)| T (01 (5) — aft)

as K — oo. Moreover,

vi(s) v1(s)
/ Tp(r — Tk(va(t))) db(r) — / Tp(r — vy(t)) db(r)

0,1

pointwise almost everywhere in ()3 as K — oo. Using the fact that

< L(|b(v1(5))] + |b(vo)]) € LHQs)

v1(8)
/ Ty (r — Tie(va(t))) db(r)

we conclude by Lebesgue’s dominated convergence theorem that

v1(8)
[ sl / Tolr — Tie(va(t))] db(r)

Q2 0,1

+[hs—o) [ mulr - Tt ) 4]

0,1

| et [l-@ / e Ti(r — va(t)) db(r)

Q2 0,1

t [ i) [T 1t ) ) 0]

0,1
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as K — oo. By the same arguments as above, we also have

va(t)
| &s,t) [m / Ti[r — Tic(v1(s))] db(r)

Q2 V0,2

+ /Ut ki(t —7) /UQ(T) Tpr — Tk (v1(s))] db(r) dT]

V0,2

—— [ o] / O — oa(s)) db(r)

Q2 V0,2

+ /Ot kot —7) /W) Ty (r — vy(s)) db(r) df].

V0,2

Using (3.44), we may take the limit for K — oo in (3.43) and obtain by dividing the
inequality by L > 0

v1(s)
= [ el [ 1T - o) b

Q2 V0,1

+ /Os ki(s — o) /le(a) %TL[T — va(t)] db(r) da}

0,1

[ &l / 0 %TL[T — v1(s)] db(r)

Q2 V0,2

+ /Ot ki(t — 1) /:2(7) %TL[T — v1(s)] db(r) dT} (3.45)

0,2

+f &N [0 (001 (5)) b)) + /(0781@@1@ —0)) = b(v01)) dks(0)

= [ (bluatt = 7)) = bloa)) dha()] Tafon(5) = vale)
(0.4]

1
< | €6 t(#6) = 1) TTelen(s) - ea(e)]

Now, it is our intention to let L — 0 in the above inequality. First note that the term on
the right hand side can always be estimated by

[ ets0(76) = 10) 3 7iln0) = w0 < [ [ €60156) = FOl ds

2

Since 177 [v1(s) — va(t)] — signg(vi(s) — va(t)) almost everywhere in Q5 as L — 0, we can
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apply Lebesgue’s dominated convergence theorem and conclude

(s,1) (k2(0+)(b(vl(8)) = b(va(1))) + / (b(vi(s = o)) = blvo,1)) dka(0)

3
Q2 (075]

- /(0 t](b(w(t — 7)) — b(vo,2)) dk2(7)> %TL[M(S) — va()]
— [ &(s1) <k2(0+)(b(01(8)) — b(va(1))) + / (b(v1(s — o)) — b(vo,1)) dks(0)
Q2 (0,3]
_ /(0 (blea(t =) = b)) ks (7) )signo(v1(5) — valt)) = I
as L — 0. Note that (b(vi(s)) — b(va(t)))signg(vi(s) — va(t)) = |b(vi(s) — b(va(t))| almost

everywhere in (Qy, since b is nondecreasing and b(0) = 0. Thus, using the fact that dks is
a nonpositive measure on (0, cc0), we obtain

L= [ €t (O) 0@ 00N+ [ (enls=r)-buslt =) dha(r)

Q2 (0,min(s,t)]

ey /( 0015~ 2) = b)) difo)

i [ (0alt =) = b)) 7)) sim(01(5) = a(0)

> [ [ et (00 o (s) = b0 v
s = 1) = bleatt = 7)oy ()
(0,min(s,?)]
ey /( | 1bw1(s =) bl o)

g [t = 7)) = booa) e dia(s)).
(s,t]

Thus, it remains to investigate the convergence of the first two integrals in (3.45) as L — 0.
Therefore, we note that

1(s) v1(s)
/vo,l %TL[T —vy(t)] db(r) — /m1 signg[r — vo(t)] db(r)
= |b(v1(s)) — b(va(1))] = [b(va(t)) — b(v,s)]

almost everywhere in ()5 as L — 0. Since, moreover,

v1(s)
/ %TL[T —v2(t)] db(r) < [b(vi(s)) — b(v2(t))] + [b(v2(t)) = blvo)| € L'(Q2),
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Lebesgue’s dominated convergence theorem yields
v1(s) 1
- [ et (s [ gl =) a0
Q2

/0 k(s — o / e %TL [~ va(t)] db(r) do)

- / / 6.5, 1) ({1001 (5)) — b))l 3oy — [b(0(8)) — b(rt1) 1)
" / k(s — o) (Ib(01(0)) — b(ua(t)) ) — 1DCua(t)) — (e )l(en) dor) dis .

Note that

o [ s bteate) =)l ds de = = [ €(0.002(6) = lun)] .

Using essentially the same arguments as above in order to estimate the limit for L — 0 of

(s 1) (x / = %TL[T — wy(s)] db(r)

Q2 V0,2

+ /Otkl(t - 7) /:2(7) %TL[T — vi(s)]  db(r) dT)

0,2

we conclude for uy := b(vy), ug := b(v2) and ug := b(vg1) = b(vp2) by taking the limit for
L — 0in (3.45)

_ /OT /0T55<s,t>(m||u1<s>—u2<t>||+ /Osk1<s_a>||u1<a>_u2(t>|| o) ds di

_/T/Tft(s,t)</<||u1(s)—uQ(t)H+/tk1(t—7)||u1(s)—u2(7')|| d7> ds dt
" (3.46)
< [ [ et (Rt ) el (0 6) ol s

. (/ €0, 0)]|ua(t) — woll 1oy dt+/ £(5,0)ur (5. 0) — ol ds),
0 0

where

F(s,t) = |l f(s) = fOllLr(o
— ko (0+) [lur(s) — ua(t) | 1) — / Jui(s = 7) = ua(t — 7)1 (o) dka(T)

(0,min(s,t)]

ey / s (s—0) ol 11 dha(0) Loy / s (t—7) ol 1 ey dka():
(t,s] S

(s:t]
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We remark that the above inequality (3.46) is equivalent to [CGL96, Equation (45)]. Thus,
to complete the proof, we might follow exactly the arguments as developed in [CGL96].
But in order to omit the continuity assumption at t = 0 for one of the entropy solutions, we
will give a somewhat different proof without applying the methods of [CGL96, Lemma 10].
This means that we will not use the existence of a nonnegative measure p on [0, 00) x [0, 00)
such that

o (st + [ s = riutnt)) + 51 (ulst) + [ bt = rhdutsr) ) = s

holds in the sense of distributions, i.e. for all £ € D([0,7T) x [0,T))

[ (04 [ oo+ 50 o) dutst
[ (st [ st mar ) dute.n = 0.0,

We define y(s,t) := |lui(s) — ui(t)||z1(q) for s,t > 0. Moreover, let y(s,0) := [lui(s) —
|| 1), and y(0,t) = ||ug — ua(t)||1() for all s,¢ > 0, and y(s,t) = 0 for all s,¢ € R
such that s < 0 or ¢ < 0. Since (3.46) holds for all combinations k;, ks € L'(0,T) of
nonnegative nonincreasing functions such that & = ky + ko and ko(0+) < oo, we choose a
sequence {ki, nen such that

o (t) = max (0, k() — K (%)) | (3.47)

Then, obviously &y, — 0 in L'(0,T) and ko, := k — k1, — k in L'(0,T). We choose a
sequence {o¢teso of mollifiers on R such that supp o. C [0,e] and o. — dp in D'(R) as
e — 0. Defining &.(s,t) := 0-(s —t)p(t) for ¢ € D([0,T)) with ¢ > 0, it is easy to see that
& €D([0,T) x [0,T)) with & > 0 for € > 0 small enough.

By (3.46) we now conclude for all n € N and all ¢ > 0 small enough

TEm 4 J5 < TS T JE T (3.48)

where

Jon // (€)a(5.1) (Hy(s t)+/ Fun(s — o)y
/ / ), st< y(s.t) + /0 B n(t — 7y (s, 7) dT) ds dt,

S /0 /0 £.(s.1) (kz,n<o+)y(s,t)+ /(Oymm(sjt)]y@—@t—f) de,n(T)) ds dt,

o,t) da) ds dt
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T
J3" o= —/ / stl{t<5}/ y(s — 0,0) dko (o) ds dt
0 0 (t,s]

yOt—T dkopn(7) ds dt,

S /OT /0 ng(s,t)(k:l,n(s)y(o,t)—i—l{;m(t)y(s,O)) ds dt,
i ) / " s () — SOl ds dt.

and

o7

([ Ce0.000.0 a4 [ €05.00(5,0 ).

It is our intention to first let n — oo and then ¢ — 0+ in (3.48). Since (&.)s(s,t) =
o/ (s —t)o(t) and (&.)i(s,t) = —o/(s — t)p(t) + 0-(s — )¢/ (t), we conclude

Elg(r);ﬂlg&J —Elir&n/ / 0:(s —t)P'(t)y(s,t) ds dt = —n/ o' (t

Here, we used the fact that &y, — 0 in L'(0,T) as n — oo. For J;™ we use the transfor-
mation (n,v) — (n+ 5,7 — %) = (s,t) of the integral. Thus

T— |V/2‘
Jy" :b/ /> n+2m—%mbmmﬂwn+§n—9
2

+/ y@+§—ﬂn—§—ﬂdhdﬂ)wdv
(0,m]

T— |u/2\ n
= / / o' (n — g)/ kon(n —7)y(t + 5,7 — %) dr dn dv.
0

lv/2]

We used the fact that, by definition, y(s,t) = 0 for s < 0 or ¢ < 0. Note, moreover, that
the boundary terms are zero. Since ky,, — k in L'(0,T) as n — oo, we can conclude

T ¢
lim lim J5" = —/ gb'(t)/ k(t — 7)y(r,7) dr dt.
0 0

e—04 n—oo

In order to estimate J5" we use the assumption limy o4 ||u1(t) — uol| 11 (@) = 0 and the fact
that .(s,t) = 0.(s — t)¢p(t) = 0 for s < t and obtain

0<J3" < (supyaO)/ / E-(s,t) (kon(t) — kan(s)) dsdt — 0

o€(0,e]
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as n — oo and € — 0+. Note that

T T
lim J5" = lim / / 6 (5.0) (ka(s)0(0.6) + b1 u(1)y(s.0) ) ds dt =0,
since ki, — 0 in L'(0,T) as n — oo, and that
T
ti [ €015 — FOllre = 0
0

almost everywhere for ¢t € [0,7). Hence, lim. oy J = 0. Finally, since limy;_.¢ ||u;(t) —
uo|| 1) = 0 and &(0,t) = 0.(0 — t)¢(t) = 0 for t > 0, we obtain

lim JE — lim & / " 0.(5)6(0)y(5,0) ds = 0.
0

e—0+ e—0+

Combining the above results, we conclude by (3.48)

_/OT¢’(t) (my(t,t)+/0tk(t—7)y(7,7) dT) dt <0

for all ¢ € D([0,T)) with ¢ > 0. The convolution of this inequality with the completely
positive measure « associated to (k, k) and defined by (A.2) yields

y(t.1) <0 (3.49)

in the sense of distributions and thus almost everywhere in (0,7"). Therefore, we have
shown that
b(Ul) = U = Uy = b(Ug)

almost everywhere in @ = (0,7") x €. O

3.4 Existence of entropy solutions

In this section we prove the existence of entropy solutions for the non-degenerated history
dependent problem

%(n(U(t,x) — up(x)) + /Ot k(t — s)(u(s,z) — uo(z)) ds)

= div a(x, Du(t,x)) + f(t,x) for (t,x) € Q:=(0,T) x Q, (3.50)
u((),') — b(’Uo) in Q,

u(t,z) = 0 for (t,z) € I' := (0,7) x 09.
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Here, we assume that (3.4)-(3.6) and (3.8),(3.9) hold. In particular, we show that the
generalized solution of an associated abstract Volterra equation in L'(f2) is an entropy
solution of (3.50).

To this end, define the operator A,, C L'(Q) x L'(Q) by

(v,w) € A & v EWP(Q) N L®(Q),w e L'(Q) and

/Qa@c,Dvw—/chﬁ

for all ¢ € W, P(Q) N L®(9Q).

Then A, is a completely-accretive operator in L*(Q2) with R(I + AAy) D L>®(2) for all
A > 0, and its closure A := A is an m-completely-accretive operator in L'(Q2) which can
be characterized by

(v,w) e A & v,we LYQ) and Tk (v) € W, () for all K > 0 and
/ a(x, Dv) - DTk(v — @) < / wTk (v — @) (3.51)
Q

Q
for all ¢ € W, P(Q) N L>®(R), K > 0.

Note that according to the coercivity assumption (3.5) one has 0 € A(0). To see this use
t¢ with t € R and ¢ € W,?(Q) N L®(Q) as a test function. Thus,

t/ﬂa(x,thb) - D¢ > 0.

Dividing the above inequality by t and letting ¢ — 0+ and ¢ — 0— we conclude by the
hemicontinuity of A : WyP(Q) — W~ with A(u) := —div a(z, Du) that

/Qa(x,())-ng:O

for all ¢ € W, P(Q) N L>®(Q), i.e., that a(z,0) = 0 a.e. for z € Q.

By [CGL96], [Gri85] respectively, we already know that for all uy € D(A) = L'(2) and all
feLY0,T; L' (Q)) = L'(Q) the abstract Volterra equation

d

E(/ﬁ(u(t) —up) + /0 k(t — s)(u(s) — uo) ds) + Au(t) 2 f() (3.52)

admits a unique generalized solution v € L'(Q). But it is not clear in which sense this
generalized solution satisfies the equation (3.50). Therefore, we are interested in an approx-
imating sequence of solutions, which satisfy the abstract Volterra equation almost every-
where for ¢ € [0,T) and, moreover, are weak solutions of (3.50). We define approximating
sequences {uon bnen C D(A)NL2(Q) and {f, }nen € WyP(0,T; LY(Q)) N L=(0, T; L=(Q))
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with ug, — ug in L'(Q) and f, — f in L}(Q) as n — oo. Then, by proposition 2.11 and
proposition 2.14, the generalized solution u, € L'(0,T,L*(2)) of the abstract Volterra
equation (3.52) with initial value ug,, and right hand side f,, is a strong solution for all
n € N, i.e. the mapping

(0,7) 35t Kk(up(t) —upn) —I—/O E(t — 5)(un(s) — uo,) ds € L*(Q)

is absolutely continuous and differentiable almost everywhere with

<un(t), fn(t) — % (n(un(t) — Ugy) + /Ot k(t — s)(un(s) — uon) ds)) cA

almost everywhere for ¢t € [0,7'). By the continuous dependence of the solution on the
data, [Gri85, Theorem 5], we already know that u, — u in L'(Q) as n — oo.

We first show that for the above choices of ug, and f, the generalized solution wu,, is also
a weak solution of

%(/ﬁ(un(t, x) —upn(z)) + /0 k(t — s)(un(s, ) — upn(z)) ds)

—diva(z, Du,(t,x)) = fult,z) (t,x) € Q (3.53)
uw(0,-) = Uy in €,
u(t,z) = 0 for (t,z) € I'.

To this end, we will need the following proposition which can be found in [CGL96, Propo-
sition 5.

Proposition 3.28. Let A be an m-accretive operator in a Banach space X, ug € D(A)
and f € L0, T;X). We assume that k, k satisfies (3.8) and that u is the generalized
solution of (3.52). Moreover, let'Y be a Banach space such that

(i) the set {x € X NY| |lz|ly <1} is closed in X,
(ii) for every x € X NY and every A > 0 we have ||(I + MNA) x|y < ||z|v,
(1ii) uo € X NY and || f(-)|ly € L*(0,T).

Then
[u(@®)[ly < [Juolly +/ [£(t = s)lly da(s)
[0,2]

almost everywhere for t € [0, T), where « is the completely positive measure associated to

K, k.
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Note that, since 2 is a bounded domain, L>(Q2) C L'(£2). Moreover, the unit ball By
of L*>(9) is closed in L'(£2). Since the operator A defined by (3.51) satisfies 0 € A(0),
we have |[(1 + M) flloo < ||flloo for all f € L>(Q). Here, we used the fact that the
resolvent J{' of A is nonexpansive in L>(f), since A is completely accretive. Applying
the above proposition, we can show that generalized solutions satisfy the equation (3.50)
in the weak sense if the data are sufficiently regular.

Proposition 3.29. Let (3.4)-(3.6) and (3.8), (3.9) be satisfied and let the m-completely
accretive operator A be defined by (3.51). Assume that uy € D(A) N L>®(Q) and f €
WHH0,T; LY () N L>(0,T; L>(2)). Then the generalized solution u of the abstract
Volterra equation (3.52) satisfies for a.e. t € [0,T)

0

u(t) € WP (@QNL¥(Q). 5 (s

K(u— o) + k * (u—up)) € L'(0,T: L1(Q)) = LN(Q),

and, moreover,

/Q% (/@(u(t) — ug) + /Ot/f(t — s)(u(s) — uo) ds> ¢

+/ a(x, Du(t)) - Do = /f

for all ¢ € WyP(Q) N L=(Q) almost everywhere for t € [0,T).

(3.54)

Proof. Let u be the generalized solution of (3.52) for the data ug € D(A)NL>®(Q2) and f €
W0, T; LY(Q)) N L>(Q). We first remark that, by W10, T; L' (Q2)) € BV(0,T; L'(Q))
and proposition 2.11, u is a strong solution of (3.52) in case k = 0. Moreover, if Kk > 0,
then by proposition 2.14 we also conclude that u is a strong solution. In particular

%(m — o) + k* (u—up)) € L0, T; L'(%2)),

and u(t) € D(A) almost everywhere for ¢ € [0,T"). By the characterization of the operator
A in (3.51), we obtain Tk (u(t)) € WyP(Q) for all K > 0 almost everywhere for t € [0, T),
and

/Q % (/@(u(t) — ug) + /Ot k(t — s)(u(s) — uo) d8> T (u—9)
+/Qa(x,Du(t)) DTy (u— o /f YTk (u — ¢

for all K > 0 and all ¢ € WyP(Q) N L®(Q) almost everywhere for t € [0,T). We now
use the assumptions uy € L>®(Q2) and f € L>(0,7;L>(2)) to conclude by proposition
3.28 that u € L*>(0,7;L>*(Q)) C L>*(Q). Thus, taking K := ||u|lw, we easily see that
u(t) = Ti (u(t)) € Wy P(Q) N L®(Q) almost everywhere for t € [0, T).

(3.55)
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Let € € WyP(Q) N L*®°(Q). Then using ¢ := u(t) — & and K := ||ul|s + ||€]lco in (3.54),

gives

[ 5 (stutt) =)+ [ 1t = )u(s) —uds ) e+ [ ate. Dutt)- e < |

almost everywhere for ¢ € [0,7"). Combining this result with the inequality one obtains
when using ¢ := u(t) + £ and K = [|ul|oo + [|€]|c0 in (3.54) yields the assertion. O

By the above proposition we conclude that the generalized solution u, of the abstract
Volterra equation (3.52) with data ug, € D(A) N L>*(Q) and f, € W0, T; L (2)) N
L>(0,T; L>(Q2)) is a weak solution of (3.53).

We use this sequence of weak solutions in order to show that the generalized solution of
(3.52) for up € L' () and f € L'(Q) is an entropy solution of (3.50). By the continuous
dependence on the data, see [Gri85, Theorem 5|, we already know that u,, — w in L'(Q),
since we assumed ug,, — up in L'(Q) and f, — f in L'(Q) as n — oo. Thus, the main
task is to obtain convergence of the sequence { DTk (u,)}nen of gradients of Tk (u,) for all
K > 0. Therefore, we first show the boundedness of the sequence { DTk (u,)}, in LP(Q)Y
by an a-priori estimate. This implies the weak convergence DTk (u,,) — DTx (u) in LP(Q)N
of a subsequence. Minty’s trick then implies div a(z, DTk (u,)) — div a(z, DTk (u)) in
LY (0, T; WP ().

Theorem 3.30. Let (3.4)-(3.6) and (3.8), (3.9) be satisfied. Let the operator A be defined
by (3.51) and let uy € L*(Q) and f € L'(Q). Then the generalized solution u of (3.52) is
an entropy solution of (3.50).

Proof. We choose sequences {ug , tneny C D(A)NL®(Q) and { f,, ey € WH(0,T; L (2))N
L>(0,T; L>=(Q)) with ugy,, — ug in L'(Q) and f, — f in L'(Q) as n — oo. Then, as
shown in proposition 3.29, the generalized solution u, € L'(Q) of (3.52) with data ug,,
and f, satisfies

/Q % (fi(un(t) — Upp) + /0 tk(t — 5) (un(s) — uon) d5> ¢

—i—/Q a(x, Duy,(t)) - D¢ = /f

for all ¢ € Wy (Q) N L>(Q). Moreover, u(t) € W,*(€2) almost everywhere for t € [0, 7).
In the following let K > 0 be fixed. In order to obtain an a-priori estimate on the gradients

(3.56)

of the approximating solutions u,, we take the truncation Tk (u,,) of u, for K > 0 as a test
function in (3.56) and integrate this equation over (0, 7).
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)\/Q\DTK(unﬂp < /Qa(:v,Dun)-DTK(un)

= [ 5Tt = [ 5 [t = 0.

—l—/ k(t —s) (un(s) — uon) ds|Tx(u,y(t))

un(T)
/fnTK Unp, _"i// dT’dl’
Uo,n
—/ T—s // ) dr dz ds
Uo,n

< K[ fallzva +K(f<é+||k?||L1(0T)||u(>n||L1

(3.57)

IN

Here, we used the coercivity assumption (3.5) and the Kato inequality, proposition 3.23.
Moreover, we used the fact that fo Tk(r) dr > 0 for all s € R. Thus, {DTk(un)}nen
is a bounded sequence in LP(Q)N. By Pomcare s inequality {Tk(u,)}, is a bounded
sequence in LP(0,T; VVO1 P(€Q))), and thus admits a weakly convergent subsequence, i.e.,
Tx (up) = vg weakly in LP(0,T; Wy (Q)) as n — oo with some vg € LP(0,T; Wy (Q)).
The continuous dependence of the solution on the data, according to [Gri85, Theorem 5],
implies u, — w in L'(Q), since up,, — ugp in L'(Q) and f, — f in L'(Q). This implies
that Tk (u,) — Tr(u) in L'(Q). Using test functions it is easy to see that Tk (u) = vk.
Thus, we have Tk (u,) — Tk (u) weakly in LP(0,T; Wy P(2)) for a subsequence. Since the
above argument holds for all subsequences of {Tk(u,)}n, we conclude Tk (u,) — Tk(u)
weakly in LP(0,T; Wy P(Q2)) for the sequence itself. Moreover, by the growth bound (3.6)

/

p
/]a z, DTy (up)) [P < A <T1/p 1511 o 0 + HDTK(un)H%ZQ ) : (3.58)

Thus, the sequence {a(z, DTk (ty)) }nen is bounded in L' (Q)N and admits a weakly con-
vergent subsequence in L” (Q)Y. Without loss of generality we assume a(x, DTk (u,)) —
ok weakly in L¥ (Q)N with some ox € LP (Q)V.

In order to show that div ox = div a(x, DTk (u)), we want to apply a pseudo-monotonicity
argument. Therefore, we need the following convergence result

lim lim lim [ [a(x, DTk (un)) — a(z, DTk (uy,)] - DT [Tk (um) — Tk (u,)] = 0. (3.59)

L—0 m—o00 n—oo Q

To show (3.59), we use the following decomposition of the above integral:

ém@pnmmywmpnmmyDngﬂquﬂwp
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/ la(x, Du,,) — a(x, Duy,)] - DT, (tm — uy)

QN{|um|<K,|un|<K}

+/ a(x, Duyy,) - DT (u, — signg(u,)K)
QN{|um|<K,|un|>K}

—I—/ a(z, Duy,) - DT (uy, — signg(um,)K)
QN{fum|>K,|un|<K}

= KLy KL gKL
By the monotonicity assumption (3.4) it is obvious that

150 < / la(z, Duy) — a(z, Du)]| - DTy (s — ).
Q

Therefore we can apply (3.56) with the test function ¢ = T (u,, — u,) for u,, and for u,
in order to compare these solutions. Adding both equalities and integrating over (0,7)
yields

I5E < / la(z, Duy) — a(w, D)) - DT (1t — )
Q

< - /Q 9 [ 1) — waft)
+/Otk:(t —8) (Um(8) — un(s)) ds} Tr(um(t) — un(t))
¥ / ()t — t10,0) Tt (£) — (1)) + / (s — £ T (s — )
< ] / it [Twr- [ / i e s

+L(k + ||k:||L1 ©0.0)) [o,m — vonllzr (@) + Ll frm — anLl(Q
< L ((k+ [kllLrom) 1wom — wonllzr@) + | o = fall i) -

Here, we applied the Kato inequality, corollary 3.24. By ug, — uo in L'(Q2) and f, — f
in L'(Q) as n — oo, we obtain

lim lim lim I*5F =0,

m,n
L—0 m—oo n—oo

We claim that
lim lim lim J&" = 0. (3.60)

L—0 m—o00 n—oo
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The term Jfrfff can be rewritten in the form

JEL a(x, Duy,) - DT (U — K))

/;ﬁ{uka,KSun}

+/ a(x, Duy,) - DTy (uy, + K))
QN{|um|<K,un<-K}

/ a(x, Duy,) - Duyy,

QN{|um|<K,K <un,|um—K|<L}

+/ a(x, Duy,) - Diy,.
QN{|um|<K,un<—K,|lum+K|<L}

By the coercivity assumption (3.5) it is clear that a(x, Du,,) - Du,, > 0 almost everywhere
on Q. Thus, we might develop an estimate on JX:.I' by increasing the set of integration.
Therefore, note that |u,,| < K and |u,, — K| < L implies that K — L < u,, < K.
Analogously, |u,| < K and |u,, + K| < L implies that —K < u,, < —K + L. This yields

{Jum| < K, |u,| > K, |ty — Tk (u,)| < L}
{Jum| < K, K < g, Juy, — K| < L} U{|uy| < K u, < —K,|u, + K| < L}
C {K-L<up,<K}U{-K<u,<—-K+L}.

We now define for Ky > K; > 0 the truncation function Tk, k, : R = R by Tk, k,(r) :=
Tk, (r) — Tk, (r). Since the above inclusion holds, and due to the coercivity assumption
(3.5), one obtains the estimate

Jnfff < / a(x, Duy,) - DTk, K (Um). (3.61)
Q

Again, using the fact that u,, satisfies (3.56) we can conclude for 0 < L < K by using the
test function Tk 1 x(u,,) and integrating the equality over (0,7)

/ a(x, Duy,) - DTk 1, k()
Q

= / T k-1 x (Um)
Q

- /Q % [“ (um(t) - UO,m)

—|—/ k(t —s) (um(s) — wom) dr ds|Ti_r k(um(t))

< /fmTK L. (U, —H// Tk_rk(r) drde
Uo,m
U (8)
_/ —3// TK L.K )deIdS

< Lllfallere + L ( /‘f+||k’||L10T)||U0m||L1
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Here, we once again applied the Kato inequality, proposition 3.23. Inequality (3.61), and
the fact that {uo,}m is a bounded sequence in L'(Q), and that {f,} is a bounded
sequence in L'(Q) imply (3.60).
By an analogous estimate, we obtain

lim lim lim J*2 =0.

L—0 m—o00 n—o00 ’
Thus, combining the above results yields (3.59).
In the next step our main goal is to show that div a(z, DTk (u)) = div ox by using
Minty’s trick. Therefore, let ¢ € LP(0,T;W,7(Q)) be arbitrary. Then, by (3.59), we
obtain

L—0 m—o00 n—oo

Q/QUK D¢ = lim lim lim [/Qa(:c,DTK(um)) (DT (Tk (um) — Tk (uyn)) + Do)
+ /Q a(z, DT (un)) - (DTo(Trc (n) — Tre () + D¢>)].

Thus,

2/0K-D¢ = lim lim lim [
Q L—0 m—o00 n—oo

/ a(, DTy () - D [Tie (i) — Tic (i) + 6]
QN{|Tk (um)—Tk (un)|<L}

+/ a(x, DTk (up,)) - D¢
QN{|Tx (um)—Tre (un)|>L}
{ITx (um ) —Tr ( (3.62)

T / a(e, DTy () - D [T (un) — T (1) + &)
QN{| Tk (wm)—Tr (un)|<L}

+ / a(z, DT (uy)) - D(p}
QO{ITk (um )Tk (un)|2L}

— lim lim lim (i;g;g + b T anf)

L—0 m—o00 n—oo

L

For the second term jnffn we can apply the following estimate

7K,L
’ Jm,n

a(z, DT (um)) - Dqﬁ‘

‘/Qm{|TK<Um)—TK<un>|zL}

< (/ |a(:p,DTK(um)|p/> ’ (/ |D¢|p) '
Q QN{|Tk (um)—Tk (un)|>L}

1

3
< C ( / |D¢|p>
Q{|Tk (um)—Tx (un)|>L}
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Since we can assume that T (u,) — Tk (u) pointwise almost everywhere on @), and by the
fact that |Dg¢|P € L*(Q), we obtain for all L > 0 using Lebesgue’s dominated convergence

theorem
lim  lim [Dol" = lim Hm [ L ) -7 () 223 | DO

= lim LTy ()~ T () > 23 | DD

m—00

- /Ql{TK(u>TK(u>|>L}|D¢I”
= 0.

This implies that
lim lim lim J5X =0.
L—0 m—o00 n—oo ’
Analogously for the fourth term jfnf we can obtain
lim lim lim J50 =0.

m,n
L—0 m—00 n—oo ’

We now investigate the convergence of the first term fgﬁ of (3.62). To this end, note
that the sequence {a(x, DT (tUm)) 1{|T (um)—Tx (un)| <L} }neN cOnverges pointwise almost ev-
erywhere on @ to a(z, DTk (tm)) {7y (um)—Tx (w)|<L} and the sequence is dominated by
the L (Q)-function |a(z, DTk (u.,))|. By Lebesgue’s dominated convergence theorem this

implies
a(, DT (i )) L{ Ty () ~Tic (un) <L}
= (@, DTk (Um ) L{|T5 ()~ T (w)| <L} in L” (Q)™ as n — oo.

Since DTk (u,) — DTx(u) weakly in LP(Q)", we conclude

lim inf lim inf lim 7%
L—-0 m—oo n—oo ’

= liminfliminf lim a(x, DTk (up,)) -
L=0 m=00 =00 Jon{| Ty (um) T (un)| <L}

D [Tk (um) — Tk (un) + ¢]

= liminf lim inf a(z, DTk (um)) - D [Tg(um) — Tk (u) + @]

L—0  m—oco /Qﬂ{Tx(um)TK(“)<L}

> liminf lim inf

/ a(z, DTk (u) — Dg) -
Lm0 m=00 ) QO (wm) T (w)| <L}

D [Tk (um) — Tk (u) + )]
a(z, DTk (u) — D¢) - D [Tx (u) — Tk (u) + ]

= liminf /
L=0 " J Qn{| Tk (u)~Tx (w)|< L}

= /Qa(:c, DTk (u) — Do) - Deo.
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Here, we used the monotonicity assumption (3.4) and the fact that

a(a, DTk (w) + Do) LTy (un)~Trc(w)|<L}
— a(z, DTk (u) + Do) in L (Q)N as m — oo

for all L > 0 by the same arguments as above. Moreover, we used the fact DTk (uy,,) —
DTy (u) weakly in LP(Q)N as m — oo.

The limit estimate of the third term ffnf can not be obtained by using directly the same
JK.L

m,n

argument as for since we first have to take the limit in n as n — oo. But the roles
of m and n are interchanged in [ff,f in comparison to Ifn(;ﬁ . Therefore, we split up the
integral term I,Ifn’% by

KL = a(z, DTy (uy)) - (DTk (un) — DTk (u) + Do)

/QO{TK(um)—TK(Un)KL}
L / a(z, DTie(uy)) - (DT (w) — DTk ()
QN{|Tk (wm)—Tr (un)|<L}
= MME4 NEE

By applying the monotonicity assumption (3.4) we obtain

lim inf lim inf lim inf M,I,f ,f

L—0 m—oo Nn—00

a(x, DTk (u) — Do)

> liminf lim inf lim inf /
L=0 m—oo n=00 Jon{|Ty (um)—Tk (un)|<L}

(DT (u,) — DTk (u) + Do)
a(x, DTk (u) — D¢) - (DT (u) — DTk (u) + Do)

— liminfliminf/
Lm0 m=00 ) QoI (um) =T (w)| <L}

a(x, DTk (u) — Do) - D¢

= liminf /
L=0 J QN {|Tx (u)~Tx (u)|< L}

— /Qa(a:,DTK(u)—D¢)'D¢

The convergence of NI now follows by the weak convergence a(z, DTk (u,)) — ok in

m,n

L (Q)N and DTk (up,) — DTk (u) in LP(Q)N and by the almost everywhere convergence
of 147y (um) =T (un) <2y — 1@ for all L > 0 as first n — oo and then m — oo. This implies

lim lim lim N&f =0,

m,n
L—0 m—00 n—o0 ’

Combining the above results we obtain

2/Qak-D¢Z2/Qa(a:,DTK(u)—D¢)~D¢
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for all ¢ € LP(0,T;W,7(Q)). We now choose & € LP(0,T;W,"(Q)) arbitrary and set
¢ = r& for 7 # 0. By the hemicontinuity of the operator A : LP(0,T; W, *(Q)) —
LP(0,T; W= (Q)) defined by A(v) := —div a(z, Dv), we obtain for » > 0 and r — 0+

/ o - DE > / a(x, DTk (u)) - DE.
Q Q
Analogously r < 0 and r — 0— yields
/ o, - DE < / a(x, DTk (u)) - DE.
Q Q
Thus, we have shown
div a(x, DTk (u,,)) — div o = div a(z, DTk (u))

in LP (0, 7; W=7 (Q)) as m — oo.

We are now in the position to take the limit as m — oo in (3.56). Therefore, take S € P

and ¢ € Wy P(Q) N L®(Q) and € € D([0,T)) with & > 0 arbitrary. Using £S(u,, — @) as a
test function in (3.56) and integrating this equation over (0,7") yields

o t

[ 6O [stuntt) = wom) + [kt = 5)n(5) ~ v ds] S(un(t) - ¢)

9 0 (3.63)

+/Q§(t)a(x,Dum 1)) - DS(up(t) — /f m(t) — ).

Take ki, ko € Ll(O,T) arbitrary such that ki, ky are nonnegative and nonincreasing
satisfying k = ki + ko and ko(0+) < oo. Considering the first term on the left hand side
(3.63), we can apply the Kato inequality, proposition 3.23, and conclude

/ £(t) 8t (1t (£) — tt0.m) + /Otk(t—s)(um(s)—uom)ds]S(um(t)—d))

/& / S(r— ¢) dr+/0tk1(t—s)/u::(5)5(r—¢) drds}
+ /Q [k2(0+)(um(t) — ugm) + /M(um(t — 5) = tton) dha(5)] S (1) — 6).

Thus, assuming that wu,, — u pointwise almost everywhere in () as m — oo, we use
Lebesgue’s dominated convergence theorem to obtain

lim inf /Q g(t)% [/{(um(t) — ugm) + /Ot k(t— 8) (tm(3) — tiom) ds}S(um(t) — )

—/Q&(t) [m/u:(t) S(r—¢) dr—i—/otkl(t—s) /u:(s) S(r—¢) dr ds}

—l—/@ |:k2(0+)(u<t> — ) + /(0 ) (u(t — s) — ug) de(S)} S(u(t) — o).
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Here, we used the fact that S : R — R is continuous and bounded. As it is our intention
to take the limit in the second term on the left hand side of (3.63), we define K :=

|6]]oo +max{|z| | z € supp S} and use the monotonicity assumption (3.4) to estimate this
term by

/Qfa(:c, Duy,) - DS(um — @)
_ /Q €a(w, DTic(um)) - D[Tre (i) — Tre()]S" (upn — )
+/ Ca(x, DTk (up,)) - DTx(u)S (tm — @)
Q

_/an(x,DTK(um)) - DGS' (1 — &)

AV

/Q €a(w, DTyc(u)) - D[Tic(tm) — Tic(w)]S (1 — )
n / calw, DTy (up)) - DTie(u)S (s — 6)

Q
_ /Q calw, DTi(up)) - DO (ty — &),

We can assume that u,, — u almost everywhere in () as m — oo. By the piecewise continu-
ity of S, this gives S’'(u,, — ¢) — S'(u — ¢) almost everywhere in (). Thus, by Lebesgue’s
dominated convergence theorem, a(x, DTk (u))S' (uy — ¢) — a(x, DTk (u))S (u — ¢) in
LY (Q)N and, moreover, DT (u)S (uy — ¢) — DTx(u)S'(u — ¢) and DpS' (uy, — ¢) —
D@S'(u — ¢) in LP(Q)N as m — oo. As we have already shown, DTx(u,,) — DTk (u)
weakly in LP(Q)N and a(z, DTk (u,)) — a(z, DTx(u)) weakly in L' (Q)N. Thus, we

conclude

m—0o0

lim inf/ ¢a(x, Duy,) - DS(uy, — @) > / €a(x, Du) - DS(u — ¢).
Q Q

As the right hand side term in (3.63) converges by Lebesgue’s dominated convergence
theorem, we have shown

—/Cgﬁt(t)[ﬁ/u:(t)s(r_¢) dr+/0tk1(t—s)/u:(8)5(r—¢) dr ds}

+ /Q [kaf0) ) — o) + /(O (ult =) ) dka(s)] S(u(t) — )
T /Q €a(x, Du) - DS(u — ¢) < / E(0) (DS (ult) — ),

Q

i.e., u is an entropy solution of (3.50). O
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In the case that the generalized solution of the abstract Volterra equation (3.52) is con-
tinuous at 0, we can omit the continuity assumption

Jim Jlun (t, ) = wol[ () = 0

for one of the solutions in the uniqueness result, theorem 3.26.

Corollary 3.31. Let (3.4)-(3.6), (3.8), (3.9) be satisfied and let ug € L*(Q), f € LY(Q).
Let > 0 or supyeio - 1f(t)|lL1@) < oo for some O < 7 < T. Then entropy solutions of
(3.50) are unique.

Proof. Let u be the generalized solution of the abstract Volterra equation (3.52). Then u
is an entropy solution of (3.50). Moreover, by corollary 2.4, u is continuous at 0. Thus,
applying theorem (3.26), it is clear that any other entropy solution of (3.50) equals u. [

In the proof of theorem 3.30, where we could only show the weak convergence of the
sequences { DTk (up)}, in LP(Q)N and a(z, DTk (u,)) in LP (Q)Y, we had to use Minty’s
trick to obtain div a(z, DTk (u,)) — div a(z, DTk (u)) weakly in L¥ (0, T; W1 (Q)).
In the strictly monotone case, i.e., assuming that (3.7) holds, we can additionally show
the convergence of the sequence of gradients {Du,, },en in measure. The convergence in
measure implies the almost everywhere convergence of a subsequence. Using the additional
assumption

lim [ a(z, DTk (uy,)) - DTk (u,) = /Qa(x, DTk (u)) - DTk (u) for all K >0 (3.64)

n—oo Q

one can show the strong convergence of T (u,,) in LP(0, T; W, ?(Q)). Note that by [BM97,
Lemma 3.2] the condition (3.64) is satisfied in case k > 0 and k£ = 0. But in case k #Z 0
we could only show

lim lim lim [ [a(z, DTk (un)) — a(z, DTk (u,)] - DTy, [Tk (um) — Ti (un)] =0

L—0 m—oo n—oo Q

for all K > 0, see (3.59). Therefore, it is not clear wether one has (3.64) in the general
case. The strong convergence in LP(0,T; Wy(Q)) is a consequence of the following well
known lemma.

Lemma 3.32. Let g,, g € L'(E) with g,, g > 0, where (E, A, 1) is a o-finite measure

space. If g, — g p-a.e. and
lim /gn:/g,

lim lgn — g| = 0.

n—oo

then



3.4. EXISTENCE OF ENTROPY SOLUTIONS 97

For the sake of completeness, we give the proof of the above lemma.

Proof. Define h,, := inf(g,, g), then h, — g p-a.e. and dominated by g € L'(FE). Thus,
by Lebesgue’s dominated convergence theorem h,, — ¢ in L'(FE). This implies

/Ign—glﬁ/lgn—hnlJr/Ihn—glz/gn—/hn+/|hn—g|—>0
FE E E E E E

as n — 0o. O

In the strictly monotone case, i.e., in case (3.7), we have the following result, which
independently from theorem 3.30 implies that the generalized solution of (3.52) is an
entropy solution of (3.50) in the strictly monotone case.

Theorem 3.33. Let (3.5)-(3.7) and (3.8), (3.9) be satisfied and let the operator A be
defined by (3.51). Moreover, let ug € L*(Q) and f € L*(Q) and assume that {ugn }nen C
D(A)YNL®(Q) and { fo}nen € WHH0,T; LY(Q))NL>®(0,T; L>(Q)) such that ug,, — ug in
LY Q) and f, — [ in LY(Q). Assume that u,, u are the generalized solutions to (3.52) for
data g, fn, and ug, f, respectively. Then the sequence {Duy, }nen converges in measure.
If, moreover, (3.64) is satisfied, then Tr(un) — T (u) in LP(0,T; Wy P(Q)) for all K > 0.

Proof. First note that the approximate solutions u, satisfy (3.56). By the proof of theorem
3.30, we already know that for fixed K > 0 the sequence { DT (uy,)}nen is bounded in
LP(Q)N, see (3.57), and that {a(z, DTk (uy,))}nen is bounded in LP'(Q)N. Moreover, we
know that DTk (u,) — DT (u) weakly in LP(Q)™. Without loss of generality we assume
that a(x, DTk (u,)) — ox in LP (Q)N for some ox € L7 (Q)V.

As u, € LP(0,T; W, P(Q)) for all n € N, the sequence {Duy}, is a well defined sequence
in L7(Q)N. Tt is our intention to show that {Du, }, is a Cauchy sequence in measure. Let
L > 0, and in order to compare two solutions u,,, u,, choose T, (u, —u,,) as a test function
n (3.56). Using the test function 77 (u,, — u,) in (3.56) with n replaced by m, adding
up both equalities, and integrating over (0,7") we obtain by applying the Kato inequality,
corollary 3.24, and the fact that fo Tk (r) dr >0 for all s € R,

/Q[a(x, Duy,) — a(x, Duy,)| - DT (ty, — uy)
a t
< [ Gal ) =)+ [ 8 n0) ) 5] T ) = 1)
n / B(E) (0 — ti0,) T (e (£) — () + / (Fon — f) T 1ty — 1)

U (8) —un(s)

_ﬁ/ / dr—/ _// ) dr ds

+L(k + ||k||L1(0,T))||U0,m — Uonllz1()) + Ll fm — fn||L1

IN
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Thus,

/ [a(x, Duy,) — a(x, Duy,)] - DT (ty, — uy,)
Q

< L((5+ |kl [wom — tonllzr@) + | fm — fallii@)) -

We apply essentially the same techniques as used in [AMSdLT99] to show the convergence
in measure of the sequence {Du,}. For A > 1 and r > 0 we define the set C(z, A,r) for
x € by

(3.65)

Clz, Ar) = {(& Q) €eRY xR | [¢| < A, || < A, [€ — (| =7} (3.66)

As & a(x, ) is continuous for almost all z € 2, and by the fact that the set C'(z, A, r) C

RN is compact for almost all € ©, the function

clx, A,r) = min{(a(az,f) —a(z,Q)) - (£—C) ‘ (&,Q) € C(x,A,r)} . (3.67)

is well defined for almost all x € . Also, by the strict monotonicity assumption (3.7), we
obtain ¢(z, A, ) > 0 a.e. for z € Q.
For K > 0 and ¢, n arbitrary, we define the subset G(m,n, A,r) of Q by

Gm,n, A1) = {|tm — tp| < K2, Jup| < A, |u,| < A c(z, A r) > K,
| DT a(um)| < A, |DTs(un)| < A, | Dy, — Duy| > 1}
Then we obtain the following inclusion for subsets of ()
{IDwn = Dup| > 1} € {IDTalun)| = A} U {IDTa(un)| > A}
U{|um| > AY U {|un] > AY U {|up — un| > K?}
U{c(z, A, r) < K} UG(m,n, A, r).
We show that the measure of each of these sets is small for m, n large, K sufficiently small,

and A large enough. Let 6 > 0 be arbitrary.
Let A\ny1 denote the Lebesgue measure on @, then

U, 1
i {nl > 4D < [ 120 < o, (3.63)
Q

AS Uy, — uin L'(Q) there exists a uniform bound on ||u,||11(q). Therefore we can choose
A large enough such that Ayi1 ({|um| > A}) < 6. The measure of the set {|u,| > A} can
be estimated analogously.
The following argument applies to the measure of the sets {|DT4(u,,)| > A} and analo-
gously to {|DT4(u,)| > A}. By (3.57), we conclude
| DT () [P
@ A
Al-p
<
- A

A1 ({|DTa(um)| > A}) <

(1 fmll @) + (5 + Kl L2 0.0) [tomll 2r@)) -
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As p > 1 we can choose A large enough such that
AN+ ({[DTa(um)| = A} U{| DTy (un)| = A}) <.
The measure of the set G(m,n, A, r) can now be estimated using inequality (3.65).

An+1 (G(myn, A, 1))
< vt ({|um — us| < K2, [a(z, Du,,) — a(z, Duy,)] - [Dun, — Du,) > K})
< % / la(x, Duy,) — a(x, Duy,)] - [Duy, — Duy)

{|wm —un|<K2}

1
? /;[(I(aj, Dum) - a(:v, Dun)] ’ DTKZ(um o un)
K2

S % ((k + &l 200 N10,m — womll 1)) + 11 fm = fallzr@))
Thus we may choose K > 0 sufficiently small such that for all m, n € N the following
estimate holds for the above chosen A > 1

Ant1 (G(m,n, A,r)) < 4.

Finally, since A and K have already been chosen and by the fact that {u,,}, is a Cauchy
sequence in L'(Q), there exists a mg > 0 such that for all m,n > mg we have

1
Mo (i =l 2 K20) < g5 [ =] < 6

Thus, we have now shown that { Du, }, is a Cauchy sequence in measure. This implies that
a subsequence of {Du,}, converges almost everywhere in (). Without loss of generality,
we denote this subsequence again by {Du,, },,.

Since DT (u,) — DTk (u) weakly in LP(Q)", we conclude that Du,, — Du almost every-
where in Q. By the continuity of a : Q x RY — R¥ in the second component, this yields
a(x, Du,) — a(z, Du) almost everywhere in @) as n — oo.

Using the almost everywhere convergence shown above, we can give a different proof of
the existence of entropy solutions of (3.50) in the strictly monotone case (3.7), which is
independent from the proof of theorem 3.30. Note that the approximate solution satisfies
(3.63) for all £ € D([0,T)), ¢ € WyP(Q) N L®(Q) and all S € P. For the first term on
the left hand side and the right hand side term of (3.63), we use the same arguments as
in the proof of theorem 3.30 to take the limit in n as n — oo. But for the second term on
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the left hand side of (3.63), we obtain by Fatou’s lemma

n—oo n—oo

lim inf/ ¢a(z,u,) - DS(u, — ¢) = liminf [/ ¢a(z, Duy,) - Du,S'(u, — )
Q Q
_/an($7Dun) : ngS,(un - ¢)
> / ¢a(x, Du) - DS(u — ¢).
Q

Thus, we have shown that u is an entropy solution of (3.50).

Now, assume that the additional assumption (3.64) holds. By the coercivity assumption,
and since a(x, DTk (u,)) - DTk (uy,) — a(z, DTk (u)) - DTk (u) almost everywhere in @) as
n — 0o, we can apply lemma 3.32 and obtain

a(x, DTk (uy,)) - DTk (u,) — a(x, DTk (u)) - DTk (u) in L'(Q).

Thus, there exists a subsequence, again denoted by the index n, such that the above
convergence holds almost everywhere in ) and dominated by some function h € L'(Q).
Due to the coercivity assumption

ADT (un) — DT () M| DTk (un)| + | DTk (u)|)”
(la(z, DT (uy)) - DT (un)]? + AVP| DT (u))”

(7 + A7 DT (u)])" € LHQ).

IANIA A

We have shown that the almost everywhere convergence of |DTk (u,,) — DTk (u)| — 0 in
Q is dominated by an L'(Q)-function. Thus, Lebesgue’s dominated convergence theorem

and Poincaré’s inequality imply
T (un) — Ti () in LP(0, T; W, (Q)).
O

We finally remark that the existence of entropy solutions in the general degenerated case,
i.e., for (3.1), (3.2), is still an open problem. As we pointed out by example 3.25, we can
not apply the monotonicity property of the time derivative used in the above proofs if we
introduce a general continuous nondecreasing function b : R — R.

The same problem occurs when considering the degenerated elliptic-parabolic initial bound-
ary value problem

b(v); = div a(x,Dv)+ f inQ:=(0,T) x £,
: b(vp) in Q, (3.69)
v(t,z) = 0 on I':=(0,T) x 99,

=
—~

<
~
—~
=
~—

I
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without history dependence. We recall that no existence results of entropy solutions or,
equivalently, of renormalized solutions for (3.69) can be found in the literature up to now.
However, the existence of renormalized solutions of (3.69) for general L'-data, i.e,

vp :  — R measurable, with b(vy) € L'(9), feLYQ),

can be shown by applying well known methods used in the context of parabolic equations.
In the following we present the main ideas to obtain existence of renormalized solutions
of (3.69).

Assume that {v, },en is a sequence of weak solutions of (3.69) with data vy, € L>(Q2) and
fn € LY0,T; L®(Q)) N LY (0, T; W=7 (Q)). The first problem when considering (3.69) is
to obtain an almost everywhere convergent subsequence of {v, },en. Indeed, applying the
theory of nonlinear semigroups to the Cauchy problem

d —

i +Au=f t>0, u(0) = b(vo)

with

(b(v),w) € Ay, = veWyP(Q)NLQ),we L'(Q) and

[ atwpv)-o= [ wo

for all ¢ € Wy (Q) N L>¥(NQ),

we only obtain the convergence of the sequence {u,} with u, = b(v,) in L'(Q). Since b
may be constant on intervals, this does not imply the convergence of the sequence {v,},.
Therefore, we use the monotone vanishing perturbation method, see [Wit94]. First, con-
sider the perturbed problem

b(v)y = div a(z,Dv) —¢(v)+f in@Q:=(0,T) x Q,
b(v)(0,-) = b(vy) in Q, (3.70)
v(t,z) = 0 onI':=(0,T) x 09,
where ¢ : R — R is strictly increasing. By [BW96], one obtains the existence of weak
solutions of (3.70) for bounded data, i.e., for vg € L®(Q2) and f € L*>(0,T; L>(Q2)).

Moreover, using S(¢(v)) as a test function for S € P, one can show that the solution v of
(3.70) satisfies

[(0)lloo < C (l[volloo + ([ floo)

for some C' > 0.
In particular, for m,n € N, we choose

Vo,mm = Sup(inf(U07 n)7 _m)a
fmn = sup(inf(f,n), —m),
1 1
Un(r) = —rt ——r".
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If we assume that v,,,, is the weak solution of (3.70) for the above choices of the data and
perturbation, one can show

Umtin < Umn < Umontl in @ for all m,n € N.

By a diagonalization argument, one can find a sequence {v,, } ey with v, = Upn(n),n SUch that
Tx (vy) — Tr(v) in LY(Q) for all K > 0, and thus, v, — v almost everywhere in @) for some
subsequence. Here v : Q — R is a measurable function satisfying Ay1({|v] = c0}) = 0.
By the uniform a-priori estimate on the weak solution T (v,) in LP(0,T; W, (Q)), we can
also always assume that Tx (v,) — Tk (v) weakly in LP(0, T; Wy P(2)). However, in order to
pass to the limit in the nonlinearity a(z, DTk (v,)), one has to use a pseudo-monotonicity
argument, and, therefore, one needs an estimate on b(v,); with a suitable test function.
The key idea is to use a method introduced in [Lan81] of a time regularization of one of
the solutions, see also [DO96].
For w € LP(0,T;Wy"(Q)), we define the time regularization wy of w for A\ > 0 and
0<t<Thby t
wy(t, x) == )\/ w(s, x)e M9 ds.

Here, we extend w by some wy € L>(Q) N WyP(Q) for s < 0. Then wy(0) = wy and
(wy): = AMw — w,). We can assume that the weak solutions v,, constructed above satisfy
Tx(vn) € LP(0,T; Wy P(Q)) and b(vy), € LP (0, T; W= (Q)) for all n € N. By a further
approximation, we may also assume that vo,, € L®(Q) N W, (Q). Thus, the main task is
to show that

lim inf lim inf iminf (b(v,,)e, (Tk (vn) — T (V)2 ) R(v,)E) >0 (3.71)

A—00  M—0o0  Mm—00

for all K > 0, h € C; (R) with compact support satisfying h > 0, and all £ € D([0,7))
with ¢ > 0. In the following, we use the notation By(r) := [; g(s) db(s) for all r € R with
g : R — R bounded continuous. Then, applying the integration by parts formula lemma
3.14, we obtain

<b(vn)ta (TK<Un) - TK(Um)/\)h(Un)f>
- / & Brn(vn) — Bryn(vo)] + / €T (0 )2 [Ba(vn) — Bulvo)
Q Q

+>\/ E(Tx (Vi) — Tr (Vi )A) [Br(vn) — Bu(Tk (vn))]

Q

+>\/ Tk (Vi) = Tr (Vi )A) [Br(Tk (vn)) — Bu(Tx (Vim)a)]
Q

—|—)\/Q§(TK(Um) — Tx (Vi) A) [Br (T (vm) ) — Br(vo,n)]

—. I{n,n)\ +I;n,n,)\ +I§n,n,)\ +L’in,n,>\ +]5m,n,)\
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Using the pointwise almost everywhere convergence of {v,} to v in @ and the almost
everywhere convergence of {vg,,} to vp in €2, we conclude

n—oo m—00

lim inf lim inf ;"™ = X / Ny }f(TK(U) — Tk (v)2)[Bu(v) — Br(Tk(v))] > 0.
QN{|v|>k

Here, we used the fact that B(v) = Bn(Tk(v)) on {|v] < K}, and that h > 0 and
|Tk(v)a| < K. By the monotonicity of By, we obtain

lim inf lim inf 77" = \ / E(Tie(v) — Tie(0)2) [ Ba(Ti (v)) — Ba(Tie(v)y)] > 0.

Since Tk (v)A(0) = Tk (vo), we obtain, by applying lemma 3.14 once again,

lim inf im inf (b(vy, )¢, (Tx (vn) — T (Vm)x) (05)E)

n—oo m—00

/ft Bryen(v) — Bryen(vo)] /ftTK V)A[Br(v) — Bu(vo)]

/ 3 / (( () dr + /Q &5 (1) Ba(un) + / £(0)Tic (1) Ba(vo)

Taking the limit for A — oo yields

lim inf lim inf im inf (b(v,,)s, (Tk (vn) — T (V) )R (05)E)

A—0o0  Nn—00  Mm—0oo

Tk (v)
> —/th Bryen(v) —TK(U)Bh(U)+/O By(r) d’”]

- [«

Tk (vo)
BTKh<UO) — TK(Uo)Bh(Uo) + /O Bh(T) d?“] .

Note that

Bron(vo) — Tie (v0) Ba(v0) + /0 O ) dr
Lo | %@ () = Tituw)] dbr) =0,

and, analogously,

Tk (v)
BTKh(U) — TK(U)Bh(U) —|—/0 Bh(r) dr

e / )T (r) — Te(w)] db(r) = 0.

Tk (v
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This yields (3.71). Hence, by (3.70) we have

lim sup lim sup lim sup lim sup /ﬁa(x,Dvn) - D[(Tk(vn) — T (vm)a)i(v,)] > 0,
l—o0 A—00 n—00 M—00 Q

where hy(r) := min(max(l + 1 — |r],0),1). This allows to conclude, by the standard
pseudo-monotonicity argument, that div a(z, DTk (v,)) — div a(z, DTk (v)) weakly in
LP(0,T; W19 (Q)).

Unfortunately, it is absolutely unclear whether one can use the same method in case of
the history dependent problem (3.1). In particular, one would first need a version for
entropy solutions of the above estimate. Moreover, we recall that even the existence of
weak solutions for bounded data is an open problem in the history dependent case of the
degenerated equation.



Chapter 4

Asymptotic behavior

In the following, we study the asymptotic behavior of generalized solutions u of the non-
linear Volterra equation

% (ﬁ(u(t) — up) +/0 k(t — s)(u(s) — up) ds> + Au(t) > f(t), t € R,. (4.1)

Here, A is an m-accretive operator in a Banach space X, ug € D(A), and f € L] (R,; X),

loc
with R, :=[0,00). Again we assume that x, k satisfy

k>0, and k € L{ (R, ) is nonnegative and nonincreasing such that

K+ f(f k(t) dr > 0 for all £ > 0. (42)

Our main purpose is to investigate continuous solutions. In order to obtain sufficient
regularity of solutions, we will restrict the study of the asymptotic behavior to those &
and k, for which

k>0 or k(0+)=o0. (4.3)

In this case, the solution mapping
G 1 D(A) X Lig([0,00); X) — Lig([0, 00); X) (4.4)

introduced in (2.23) maps continuous right hand sides f of (4.1) to continuous solutions.
In order to guarantee boundedness of generalized solutions of (4.1) on [0, 00) for bounded
right hand sides, as shown in proposition 2.8, we will always assume that

k(co) := lim k() > 0. (4.5)

t—oo

We remark that assuming (4.5) is equivalent to assuming that A is w-accretive for w =
—k(0c0) < 0, i.e., to assume that (A + wl) is accretive. Indeed, if A is w-accretive for an

105
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w < 0, then, as one can easily show by using approximate solutions, generalized solutions
of (4.1) are as well generalized solutions of

% (/{(u(t) — ug) +/O (k(t—3s) —w)(u(s) — uop) ds) + Bu(t) 3 wug + f(t) t > 0.

Here, B := (A+wl) is accretive, and k(c0) —w > 0. On the other hand, if k(co) > 0, then
one may define k := k — k(o00). Obviously, a generalized solution of (4.1) is a generalized
solution of

% (/{(u(t) — ug) +/O E(t — s)(u(s) — ug) ds) + Bu(t) 3 k(oco)ug + f(t) t > 0.

Here, B := (A + k(c0)I) is w-accretive with w := —k(c0).

Additionally, we remark that, by proposition A.9, assumption (4.5) implies that the re-
solvent of the first kind « of the pair k, k is a bounded Radon measure on [0,00). In
particular, we have

a([0,00)) = @ < 00.

For k, k satisfying (4.2), (4.3) and (4.5) , the solution mapping

9 : D(A) X Llloc(R+;X) - Llloc(R+;X)

(UOaf) = U (46)

which maps the data uy € D(A) and f € L. _(R,;X) to the generalized solution u of

loc
(4.1), is well defined. As we have already seen, by proposition 2.8, G(uy,-) leaves the
space of bounded continuous functions Cy(R,; X) invariant for all ug € D(A), i.e., for all
f € Cy(Ry; X) the generalized solution of (4.1) satisfies G(ug, f) € Cp(Ry; X). Moreover,
by proposition 2.9, we know that G(ug,:) leaves the space of bounded and uniformly
continuous functions BUC(R,; X)) invariant. In this chapter, we will concentrate on the
question whether G(uy, -) also leaves certain subspaces of BUC(R; X) invariant for uy €
D(A).

It would be of particular interest, whether periodic or asymptotically periodic right hand

sides of (4.1) lead to asymptotically periodic solutions. But note that the sum of two
periodic functions fails to be periodic if the quotient of the two occurring periods is irra-
tional. We therefore will concentrate on the space AP(R; X) of almost periodic functions
introduced by Bohr, which is the closed linear subspace in (Cp(Ry; X), | - ||«) generated
by the set of periodic functions on R, i.e.

AP(R; X) :=span {f € Cy(R; X) | f is periodic }.

In order to give a characterization of the space AP(R; X), we introduce the notion of an
orbit of a function f € L .(J;X). For J € {R,R;} and f € L, (J; X), the orbit is the

loc loc
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set of all translates of f, i.e.

o(f) =1/ ::f<T+~)’J |T€J}.

By a criterion of Bochner, a function f € C,(R; X) is almost periodic — a.p. for short, if
and only if O(f) is relatively compact in (Cy(R; X), || - ||o). Hence,

AP(R; X) = {f € Cy(R; X) | O(f) is relatively compact in (Cy(R; X), | - [|se)}

It is now canonical to define the space AAP(R,; X) of asymptotically almost periodic
functions — a.a.p. functions, for short — on R, as in [Fré41], by

AAPR; X) = {f € CGp(Ry; X) ‘ O(f) is relatively compact in (Cp(Ry; X), || - ||oo)}

One can easily show that a.p. functions, respectively a.a.p. functions, are uniformly
continuous. Thus,

AP(R; X) C BUC(R;X), and
AAPR,;X) C BUC(R,,X).

In section 1, we will be concerned with the problem, whether a.a.p. right hand sides in
(4.1) lead to a.a.p. solutions. In this context we remark that the space AAP(R; X)) has
the following decomposition

AAP(R.; X) = AP(R; X, ® Co(Rss; X). (4.7)

Here, Cy(R,; X) is the space of continuous functions converging to 0 as t — co.

Thus, it will be interesting to investigate the connections between the almost periodic part
of a right hand side f € AAP(R,; X) and the almost periodic part of the corresponding
solution u € AAP(R,; X).

Note that results in this direction have been considered in [CN81]. They showed that under
certain assumptions right hand sides f € AAP(R,;X) with constant almost periodic
part, i.e. f(t) — fo € X ast — o0, lead to solutions of the same type. Moreover, the
limit us := limy_o u(t) can be characterized as a solution of a particular limit equation.
Moreover, in the linear case, i.e. A being a linear densely defined operator in X, results
of this type can be found in [PR93].

In section 2, we will show that this concept of limit equations leads to a characterization
of the almost periodic part of the solution of (4.1) for general almost periodic parts of the
right hand side f.

A natural extension of the space of almost periodic and asymptotically almost periodic
functions was introduced by Eberlein in [Ebe49]. For J € {R, R, }, we define the space of
weakly almost periodic functions in the sense of Eberlein — E.-w.a.p. for short — by

W(J; X):={f € Cy(J; X) | O(f) is weakly relatively compact in (Cy(J; X), || - [lo)} -
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Note that, by [RS92, Proposition 2.1}, W (.J; X) is a subspace of BUC(J; X).
The space W(R,; X) plays an important role in the ergodic theory. Indeed, by ap-
plying the ergodic theorem for bounded Cy-semigroups (see [DS57, Theorem 8.7.1 and

Corollary 8.7.2]) to the translation semigroup in BUC(R,; X), one easily checks that for
f e W(Ry; X) there exists z € X such that

T+h
%/h flr)dr —z

Hence, each f € W(R,; X) is uniformly ergodic.
In section 3, we are going to develop sufficient conditions for the solution of (4.1) to be

lim sup = 0.

T—o0 >0

X

E.-w.a.p. It will turn out that the norm relative compactness of the range of the solution
u and of the right hand side f will play an important role in the proof. We therefore
introduce the space

WRC(J; X) = {f e W(J;X) | f has relatively compact range }

We point out that one can omit the assumption on the range of the right hand side f to
be relatively compact if we assume that X has a uniformly convex dual space X'.

We remark that, as a consequence of the DelLeeuw-Glicksberg theory of almost periodic
functions on semigroups [DG61a, DG61b], the space W(R,; X) can be decomposed as
follows:

W(Ry; X) = AP(R; X)), & Wo(Ry; X). (4.8)

I,
Here, Wy(J; X) is the space of all X-valued E.-w.a.p. functions on J, such that the
constant 0 function is in the weak (Cy(J; X), | - ||oo)-closure of O(f). Or, equivalently, we
can define

Wo(J; X) :={f e W(J;X) | Hru}nen C J st fr, =0}, (4.9)

Again, it will turn out that, under certain assumptions, the almost periodic part of a
solution u € W(R; X) of (4.1) can be characterized as solution of a corresponding limit
equation.

For linear Volterra equations of the form (4.1), i.e. with a densely defined linear operator
A, results of the above mentioned types can be found in [PR93]. And in the case of the
nonlinear Cauchy-problem, i.e. x = 1 and & = 0 we refer to [Sei87],[Kre92], [RS89] and
[RS90].

4.1 Asymptotic almost periodicity

In this section, we will always assume that x, k satisfy (4.2), (4.3) and (4.5) . Moreover,
u will always denote the generalized solution of the Volterra equation (4.1). We recall
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that u is the Ll

oe(Ry; X)-limit of a sequence of approximate solutions {u, },en. For an

m-accretive operator A, the function u,, is the unique strong solution of

% ( / Fin(t = 5)(un(s) — uo) ds) + Au(t) 3 f(1). (4.10)

Here, {k, }nen can be an arbitrary sequence of functions satisfying (4.2) and &, (0+) < oo
such that

t t
/ kn(s)ds — K +/ k(s) ds for all t > 0 as n — oo. (4.11)
0 0

As the generalized solution does not depend on the choice of the sequence {u,} of approx-
imate solutions with (4.10) and (4.11), one might choose a particular sequence {uy, }nen
of approximate solutions in order to simplify calculations. Therefore, let a always denote
the resolvent of the first kind of the pair (k, k), which is by definition the unique Radon
measure on [0, 00) satisfying

ra([0,t]) + / k(t —s)a(]0,s]) ds =t for all t > 0. (4.12)

[0.]

For A > 0 the, resolvents of the measure a denoted by g, are by definition the uniquely
defined Radon measures on [0, c0) satisfying

Ao ([0,1]) +/ ox([0,t — s]) da(s) = «(]0,t]) for all ¢ > 0. (4.13)

[0,¢]

Thus, we can define
1
kx(t) = X (1 — ox([0,2])) for all t > 0. (4.14)

Due to the results of [CN81, Proposition 2.1] and [Gri85, Lemma 3.1], and, by applying
proposition A.12, we obtain the following lemma.

Lemma 4.1. Let k, k satisfy (4.2) and (4.3). Let a be the resolvent of the first kind of
(k, k). Then, for all X > 0, the function ky defined by (4.14) is nonnegative nonincreasing,
with kx\(0+) =+, and

t t
/ k,\(s)ds—wi—i-/ k(s)ds forallt>0as A — 0+.
0 0
The resolvent of the first kind oy of the function ky defined by
/ kx(t — s) day(s) =1, forallt >0
[0,2]

18 given by ay = Adg + «, where g is the Dirac measure at the point 0.
Moreover, if k satisfies (4.5), then

ka00) = lim ky(1) = m
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According to the above lemma, we will now choose sequences {uy, }nen of approximate
solutions corresponding to the functions k) for A, — 0+ as n — oo. Since our results
will not depend on the choice of the particular sequence A, — 0+, we will in the following
statements always speak of the sequence A\ — 0+ meaning that the particular statement
holds for all choices of sequences {\, }neny Wwith A, — 0+ as n — oc.

We can now state the fundamental proposition in the study of the asymptotic behavior.

Proposition 4.2. Let , k satisfy (4.2), (4.3) and (4.5) , and let A be an m-accretive

operator in a Banach space X. Let ug € D(A), and f,g € L®(Ry; X). Moreover, let u
be the generalized solution of (4.1), and let v be the generalized solution of (4.1) with f
replaced by g. Then there exists a constant C' > 0 such that
lu(t+7) —v(t+ o)
< / [u(t +7—s) —v(t+o—s), f(t+7—5)—g(t+o—s)], da(s)
[0,2]

| pollt.)

a([0,00))

almost everywhere fort, 7,0 € R,.

Proof. For all A > 0, let uy € LL _(R,, X) be the unique strong solution of

loc

% </0 Ex(t — s)(ux(s) — uo) ds) + Au(t) > f(t) for t > 0. (4.15)

Moreover, let vy € L (R, ; X) be the unique strong solution of (4.15) with f replaced by

loc

g. Then, by proposition 2.8, and by the fact that ay(R;) = A + a(R,) < oo, there exists
a constant C' > 0 such that for all 0 < A < 1

HU)\ — u(]Hoo + HU)\ — uOHoo < C. (416)

Since, for A > 0, uy, and v, are strong solutions, we obtain almost everywhere for ¢t € R
and for 0 <o <7

0 < [un(t+7)—uoa(t+o0), f(t+7)—g(t+o0)
—k‘A(O—F)(U,\(t + ’7‘) — ’U>\(t + O’))

B /(Ot+ }(uk(t 7= 8) —ug) dka(s)

" /(O,t—Hﬂ (uA(t +0 =) — o) dkﬁs)h'
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Thus,
0 < [un(@t+7)—ua(t+o0), ft+7) —g(t—i—a)]Jr

+ur(t +7) — oAt + ), —ka(t + ) (ur(t +7) — oa(t + cr))]Jr

+ur(t +7) — vr(t + o),
/(0 ()~ 4 0) i+ 7 —8) —ea(t b0 = ) dia ()],

+ur(t +7) — vr(t + o),
/(t+ () ()~ (7 ) )} ()]

< fuat+7) — ot +0), ft+7) = g(t +0)], — ka0 [ua(t +7) — At + o)

_ /(0 ] llux(t + 7 —s) —ua(t + o — )| dkr(s) + C(kr(t) — kr(c0))

holds almost everywhere for ¢ € R, and for 0 < ¢ < 7. Here, we used the properties of
the bracket [-, -], (see proposition B.1), in particular the continuity in the second variable
and the fact that —dk is a nonnegative Radon measure on (0, 00). Note that, since k) is
nonincreasing, we estimated k(¢ + 7) and ky(t + o) by kj(c0). Since the resolvent of the
first kind a, = Adp + « of k) is a nonnegative Radon measure on [0, 00), the convolution
of the above inequality with a,, yields

lux(t 4+ 7) — vA(t + o) ||

< /[o,t] [U)\(t-i-T —s)—u\t+o—s),ft+7—5)—g(t+o0— s)}+ day(s) (4.17)

. al(t,)
A+ a(Ry)
almost everywhere for t € R, and for 0 < o < 7. Here, we used the fact that, by
proposition 4.1,

- A a([0,1])  af(t,00))
/[o,t](k/\(t —5) — ka(00)) dax(s) =1 — ‘T aR,)  AtoR) for all ¢ > 0.

By the existence result for generalized solutions (see [CGL96, Theorem 1] or [Gri85, The-
orem 1]), we know that the sequence {uy}rso converges in Ll (R, ; X) to the generalized

solution u of (4.1) as A — 0+, and vy — v in L (Ry; X) as A — 0+. Therefore, we can
assume that uy(t) — u(t) and vy(t) — v(t) almost everywhere for t € R, as A\ — 0+.
Since {a)}rso converges to a in D'(R,) as A — 0+, we are now in the position to apply

lemma A.11. This gives the assertion, as the roles of 7 and ¢ can be interchanged. O

In order to show the asymptotic almost periodicity of the solution of the Volterra equation
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(4.1), we will have to use a different characterization of almost periodic and asymptotically
almost periodic functions. We therefore introduce the notion of relatively dense sets.

Definition 4.3. Let J € {R,R,}, then a set M C J is called relatively dense in J, if
there exists a constant [ > 0 such that [t,t + 1N M # 0 for all t € J.

The following characterization is due to Bochner for almost periodic functions and can
be found in [AP71]. In case of asymptotic almost periodic functions the following result
can be found in [Fré41] for real valued functions, and for general Banach space valued
functions we refer to [RS88].

Proposition 4.4. Let X be a Banach space.

(1) A function f € Cy(R; X) is almost periodic if and only if for all e > 0 there ezists a
relatively dense set p. C R such that

lfEt+71)—fO)] <e for allt € R and all T € p..
Then the elements T of p. are called e-almost periods of f.

(i) A function f € BUC(Ry; X) is asymptotically almost periodic if and only if for all
€ > 0 there exists T, > 0 and a relatively dense set p. C Ry such that

Nlft+7)—f(t)] <e for allt >T. and all T € p..
Then the elements T of p. are called asymptotic e-almost periods of f.

Using the above characterization of asymptotically almost periodic functions, the main
result of this section becomes a direct consequence of proposition 4.2.

Theorem 4.5. Let A be an m-accretive operator in a Banach space X, let (4.2), (4.3)

and (4.5) be satisfied, and let ug € D(A), f € AAP(R;; X). Then the generalized solution
w of (4.1) is asymptotically almost periodic.

Proof. As already shown before, the generalized solution u of (4.1) exists and is an element
of BUC(R,; X). Now, let € > 0 be arbitrary and choose 7. > 0 and a relatively dense set
p. C Ry such that

If(E+7) = fFO)] <

20(R4)

for all t > T, and all T € p,.

This is possible, since f is asymptotically almost periodic. Since, by the continuity of the
measure « from above, a((t,00)) — 0 as t — oo. Thus, we choose T' > 0 large enough

such that
€

a((T,00)) < 4”fHoo—+2C1
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Here C) := C/a(R,), where C' > 0 is the constant given by proposition 4.2. Again, by
proposition 4.2, we conclude for all ¢ > T + T, and for all 7 € p,

lu(t +7) —u@®)] < /[OT]IIf(tﬂLT—S)—f(t—S)II do(s)

Fa((T:00) (211 + )

< e

Thus, u is asymptotically almost periodic. O]

4.2 The limit equation

As we have seen in theorem 4.5, asymptotically almost periodic right hand sides f of
(4.1) lead to asymptotically almost periodic solutions u. Since the space of asymptotically
almost periodic functions can be decomposed by

AAP(R; X) = AP(R: X)|, & Co(Ry; X)),

),

there exist uniquely determined functions u(>), () ¢ AP(R; X) and v, f© ¢ Cy(R,; X)
such that

— £(00) (0) — q,(o0) (0)
f=1rf |R++f and u=u {R++u .

Our aim is to characterize u(>) directly by f(>). In the special case of a constant function
f) = f., € X this has already been done in [CN81]. By [CN81, Theorem 3.2], u(> is
also a constant function and u., € X with u(® = u., is the solution of the limit equation

Uso + (R y)Atse 3 ug + a(Ry) foo. (4.18)

Assuming that A is m-accretive in X, and that (4.2), (4.3) and (4.5) hold, this limit
equation has a unique solution us, € D(A) given by

Uoo = iy (0 + a(Ry) foo)

Thus, one might conjecture that even in the case of nonconstant almost periodic parts
f°) of the right hand side f, the almost periodic part u(> of the generalized solution u
of (4.1) is given as a solution of a certain limit equation. Since k € Li (R.) in (4.1) is

only assumed to be locally integrable, we choose k1 € L'(R,) and ky € BV (R, ) such that

E(t) = ki(t) + ko(t) for all t > 0 and kq, ko satisfy (4.2). (4.19)
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Assuming that k satisfies (4.2), this choice of ki, ko is always possible, since for § > 0 the
functions ky, ko given by

ki(t) := max(k(t) — k(9),0), ko (t) := min(k(0), k(t)) fort >0

obviously satisfy (4.19). Thus, for an m-accretive operator A in a Banach space X, and
up € D(A), and g € Cp(R; X)) the equation

t

(m(u(t) —up) + / ket — ) (u(s) — uo) ds>

— 00

Sl =

+ E(04) (u(t) — uo) teR (4.20)

+/ (u(t —s) —ug) dka(s) + Au(s) > ¢(t),
(0,00)

makes sense and will be called the limit equation corresponding to the problem (4.1).
Note that the limit equation (4.20) describes a problem on the whole real line R and is no
more an initial value problem as (4.1). The fact that ug is still contained in (4.20) is due
to our choice of the right hand side g, i.e. defining g := k(co)ug + g we would be able to
omit the term wug in the limit equation (4.20) by replacing g by §.

A priori it is not clear how to define the notion of solution to (4.20). But three methods
of approximation of this limit equation come into view.

For the first method, one might think of approximating x, k£ just as in the initial value
problem on the halfline R, by a sequence {k, }en of nonnegative nonincreasing functions
k, € L .(Ry) satisfying k,(0+) < oo and k,(c0) > 0 such that

loc

t t
/ kn(s) ds — K +/ k(s) ds as n — oo for all t > 0.
0 0

Since k,,(c0) > 0, one would be able to show that (4.20) with «, k1, ko replaced by a suitable
decomposition of k, admits a unique strong solution u,, : R — X for all n € N. It would
be interesting to know whether the sequence {u,, }nen converges at least in Ll (R; X) and
whether, as it is in the case of the initial value problem, the limit does not depend on the
choice of the particular sequence {k,}. Such a limit could then be called a generalized
solution of (4.20). Note that in the special case K = 1 and k = w > 0 this problem is
considered in [Kre]. There, it is shown that, for m-accretive operators A in X, the limit
equation admits a unique solution of the above mentioned type for all right hand sides
g € BUC(R; X). Moreover, if the right hand side g is an element of a closed translation
invariant subspace Y of BUC(R; X), i.e., Y satisfies f, € Y for all f € Y and all 7 € R,
and if Y is invariant under the resolvent Ji! of A for all A > 0, i.e. J{{(Y) C Y, then the

solution u of (4.20) is an element of Y.
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For the second method note that the Yosida approximation of an m-accretive operator A
in X, given by Ay = (I —J3!) for A > 0, is defined on all of X and is Lipschitz continuous
with Lipschitz constant % Replacing A by A, in (4.20) for A > 0, we can obtain a sequence
of approximate solutions {uy}xso. As in the first method, one could define a solution of
(4.20) to be the L (R; X)-limit for A — 0+ of the sequence {u,}, whenever this limit
exists.

But here, we will use a different concept of generalized solutions of (4.20), which seems
to be more appropriate for the investigation of the asymptotic behavior of solutions. We
therefore mention that (4.20) can also be viewed as the limit of initial value problems on

intervals [—T, 00) with T" tending to oo. Thus, we now consider the approximation

% (K(U(T) (t) — uo) + /Tk(t —5)(u ™ (s) — ug) ds) + AuD(t) 3 g(t), t>-T (4.21)

of (4.20) with 7" > 0. But this equation is just a shifted version of the initial value problem
(4.1). Indeed, assume that u™) € LL ([0, 00); X) is a strong solution of (4.21), then there

loc

exists w € LL (R, ; X) such that (u¥)(¢), w(t+T)) € A almost everywhere for t € [T, c0)

loc
and

d t
7 (ﬁ(U(T) (t) —uo) + /T k(t — s)(u™(s) — ug) ds) +w(t+T)>3g(t) ae te|-T,00).
Defining v")(t) := u"(t — T) for all t € R, it is obvious that ") € LL (R,; X) with
(v (t),w(t)) € A almost everywhere for ¢t € R, and that

% (R(U(T) (t) —uo) + /0 k(t —s) (0D (s) — ug) ds) +w(t)3g9(t—-T), (4.22)

almost everywhere for t € R,. Thus, v(") is a strong solution of (4.1) with the right hand
side f replaced by g(- — T'). Therefore, it is almost obvious how to define the notion of
generalized solutions of (4.21).

Definition 4.6. A function u'") € L\ ([T, 00); X) is called a generalized solution of

loc

(4.21) for data ug € D(A) and g € Li ([T, 00); X) if the function v¥) € LL (Ry; X)

defined by v™)(-) := u™)(- — T is a generalized solution of (4.1) with the right hand side
f replaced by g(- —T).

We are now going to investigate the convergence of the net {u(™)}r-¢ as T — co. Using
directly the net {u(™)} instead of sequences {u™)}, oy with T}, — 0o as n — oo, we omit
possible dependence of the limit on the choice of the sequence {T,, },en-

Theorem 4.7. Let A be an m-accretive operator in a Banach space X, let k, k satisfy
(4.2), (4.3), (4.5), and let kq, ko be given such that (4.19) holds. Moreover, assume that
uy € D(A) and g € L®°(R; X). Then the net {u'"}r~o of generalized solutions u™) of
(4.21) converges in LS. (R; X) as T — oo.

loc
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Proof. We are going to show that {u(™ ;- is a Cauchy net in L (R; X). Here, without
loss of generality we set u(®)(t) := ug for t < —T. Defining v™(.) := u™D(t — T) for
all T > 0, it is clear, that v(") is a generalized solution of (4.1) with right hand side
g(- — T)|R+. Thus, by proposition 4.2 there exists a constant C' > 0 such that almost

everywhere for t €e R, and 0 <1 < T
Hv(Tl)(t +1) — v(TQ)(t + 1)l
< / lgt +T) —T1 —s) — g(t + To — Ty — s)|| da(s)
[0,t+T1]

a((t + Ty, 00))
¢ a(Ry) '

For M > 0 and ¢ > 0 arbitrary, choose 7y > 0 such that

o(Ty = M.00)) < & a(Ry).

Then, by the above inequality, we conclude for Ty < 77 < T and almost everywhere for
te[-M,M]

[ut™ () = u ™ (@) = [0+ T1) =0T+ T) || <e.
Since the roles of T7 and T5 can be interchanged, we obtain the assertion. O

We can now give the definition of generalized solutions of the limit equation (4.20) by
means of the approximate solutions u™) for T' > 0.

Definition 4.8. Let A be an m-accretive operator in a Banach space X, let k, k satisfy
(4.2), (4.3), (4.5), and let ki, ky be given such that (4.19) holds. Then, a function u(*) €
L2 (R; X) is called a generalized solution of the limit equation (4.20) for uy € D(A) and
g € L®(R; X), if

- ) in LS.

ul (R; X),

where u(") is the generalized solution of (4.21) for T > 0.

o)
loc

the generalized solution u(*) of (4.20) is essentially bounded on R. But obviously u()
is continuous on R, if we assume that ¢ € C,(R; X) and that the other assumptions of

Note that, since the net {u™} converges in L (R; X), we do not even know whether

theorem 4.7 are satisfied.

We are now going to state the basic properties of the generalized solution of the limit
equation (4.20).

Proposition 4.9. Let A be an m-accretive operator in a Banach space X, let k, k satisfy

(4.2), (4.3), (4.5), and let ky, ko be given such that (4.19) holds. Moreover, let ug € D(A)
and g € L®(R; X). Then the generalized solution u'™) of the limit equation (4.20) satisfies
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(i) u'>®) € L*(R; X),
(ii) if g € BUC(R; X), then u(>) € BUC(R; X).

Proof. The method of proof is almost the same as of proposition 2.8 and proposition 2.9.
For almost all t € R, (z,y) € A and € > 0, we can find 7" > [t|, such that

[ (t) — 2 [ () = u® @) + [[u®(t) - 2|

<
< e fluo =zl + g — yllor(Ry).
Thus, u(>) is essentially bounded. If we moreover assume that ¢ € BUC(R; X), then

obviously u(®) € C,(R; X). For the uniform continuity let € > 0 be arbitrary. Then, by
corollary 2.4, we can find hg > 0 such that for all 0 < h < hg and all T" > 0

[l (R) = ol <

=~ M

Moreover, by the uniform continuity of g, we can choose hy small enough such that for all
0<h<hgand forallt e R

€

lg(t+h) —g@)] < R

Now, for any ¢ € R we can choose T > |t| + hg such that for all 0 < h < hy
[t +h) =@ < [ul(E+h) = uD(E 4+ R+ [ () = uD (@)
H D) = ol + [ lgte+ = 5) = gt = 5)] da(s)

[0,00)

< e

]

Since we now have a meaningful definition of solutions of the limit equation, we can return
to our initial question of characterizing the almost periodic part of a generalized solution
of the initial value problem (4.1). Obviously, the limit equation (4.20) reduces to the limit
equation (4.18) if we assume that the right hand side g of the limit equation is constant,
ie. g = fo € X. Thus, we obtain a constant solution of the limit equation. As a
generalization, we obtain the following.

Theorem 4.10. Let A be an m-accretive operator in a Banach space X, let k, k satisfy
(4.2), (4.3), (4.5), and let ky, ko be given such that (4.19) holds. Moreover, let ug € D(A)
and g € AP(R;X). Then the generalized solution u(>) of the limit equation (4.20) is

almost periodic.
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Proof. We already know that «(* is bounded and uniformly continuous. In the following,
let {uM}7+¢ denote the net of generalized solutions u(™) of (4.21). Let ¢ > 0 be arbitrary,
then there exists a relatively dense set p. C R such that

4a(Ry)

lg(t+7)—g(@)| < for all t € R and all 7 € p..

Thus, for all £ € R and all 7 € p., we can find 7" > |t| + |7| such that
[t +7) =) < Nu(t+7) =D )+ () — D )]
Hu (4 1) — D ()]
£
3+ [ Jott+m =) —glt =)l dos
0,00

2
al(t+T,00))
a(Ry)

IN

+C

< ¢

with a constant C' > 0 given by proposition 4.2. This implies that «(> is almost periodic
on R. O

Moreover, by comparison of the generalized solution of the initial value problem (4.1) and
the limit equation (4.20), we can characterize the almost periodic part of an asymptotically
almost periodic solution of the initial value problem by means of the almost periodic part
of the right hand side.

Theorem 4.11. Let A be an m-accretive operator in a Banach space X, let k, k satisfy
(4.2), (4.3), (4.5), and let ky, ko be given such that (4.19) holds. Moreover, let ug € D(A),
f € AAP(R,; X), and let ) € AP(R; X) be the almost periodic part of f.

Then the generalized solution u of the initial value problem (4.1) is asymptotically almost

periodic, and the almost periodic part u™ € AP(R; X) of u is the generalized solution of
the limit equation (4.20) with the right hand side f).

Proof. Let u(®>) denote the generalized solution of the limit equation (4.20) with right hand
side f(>). Then, by theorem 4.10 and theorem 4.5, we already know that u(>®) € AP(R; X)
and u € AAP(R,; X). Thus, it remains to show that ||[u®) () —u(t)|| — 0 as t — co. Let
u™) be the generalized solution of (4.21) with right hand side f(>) for all 7> 0 and let
e > 0 be arbitrary. Then, for all t € R, we can find 7" > |t| + |7| such that

W0 —u@ll < [0~ uD )+ (4D - ulo)]
3+ [ =0 = o)l dage) + o)

IA

2 a(Ry)
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with a constant C' > 0 given by proposition 4.2. Since || f(*)(t) — f(t)|| — 0 as t — oo, we
conclude
lim [|u(®)(t) — u(t)|| <e.

t—o00

As € was chosen arbitrarily, we have shown that u(>) is the almost periodic part of u. [

We remark that we could have introduced the concept of generalized solutions of the
limiting equation by using different approximations. As we already mentioned, one can
replace the operator A in the limit equation (4.20) by its Yosida approximation A, for
A > 0. Then, for a right hand side f(*) € AP(R;X) one can obtain a net {u{>},.o of
strong solutions of the limit equation. These solutions turn out to be equi-almost periodic,
and ug\oo) is always the almost periodic part of the generalized solution u, of the initial
value problem (4.1) with A replaced by Ay, where f € AAP(R,; X) such that f(* is the
almost periodic part of f. Moreover, the net {u(fo)} A>0 converges uniformly on compact
subsets of R towards the generalized solution of the limit equation given by definition 4.8.
Thus, both concepts of generalized solutions of the limit equation (4.20) coincide. Since
we will not further investigate the properties of generalized solutions of the limit equation,
we omit the proofs of these results.

Note that, assuming that A is an m-accretive operator in a Banach space X, and that

up € D(A), we have shown that the subspace AP(R; X) of BUC(R; X) is invariant under
the solution mapping

S : BUC(R; X) — BUC(R;X),

g = u,

which maps right hand sides g to the generalized solution u of the limit equation (4.20),
i.e., we have shown that G (AP(R; X)) C AP(R;X). Moreover, in the special case of
k=1and k = w > 0, it has been shown in [Kre| that other closed translation invariant
subspaces of BUC(R; X) stay invariant under the solution mapping. In particular, [Kre]
contains the following result.

Proposition 4.12. Let A be an m-accretive operator in an Banach space X, let k = 1
and k =w >0, and let Y be a closed translation invariant subspace of BUC(R; X) such
that J\(Y) C Y for all X > 0. Then the solution u of (4.20) is in Y for any right hand
side g € BUC(R; X) and any ug € D(A) with wug+g €Y.

But whether the same result holds for Volterra equations with x, k satisfying (4.2), (4.3)
and (4.5) is still an open problem.

Finially we remark that in [Egb92] a different approach was used to show existence of
solutions of (4.20) in a Hilbert space H if the operator A is a subdifferential. In particular,
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let A = Oy for some ¢ € Jy = {¢: H — [0,00] | ¥ proper, convex, l.s.c, with ¢(0) = 0}
and let the linear operator L be given by

D(L) = {u e LX(R) ( tis % (nu + /OOO ut — 8)ki(s) ds)
+l%2(0+)u(t)+/

| )u(t — 8)dks(s) € L2(R)},

Lu = %(/m—i— /0 Tt = )k (s) ds) + Fa(04)u(t) + /(07oo)u(t— $)dFa(s),

with ky := ky — w, where w := k(oo) > 0. Then A and L can be extended naturally to m-
accretive operators A and L on the Hilbert space H = L?(R, H). By [Egh92, Proposition
7.2.1] the sum L + A of the extensions is an m-accretive operator in H and there exists a
unique solution of

wu+ (L+Au> f

for all f € H. Since w € D(L+A) = D(L)ND(A), it turns out that u is a strong solution
of (4.20) with ug = 0.

4.3 Eberlein-weak almost periodicity

In this section, we develop sufficient conditions such that the generalized solution u of
the initial value problem (4.1) is Eberlein-weak almost periodic on R;. The main tool in
this approach will be the a characterization of weak compactness in the space of bounded
continuous functions. The following double limit condition is an extension of the criterion
given by Grothendieck in [Gro52] for real valued functions, it can be found in [Mil80,
Theorem 3] and [RS89, Theorem 2.1].

Proposition 4.13. Let (T, 1) be a completely reqular topological space and X a Banach
space. Then, a subset H C Cy(T; X) is relatively weakly compact in (Cyo(T; X)), || - ||oo) if
and only if

(1) H is bounded in Cy(T;X), and

(ii) for all sequences {hy}nen C H, {tm}men C T, and {x}, }men C extBx: the following
equality, called the double limit condition, holds

lim lim (h,(t,,),2),) = lim lim (h,(t,,), 2),), (4.23)

whenever both iterated limits exist.

In order to simplify the proofs, we will make use of the following result [RS90], which
enables us to verify the double limit condition only for certain sequences.
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Lemma 4.14. Let f € BUC(Ry; X), where X denotes a Banach space, have relatively
compact range. Let {t;}men C Ry, {Tn}nen C Ry and {z),}men C Bx: be sequences such
that {t;, }men or {Tnnen is bounded. Then

lim lim (f(t, + 7),2.,) = Um lim (f(t,, + 70), 2},),

n—oo m—0o0 m—00 N—00

whenever both iterated limits exist.

Assuming that the right hand side of the initial value problem (4.1) is Eberlein-weak
almost periodic on R, we still can not describe the asymptotic behavior of the real
valued function [u(-), f(+)]4, where u € BUC(R,; X) denotes the generalized solution of
(4.1), in general. But if f has relatively compact range, we can use the following lemma
of [Kre92, Lemma 4.1], see also [Kre96, Lemma 4.1].

Lemma 4.15. Let { f, }nen C Cp(Ry; X) be a sequence such that for a compact set K C X
in the Banach space X

{fr()| neNteR} CK and [, — 0 inCy(Ry; X).
Then || full = 0 in Cp(Ry).

For the sake of completeness, we give the proof.

Proof. In the first step, we show that the set {||f,|| | » € N} is weakly relatively compact in
Cy(R,). Therefore, by the double limit condition (4.23), we have to verify for all sequences
{nr}ren CN, {tm}men C R that

fim_ i £, (1) = Jim T | o (1)

m—o0 k—o00

whenever both iterated limits exist. Since f,, (t,,) € K for all k,m € N, we can use a
diagonalization argument to obtain subsequences, again denoted by {n;} and {t,,}, such
that the limits

Al i Frultm) =@ and iy, v Fue{Bm) =
exist. By proposition 4.13, we conclude (z,z’') = (y,2’) for all ' € By, and thus z = y.
Thus, we have shown that {||f.(-)|| | n € N} is weakly relatively compact in Cy(R,).
Since ||f.(t)|] — 0 as n — oo for any t € Ry, and since the topology of pointwise
convergence is Hausdorff, it coincides with the weak topology of C,(R,) on the weak
closure of {|| f(-)|| | » € N}. Thus we conclude that || f,(-)[| = 0in Cy(Ry) asn — oo. [

Applying the characterization of weak compactness in the space C,(R; X) given by propo-
sition 4.13, we can show the existence of Eberlein-weak almost periodic solutions.
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Theorem 4.16. Let A be an m-accretive operator in a Banach space X, let (4.2), (4.3)
and (4.5) be satisfied, and let ug € D(A), f € WRC(Ry; X). Then the generalized solution
u € BUC(Ry; X) of (4.1) is Eberlein-weak almost periodic on R, with relatively compact

range.

Proof. In the first step, we show that the generalized solution u of (4.1) has relatively
compact range. Therefore, let {¢,, }men be a sequence in R, Since W (R ; X)) is a subspace
of BUC(R4; X), f is uniformly continuous, hence u is uniformly continuous on R,. Thus,
we may assume that {t,, }men is strictly increasing as m — oo. We now define

{tm —t, form >n,

T o= for all m,n € N.
0 form <n

Then, 7,,, — 00 as m — oo for all n € N fixed. Note that, w-cl(O(f)) is weakly compact
and contained in a closed separable linear subspace of Cy(R,; X), thus the weak topology
on w-cl(O(f)) is metrizable. Since {f;,, ., = f(Tmn+-) | m,n € N} C O(f), we can apply
a diagonalization argument to obtain a common subsequence of {7,,, , }men for all n € N,
without loss of generality again denoted by {7, }men, such that

w- lim f;, =g, € Cp(Ry; X) for all n € N.

m

Moreover, since f has relatively compact range, we can apply lemma 4.15 and obtain
| frmn — 9nll =0 asm — oo for all n € N.
For € > 0 given, there exists N € N such that for all n > N

a((t,, 00)) <€

OC(R+) - 37
where the constant C' > 0 is given by (4.2). For N fixed, the convolution evaluated at
ty is a bounded functional on Cy(R; ). Thus, there exists M = M(N) such that for all
m > M

C

| st = 5) = gu(ts = 9 da(s) <
[O’tN}
For all 7,7 > N + M one concludes by proposition 4.2
lu(t) —ult)ll < fulty + 1) — ulty + 730
< [ Ml —5) = gxlty - 9] da(s
[07tN}

Wl ™

n / 1o — 8) — gt — 5)]] da(s)
[0,tn]

a((ty, o))

e a(Ry)

IN

E.
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This implies that {u(t,,)}men is a Cauchy sequence.

In the second step, we show that w is Eberlein-weak almost periodic. In order to apply
proposition 4.13 and lemma 4.14, let {t;, }men € Ry, {7 }neny € Ry, and {2), }nen € By
with t,, /" oo and 7,, /" 0o be given such that the iterated limits

lim lim (u(t, + 7),2,,) =08 and  lim lim (u(t, +7.),2,,) =7

m—00 N—00 n—0o0 m—00

exist. We will have to show = . Since f € WRC(R,; X), we can assume that f, — ¢
for some g € Cp(R; X) as n — 0o. Moreover, by lemma 4.15,

[ () =g =0 in Cy(Ry) as n — oo.
By proposition 4.2, we have for all k,m,n € N
[(u(tim +7a) — ultm + 7)) | < Nultm +70) — ultm + 7|

SLLMWM%—ﬁ 9t — 5)| das)

+A%wmme@—mwwmm®

a((tm, 00))
+O =S

Now, define the bounded linear functional a,, on Cy(R) for all m € N by
am(h) = / h(ty, — s) da(s) for all h € Cp(Ry).
[0,tm]

Then, since V := span{||f., — g| | n € N} is separable, there exists a subsequence of
{@m }men, again denoted by {ay, }men, such that {am|V}meN is weak® convergent in V",
ie., O‘m‘v —* o in V'’ for some a4 € V'. Thus, we conclude

lim lim lim [{(u(t, +7n) — u(ty + 1), 7))

k—00 m—00 n—00

< dim T T (o, [, = gl)vy + Jim T (o, [fr, = gl)vry

k—o00 m—oo n—

o((tn: 9))
ATy

= klirgo<a007 Hf‘f'k gH>V’7V =0,
which implies that the double limit condition holds. O

In the preceding proof, we have essentially used the relative compactness of the range of
the right hand side f. This was necessary in order to apply lemma 4.15. But in special
cases we may omit the assumption on the range of f if we use the following result of
[Kre92, Lemma 4.6], see also [Kre96, Lemma 4.6].



124 CHAPTER 4. ASYMPTOTIC BEHAVIOR

Lemma 4.17. Let K be a compact set in the dual space X' of the Banach space X.
Moreover, let { fn}nen be a sequence in Cy(Ry; X) such that f,, = 0 as n — oo. Then

sup [{(fn(-),2")| =0 in C(Ry) as n — oo.
r’'eK

For the sake of completeness, we present the proof.

Proof. In the first step, we show that the set {g, | n € N} is weakly relatively compact in
Cp(R), where

gn = sup |[{(fn(-),2)| for all n € N.
z’'eK

Therefore, by the double limit condition (4.23), we have to verify for all sequences {ny }ren C
N, {tm}men C Ry that § =~ for

lim lim g, (t,) =5 and lim lm g, (tm) =7,

m—00 k—00 k—00 M—00
whenever both iterated limits exist. If {ny}ren is bounded, we can pass to a constant sub-
sequence and obtain § = 7. Otherwise, we may assume that {ny}ren is strictly increasing.
Letting M := sup,.cy ||gn|loo, and using the compactness of K, we conclude that for given
e > 0 there exist 2}, ..., 2’y € K such that

€
M+1

N
K c | Ju, ).
=1

By a diagonalization argument, we find subsequences of {¢,,} and {n;}, again denoted by
{tm} and {n;}, respectively, such that
lim lim (f,, (tm), ) = a; and lim lim (fn, (tm), z;) = b;

» g [t
m—o00 k—o00 k—o00 m—oo

for all i € {1,..., N}. Using f,, — 0, we conclude a; = b; =0 for all i € {1, ..., N}. Now,
let 2/ € K, then for some j € {1,...,N}

gnk<tm) <e+ ‘(fnk(tm)>$;>|

Hence, we obtain
0<p<e and 0<y<e.

Since ¢ was chosen arbitrarily, we conclude § =~y = 0.

We show that g, — 0 in Cy(R,) as n — oo. Since g,(t) — 0 as n — oo for any t € R,
and since the topology of pointwise convergence is Hausdorff, it coincides with the weak
topology of Cy(R.) on the weak closure of {g,(-) | n € N}. Thus we conclude that
gn(-) = 01in Cp(R,) as n — oo. O
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To apply the above lemma, we will need a compact set in X’. Therefore, we will assume
that X' is uniformly convex, then the duality map F : X — 2%, given by

ol = lo')2 = (. 2") }

is single-valued and continuous. We remark, that the corresponding semi-inner product,

F(z) = {x' e X'

which is the right-hand Gateaux derivative of 1| - [|?, is given by
N 7 el
(@,9)+ = lim o = |lzlllz, y]+ = x/gl&)(:y,x’)

for all x,y € X. Noticing that an operator A C X x X is accretive if and only if
<l’—i‘,y—g>+20 for all (J:’y)a(j’g)EAu
we now develop a new version of proposition 4.2.

Proposition 4.18. Let , k satisfy (4.2), (4.3) and (4.5) , and let A be an m-accretive
operator in a Banach space X. Let uy € D(A) and f,g € L*(Ry; X). Moreover, let u
be the generalized solution of (4.1), and let v be the generalized solution of (4.1) with f

replaced by g. Then there exists a constant C' > 0 such that
|u(t +7) — v(t + o)
< 2/ (ut+7—3s)—vt+o—s),ft+7—35)—g(t+o—s)), da(s)
[0,2]

a((t,0))

T Ca0.)

almost everywhere for t, 7,0 € R,.

We omit the proof of the above proposition, since it uses exactly the same arguments as
the proof of proposition 4.2.

Assuming that X’ is uniformly convex, we can show the existence of Eberlein-weak almost
periodic solutions of (4.1) for right-hand sides f, which need not have relatively compact
range.

Theorem 4.19. Let A be an m-accretive operator in a Banach space X, with X' being uni-

formly convex. Let (4.2), (4.3) and (4.5) be satisfied, and let ug € D(A), f € W(Ry; X),
and assume that the generalized solution u of (4.1) has relatively compact range. Then u
1s Eberlein-weak almost periodic.

Proof. In order to apply proposition 4.13 and lemma 4.14, let {t,;, };men C Ry, {7 }nen C
R, and {z! }mnen C By with t,, /" 0o and 7,, /" 0o be given such that the iterated limits

lim lim (u(ty, + 7),2,,) =08 and  lim lim (u(t, + 7,),2.,) =7

m—00 N—00 n—oo m—0o0



126 CHAPTER 4. ASYMPTOTIC BEHAVIOR

exist. We have to show that § = v. Since the generalized solution u of (4.1) has relatively
compact range, there exists a compact set K; C X such that

{ur, (t) —ur(t) | n,k €N, t e R} C K.

As X’ is assumed to be uniformly convex, the duality mapping F is single-valued and
continuous, thus K := F(K;) C X' is compact. Since f € W(R,; X), we can assume that
fr, — g for some g € Cp(Ry; X) as n — oo. Moreover, by lemma 4.17,

sup [{fr,(-) —g(-),2")| =0 in Cy(R,) as n — oo.

r'eK

By proposition 4.2, we have for all k,m,n € N
[(utn +70) = ult + 1), 20) 2 < JJulto +70) = ult + 7)1
< 2 s (ot = )~ 9lt — 9), )] da(s
[Ovtm}

r’'eK
42 [ sup |{fatn = 5) = gltn — 5),)| das)
[0,tm] €K
(i, )
B

Define the bounded linear functional a,, on Cy(R) for all m € N by
am(h) = / Wt — 5) da(s)  for all h € Cy(R,).
[0,tm]

Then, since V := span{ sup,cx |(f-, — 9,2} | n € N} is separable, there exists a subse-
quence of {a,;, }men, again denoted by { ., }men, such that {a,, ‘V}mEN is weak* convergent
in V', ie., O‘m‘v —* g for some ay, € V'. Thus, we conclude

lim lim lm [(u(t, + 7)) — u(t, + %), 20,)?

k— 00 m—00 n—00

< lim lim lim 2{am, sup [{fr, — g, 2"))v.v

k— 00 m—00 n—00 2eK

+ lim lim 2{oy, sup |[(fr, — . 2"))viv

k—o00 m—oo 2eK
ot 00))
+ lim  ———2~
o a(Ry)

= lim 2<aooa sup <f7'k - g,$,>|>V’,V = O’
k—o00 ek

which implies that the double limit condition holds. O

Note that due to [DG61a] and [DG61b] the space of Eberlein-weak almost periodic func-
tions on R, can be decomposed by

W(R,,X)=APR; X)|. & Wo(Ry,X).

e,
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Assuming that, for f € W(R,;X), the generalized solution v € BUC(R,; X) of (4.1)
is Eberlein-weak almost periodic, there exist uniquely determined functions u(>, f() ¢
AP(R; X) and u(©, f©@ € W, (R, ; X) such that

f= f(oo)|]R+ +fO and  w=u™ R, T u®.

As we have already seen by theorem 4.11, u(*) can directly be characterized using the
limit equation, whenever f, u are asymptotically almost periodic. The same should hold
for Eberlein-weak almost periodic solutions.

Theorem 4.20. Let A be an m-accretive operator in a Banach space X, let k, k satisfy

(4.2), (4.3), (4.5), and let ky, ko be given such that (4.19) holds. Moreover, let ug € D(A),
f € WRC(R,; X), and let ) € AP(R; X) be the almost periodic part of f.
Then the generalized solution u of the initial value problem (4.1) is Eberlein-weak almost

periodic and the almost periodic part u'™ € AP(R;X) of u is a generalized solution of
the limit equation (4.20) with the right hand side ).

The proof of the above result will essentially use the following lemma.

Lemma 4.21. Let f,g € W(R_; X) with almost periodic parts denoted by ) and g\,
respectively. Then there exists a common sequence {7, }nen C Ry such that

fro =[5, and  gr, — g™y,
in Cp(Ry; X) as n — 0.
For the sake of completeness, we give the proof of the preceding lemma.

Proof. In the fist step, we show that for f, g € Wy(R,; X) there exists a sequence {tx }ren
such that (fi,,g:) — (0,0) in Cp(R4; X x X). Since f, g € Wy(Ry; X), there exist
sequences {7y tmen C Ry, {05 }nen C Ry such that

me - 0 and gO’n - 0

in Cy(R4; X). Note that w-cl(O(f)) is a weakly compact subset of a separable subspace of
Cy(R4; X). Thus, the weak topology on w-cl(O(f)) is metrizable, and by a diagonalization
argument, we can construct a subsequences of {7, }men and {0, }nen, again denoted by
{7 }men and {0, }nen, respectively, such that the iterated limits in Cy(R,; X)

w- lim w- lim f, ., = f1 and w-lim w- lim f, ., = fo
00 —00

m—00 n— n—oo m

exist. Note that fo = 0, since f, — 0 in Cy(Ry;X). Now, by proposition 4.13, we
conclude f; = fo = 0. As the same arguments as above apply to {g:, +o, }mnen, We
conclude

w- lim w- lim ¢, 4,, =w- lim w- lim g, 4,, =0

m—00 n—oo n—oo m—00
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for subsequences, again denoted by {7, }men and {0, }nen, respectively. Again, using a
diagonalization argument in w-cl(O(f)) x w-cl(O(g)) with the weak topology, which is
metrizable, there exists a sequence {t}reny C Ry such that

(ftk7gtk) A(O,O) in Cb(R_J,_,XXX) as k — 00.

In the second step, we consider f, g € W(R,; X). Defining h : R, — X x X by h(t) :=
(f(t),g(t)), we have to show that h € W(R; X x X). In order to apply proposition 4.13,
and using the representation of the dual of X x X, we choose sequences {t,, }men C Ry,
{Tn}nen C Ry, {2! }men C Bxs and {y), }men C Bxs such that the iterated limits

m lm ((f(tn + 70), 27) + (9(tm + 7a), Um)) = B,

m—00 N—00

lim lim ((f(tm +70), 27,) +(9(tm +T0), 4)) = 7

n—oo m—00

exist. Again, by a diagonalization argument, we can take subsequences such that

lim lim (f(t, + 7),2,,) = lim lim (f(t, + 7),2),),
lim lm (gt + 70),y,,) = lim lim (gt + 70), Y.,

all exist. Here, the equalities follow from proposition 4.13 and the fact that f, g €
W(R,; X). Thus, h is Eberlein-weak almost periodic, and using the result of the first step,
it is clear that the decomposition of h into an almost periodic part and a Wy(R,; X x X)-
function is given by

h=(F),¢") + (1, 49).
Here, f(*) g(>) ¢ AP(R; X) and f©, ¢© € Wy(R,; X). Thus, there exists a sequence
{tx }ren C R4 such that

he, — (£, ¢) in Cy(Ry; X x X) as k — 0.

Using the above result, we can now give the proof of theorem 4.20.

Proof of theorem 4.20. Let u denote the generalized solution of the initial value problem
(4.1), and let u(>) denote the solution of the limit equation (4.20) for the right hand side
£ where f(*) € AP(R; X) is the almost periodic part of f € WRC(R; X). Then, by
theorem 4.16, we already know that u € WRC(R; X), and, by theorem 4.10, it is clear
that u(*) € AP(R; X). Moreover, let v/ € AP(R; X) denote the almost periodic part
of u, then we have to show that u(>® = u(®. According to lemma 4.21, there exists a
sequence {7, }nen C Ry such that

U, = u(a)|R+ and fr — f(OO)|R+7

U(TZO)’R+ - u(oo)‘RJr and fT(:O)|R+ - f(oo)|R+
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in Cp(R4; X) as n — oo.
Let t € R, be fixed. For any ¢ > 0, we can find 7" > 0 such that by proposition 4.2
S (t) = urn, (O < e+ WDt +7) —ult + 7))

= €+/M £t = 5) = fr (t — 5)| da(s) + ool(t,00) - (4.24)

a(R;)

Here, uT) denotes the generalized solution of (4.21) with right hand side f>). Due to the
relative compactness of the range of f, we can apply lemma 4.15 to obtain || flool el =0
in Cp(Ry). For t € Ry fixed, oy defined by

ai(h) = /[Ot] h(t — s) da(s) for all h € Cp(Ry)

is a bounded linear functional on Cy(R;). Thus, noting that for ¢ € R, fixed, the weak
convergence implies
(u(oo)(t) — U, (1)) = (u(oo) (t) — u@ (t)) in X as n — oo,

Tn

inequality (4.24) gives

||u(°°)(t) — y@ ()] < (]M for all t € R,.

a(R;)
Letting t — oo in the above inequality gives lim, .o [[u(®)(t) — u@(t)|| = 0. Hence,
u(® = (¥ since both functions are almost periodic. O

If we do not assume that f has relatively compact range, then similarly to theorem 4.19,
we have the following result.

Theorem 4.22. Let A be an m-accretive operator in a Banach space X , with X' uniformly
conver, let k, k satisfy (4.2), (4.3), (4.5), and let ky, ko be given such that (4.19) holds.
Moreover, let ug € D(A), f € W(Ry; X), and let f©) € AP(R; X) be the almost periodic

part of f.
If the generalized solution u of the initial value problem (4.1) has relatively compact range,

then u is Eberlein-weak almost periodic, and the almost periodic part u™ € AP(R; X) of
u is a generalized solution of the limit equation (4.20) with the right hand side f(>).

Proof. Let u denote the generalized solution of the initial value problem (4.1), and let
u(>) denote the solution of the limit equation (4.20) for the right hand side f(*), where
f>) € AP(R; X) is the almost periodic part of f € W(R,;X). Then, by theorem 4.16
and the relative compactness of the range of u, we already know that u € W(R; X), and,
by theorem 4.10, it is clear that (™) € AP(R; X). Moreover, let u(* € AP(R; X) denote
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the almost periodic part of u, then we have to show that ©(* = u(®. According to lemma
4.21, there exists a sequence {7, }nen C Ry such that

Uy, — u(a)|]R+ and fr — f(OO)|R+’

(o0 ) ‘R+ and f’T(':O) |R+ N f(OO) |R+

uTn —\ u(OO

'le,

in Cp(R4; X) as n — oo.
Let u™ denote the generalized solution of (4.21) with right hand side f(>) for T > 0.

As already shown, for fixed T' > 0, the function u(™) is asymptotically almost periodic,

and thus has relatively compact range. Since, by assumption, u(R,) is relatively compact
in X, and since the duality mapping F is single valued and continuous, there exists a
compact set K7 C X’ such that

F(u(T) (t) — un, (1)) C Kr

for all n € N and all t € R;. Now, let ¢ € R, be fixed. For any € > 0, we can find 7" > 0
such that by proposition 4.18

@) = ur, O < &+ a1+ 7) = ult + 7))

< 8+2/ sup fT(OO)t—S — fr(t = s),2")| da(s
[O’t]x,eKTK (=) (t —s),2)| do(s) (4.25)

a((t, %))
“Ca®,)

Due to the compactness of K7 in X', we can apply lemma 4.17 to obtain

sup |(f) = fr @) =0 in Gy(R).

z'eKp

For t € R, fixed, a; defined by

() = /[O =) dats) o all ke R,

is a bounded linear functional on Cy(Ry). Thus, noting that for ¢ € R, fixed, the weak
convergence in Cy(R; X) implies
(u(io) (t) — ur, (1) — (u(oo)(t) — u@ (t)) in X as n — oo.

T

Therefore, inequality (4.25) gives

t,00))
u® (1) — D)% < C—a(( . forallt e R,.
(0 )| < CXE .

Letting + — oo in the above inequality yields lim; . [|u®(t) — u@(¢)|| = 0. Hence,
u(®) = 4@ since both functions are almost periodic. O
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As a consequence of the above results, the following corollary is a direct consequence of
the ergodic theorem for bounded Cy-semigroups, see [DS57, Theorem 8.7.1 and Corollary
8.7.2], applied to the translation semigroup in BUC(R; X).

Corollary 4.23. Let A be an m-accretive operator in a Banach space X, let k, k satisfy
(4.2), (4.3), (4.5), and let ky, ko be given such that (4.19) holds. Moreover, let ug € D(A),
feW(RL; X), and let f(*) € AP(R; X) be the almost periodic part of f.

If

(i) f has relatively compact range, or

(ii) the generalized solution w of the initial value problem (4.1) has relatively compact
range, and X' is uniformly convex,

then there exists x € X such that

1 [T+h
i supll [t ar =], =0
and | pren
71520 il;}g ‘f/h (u(r) — u(oo)(T)) dTH =0,

where u'®) € AP(R; X) is the generalized solution of the limit equation (4.20) with right
hand side ().

Thus, under the above assumptions, the generalized solution of (4.1) is uniformly ergodic.
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Appendix A

Complete Positivity

In the following we will be concerned with measures on [0, 00). Therefore, let C.(]0, 00))
denote the space of continuous functions on [0, c0) having compact support. We assume
that C.([0,00)) is endowed with the canonical topology, i.e. the inductive limit topology.
Then, the dual space M([0,00)) = (C.([0,00)))" of C.([0,00)) is the space of Radon mea-
sures on [0,00). All measures under consideration in the sequel will be assumed to be
Radon measures. If we define Cy([0, 00)) to be the space of continuous functions tending
to 0 at infinity, then the dual space of Cy([0,00)) is the subset My([0, 00)) of M([0, 0))
consisting of bounded Radon measures.

In order to investigate the equation

% (/@'(u(t) — ) +/0 E(t —s)(u(s) —up) ds) + Au(t) 3 f(), tel0,T], (A.1)

with an accretive operator A in a Banach space X, ug € D(A), and f € L'(0,T, X), we
have to know more about the solution « of the scalar Volterra equation

ra([0,]) + /Ot k(t — s)a([0,s]) ds =t, t> 0. (A.2)

A Radon measure « on [0, 00) will be called resolvent of the first kind for the pair (k, k)
if it is a solution to (A.2).

We first note that in the case where (A.1) degenerates to the case of the Cauchy-problem,
i.e. k =1 and k = 0, the Lebesgue measure « := X on [0,00) is the unique solution of
(A.2). As it is well known that mild solutions u of the Cauchy-problem satisfy the integral
inequality

Jut) =l < Juo = ol + [ fult =)~ = 5) ~ gl ds). tE DT

[0,¢]

for all (z,y) € A, we may assume that under certain assumptions on x and k the same
inequality with A replaced by the solution « of (A.2) holds for solutions u of (A.1).

133
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For b € L'(0,T), we now consider the equation
t
r(t) +/ r(t — s)b(s) ds = b(t), t€[0,7T]. (A.3)
0

Also, for a Radon measure 3 on the interval [0,7"), we consider the equation

Q([0>t])+/0t o([0,t = s]) dB(s) ds = 5([0,1]),  t€[0,T). (A.4)

The solutions r, respectively p, will be called the resolvent of b, respectively 5. As shown
in [GLS90, Theorem 2.3.1 and Theorem 4.1.5], the following proposition holds for 7" > 0.

Proposition A.1. For b € L'(0,T) there exists a unique solution r € L'(0,T) of (A.3).
Moreover, if 3 is a bounded Radon measure on [0,T), then there exists a unique bounded
Radon measure ¢ on [0,T) such that ¢ solves (A.4).

Before we proceed finding a solution to (A.2), we need the definition of the following classes
of functions (see also [BF75, p. 65]).

Definition A.2. A function ¢ € C*((0,00)) is called completely monotone if (—1)"¢™ >
0 for all n € Ny.

A function ¢ € C*((0,00)) is called a Bernstein function if ¢» > 0 and 1)’ is completely
monotone.

Bernstein’s theorem gives a characterization of completely monotone functions as Laplace
transforms of nonnegative measures.

Theorem A.3 (Bernstein). A function ¢ € C*((0,00)) is completely monotone if and
only if there exists a nonnegative Radon measure p1 on [0,00) such that

W)= [t =), 2.0 (A5)
0,00
The measure 1 is uniquely determined by (A.5) and

P (z) = (—1)"/[O )e’Ztt” du(t), z € (0,00). (A.6)

For the proof of theorem A.3 see [Wid41, Theorem 4.12b]. Using the above theorem, we
can show the existence of solutions of (A.2) for a class of k, k satisfying

k >0, and k : (0,00) — R is nonnegative and nonincreasing such that k €
Li.([0,00)) and & + [, k(s) ds > 0 for all t > 0.

loc

(A7)



135

Proposition A.4. Let k, k satisfy (A.7); then there exists a unique nonnegative Radon
measure a on [0,00) which solves (A.2).

Proof. By the assumptions on k, we easily see that k is Laplace transformable and that
¥, defined by 1(2) := z(k + k(z)) for all z > 0, is a Bernstein function. Since 1(z) > 0
for all z > 0, the function 1/t is well defined and completely monotone. Thus, according
to theorem A.3, there exists a unique nonnegative Radon measure « on [0, 00) such that
& = 1/1p. This implies

kG (2) 4 k(2)a(z) = = 2>0 (A.8)

By the uniqueness of the inverse of the Laplace transformation, we obtain (A.2) and the
uniqueness of a. n

As the solutions a of (A.2) exhibit certain properties, we will now introduce a special
notion.

Definition A.5. A Radon measure « on [0, 00) is called completely positive if there exists
a pair (k, k) satisfying (A.7) such that « is a resolvent of the first kind of (k, k), i.e. «
solves (A.2).

This notion was first introduced in [CN79] and further discussed in [CN81]. The main
intention in [CN79, CN81] was to develop conditions such that the solution of (A.1) stays
nonnegative whenever the initial value uy and the right hand side f is nonnegative. This
investigation obviously has a physical motivation in the theory of heat flow in materials
with memory. We remark that the question of positivity of solutions can be reformulated
more generally as whether for a closed convex cone P C X, for ug € P, and f(t) € P
almost everywhere the solution u stays in P almost everywhere.

As our main purpose is to investigate (A.1), we are interested in the regularity of the
measure « which solves (A.2) in order obtain regularity results for the solution u of (A.1).
In particular, we investigate under which conditions on x and k the measure o has no
point masses or is even absolutely continuous with respect to the Lebesgue measure .
As we will see, the regularity of o is mainly influenced by the behavior of x + fg k(s) ds
as t — 04. Therefore we distinguish the following three cases

(i) x=0and k(0+) = tl_i)rorir k(t) < oo,
(i) & =0 and k(0+) = oo, (A.9)
(iii) > 0.

The following regularity properties of the measure « can also be found in [Prii93, Propo-
sition 1.4.4]. We first consider the case (A.9.1).
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Lemma A.6. Let k, k satisfy (A.7), and let (A.9.i) hold. Then the resolvent of the first

kind o of Kk, k satisfies .
a({0}) = H01)’ (A.10)

and if k is continuous then o has no further point masses.

Proof. Continuing & in 0 by k(0+), we obtain by differentiation of (A.2)
/ kE(t —s) da(s) =1, t>0. (A.11)
[0,2]

This implies (A.10) as t — 0+.
Now, assume k is continuous on (0, c0), and let tqg > 0. Then, for all 0 < t < ¢y, we obtain

-1 = /[Oio]k:(to—s)da(s)—/ k(t — 5) da(s)

[0.]

> A} (Kt = 8) = {ta = 5)) das) + KO+)a({ta}).

Since k is uniformly continuous, and the measure « is finite on [0, ¢y], we obtain as t — to—
that a({to}) = 0. L

In the case (A.9.ii), we can even obtain more regularity of the resolvent of the first kind.

Lemma A.7. Let k, k satisfy (A.7), and let (A.9.ii) hold. Then the resolvent of the
first kind o of K, k has no point masses on [0,00). If additionally k is locally absolutely
continuous on (0,00), then a is absolutely continuous with respect to X on [0,00).

Proof. By differentiation of (A.2) we obtain for t > ¢, > 0

1 =a({0})Ek(t) +/ k(t —s) da(s) > k(t — to)a({to})- (A.12)
(0,]

Let t — to+ in this inequality. Since k(0+) = oo, this implies a({to}) = 0.

Now, assume that k is locally absolutely continuous on (0, c0). Then k is almost everywhere

differentiable and k' € L ((0,00)). Since

loc
T T
/ ]tk’(t)\dtg/ k(t) dt
€ 0

holds for all 0 < ¢ < T, the function g given by ¢(t) := tk’(t) for all ¢ > 0 is an element of
Li . ([0,00)). And, by the assumptions on k, the function g is Laplace transformable. We

loc
now define

1 /
alt) = — /M /[Ojt_s](t s (t—s—1)da(r) da(s), t>0.  (A13)
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Then, by some easy calculations, one obtains for z > 0

d d

~ A~

—i(2) = 4(2)(2)g(2) = —-6(2).

This implies a(z) = ¢+ &(z) with a constant ¢ € R. As a({0}) = 0 we have ¢ = 0 and
thus, by the uniqueness of the inverse of the Laplace transform, we can conclude that a is
the Radon-Nikodym derivative of a. O]

In the case &, k satisfies (A.7) and (A.9,ii), the resolvent of the first kind « is not absolutely
continuous with respect to the Lebesgue measure in general. To see this, set kK = 0 and
define, for t > 0,

> 1
() =1+ L) (5 = 1):
n=1

compare [Prii93, page 96].
Using the assumptions (A.9.iii), the measure o has even more regularity as it will always
be absolutely continuous with respect to Lebesgue measure.

Lemma A.8. Let k, k satisfy (A.7) and (A.9,iii). Then the resolvent of the first kind «
for K, k is absolutely continuous with respect to Lebesque measure on [0,00). Additionally,
the Radon-Nikodym derivative a of a satisfies a(t) < < for almost all t € [0, 00).

Proof. According to proposition A.1, the equation

r(t) + p, /Ot k(t — s)r(s) ds = k(t), t>0

admits a unique solution r € L _([0,00)). Define

Then, by straightforward calculation,
t
ra(t) —I—/ k(t —s)a(s) ds =1, t>0. (A.14)
0

Thus, the measure p, defined by p(A) := [, a(s) ds for all A € B([0,00)), solves (A.2),
and by uniqueness ; = «. Since « is a nonnegative measure, a is nonnegative almost
everywhere, and from (A.14) we conclude a(t) < x~! for almost all ¢ > 0. We remark
that by the definition of a it is clear that a is differentiable almost everywhere with
a=r"1r. O

In all of the above three cases we have the following result on the boundedness of the
resolvent of the first kind.
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Lemma A.9. let k, k satisfy (A.7), and let a be the resolvent of the first kind correspond-
ing to k, k. Then
a([0,00)) < 00 <= k(o0) := lim k() > 0.

t—o0

In this case, a([0,00)) = k(oo)™!.

Proof. Using an Abelian theorem for the Laplace transform of o and k, we easily see

1 1
a(]0,00)) = lim &(z) = lim - = :
(10, 00)) z—0 =) =0 2(k + k(z)) k(o)
This holds even in the case where « is not finite, or k(oo) = 0. O

Now we turn to the question of continuous dependence of the resolvent of the first kind
on K, k.

Lemma A.10. Let {(kn, kn)}nen be a sequence satisfying (A.7) and let K,k satisfy (A.7)
as well such that

t t
K, + / kn(s) ds — K +/ k(s) ds, for all t > 0. (A.15)
0 0

Then the sequence of resolvents of the first kind {cu, fnen of Kn, kn converges in the sense
of distributions to the resolvent o of K, k.

Proof. As shown in the proof of proposition A.4, the functions ¥, (z) = z(k, + l%n(z))

and (z) := z(k + k(z)) are Bernstein functions, and by assumption (A.15) we have
n(z) — 1(z) pointwise for all z > 0. Thus, applying [BF75, Proposition 2.9.5], we obtain
the assertion. O

As we only know that the resolvents of the first kind converge in D’(]0,00)), we will
frequently use the following lemma.

Lemma A.11. Let {g,} be a sequence in L _([0,00)) such that g, — g in D'([0,00))

loc

for a reqular distribution g € L ([0,00)). Moreover, let {f,} C L .([0,00)) be such
that limsup,, . fn < f for an f € L. ([0,00)) and f, < F for all n € N for some

loc

F e L] _(]0,00)). Assume that for a sequence of nonnegative Radon measures {, }, which

converges in D'([0,00)) to a Radon measure a the inequality

gn(t) < fa(t = 8) dan(s)
[0,¢]
holds for almost all t > 0. Then

g(t) < f(t—s)da(s), a.e. fortel0,00).
[0,¢]
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Proof. We extend the functions g¢,, g, f., f to all of R by the value 0 for ¢ < 0. We also
extend the Radon measures «,, and a to Radon measures on R by a,,(A) := a,,(AN[0, 0)),
and a(A) := a(AN[0, 00)) respectively, for all measurable subsets A C R. For all ¢ € D(R)
with ¢ > 0 we easily see that

/R¢(t) o fu(t = s) day,(s) dt = /an(T) /Rqﬁ(T + 5) day,(s) dr.

Since the sequence of measures converges in D’(R) we know that for all 7 € R

/R¢(T +8) day,(s) — /Rd)(T +5) da(s), asn — oo.

Using the fact that ¢ > 0 and that a,, and o are nonnegative measures we obtain

lim sup (fnm /R o7+ 5) dozn(s)) < () /]R 6( + 5) da(s), ac. for 7 € R.

n—o0

Since the functions f,, are bounded from above by F' we conclude
7) / o1+ 8) day(s) < F(1)M.
R

Here, M > 0 is chosen such that ||¢]|o sup,ey @n([0, K]) < M, where K > 0 is such that
supp(¢) C (—oo, K]. Therefore, we can apply Fatou’s lemma and the convergence of g,
in D'(R) to obtain

lim [ g.(t)p(t) dt < limsup/ﬂ;b(t)/ﬂ@fn(t—s) doy,(s) dt

n—oo Jp N—s00
< [ o) [ 5e=s) das)
R
Defining h(t) := [; f(t — s) da(s) for all t € R, we have shown that

/ é(t)g(t) dt < / S(H)h(t) dt (A.16)

holds for all ¢ € D(R) with ¢ > 0.
We choose p € D(R) with p > 0 and [, p = 1 and define the sequence of mollifiers {p. }.~0
by pe(t) = e 'p(e7t) for all t € R. Choosing ¢ = p.(t — -) in (A.16), and defining

50) = [ ot =5 as
he(t) := /}Rh(s)pg(t—s) ds

for t € R, we have g. < h. a.e. in R. Since g. — g and h. — h in L, (R), and thus almost
everywhere in R for a subsequence, we conclude g < h a.e. in R. O
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Finally, we specify some of the properties of the resolvents g, for A > 0 of a completely
positive Radon measure «, i.e. the solutions of the equation

Aox([0,¢]) + /[Ot] ox([0,t — s]) da(s) = «([0,t]) for ¢t > 0. (A.17)

Note that, since « is defined on [0, 00), the resolvents o) are, by proposition A.1, Radon
measures on [0,00). As shown in [Prii93, Proposition 1.4.5], the following equivalence
holds for the resolvents p,.

Proposition A.12. A Radon measure o on [0, 00) is completely positive if and only if the
resolvents oy € M([0,00)) defined by (A.17) are nonnegative and satisfy

QA<[07 OO)) S 1.

Moreover, if « is finite, then

_a([0,00))
0,([0,00)) = A+ a(]0,00))”



Appendix B

Accretivity

In this appendix we will give the definitions of accretivity, ¢-accretivity, and complete
accretivity. We will state the main facts about accretive operators, on which the study of
Volterra equations relies.
In order to define accretivity of a possibly multivalued operator A : X — P(X) which is
identified with its graph A = Graph(A) C X x X, we will first collect some properties of
convex functions on Banach spaces. Most of these properties can be found in [Gil82].
A function ¢ : X — R defined on a linear space X over R is convez if for all z,y € X and
all a € [0,1]

plaz + (1 —a)y) < ad(x) + (1 — a)é(y).
Recall that a convex function ¢ : X — R on a Banach space X is continuous if and only
if it is locally Lipschitz continuous, i.e. for all a € X there exists L > 0 and § > 0 such
that for all z1,x € X with ||x; — al| < 6 for i = 1,2 we have

|p(x1) — d(x2)| < L1 — 22|

Let ¢ : X — R be continuous and convex. Then, for all A # 0, the mapping ¢, : X x X —

R, defined by

i = AN Z0k)

is continuous. For fixed =,y € X, the mapping A — ¢,(x,y) is nondecreasing for A > 0.
Indeed, the function 6 : R — R defined by 6(\) := ¢(x + \y) — ¢(x) is convex. Thus, for

0 < X < pu, we have
o(\)

A
Since ¢y (z,y) = —¢_r(x,—y), the mapping A\ — ¢,(z,y) is nondecreasing for A < 0.
Thus, for every x,y € X, we can define the right-hand Gateaux derivative of ¢ at x in
direction y by
! =1 = inf
¢+($7y) Ai%l-l- gb)\(xvy) igo ¢)\($,y),

141
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and the left-hand Gateauz derivative of ¢ at x in direction y is defined by

¢/—<x7y) = )\h%l qb)\(x?y) = SUP¢A($7y)~
—U= A<0

In the following proposition, we collect some useful properties of the Gateaux derivative
defined above.

Proposition B.1. Let ¢ : X — R be a continuous and convex functional on a Banach
space X. Then

(i) ¢/, : X x X — R is upper semicontinuous,

(ii) for x € X fized the mapping X 2 y — ¢' (z,y) is a sublinear and locally Lipschitz
continuous functional on X,

(iii) for all x,y € X we have ¢' (z,y) < ¢, (z,v),

() for all x,y € X and all « >0
¢y (z,a(y — ) < a(o(y) — ¢(z)).

We now consider three important examples in the context of accretivity.

Example B.2. Note that the norm || - || of a Banach space X is a convex and continuous
functional on this Banach space. In this case we use the special notation

_ e A Ayl = =]
ok = g 2

for the right-hand Gateaux derivative of the norm of X at z in direction y, and

N o eV el
oyl = Ali%lf A

for the left-hand Gateaux derivative of the norm of X at x in direction .
We define the duality map J : X — 2% by
J(z) = {2’ € X'| (z,2) = ||z and ||| < 1}.

Then, by the Hahn-Banach theorem, it is clear that J(z) # 0 for all z € X. We recall
that

[z,yly = sup (y,').
z'eJ(x)

Consider the space X = L*(Q), where (9, A, ) is a o-finite measure space. Then

J(u) =sgnu={ve L®(Q)|lv] <1 and vu = |u| p—a.e. on Q}.
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Example B.3. We consider the continuous convex functional given by 1|| - [|2, where || - |
denotes the norm of the Banach space X. We denote the right-hand Gateaux derivative
of this functional by
e+ Ayl = fle]?
x = lim :

Defining the corresponding duality mapping F : X — 2% by
F(z):= {2’ € X'| (z,2") = ||z = [|||*},
it is clear that

(T, y)y = SL];I() ){y,x’> = ||lz||[x, y]+ for all z,y € X.
z'eF(x

Moreover, we remark that for z,y € X the following assertions are equivalent:
(i) [z, y]+ =0,
(i) (z, )+ =0,

(iii) ||z|| < ||z + Ay|] for all A > 0.

Example B.4. Let (Q, A, u) be a o-finite measure space and let M(Q2) be the space
of p-a.e. equivalence classes of measurable functions on 2 with values in R. Defining
rt:=rV0=max{r,0} and r~ := —(r A0) = —min{r,0}, we recall that the integral

= [

is well defined on M*(Q) = {u™| v € M(Q)} with values in [0,00]. Apart from the
classical Lebesgue spaces, as usually denoted by LP(Q2) for 1 < p < oo, we define the
following Banach spaces

L'(Q) = LYQ)N L>(Q),
with [Juflinee = max{]lulls, [[ulls},
LY(Q) = LYQ) + L™(Q),
with [[ulli4ee = inf {{Jur]s + uzllec| v = w1 + ua, ur,us € M(Q)},
Lo(Q) = {ue L") /(|u\ —m)* < oo for all m > 0},
endowed with the norm || - [|14c0-
For details on the following properties, we refer to [BC91]. First, the norm || - || can

be written as

Jull oo = inf ot [l = m)*),  for all w e L(@),
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and a sequence {u, }neny C L'T°(Q) converges to u in L'™°°(Q) if and only if
/(|un—u|—m)+—>0 for all m > 0.

Moreover, if u,, — u in L'*>°(2), then there exists a subsequence {u,, } such that u,, — u
p-a.e. on €.
Let X C Ly(f2) be a Banach space. We define for m > 0 the function ¢ : X — R by

oF(f) = /(f—m)*, for all f € X,
and ¢ : X — R by
O (f) = /(f+m)‘=/(—f—m)+, for all f € X,

Then ¢ and ¢,, are continuous and convex functionals on X, and it is well known that
their Gateaux derivatives are given by

(o) (f.9) = /g + / 9",

{f5m} {f=m}

(65)" (f.9) = /g - / 9,
(f5m} {f=m}

(6n), (fr9) = — / g + / 9,
{f<-m} (f=-m}

(6m)" (f.9) = — / g - / g*.
{f<-m} {f=—m}

We have collected all results in order to give the definition of accretivity, which is adapted
form [CPT78]).

Definition B.5. Let X be a Banach space with norm || - ||, and let ¢ : X — R be a
continuous and convex functional on X. Then an operator A C X x X is called ¢-accretive
in X if for all (z,y),(Z,7) € A

The operator A is called accretive if it is || - [|-accretive. And if X C Ly(f2), then the
operator A is called completely accretive in X if A is ¢-accretive for all ¢ = ¢, and
¢ = ¢, with m > 0.

Moreover, we call A m-accretive, respectively m-completely accretive, if R(I + \A) = X
for all A > 0 and A is accretive, respectively completely accretive.
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We remark that an operator A C X x X is accretive if and only if the resolvent J{! of A
defined by J{! = (I+\A)~! is a single-valued nonexpansive mapping defined on R(I+\A).
In order to give a characterization of completely accretive operators in X C Lgy(2), we
define

Jo= {j :R — [0, 00] ! j is proper convex lower-semicontinuous, with j(0) =0 } )

Then, for all u,v € M (), the following relation is well defined:

u < v if and only if /j(u) < /j(v) for all j € Jo.

We remark that by [BC91, Lemma 1.3] u < v holds for u,v € Ly(Q2) if and only if

/(u—m)+§/(v—m)+ and /(u+m)_§/(v+m)_ for all m > 0.
Thus, an operator A C X x X with X C Ly(Q) is completely accretive if and only if
u—u<u—1u+ ANv—10) for all A > 0 and all (u,v), (a,0) € A.

In some cases we will restrict our attention to the following special class of Banach spaces
X C Ly(Q).

Definition B.6. A Banach space {0} # X C Ly(Q) is called normal if
ue M), veX, ugv = ueX, |ullx <|v|x.

We refer to [BCI1] for an overview on m-completely accretive operators in normal Banach
spaces and to [BCP] for the concept of mild solutions of abstract Cauchy problems

W+ Au > f
u(0) = wug

governed by an accretive operator A.
Moreover, we will need the following definition of a minimal section.

Definition B.7. Let C be a subset of Ly(£2), then
C°={ueC |lukwvforalveC}

Moreover, let A be an operator in Ly(€2). Then A° is the restriction of A defined by
A°u = (Au)° for all w € D(A).

Remark that if C' C Lo(Q) is convex, then C° consists of at most one element. And that

if A is an m-completely accretive operator in X C Lo(2), then A° is single-valued with
D(A°) = D(A).
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