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VOLTERRA INTEGRO-DIFFERENTIAL EQUATIONS
WITH ACCRETIVE OPERATORS AND
NON-AUTONOMOUS PERTURBATIONS

STEFANO BONACCORSI AND MARCO FANTOZZI

ABSTRACT. This paper is devoted to study a class of
nonlinear scalar Volterra equations in general Banach spaces,
with an m-accretive leading operator and a nonautonomous
perturbation. We shall consider both the case of Lipschitz
perturbations and the case of dissipative perturbations. We
prove the existence of a generalized solution and discuss some
useful estimates for it.

1. Introduction. The type of Volterra equations studied in this
paper is the nonlinear evolution equation

(1.1)

4 (k0<u<t>—x> + [ s -a) ds) - G(u(t) = F(t,u(t)),
(0+) ==

te (0,00), u

in a real Banach space X. Here, ky > 0 is a constant and k; is a
real, nonnegative function that satisfy Hypothesis 1a) below, G is an
accretive operator in X, see Hypothesis 1b), and we shall consider the
operator F'(t,u) as a nonlinear, nonautonomous perturbation of the
operator G, see Hypothesis 1c) for details.

Since the early 1970s, the case where F'(t,u) = f(t) has been under
consideration; this problem has an interest also in our setting, and it
shall be further discussed in Section 2.1. The next step in the literature
was to consider functional perturbations of such a problem, compare
4, 8].

In this paper, on the contrary, we consider perturbation operators
acting on X, but we can allow such operators to be nonautonomous.
The study of (1.1) with the operator F'(¢,u) is based on the results for
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the inhomogeneous problem F' = f(¢) and a fixed point argument; this
should justify the appellative of “perturbation term” given to F (¢, u).

In order to state the main result of the paper, we shall introduce
the main assumptions on the coefficients of (1.1). A comprehensive
explanation of the notation employed in the paper will be given in
Section 3.

Hypothesis 1. a)The kernel k(t) = ko + fg k1(s) ds is a Bernstein
function associated to a kernel a(t)

(1.2) koa(t) +/O ki(t—s)a(s)ds=1, te (0,00);

b) G(z) is an operator in X, with domain D(G) C X, and there
exists w > 0 such that G + wl is m-accretive in X.

c) The perturbation term F maps Ry x X into X; it is uniformly
continuous on bounded sets of Ry x X and for each t € Ry = [0,00),
F(t,-) is m-dissipative on X .

We shall also need the generalized domain ﬁ(G): this is a suitable
subset of X which contains D(G), defined in terms of Yosida approxi-
mations of G; see Definition 3.1 below.

Our main result provides the existence of a generalized solution for
problem (1.1).

Theorem 1.1. Assume X is a real Banach space, and let Hypoth-
esis 1 be satisfied. Then, for any x € D(G), there exists a unique
generalized solution to the abstract nonlinear Volterra equation (1.1).

The paper is organized as follows. In Section 2, we shall discuss
how the results provided here are related with those already known in
the literature. Our notation, and some preliminary results about the
coefficients of (1.1), are given in Section 3. In particular, in subsection
3.3 we discuss some properties of the linear Volterra operator

Lu(t) = %(kou(t) + /O Ca(t — s)u(s) ds>.
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Although there exists a large literature about this subject, we obtain
a representation of the Yosida approximations L, = L(I + (1/p)L)~*
which may deepen the understanding of the relation with the associated
completely monotonic kernel. Finally, the remaining sections are
devoted to the study of (1.1), first in the case F(t,z) = f(t), then
in the case of a Lipschitz nonlinearity, and the last section provides the
proof of Theorem 1.1.

2. Nonlinear equations with accretive operators. The equa-
tion that we consider in this paper is a nonautonomous perturbation
of the inhomogeneous problem

(2.1)

% (ko(U(t) — ) +/0 ki (t = s)(u(s) — ) ds) +G(u(t) = f(t),
+) ==z

t € (0,00), u(0

There is a wide literature concerning such equations, motivated also by
their relevance in applications. Actually, Volterra integro-differential
equations of convolution type with completely monotone kernel arise
naturally in several fields, as heat conduction in materials with mem-
ory and in the theory of thermo-viscoelasticity; see for instance the
monograph of Priiss [12] and the references therein.

2.1 The case of a perturbation independent of u. We start by
considering the simpler case where the perturbation on the right-hand
side of (1.1) is independent of u. This case shall provide us with the
estimates that we need in order to study the general case of equation
(1.1), compare also [9]. Therefore, in this section we are concerned
with the equation (2.1).

In order to define a generalized solution to (2.1), we shall consider an
approximate equation, where the operator L is replaced by its Yosida
approximation L, = L(I + (1/p)L)~', > 0. Let u, be the solution
of the following equation

(2.2) Lyu[un(-) = 2](t) + G(un(t)) = f(t), t€(0,00).

In the next theorem, we establish the existence of a generalized solution
of (2.1).
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Theorem 2.1. Assume that Hypotheses 1 a)-1 b) are satisfied, and
let x € D(G) and f € C(Ry;X). Then, for every p > 0, equation
(2.2) has a unique solution u, € C(Ry; X).

As u — oo, there exists a function w = U(z, f) with u € C(R4+;X)
such that u, — u in L2 (R4; X).

loc

The function w = U(xz, f), that exists according to Theorem 2.1, is
said to be the generalized solution for problem (2.1).

Let us discuss briefly our setting as compared to that of Gripenberg
[8]. The results in that paper distinguish the cases kg = 0 and ko > 0.
In the latter case, the quoted result fully describes the case w = 0
(w is the type of the operator G). In general, however, we may write
G(u) = é(u) — wu, G is an m-accretive operator of negative type, and
wu is a linear perturbation, so that this case may be as well treated by
means of Theorem 3 of that paper.

In Section 4, we shall discuss the case kg = 0 in full detail. Here,
actually, the results in [8] do not suffice and a refinement of the
estimates for the solution is necessary. We collect in Theorem 4.7 the
relevant estimates that we obtain in our setting. In case kg = 0 and G
an m-accretive operator on X, similar results were already proved in
[3], see also formula (4.16) here.

Remark 2.1. Using the estimates in [3], Gripenberg et al. [9] solved
the problem of existence of a strong solution for (2.1). In our setting,
the extension of this result does not seem straightforward, since one
of the relevant estimates couldn’t be proved with our techniques; see
Remark 4.3 for more details. We hope to return to this problem in a
subsequent paper.

2.2 The case of a Lipschitz perturbation. Now we return to
the nonlinear problem (1.1). Before we discuss the case of dissipative
operators, that is the object of Theorem 1.1, we shall consider the case
of a Lipschitz perturbation. We say that u(-) is a generalized solution
of (1.1) if u =U(x, F(-,u)).
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Theorem 2.2. Let the assumptions of Theorem 2.1 be fulfilled, and
assume that the nonlinear term F satisfies

(2.3) t— F(t,6) e C(Ry; X), forall &€X,
and there exists a function n € LS. (R4) such that, for anyt € Ry

(24)  IF(# &) = F(t &) <n()ll&r — &l forall &8 € X.

Then there exists a unique generalized solution to equation (1.1)

{ Llu() — 2](t) + G(u(t)) = F(t, u(t)),
t e (0,00), u(0+)=x.

As we mentioned in the previous section, Theorem 3 in [8] is con-
cerned with the existence of a generalized solution to (1.1). As before,
cases kg = 0 and kg > 0 are treated separately and, again, the second
case, kg > 0, is fully described by Gripenberg. Instead, in case kg = 0,
the Lipschitz perturbation term in Theorem 2.2 is not contained in the
assumption of [8, Theorem 3], that is,

t
||F(’l)1) — F(’UQ)HLI(OJ);X) < / 77(8)”’01 — 'UQHLl(O,s;X) dS, te R+.
0

2.3 The case of a non-autonomous dissipative perturbation.
In the last section we finish the proof of the main result stated in
Theorem 1.1. We are concerned here with the case of a continuous and
m-~dissipative operator F(¢,u), see Hypothesis 1c). Since this term is
nonautonomous, it is not possible to include it into G and to apply the
previous theorems, also if we suppose that —G + F' is m-dissipative.

The techniques applied in this part, although very different from those
employed in the previous sections, are usually applied in the theory of
dissipative systems; in particular, we refer to the proof of [6, Theorem
7.13].

Remark 2.2. In the literature, it is often assumed that G is a multi-
valued accretive operator in X, while in this paper this is not allowed.
Our choice is mainly motivated by the quest for simplicity of notation.
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Actually, it should be noticed that the extension of Theorems 2.1
and 2.2 to cover this setting is straightforward, and, in that case,
they match the results in [8]. On the other hand, the “multi-valued
version” of Theorem 1.1 requires more attention. A sufficient condition
to prove the result is the following assumption: there exists (at least)
one element y € D(G) such that sup,cq(, [|2] < +o0.

In any case, this problem does not affect much the central substance
of this paper, while it is not relevant in the applications to stochastic
differential equations, see [1].

3. Notation and preliminary results. We shall denote the norm
in the Banach space X by | - ||

3.1 Properties of accretive operators. For the sake of complete-
ness, we recall some properties of accretive operators from the book of
Da Prato [5].

An operator G on X is said to be accretive if, for any =,y € D(G)
and for all A > 0: ||z — y|| < ||z — v + MG(z) — G(y))||; moreover,
an operator F' on X is said to be dissipative if —F' is accretive. We
denote by A,,.(X) the space of accretive operators G on X such that
Range (I + AG) = X; such operators are called m-accretive.

We also denote by ch(X ) the space of operators G on X such that

G +wI belongs to Ape(X) for a suitable real number w. If G € Ao (X)
we set wg = inf {w € R: G +wl € Appe(X)}; then we say that wg is
the type of G} if wg < 0 we say that G is of negative type.

As stated in the introduction, we assume that the operator G belongs
to Ame(X) and we denote by w = wg > 0 the type of G. If G is of
negative type, then we choose w = 0.

The resolvent operator J,,, associated with G=G+uwl , is defined by

-1
1 ~
Jy = (I—I——G)) , w>0.
I
We have that J,, satisfies the following properties:

[Ju(@) = Ju)l < llz —yll,  forall z,yeX,
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and

lim J,(z) =2, forall ze€ D(G).
p—o0
We also introduce the Yosida approximations G, a > 0, of G by
setting _
Go(z) = G(Jo(2)) = a(z — Ju(x)), z€X.
We remark that G () is a Lipschitz continuous mapping, and it holds
that |G (2)] < ||G(2)|| for any x € D(G).

Definition 3.1. We denote the generalized domain ﬁ(G) the set
{r € X :sup, [Gal@)|] < +o0}.

We have D(G) € D(G) € D(G). If X is not reflexive, then it is
possible that D(G) € D(G).

3.2 Properties of the scalar kernel. A function f : (0,00) — R
is called completely monotonic if f belongs to C°°(0,00) and

dn
(—1)nm—nf($)20, >0, n=0,1,2,....

Below we list some properties of completely monotonic functions.

Remark 3.1. Assume that f : (0,00) — R is completely monotonic;
then
i. if f(zo) = 0 for some xg > 0 then f is identically zero;
ii. f has an analytic extension to {z € C: R(z) > 0};
iii. if £(0+) = 400, then (—=1)" L= f(0+) = o0 for n =1,2,...;

iv. (=1)" L f(+o0) =0forn=1,2,....

dx™

For an exhaustive introduction to completely monotonic functions,
as well as a proof of these properties, we refer to [10, 12] or the
introduction in [11].

A C® function ¢ : R} — R is called a Bernstein function if p(t) > 0
for t > 0 and ¢’ is completely monotonic.
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Remark 3.2. The kernel a : (0,00) — R is completely monotonic,
a € L}, .(0,00). Moreover ko = 0 implies a(0+) = +oc.

We consider in Table 1 some examples of Bernstein functions k£ and
the corresponding completely monotone functions a.

TABLE 1. a € (0,1) and Ei(2) = [ e7tdt/t.

k(t) a(t)
1 1
1+t et
Jo Ex(s)ds Jo e ttr=1 (dp/T(p))
[3(s7/T(1 - a)) ds to=1/D(a)

Let us consider the family of functions s,(t), t > 0, p € R, where s,
is the solution of the scalar Volterra equation

(3.1) su(t) —l—u/ot sp(t—1>0)a(@)dd =1, t>0.

Under Hypothesis 1a), it follows that s,(t) is positive and nonincreas-
ing with respect to t > 0, for every p > 0.

Table 2 contains examples of scalar resolvent functions for various
completely monotonic functions.

TABLE 2. &a(z) =) o ((—2)*/T(ak + 1)) is known as
Mittag-Leffler’s function; as before, a € (0, 1).

a(t) s(t; 1)
1 e Ht
et (14 p) 'L+ pe= (401

JoZ et dp/T(p) | 1= [5° pe=e] [y e~ "rP~Ldr]dp/T (p)
t*~1/T(a) Eapt®)
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Proposition 3.2. For any p € R

d
@s#(t)go forall t>0.

Proof. For a proof we refer to [12, p. 98], noticing that the case p < 0
can be treated similarly to the case p > 0. |

Notice that the above proposition not only implies that su(t) < 1 for
any p > 0, but also that s,(t) > 1 for any p < 0.

Let us denote by r, the solution to the integral equation

(3.2) u0) [ 1t = 9)a(s) ds = palt)

By [12, Lemma 4.1], since a is completely monotonic, we know that, for
any u > 0, r,, belongs to L' (R)NC(0, 00), it is completely monotonic,
0 <ru(t) < pa(t) forall t € Ry, and

= _ (o) = —+a0)
/0 ru(s)ds =7,(0) = T+ 1a(0) <1.

Moreover, if u < 0, then r, belongs to L}, .(R+) N C(0,00) and

loc

ru(t) < pa(t) <0 for all t € Ry, compare also [7].

The relation between s, and r,, is clarified in the following statement.

Proposition 3.3. It holds that

(3.3) s,(t) = (1 - /Ot ru(7) dT), t>0.

We shall summarize, in the next proposition, some results about the
limit behavior of 7, and s, as p — oo.
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Proposition 3.4. The following relation holds between s, and the
function k:

(3.4) s, (8) = (1 k) (0) + Kor(0).
Moreover, .
n [ suryar — k)

for almost every t > 0.

Proof. The proof is given in [8, Lemma 3.1]; let us briefly sketch it in
our notation. Taking the convolution of (3.2) with k1(-) and recalling
that from (1.2) it follows that koa(t) + (k1 * a)(t) = 1, we obtain

(rp x k1) () 4+ p((rp = k1) *a) (t) = p(a* k) (t) = p(1 — koa(t)).
On the other hand, again from (3.2) and (3.1) it follows that
(10 = ko, ) (6) + (15, = o) » @) (8) = (1 = koa(®),

and comparing this expression with the previous one, we prove (3.4).

The second part of the proof follows in a straightforward manner by
using Laplace transform methods. ]

In the following, we discuss a Gronwall-type lemma that will allow
us to prove estimates for the solution of a Volterra equation.

Lemma 3.5 (A generalized Gronwall-type Lemma). Let v be a
continuous, nonnegative function which satisfies the estimate

(35) o) < sa(B)x + %f(t) + 200 +rawolt), teRs,

where X > w, while sx(t) and rx(t) are defined in (3.1) and (3.2),
respectively. Then

(3.6) o(t) < %(l <x+ §f+a*f) *s_m)(t),

w
w
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where $_, (t) is defined as in (3.1) with wy = (Aw)/(A —w).

Remark 3.3. In case f = 0, we obtain from the above lemma the
following estimate:

(3.7) o(t) € Pas_y, (b).

w

If we consider, instead, the case w = 0, then estimate (3.6) becomes

(3.8) v(t) <z + %f(t) + (ax f)(2).

Proof. If we take the convolution with a of both sides of (3.5), we
have

(axv)(t) < (a*sy)(t)r+ % (ax f)(t)+ ; (axv)(t) + (a*ry*xv)(t).

Using the very definition of rx in the above expression, we get
(a0)(0) < (asn) (Bt 5 (%)) (@x) () +(aw0) (1)~ (raeo) (1),
that we read

(39)  (mxo)() < Aaxs)(O)z+ (ax f)(E) +wlaxv)(t).

Now we substitute what we have found in (3.5) to get

o(t) < sx B+ 5 £+ 00) + Alas sx) (B + (0 £) (1) + wlan )0,

and the definition of sy implies

A—w
A

o(t) S 24 5 F(0) + (@ £)(2) + wlas 0)(0)

u(t) <

o (o4 3 10+ @) +ertar )0,

Now we conclude, since we can apply [10, Lemma 9.8.2], with g(t) =

WA =w)(@+ (1/Nf(E) + (ax f)E). o
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3.3 Volterra operators. In this section we shall discuss some
properties of the linear Volterra operator

(3.10) Lu(t) = % {kou(t) + /Ot ki(t —s)u(s)ds|, t>0,

with domain
D(L) = {f € L'(Rs; X) | kof + (k1 + f) € Wy (Rys X) .
The operator L is m-accretive in L*(R.,; X) and densely defined; notice

that by [10, Proposition 3.2], the same holds on LP(R4;X) for any
1 < p < o0, but we shall not use this extension.

There is a natural representation of its inverse operator L' in terms
of the kernel a.

Lemma 3.6. Given the operator L defined in (3.10), the operator
L7 is defined by

(3.11) L_lv(t):/ta(t—s)v(s)ds, {eR,.

Proof. Let us prove one implication, say, that L(a % v)(t) = v(t), the
other being similar. We start from (1.2), taking the convolution of both
sides with v(¢), to get
(3.12) ko(a*v)(t) + (k1 xaxv)(t) = (1 xv)(t).

Next, observe that the definition of L implies

Lo x)(t) = & [koa = u)(1) + (ky  (a 0))(0)]

if we substitute what we have found in (3.12) and use the identity

(d/dt)(1=f)(t) = f(t), we obtain (3.11). o

We now proceed to analyze the operator L, = L(I + (1/p)L) ™ .
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Lemma 3.7. The operator L, = L(I + (1/p)L)~1 is given by

¢
(3.13) Lo(t) = ,u(v(t) - / v(t — s)ru(s) ds),
0
where r,, is a solution to (3.2).
Proof. Let y = L,v; then
1 . L1 1
I+-L)| L7 'y=v=L "y+—-y=v=0axy+ —y=0.
[ 1 [

If we take convolution with r,,, recalling (3.2), we get

axy=ry,*v = p(r,*v) +y= . o

Remark 3.4. We shall use (3.13) in this equivalent form:

(3.14) Loo(t) = u% (ves)(t), t€Rs.

3.4 Some estimates on convolution operators. Let a be
a positive real number, a € (0,1), and @ a completely monotonic
function on Ry and a € L},.(0,00). We define a measure p([0, s]) =
o+ [Ja(o)do. The following lemmas treat the estimates on the

convolution powers of a and p, respectively.

Lemma 3.8. Let a satisfy Hypothesis 1a); then, for each T > 0 and
for any constant C > 0,

C™|la™ | 10,1y — O.

More precisely, we have

(3.15) ZCHHQ*HHLI(O,T) < 0.

n=0
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Proof. Let C > 0 be fixed, and define the operator A : L'(0,T) —
LY(0,T) as
Av(t) = C(axv)(t), te(0,T).

A is a linear bounded operator from L!(0,7T') into itself. We claim that
the spectral radius o(.A) is 0. Then it will follow, from the formula

o(A) = hm HA"HL £1(0,T))
(here || - || (22 (0,7 is the norm of operators on L'(0,T)), that

* 1/n 1/n
Cla™ (|}t 2y < 1AM o0y — O

In particular, from the root test for the convergence of series, we have

oo
Z CnHa*nHLl(QT) < 00.
n=0

It remains to show that o(A) = f0. From the definition of spectral
radius, it is sufficient to show that, for any @ > 0 and any function
u € LY(0,T), the following problem has a solution v € L'(0,T):

u(t) = Cla*v)(t) + Cav(t).

But, since a is a completely monotonic kernel, we have
v(t) = C (u(t) = (r1/a *u)(1)),
and this shows the lemma. O
Next, we state a useful generalization of the previous lemma.

Lemma 3.9. Let p be a completely positive measure on R, defined
by

p0.t) =+ [ a(s)ds
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where a € (0,1) and a satisfies Hypothesis 1a). Let us define

p7((0,1]) = / p(10.t — o]) p ) (do).

Then we have that
Zp*i([O,t]) < +o0.
n=0

Proof. By direct calculations it follows that

*1 . n n— *
IR D] () L e
k=0
so we have

> om0, =33 ()" Mot o
n=0

n=0 k=0

=1 > n!
_ = *k : n—k
- kzzok' Ha ||L1(0,t)nz=;€ (n—k)' « .

Now
: n—k "
— = m+k)Y(n+k—1)---(n+1)a™
; (n—k)! 7;3
But )
d
(1’L+k)(n+k—1)...(n+1)an:WanJrk’
o
then
>~ nl e dE N g dE ok
DD TRl D DLl g
n=k : n=0
Since
ak 1
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we have
i n! a”_k—i 1K
n:k(n—k)! S daf 1—a  (1—a)ktt’
Hence we have
™ =1, k!
ZP ([0,2]) = Z T a0, A=yt
n=0 k=0
1 el
Cl-a é (1—a)k =%

where the last series converges thanks to estimate (3.15) in Lemma 3.8.
]

4. Construction of the approximate solution. In this section,
we shall prove the results stated in Theorem 2.1. As explained in
subsection 2.1, we shall only be concerned with the case kg = 0. We
first consider the approximate equation:

(4.1) Ly () = 2)(0) + Glun(t)) = f(1), > 0.

Applying J, to both sides of (4.1), we get that this is equivalent to the
following

(42) up) = 5o (2 0,04 5 10 + 5,00+ [yt = synulo)ds ).

Lemma 4.1. Let p > w; then for each T > 0 there exists a unique
solution uy, to (4.1) in C([0,T7; X).

Proof. For fixed f € C(Ry;X) and z € X, we define the mapping

K(v)(t) = Jﬂ<%v(t)+%f(t)—l—sﬂ(t)x+/0 v(t_s)ru(s)ds), t>0.
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It is easy to show that I maps C([0,T]; X) into itself; moreover, we
can bound the norm of K by

w

Ie(va) = K)l(t) < 2l = o) ()1l + (r oz = 1))
(recall that J,, is non-expansive). Let us introduce the measure p on R
by

p([0,t]) = " +/O 7 (s) ds.

Then p is a completely positive measure; moreover,

1KC* (v2) = K (v1) || e 0,7y < vz = w1l oo 0,70 (10, T71),

where p*i([()?t]) = otp*(i_l)([o>t = s]) p(ds).

It holds that

o =3 (1)(2) I

k=0 H

and from Lemma 3.9 this goes to zero. o

Let us denote U (x, f, 1) the solution to (4.1) constructed in Lemma 4.1.
Before we establish the convergence of U(z, f, 1), we proceed to study
a priori estimates.

Lemma 4.2. Let uy = Uz, f1,1) and ug = U(xa, fo, 1) be two
solutions to (4.1); then it holds that

luate) = @] < 2 fea—arlso, (@) + 2 5 (5 12O-A0

Hax 120-AOD) #5-0,) 0,
Proof. 1t follows from (4.2) and the fact that J,, is nonexpansive that

l[ua(t) = wa (DI < su(t)]|z2 — 1] + % 1f2(t) = A (@D

+ % lluz () — ur (O + (ry * lua () — ur () (1),
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so we have from Lemma 3.5 that, for every p > w,

luat) = @)] < 2 fez-arls-o, (@) + 22 5 (5 120-A0

e IRO-AOD) s, )0
where s_,, is defined in (3.1) with w, = (uw/p — w). O
Lemma 4.3. Assume further that

(4'4) f(t) € Bvioc(R-i-; X)7

and let the assumptions of Theorem 2.1 be satisfied. Then the solution
u,, belongs to BVioc(Ry) and it holds that

var (|lu,(-) — x||; [t1, t2])

< (1l + ZIGU@I+ 2 UA00 ) (5 12 = 50, (1)

(4.5) 1

T
- ;/0 r,wu(s) var (f; [max {0,t; — s},to — s])ds

+ % var (f; [t1,ta]).

Proof. For any h > 0, from (4.2) it holds that
1
(e 1) = 1,(0) = Ju (sult + 102+ 2 w0 )+ % f0 1)

t+h

—|—/ u,(t+h—7)r, (1) d7>
0

w 1
—Jlsu)x+ —u,(t)+ — f(
(su0+ 2 w0+ 110

+ /Ot uy,(t—7)r,(7) dr).
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Taking the norm, since J, is nonexpansive, we get
w 1
l[up(t 4 h) = up ()] < m [t (4 h) = un ()] + M £+ h) = f(@)]
t
+ [ ot b= 1) = e = )t dr
0
t+h
+ / et + b — 7) — allra(r) dr.
t
Thanks to Lemma 3.5 we obtain the estimate
1
(46) ||uu(t + h) - u#«(t)” < ; Q(Na h7 t) + (Q(Na h7 ) * a)(t)7
where we set

q(p, h,t)

t+h
:u/t lup(t+h—7) = 2lru(r)dr + [|f(t+h) = f()]]

—M/Ot (/$S+h|uﬂ(s+h—7) —x||ru(7)d7) v, (t—s)ds
-/ G+ h) — F($)r, (— ) ds
—f Tt 4 h ) —al ()= [t = vy () )

¢
I +h) = FOl = /0 (s +h) = f(s)[[r—w, (t = 5) ds.
Let us consider next the convolution term which appears in (4.6):

(q(p, b, -) * a)(t)
t h
:/O dﬁ[ua(t—ﬁ)/o lup(h — ) — ]

y <ru(19 +r)— /O L4 = ) (5 ds) dT]

" / 1£(s+ 1) — F(s)lalt - 5) ds
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/[/ 1G5+ h) = (), >ds]a<t—z9>«w
[ dr[mmh )=l
y /Otaw) (TM(T—ﬂ)— /Otﬂru(T—ﬁ—s)r_wu(s)ds) dﬂ}
+/Ot|f(8+h)—f

x (a(t—s) - /0 Tt —s— O, (0 5) d19> ds.

Finally, since r_,,, < 0, we obtain the following bound

,h) 0
(/ ds—f—u//ﬂm (r—9— s) ds a(9) dﬂ)}
(Ift+h (o)l - / 1G5+ 1) = F)lre, >d>
/Ilfs+h -, (t — 5) ds
< (t&‘é‘,’h) ) = o) / T [( o rulr = d)a(@)do )
—</Ot” (s)(m(T s)+u/t_ ra(r—s—9)a (z9)d19> ﬂ

F ISR = 1O =5 [ 15+ 1) = T (- ) s
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Now, we divide the interval [t1,t2] in (N 4 1) intervals of length h,
and we compute the variation of U(z, f, i) along this partition to get
(4.8)

N
D (ke + 1)h) = w, (kR)||

<( sup [lu, ()] +Z e (e khw—maw)dﬁ
(tE(Oh) ) /

-(/ o (rutr =)+ / = s~ ) a) ) d)]

+ - an ((k+Dh) = f(kh)|
——Z/ 1F((k + 1)h = 8) = f(kh = 8)|[r o, (s) ds.

Now we estimate the expression sup,¢ o p) l|lu,(t) — 2| Subtracting
to both sides of (4.2) J,(z) we have:

uy,(t) — Ju(x)

then
w
(&) = Ju@)l < =7 e (t) = =]
w 1 ¢
+ =zl + =IO+ [ Nuu(t =) = llru(s) ds
K K 0
and, since J,(z) —z = (1/p)G(x), we have

lun(t) —2fl < — IIW( )=l +— lel + - Hf( )+ % G ()]

/ et (t = 8) = zllru(s) ds
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Using Lemma 3.5, we obtain
Wy, 1
() =2l < == (@llz]| + 1 Gp()]]) S (t) + (axs-0,)(t)

2 2 (R 0O+ @ 150D *5-0, ) @

1
w

= (ol + G |5+ 5 (5-0, (0= )

1
1

# 2 L ((L1r0N+ @ 150D *5ms, ) 0

therefore
s up6) = 2l < 2 (ol + [Gu(a)l) [ - + 2 (500, (00 = )
te(0,h) . T w . poow
1 h
+ £ sup ||f(t ——l—/asds
" te(o)h)ll ol (u ; (s)
1 [k h
_ _/ T, () ds—/ (a*r_wu(s))ds>
H 0
SO
w 1 1
sup ||lu,(t) —x §—“(——|—— S_w, h —1)
g 0) =l < 2 (2 2 (o () =)
(4.9)

[mn LG @)] + sup ||f<t>||}
te(0,h)

In case w = 0, the above estimate simplifies to

sup )~ ol < (5 + [ " a(s) i) 16,0 + s o]

te(0,h)
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Letting h — 0, the right-hand side of (4.8) becomes

1

w—w

« /tt dr Krﬂ(T)—l-u/OTTH(T—ﬁ)a(ﬁ) d19>
_ </0 rew () <7~H(T—s)+u/0” ro(r — 5 — 0) a(9) d19> dsﬂ

+ %V&I‘ (f;[t1, ta]) — %/tir_w“(s) var (f; [max {0,¢; — s}, ta— s]) ds

(@llzll + 1G]+ £ O

= M (wllzll + [Gu@) | + £

w—w

« /tt dr {a(r) - ( /0 " (s)alr — s) dsﬂ

ta
+ E var(f; [t1,t2]) — l/ 7w, (s) var(f; [max{0,t, — s},to — s]) ds
M W Jty

= (el + Z1Gu@1+ S I ) (- [ ()

+ %V&I‘ (f;[t1, ta]) — %/tjr_w“(s) var (f; [max {0,¢; — s}, ta— s]) ds

1 1
= (el + 2 1G]+ 2 LFODN ) (- 1) = 50, 1)
1 1t
+ " var (f; [t1, tg})—; T, (8) var (f; [max{0,t;— s}, t2— s]) ds.
t1
Therefore, the thesis follows:

var(||luu(-) — x[|; [t1, t2])

< (el 2 061 ) (5 1) = 5, 10)

T
+ % var (f; [t1,t2]) — i/o Ty, (8) var (f; [max {0,t; — s}, ta— s]) ds.
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Corollary 4.4. Let the assumptions of Theorem 2.1 and (4.4) be
satisfied. Then it follows from (4.9) that

(@10) U, f)(04) =] < ——— (wllal] + [Gla) + 17041,

Remark 4.1. We note that, for any x € D(G), the estimate in (4.10)
holds and it converges to 0 as p T co.

In order to prepare the relevant material for the next proof, we recall
the following result that is proved in [8, Lemma 3.4].

Proposition 4.5. Assume that b € LL (Ry) andv € BVjoc(R4; X).

loc
Then the function t — fg b(t — s)v(s) ds is locally absolutely continuous
and differentiable almost everywhere on Ry. Moreover,

(4.11) /OT

d

E/o b(t — s)v(s) ds|| dt

< ([ po1a) @)+ var 0z 0.7}

Lemma 4.6. Under the additional assumptions f € BViec(R4, X),
x € D(G), we have

(4.12) lim Uz, f,1) € U, f)

H— 00

exists in Ll (Ry; X).

Remark 4.2. In the proof of the lemma we shall use the assumption
ko = 0; for the case ko > 0 a different proof is given in [8, Lemma 3.6].

Proof. Using (4.1) with A and u, we obtain

Li(uy = 2) (1) + G(up(t)) = f(t) = La(uy — 2) () = Ly (w, = x)(1).
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Setting
(413)  p(Agst) = La(uy — 2)(t) — Lu(uy — 2)(8),
and using formula (3.13), we get
POV A1) = Mt (8) = (w5 12)(8) = sa(a] = F(0) + Gl (1)):

hence, u,, satisfies the equation

u,(t) = Jx (s,\(t)a: + % f)+ %p(/\,u,t) + %wuu(t) + (7 * uu)(t)) .

Since J), is nonexpansive, this equation combined with (4.2) implies

lun(t) = w0l < 5 ()]
1 wlir(®) = u)l+ (2 x ua() = wa O @)

Using Lemma 3.5 we obtain

a))\d

2 (5 O ax ) w5 ),

that in another form we can write

[ux(®) —uu ()] <

Jor ()= w0 £ 525 IO 1.l = S5 i) 70 )0)

—w

We now proceed to prove that p(A, i, -) converges to 0 as A, 4 — oo in
Li (Ri; X). Recall that p(\, p, -) is defined by (4.13); then, by (3.14),

P t) = 5 | e =)t = 7) = syt = )

By formula (4.11), we obtain

T T
/ 1Oy 1, 8) ] dt < var ([lu () — ]; 0,T)) / Asx (1) — sy (1) di.
0 0
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Since the variation of |ju,(-) — || is bounded by a constant for p
large enough, compare Remark 4.1, and the integral tends to 0 by
Proposition 3.4, we have the thesis. u]

We conclude the preparatory material for the proof of Theorem 2.1
with the following theorem, where we collect some useful estimates for
the solution of problem (2.1).

Theorem 4.7. Let z; € D(G) and f; € C(Ry;X) for i = 1,2,
and let u; = Ul(xy, f;) be the generalized solutions of equation defined
in Theorem 2.1. Then we have, for each t >0 and h > 0,

(414) ot~ ()] < 1z =1 s (6) = = (r 12 = F ) 0

(4.15)  sup [lu(t) — =
te(0,h)

< (ool = 1) (el +sup1Gu(a)+ s 1)1 ).

Proof. Notice first that (4.15) was already proved in Lemma 4.3, see
formula (4.9).

For the proof of (4.14), let for ¢ = 1,2, u;(u;-) = U(xy, fi, pb). Now,
observe that
Jus(0) — s (1)
< g (8) = ug (s ) + [lua () — wa (s )| + lluz(p; ) — wa (ps £)]]-
Since (4.3) holds for any p > 0, while u;(u;t) — wu;(t) for i = 1,2 and
for any ¢t > 0, it follows from the previous estimate that

luz () — ur ()] < N inf [fus (5 8) — s (s )]

It remains to evaluate the right-hand side of the previous estimate
where we get, using (4.3):

tm i [lus (531) — w1 (s )] < [l = @ s (1

£ 2 ((@x 10 = AOI) *5-0) (0
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Now since

E(@x1720) = HON *5-0) 0 =~ (o = 120) = HOI) @

we finally obtain

Juae) = ()] < llea = 2als-ot) = = (- x 15200 = AON) 1) 0

We are in a position to conclude the proof of Theorem 2.1. Under
the additional assumptions f € BVio.(R4,X), z € D(G), we obtain
the convergence of U(x, f, ) toward U(z, f) in LS. (Ry; X) and the
continuity of the limit function via an Ascoli-Arzela theorem, by in-
voking the equicontinuity of the functions U(z, f, i) that follows from
Lemma 4.3. Then it follows from Remark 4.1 and Corollary 4.4 that
U(z, f) € BVioc(R4; X) and

Uz, f)(0+) = .

Now it follows from Theorem 4.7 that U(x, f, u) converges to U(z, f)
in L2 (R4; X) to a continuous function also in the case that f and z
satisfy the assumptions of Theorem 2.1.

Remark 4.3. From the proof of the Lemma 4.3, compare (4.7), we
obtain, for w = 0, the estimate

lu(t + ) — u(®)]| < / 1F(t+h—s) — £t — s)]ja(s) ds

t+h
+ (s lGu@) + sw IFG) [ als)ds
u>0 se(0,h) t

for each t > 0 and h > 0. This is the same formula that is proved in [3].
Using this result, Gripenberg et al. [9] were able to prove the existence
of a strong solution for (2.1).

A similar estimate, up to now, does not seem to hold for w # 0; we
hope to return to this problem in a future work.
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5. Lipschitz nonlinearity. In this section, we shall prove the
results stated in Theorem 2.2.

Let us define the mapping H : C(R4;X) — C(R4; X)
(5.1) H(u) = Ule, F(-u);
then a generalized solution to equation (1.1) is a function w such that
u=H(u).

We can achieve the existence of the solution from a fixed point theorem
if we prove that some iterate of H is contractive. For this purpose we
need the following lemma.

Lemma 5.1. For each T > 0 there exists k > 1 such that the
k-iterate of H is a contraction:

([ H* (u) — Hk(v)HLOC(O,T;X) < ellu — vl L 0,1m;x)

for some € < 1.

Proof. From (4.14) and (2.4) we have

(€)= KO < % [ (=roalt = )IFGs,u(s) ~ Fls,v(s))] ds
1 t
<= [ rat= o) ute) — o) s

Iterating this procedure we have

7+ (u)(®) — 2 ) 1)
<o [erstt=mnte) [t =) at) -

Tr—1
g / (1wt — o) ) [uler) — v(e)| day - - dwy do.
0
Then
||Hk(u) - Hk(v)”L‘x’(O,T;X)

< Ju = vl oo 0,30 " ||77H12w(0,T)
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but, by a repeated use of Fubini’s theorem, we have

HH’C(U) - Hk(”)HLOC(o,T;X)
<l = vl o) @ Il E e 0.0 1 (=7—0) [l 22 0,7)-

Finally, by Lemma 3.8, we have that the right-hand side converges to
zero, so for sufficiently large k we have the lemma. o

As stated before, this lemma provides the proof of Theorem 2.2. We
insist on the following interpretation.

Remark 5.1. Let u = U(x, F(-,u)) be a generalized solution to (1.1):
then, by definition, this means that there exists a sequence u, such
that

Ly(up — x)(t) + G(uu(t)) = F(t, u(t))

and u, — win LYo (Ry; X).
6. Dissipative nonlinearity. This section is devoted to prove the
results stated in Theorem 1.1, along the lines of the proof of Theorem

7.13 of [6]. Let us introduce, for any « > 0, the approximating equation
(6.1) L(ua — x)(t) + G(ua(t)) = Fa(t, ua(t)),

where F, (t,-) are the Yosida approximations of F(t,-). We denote with
JE*(.) the resolvent operators associated to F(t,).

Let us recall that F, is Lipschitz continuous; moreover, for any
z,y € X and z* € 9||z|,

<F0¢(t3x + y),x*) = <Fa(t,$ + y) - Fa(tay)vx*> + <Fa(t’y)3x*>
< (Fa(t,y),2") < |F(t,y)]-

From Theorem 2.2 we know that there exists a generalized solution
Uq to equation (6.1). Then, there exist sequences u, , and dq,,

611,;1 = Lu(umu - x)(t) + G(U%H(t)) - Fa(t7 ua,ﬂ(t))

such that
Ua,u — Ua

b ImRx)

da,u — 0
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Now, let y € D(G), then for some y* € 0||ua,.(t) — y|| we get, from

(Lp(tau(t) = y),y™) = (Lu(z = ), y™) + (G (Ua,u(t) — G(y),y")
+(GW),y") — (Fult, ta,pu(t),¥") = (S, ¥")

the estimate

(e (8 = = () = w5 7,) (1)
< wlltau(t) = yll + su (@)l = oll + NG+ IFE ] + [0l

Lemma 3.5 now implies
lto (@) — 9l < 5 L (e =yl + (200G + 1FC ) + [0l
e ~ w dt o ’ oH
T (ax[IGW) + 1FC, o) + |6wm>) ' ) (0).

and passing to the limit as 4 — oo, we get
()~ yll < 5 (e = 9l + = HEW + 1FCw)ID) 50 ) 1)

We can simplify this expression. If we consider separately the case
w = 0, then the estimate (6.2) has the simpler form

[ua(t) =yl < llz =yl + (@ [[GWI+ IFC o)D) (@)

In the general case w # 0, we get
1
lua(®) = yll < s—w(®) e =yl = = (r—o * [IG + [ )] @)

This tells us that the sequence {u,(:)} is bounded uniformly on
bounded sets.

To show the convergence of the sequence, we set, for any «, 8 > 0,

g*(t) = ua(t) — ug(t).
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Let us consider the functions gﬁ”@ = Uq,u — UB,u, Where Uy, and ug ,
are the approximating functions solving

Ly(vo,u — ) () + Gua,u(t)) = Falt, ua(t))
Ly(ug — x)(t) + Gug,u(t) = Fa(t,us(t)),

respectively; moreover, we have that
Ugy — Uo and ug, — ug

in LS (Ry;X). Then g*# shall be a generalized solution to the
problem

Lg™P(t) + G (ua(t)) = G(up(t)) = Fa(t,ua(t)) — Fa(t, us(t)).
Now we have, for y* € d||g5" (t)]],
(Lug®P (), y") + (G luau(t)) — Glupu(t), y")
= (Fu(t, ua(t)) — Fp(t, up(t)), y"),

which becomes, thanks to (3.14):

6:3) n (g @Ol = (g ? ) @) = wllgn @l
< (Fa(t,ua(t)) = Fp(t,up(t), y") -

Let us notice that
(Fa(t,ua(t)) = Fp(t, up(t), y") < (F(t, tau(t)) = F(t,usu(t), y")
+(F(t, I3 (ua(t)) — (t U (1)
+ F(tup () = F(t, T3 (us(1)),
< |IF(t, I3 (wa(1))) — F(t Uou (1)) |
+ P TF (s (1) = F(tug,u(0)]

)
y*)

Now, by (6.2) and recalling that F' is uniformly bounded on bounded
subsets of Ry x X, for a fixed T' > 0, there exists R > 0 such that

lua®)l <R and ||F(t,ua(t))] < 2R forall te 0,7,
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for all a. Then we have
o (6) = TE ) <~ [ Falt ua()] < 2 B
and, for u sufficiently large,
lta, ()] < R forall te (0.7
so we have
llua(t) — uau(t)|| < 2R, forall te0.7].
Therefore, it follows

1F(t, 57 (ua (1)) = F(t, uau(®))]
< |IF (I3 (wa(t) = F(tua )]+ [|F(t ua(t) = F(t ta,u(t))]

< e (2 R) + pr(lualt) = w0

where pp is the modulus of continuity of F(¢,-) restricted to [0,T] x
B(0,2R), i.e., a function such that ppr(s) = sup{||F (¢, z1) — F(t, z2)] :
t €[0,T), 1,22 € B(0,2R), ||z1 — z2| < s}.

The above construction, starting from (6.3), leads to
(g @ = g ) (1)) = wlge (1))
2 2
< pr <a R) + pF (B R) + pr(Ea,u) + Pr(ep ),

where

Eapu = SUP ua(t) — va,u(®)| < 2R,
t€[0,T]

g = sup |lug(t) —ugu(t)] < 2R.
t€[0,T]

Lemma 3.5 now implies

2 2
920l < 2 or (2 1) + 51 (5 1) + pr(ea) + pr(en)]|

(% 5_w, )+ (a*s_s,) (t)>-
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From the above inequality, as we pass to the limit for y — oo, we have

IO < [or (2 8) +pr (2 7) | (@xsn) 0

This yields the convergence of the sequence u, in L2 (R4;X) to a
function u € C(R4; X), which is easily seen to be a generalized solution
o (1.1). The remainder of the proof now follows as in Da Prato and

Zabczyk [6].
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