ON MULTIPLICATIVE PERTURBATION OF INTEGRAL
RESOLVENT FAMILIES

CARLOS LIZAMA AND VERONICA POBLETE

ABSTRACT. In this paper we study multiplicative perturbations for the
generator of a strongly continuous integral resolvent family of bounded
linear operators defined on a Banach space X. Assuming that a(t) is a
creep function which satisfies a(0%) > 0, we prove that if (A, a) genera-
tes an integral resolvent, then (A(I + B),a) also generates an integral
resolvent for all B € B(X, Z), where Z belongs to a class of admissible
Banach spaces. In special instances of a(t) the space Z is proved to be
characterized by an extended class of Favard spaces.

1. INTRODUCTION

First studies on multiplicative perturbation of unbounded linear oper-
ators began with the paper of Dorroh [6] and Gustafson [10] concerning
perturbation of semigroups generators. Later, multiplicative perturbations
have been discussed by a number of authors, such as Clément, Diekmann,
Gyllenberg, Heijmans and Thieme [3]; Gustafson and Lumer [11]; Dorroh
and Holderrieth [5]; and Desch and Schappacher [4]. In [18] Piskarev and
Shaw prove a general multiplicative perturbation theorem for semigroup
generators which subsumes some known results on multiplicative and addi-
tive perturbations. Multiplicative perturbation theorems for cosine operator
functions were proved by Piskarev and Shaw in [19], and for resolvent fam-
ilies by Chang and Shaw in [1] and [2]. The last results were generalized
by Xiao, Liang and van Casteren in [23] to deal with some time dependent
perturbed equations.

On the other hand, in dealing with linear evolution equations, we note
that important linear operators can be decomposed into the form AP+ R or
PA+ R where A is the generator of a simpler structure and R is a bounded
operator. Several examples of this type of decomposition of linear operators
as multiplicative perturbation can be founded in the paper of Zabczyk [24]
and Greiner [7].

Let A be a closed linear operator, defined in a Banach space X, for which
a given linear integrodifferential equation with kernel a admits solution or,
equivalently, the pair (A, a) is the generator of an integral resolvent (see

2000 Mathematics Subject Classification. Primary 45N05; Secondary 34K30, 47D06.
Key words and phrases. Integral resolvent families, resolvent families, multiplicative
perturbation, Favard spaces.
The first author is supported by FONDECYT Grant #1050084 .
1



2 CARLOS LIZAMA AND VERONICA POBLETE

Section 2). Let B € B(X,Z). Our main objective in this paper is to give
sufficient conditions under which (A(I 4+ B), a) is again the generator of an
integral resolvent family. We are able to prove that if a(t) is a creep function
which satisfies a(0") > 0 then (A(I + B), a) also generates an integral resol-
vent for all B € B(X, Z). Here Z is a Banach space continuously embedded
in X that satisfies certain conditions (Definition 4.1). For instance if, in
addition, a(t) is positive and exponentially bounded then Z coincides with
the Favard class Fj, 4 with kernel (Section 5) which we prove is characterized
by:
Foa={r € X :su HLA( !

el a) at)
see Corollary 5.10. In the particular case a(t) = 1 our results are related to
and extends those of [18], [7], [21] and [24].

This paper is organized as follows: In the next section, we give some
preliminaries about the concept of integral resolvent generated by (A,a),
and their relationship with a linear integral equation of Volterra type with
scalar kernel a.

In Section 3 we define the class M (A; R) of admissible operators for mul-
tiplicative perturbation and for operators in this class we prove our main
result (Theorem 3.6).

In Section 4, we investigate conditions under which an operator belong
to the class M(A; R). In order to do this, we introduce condition (Z) with
respect to the generator (A, a) of an integral resolvent R(¢). The importance
of this condition is that if a Banach space X verify (Z) then, under certain
conditions, operators defined with range on X are always admissible of
multiplicative perturbation (Theorem 4.4). We define also the subclass
(Z,) for 1 < p < 0o and prove that if a Banach space X satisty (Z,), then
it satisfies (Z) (Theorem 4.7).

In Section 5, making use of integral resolvents, we introduce an extended
notion on Favard class I, 4, depending of the kernel a. With an appropriate
norm, the class F, 4 become a Banach space and, imposing conditions only
on the kernel a we are able to prove that Fj 4 satisfy condition Z, for
p =1 (Theorem 5.5). Finally, for a subclass of kernels a the Favard class is
characterized solely in terms of a and the resolvent operator of A (Theorem
5.8).

In Section 6, we give some examples and a theorem on additive pertur-
bation which can be deduced from the previous results.

— A)7 x| < oo},

2. PRELIMINARIES

Let X be a Banach space, A a closed linear operator with dense domain
D(A) defined in X and a € L, (R,). We consider the linear Volterra
equation

(2.1) u(t) = f(t) +/0 a(t —s)Au(s)ds, teJ,
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where f e C(J,X), with J:=[0,7],T >0 or J=R,.
We denote by [D(A)] the domain of A equipped with the graph-norm.
We define the convolution product of the scalar function a with the
vector-valued function f by

(ax f)(t) ::/O at—s)f(s)ds , teJ.

Definition 2.1. A function v € C(J,X) s called
(a) strong solution of (2.1) on J if w € C(J,[D(A)]) and (2.1) is
satisfied on J .
(b) mild solution of (2.1) on J if axu € C(J,[D(A)]) and

(2.2) uw(t) = f(t)+ Ala*xu)(t), on J.

Obviously, every strong solution of (2.1) is a mild solution. Conditions
under which mild solutions are strong solutions are studied in [20].

Definition 2.2. Equation (2.1) is called well-posed if, for each x € D(A),
there is a unique strong solution u(t,z) on Ry of

(2.3) u(t,z) = a(t)r + (a*xAu)(t) , t>0,

and for a sequence (x,) C D(A), x, — 0 implies u(t,z,) — 0 in X,
uniformly on compact intervals.

Definition 2.3. Let a € C(Ry) be a scalar kernel. A family {R(t)}i>0 C
B(X) is called an integral resolvent for (2.1) if the following three conditions
are satisfied

(R1) R(-) is strongly continuous on Ry and R(0) = a(0)]

(R2) R(t)r € D(A) and AR(t)x = R(t)Ax forall x € D(A) and t > 0

(R3) For each x € D(A) and t >0 :

R(t)x = a(t)x + /o a(t — s)AR(s)xds .

If a(t)=1 for all £ >0, then R(t) is a Cy—semigroup with generator
A.

The concept of integral resolvent, as defined above, is closely related with
the concept of resolvent family (see Priiss [20, Chapter I]). The study of
some of their properties is included in some recent works of Lizama [13], [14],
Lizama-Prado [15] and Lizama-Sanchez [16]. A closed but weaker definition
was formulated by Priiss [20, definition 1.6]. For the scalar case, where there
is a large bibliography, we refer to the monograph by Gripenberg, Londen
and Staffans [9], and references therein.

Suppose that R(t) is an integral resolvent for (2.1), let f € C(J,X) and
u € C(J,X) be a mild solution for (2.1). Then R *w is well defined and
continuous. From equation (2.1) and using condition (R3), we obtain

axu=(R—AaxR)xu=R*u— RxAaxu=Rxf,
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that is, R* f € C(J,[D(A)]) and from (2.2) we obtain
(2.4) +A/Rt—s s)ds , teJ.

Hence, if there exists an integral resolvent for (2.1) then a mild solution
for (2.1) may be obtained by formula (2.4).

The following result establishes the relation between well-posedness and
existence of an integral resolvent. In what follows, R denotes the range of
a given operator.

Theorem 2.4. FEquation (2.1) is well-posed if and only if (2.1) admits an
integral resolvent R(t). If this is the case we have in addition R(ax R(-)) C
D(A) forall t >0, and

(2.5) R(t)xr = $+A/ (t —s)R(s)xds foreach z€ X, t>0.

The proof is closely related to [20, proposition 1.1] and therefore omitted.
Corollary 2.5. Equation (2.1) admits at most one integral resolvent.

The proof, making use of Tichmarsch’s theorem is omitted.
Remark 2.6.

Recall from [20, Chapter I] that given a € L], (R, ), a strongly continuous
family {S(t)}i>0 C B(X) is called resolvent family with generator A for
equation (2.1), if the following three conditions hold.

(S1) S(0) =1,

(S2) S(t) commutes with A, that is, AS(t)r = S(t)Az for all z €

D(A) and t >0,
(S3) For each x € D(A) and t > 0, the following equation is satisfied

S(t)r =z + /t a(t —s)AS(s)xds .

The importance of the resolvent family S(t) is that, if exists, then the
formula

u(t):S(t)f(0)+/0 S(t—s)f'(s)ds, teJ

where f € WH(J, X), give us, analogously to formula (2.4), a mild solution
for equation (2.1).

If both, S(t) and R(t) exist for (2.1), and additionally ¢ — S(t)z is
differentiable for all x € X , then the relations between S and R are given
by R(t)Azx = S'(t)x for x € D(A), t > 0, and R(t)x = (a*S) (t)x for
reX,t>0.

However, in general it is possible that R(t) exists but not S(¢) and vice
versa. The following criteria can be directly deduced from [13, Proposition
2.5] and will be used in a forthcoming section.
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Proposition 2.7. Assume (2.1) admits an integral resolvent with a €
AC(Ry) and a(0) # 0. Then (2.1) admits a resolvent family.

Assuming the existence of an integral resolvent family {R(¢)};>0, it is
natural to ask how to characterize the domain D(A) of the operator A in
terms of the integral resolvent family. The following result was proved in

16].

Theorem 2.8. Let A be a closed linear operator densely defined in a Ba-
nach space X . Let a(t) be a continuous, positive and nondecreasing func-
tion. Suppose that (2.1) admits an integral resolvent {R(t)}1>0, which sat-
R(t
1sfies lim 1@

—o+ a(t)

< o0o. Then

(a) D(A)={zeX : L?W
R(t)xr — a(t)

(b) tlir(g (aT)(t)x = Az for all x € D(A).

exists },

In view of this result, in what follows instead to say that (2.1) admits
an integral resolvent we will say that the pair (A, a) is a generator of an
integral resolvent R(t).

3. MULTIPLICATIVE PERTURBATION

In this section we assume that a € C'(R;) is Laplace transformable and
there exists a constant w € R, such that a(\) # 0 for all A > w.

Let X be a Banach space and let A be a closed linear operator defined
in X with dense domain D(A).

Henceforth, we suppose that R(t) is an exponentially bounded integral
resolvent, that is there exists M > 0 and w € R such that

IR < Me*, >0,
and we call the pair (M, w) the type of the integral resolvent family.

The following proposition stated in [13], establishes the relation between
integral resolvents and Laplace transforms.

Proposition 3.1. Let R(t) be a strongly continuous and exponentially
bounded family of linear operators in B(X) such that the Laplace transform
R(\) ezists for A > w. Then R(t) is an integral resolvent with generator

(A, a) if and only if
) 1
RNTEY

(i) a(A\)(I —aN)A) 'tz = / e M R(s)xds for all x € X and all
0
A>w.

€ p(A) forall A > w.
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Let C' € B(X) be a bounded operator and suppose that (A,a) genera-
tes an integral resolvent. In this section we want to answer the following
question. Under which conditions (AC,a) with D(AC)={z€ X : Cx €
D(A)} generates an integral resolvent?

Our next definition states a class of admissible operators to give a positive
answer.

Definition 3.2. Let (A, a) be the generator of an integral resolvent {R(t)}i>o -
We say that an operator C € B(X) belongs to the class M(A, R) if the
operator B = C — I satisfy the following condition: For all continuous
function f € C([0,00),X) and all h > 0 we have

h

(Ma) / R(h— $)Bf(s)ds € D(A),
0
(Mb) there exists w € Ry such that

h
1A / R(t+h—s)Bf(s)ds || < e yp(h)||fllon ;
0
for all t > 0, where v : [0,+00) — [0,400) is a continuous, non-
decreasing function with vp(0) = 0.
Remark 3.3.
(1) We denote by || f||jon) = sup ||f(s)|| the norm of f € C([0,h], X).
0<s<h
(2) From the identity
t+h h
/ R(t+h—s)Bf(s)ds = / R(t+h—s)Bf(s)ds
0 0
¢
+ / R(t —s)Bf(s+h)ds,
0

h
and condition (Ma), we obtain that / R(t+h—s)Bf(s)ds € D(A) for
0

all h>0 and all ¢t > 0.
(3) We note that condition (Mb) implies the following condition (Mb’):

h
14 [ Bh= B ds 1< il o 7 >0, f € C0.1.),

where 5 : [0, +00) — [0, +00) is a continuous non-decreasing function with
v5(0) = 0, see [18]. For Cy—semigroups we have that (Mb) is equivalent
to (Mb’).

(4) A natural question is when (C'A,a) is also the generator of an inte-
gral resolvent. In [21] Rhandi has proved that problem (2.1) with (AC, a)
and (CA,a) are essentially equivalent, requiring only p(CA) # ().

In what follows we denote by M(A,R)—I={C—-1 : C € M(A,R)},
where [ is the identity operator.

Lemma 3.4. Let (A, a) be the generator of an integral resolvent { R(t)}+>o
of type (M,w). Let B € M(A,R) — 1 and f € C([0,00),X) such that
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e M| f(@)]| is bounded on [0,00) for some pu > w. Let h > 0 be fized.
Then for all t >0 we have

e(ﬂ_w)h

1 — e (u—w)h

6_’”||A/0 R(t —s)Bf(s)ds|| < v(h) sup [[e™** f(s)[].

s€[0,t]

Proof. Let t = kh+7 where k is an integer positive and 7 € [0, h) . Since
by assumption B € M(A, R) — I, we have that

14 / R(t — 5)Bf(s) ds|

kh khtr
=||A i R(t —s)Bf(s)ds + A . R(t — s)Bf(s)dsl||

kh T
= HA/ R(t—s)Bf(s)ds + A/ R(t — s — kh)Bf(s+ kh) ds||

0 0

k-1 jh-+h T
_H§;AA; ]ﬂﬁ—gBﬂ@ds+mAl;R@—s—k@Bf@+kde
k-1 h

<CIA [ R—s =By (s i) ds|

+HA/‘R@—kh—T+T—$Bf@+kde
0

k—1
<D eI ap) [ fllonem + s flog
=0

k—1
= e yp(h) > e || fllonin + 15001l

= T yp(h) Y el It emuhtill)| £ 0+ ve(T)e e ™| o

e

-1

< sup [le ™ f(s)]|e yp(h) Y eI sup, le™ f(s)llvp(r)e"
j s€|0,t

I
T o

= sup [l f(s)] | yp(h)

—1
B h) L gty () o) (it )

(]

.
Il
— O

< sup ||6_usf(8) H ot 'YB(h) elu=w)(h+jh) + ewt,yB(h)e(p—w)(kh+h)

L J -

I
=)
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k+1
= s [ (e uh) 3 0
s€|0,t =1
—ps wt ] eln=wlh elH=w)h(k+2)
= ssel[lopt] le " f(s)lle”" vp(h) {1 —elp—w)h 1 _ plu—w)h
s et et )
< sup [le*f(s)|e" vp(h) —————
o 1 ; e(u—:)h
< sup e f(s)]le" vp(h) #
s€(0.4] e it —1

= sup [l f(s)]|e" yp(h)

s€[0,4] 1 —e~(rmw)h”

proving the Lemma. [

Proposition 3.5. Let (A,a) be the generator of an integral resolvent
{R(t)}+>0 of type (M,w). Let B € M(A,R) — I. Then there exists a
strongly continuous and exponentially bounded family {S(t)}i>0 C B(X)
which satisfies the equation

t
S(t)z = R(t)x + A / R(t — s)BS(s)z ds
0
forall t >0 and x € X .

Proof. Let E be the Banach space

E={feC(0,0),X) : e ™| f(t)| is bounded }
with norm

1flle = sup e ™[[f(®)]l.

te[0,00)

For each x € X, we define the operator 7, : E — E by
¢
%UWﬂZR@w+A/fW—@BﬂQ@,tZU
0

Note that T,(f) € E. This follows from (Mb) and the following identity (cf.
Remark 3.3(2))

A/t+h R(t+h— $)Bf(s)ds — A/t R(t — $)Bf(s)ds
:A/O R(t+h—s)Bf(s)+A/O R(t — $)B[f(s + h) — f(s)]ds.
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We claim that T} is a contraction on E . In fact, by Lemma 3.4, we have
t
e M) (@) = Tu(g) ()] = e“tHA/O R(t = s)B(f — g)(s) ds||

e(u_w)h

< B —— —hs —

< 78(h) T— o sup (= 9) ()l
1 22

< - sup e *[[(f —g)(s)l],
521,50 I(F = 9) (sl

for h sufficiently small and g sufficiently large such that vz(h) < § and
elr=®h — 9 From this inequality follows that

1) ~ Tl < GI1F — ol

Let f, € E be the unique fixed point of T, and define S(t)z = T,(f.)(t).
That S(t) thus defined is a linear operator follows easily from the uniqueness
of fixed point of T, for every x € X. The claim follows from the strong
continuity of R(t). "

The previous result, enable us to work with the method of Laplace trans-
forms to prove, in the next theorem, the main result of this paper.

Theorem 3.6. Let a € C(R,) be Laplace transformable and satisfying
a(A) #0 for A > w. Let (A ,a) be the generator of an integral resolvent
{R(t)}t>0 of type (M,w) and B € M(A,R) —I. Then (A(I + B),a) is

the generator of an exponentially bounded integral resolvent {S(t)}> .

Proof. Let B =C — I, with C € M(A, R). To prove the Theorem we
use Proposition 3.1. We first claim that for A > w, the operator a(\)™'1 —
A(I + B) is invertible. In order to prove the claim, we choose 7 such that
vp(T) < 1/2. For all € X,\ > w and using the condition (Mb), we
obtain

|A R(\) Bzl :HA/ e R(s)Bux ds||

20 G

- HZA/ ¢~ R(s)Bx ds||
j=0 T

= 1> [N RG ¢ B ds|
=0 70

= ||Ze_’\jTA/ e ™ R(s + jT)Br ds||
j=0 0

= || Ze_’\jTA/ e M R(jT + 7 — s)Ba ds|
j=0 0
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<> e—WHA/ R(j7 +7 — s)B(e "Nz ds||
=0 0

< Z e Ty (7)||le N x|

Ze Oy ()|

(1—6 A=) g (7).
Let w; > w be such that e~ 1797 < 1/2. Then

A RN Bl < (1= 7N Tp(r) < 1

for all A > w; . Hence, the series Z[A}?E(A)B]j converges in B(X), for all
=0
A > wy.

Let J(A) := Z ' R()\). We will prove that
7=0
(a\) T - AT +B)J Nz =2
for all x € X . To this end, we note that for all z € X, we have

e e}

(I+B)J(Nz =Y [ARNB RNz + i B[AR(N)B)Y R(\)z

j=0 Jj=0

Nz + i B[AR(\N)B) R(\)z

= RNz +a(\)~ lf%()\)BJ()\)x e D(A).

Hence (I + B)J(A\) maps X in D(A). In particular D(A(I + B)) # 0,
and for all z € X,

(@)~ = A(I + B)) J (M)

Next, we will verify that
JA\) = (a(\)' - Al +B))™ .
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In fact, we have for all x € D(A(I + B))
JN[a\)"H — A+ B)]lz = i R(N)[a(\)~'I — A(I + B)|z

Jj=0

It shows that (a(\)~'I — A(I + B)) is invertible for A > w proving the
claim.

From Proposition 3.5 , we have that the solution {S(t)}:>¢ of the equa-
tion

t
S@x:R@x+A/fw—$Bagmm,xexytzm
0

is strongly continuous and exponentially bounded, that is, there are con-
stants K > 0 and w € R such that ||S(¢)|] < Ke**, for each ¢ > 0,
and hence there exists its Laplace transform. Also by hypothesis R(t) is
Laplace transformable, and hence by the convolution theorem we have

SNz = R(\)z + ARNBS(\)z,

forall z € X and A > w.
Hence, for all x € X and A > w;

SNz = (a(\) = A) e+ AN = ATBSNz

= (a(N) T = A) "z + [a(N) @A) = AT = TIBS(A)z

= (a(N) " — Az 4 a(\) @\ — A)'BS(\)z — BS(\)z
Therefore

(I+B)S(Nz = @(\) T —A) "z +a(\) " (a(\)" = A)"'BS(\)z € D(A).

We conclude that R((I+B)S()\)) € D(A). Hence we can apply (a(\) 11—
A) in the above identity to obtain
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= (@(\)"'T — A)(I+ B)S(\)z — a(A\)'BS(\)z
[(fg(k) ' —A) I+ B)—a(N)'BIS(A)
(
(@

A) NI+ B)—A(I+ B) —a(\)'B]S(\)z
)7 — AT+ B)S(\)z.
(A7 — A(I + B)) is invertible, we obtain that

~

SNz = (a(\)~! — A(I + B))™!

Hence, applying Proposition 3.1, we conclude that S(t) is an integral re-
solvent generated by (A(I + B),a).

[/\
= [a
Since by the claim

O
The particular case a(t) = 1 recover the following result due to Desch
and Schappacher [4].

Corollary 3.7. Let A be the generator of a Co—semigroup T(t) defined
in a Banach space X . Let B € M(A,T)—1. Then A(I 4+ B) generates a
Co—semigroup in X .

t

Proof. Taking a(t) =1 we have T'(t)x = a(t):H—/ a(t—s)AT (s)x ds for

0
all x € D(A) and ¢t > 0. Hence T'(t) is an integral resolvent. Since C' = I+
B satisfy the condition M (A, T), then by Proposition 3.5 and Theorem 3.6,
(A(I+ B),1) generates an integral resolvent {S(t)};>¢ strongly continuous

and exponentially bounded. Note also that, because a(t) = 1, we have
t

S(t)yr =« +/ A(I + B)S(s)xds for © € D(A(I + B)). Hence S'(t)x =
0

A(l + B)S(t)x and S(0)x = z, for « € D(A(I + B)). Therefore by a

classical result on Cp—semigroups (see e.g. [17]), S(t) is a Cy—semigroup

with generator A(I + B).
U

In contrast with the above corollary the next result is new for the theory
of sine families.

Corollary 3.8. Let A be the generator of a sine family {S(t)}i>0 in X
and B € M(A,S)— 1. Then A(I + B) generates a sine family.

Proof. Take a(t) =t. Foreach x € D(A) and t > 0 we have S(t)z = tx+
t
(t—s)AS(s)x ds. Therefore, S(t) is an integral resolvent with generator

0
(A,t). By Theorem 3.6, (A(I + B),t) is the generator of an exponentially
bounded integral resolvent {Si(t)}+>o. Hence for all € D(A) and ¢ >0,
we have

Si(t)r = tx + /t(t —s)A(I + B)Si(s)x ds.

Finally, is clear from the definition and classical results of cosine families
(see e.g. [22]), that Si(t) is a sine family generated by A(I + B).
O
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4. SUFFICIENT CONDITIONS FOR M (A, R)

In what follows we investigate conditions under which we verify the hy-
pothesis of the multiplicative perturbation theorem.

Definition 4.1. We say that a Banach space (Z,|-|) satisfy condition (Z)
with respect to the generator (A,a) of an integral resolvent {R(t)}i>o if
the following three conditions are satisfied.

(Za) Z 1is continuously embedded in X .
(Zb) For all ¢ € C([0,h], Z) we have

/hR(h—s)¢(s)ds € D(A), h>0.

(Zc) There exists w € Ry such that
h
14 [ R+ b= 9)oleyds || < et a(h) sup (o)
0 0<s<h
forall h>0, t>0, where v :[0,400) — [0,400) is a continuous

nondecreasing function with ~v(0) = 0.

If X is a Banach space, then B(X,Z) will denote the set of all linear
and bounded operators from X to Z.

Theorem 4.2. Let Z be a Banach space that satisfies condition (Z) with
respect to the generator (A, a) of an exponentially bounded integral resolvent
R(t). Then I+ B(X,Z)C M(A,R).

Proof. Let C € [ + B(X,Z), thatis, C = [ + B with B € B(X,Z2).

Let h > 0 and f € C([0,h],X). We define ¢(s) := Bf(s). Clearly ¢ €

C([0,h], Z), and hence condition (Zb) implies that (Ma) is satisfied, that
h

is, / R(t+h—s)Bf(s)ds € D(A). (See Remark 3.3 (2)). On the other
0
hand, by (Zc) there exists w € R, such that

h
1A / R+h=)os)ds || < eta(h) sup 1B]6)]z
0 s€|0,
< e (h) 1Bl sup [I£(s)]lx
s€[0,h]
< ety (R) |IBI] 1 £ljo.1)

Therefore defining vg(h) = ||B]||y(h), we obtain that g is a continuous
function, non decreasing and v5(0) = 0. The proof is complete.
O

Remark 4.3.

Usually, the space Z corresponds to the domain of A equipped with the
graph norm. The following result is a direct application of Theorem 3.6.
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Theorem 4.4. Let Z be a Banach space with satisfy condition (Z) with
respect to the generator (A, a) of an exponentially bounded integral resolvent
R(t), then for all B € B(X,Z) the pair (A(I + B),a) is the generator of
an integral resolvent.

Proof. Let B € B(X,Z), by Theorem 4.2 we have C' = I+B € M(A, R).

Applying Theorem 3.6 we conclude that (A(I 4+ B),a) is the generator of
an integral resolvent.

O

Taking a(t) = 1, we obtain the following result, which corresponds to
Corollary 2.3 in [18].

Corollary 4.5. Let Z be a Banach space which satisfies condition (Z) with
respect to the generator A of a Co—semigroup, then for all B € B(X,Z),
the operator A(I + B) is the generator of a Cy—semigroup.

Definition 4.6. Let 1 < p < oo and (A,a) the generator of an integral
resolvent R(t) on X . Suppose that (Z,|-]) is a Banach space continuously
embedded in X .

We say that (Z,]-|) satisfy condition (Z,) with respect to A if there is
some T >0 such that for all £ € LP([0,T],Z) the following two conditions
are satisfied

T
(Zpa) For all t; > 0, we have / R(T +t; — s)¢(s)ds € D(A),
0

(Z,b) There exists w € Ry such that
1/p

A /OTR<T+t1—s>s<s>ds||swewtl ( /0T|s<s>|;ds) ,

forall t; > 0.
Theorem 4.7. For all 1 <p < oo, condition (Z,) implies condition (Z).
Proof. By definition condition (Za) is satisfied. Let ¢ € C([0,00), 7).
and ¢ > 0. Then

(@1) /OhR(h+t—s)¢(s)ds € D(A).

In fact, given T' > 0 and for h > 0 fixed there exists n € N such that
h=nT +r where 0 <r <T.

We extend ¢ to the negative real axis as ¢(s) = 0 for s < 0. Then for
0<r<T, we have

(4.2) /(;TR<T'—|—75—S)¢(S) ds:/ R(T+t—s)p(s—T+r)ds

T—r
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T T—r
:/ R(T+t—s)¢(s—T+r)ds+/ R(T+t—s)p(s—T +r)ds
T—r 0
T

:/ R(T+t—s)p(s—T +r)ds,

0

where by (Z,a), the last integral belongs to the domain of the operator A
because &(s) := ¢(s —T +r), s € [0,7] is such that £ € LP([0,T],Z2).
Hence

(4.3) /0 R(h+t—s)p(s)ds

nolo eGHOT h
_ / R(h+t—s)p(s)ds + / R(h+t — s)p(s)ds

j=0 3T nT
n—1 T

=> | R(T+h+t—(+1T —s)é(s+ jT)ds
=00

—l—/ R(r+t—s)p(s+nT)ds.
0

Using the hypothesis (Zpa) with t; = h+t— (j + 1)T and &(s) :=
¢(s+7T) we conclude that each integral term in the sum belongs to D(A).
Analogously, according (4.2) the second integral is in D(A). Hence (4.1)
holds. In particular taking ¢ = 0 we obtain (Zb).

In order to verify (Zc) we observe that, by (Z,b), there exists w € Ry
such that for all ¢; > 0,

T
(4.4) 14 / R(T + 1y — $)€(s) ds || < Ne“ |[€] 1o 0112, -
0

Let ¢ € C([0,00), 7). We extend as before ¢ to the negative real axis
as ¢(s) = 0. Then from (4.2) and (4.4) we obtain

(4.5)
\|A/0 R(r+t — s)o(s) ds|| :HA/O RT+1t— $)o(s — T+ r)ds|

T 1/p
< Nevt (/0 |¢(S—T+T)\st>

T 1/p
= vet ([logas)

where 0 <r <T, and h=nT +r.
Hence from (4.3) and making use of (4.4) and (4.5) we have

||A/0 R(h+ 1t — $)6(s)ds]|
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/TR(T—l—h—l—t—(j+1)T—s)¢(s—|—jT)dsH

N
=

J=0

+ HA/OTR(rth—s)gb(snLnT)dsH

n—1 T 1/p
< ) Newlrt=rnn ( / \¢<s+jT)\%ds)
j=0 0
r 1/p
L ONet ( / y¢(s+nT>|gds> |
0
Therefore,

HA/O R(h+1t — s)p(s)ds||

T 1/p
ettt (T g ds
; 0 jT<v<(j+1)T
1/p
+ Ne*t /| sup (v)]%ds)
0

nT'<v<nT+r

IA
I\ :
() ,_.

n—1
< NeMH=GEDDITP up (¢ (s)|, + Ne“'rH P sup |é(s)|z
jo O<s<h 0<s<h
n—1
_ wt Ze (h—=(G+1)T)1/p + 7al/za] sup |¢< )|
= 0<s<h
< Ne“’t[ne”th/p +rP] sup |¢(s)|z-
0<s<h

Let v(h) := Nne*hTY? 4+ Nrl/P We observe that ~ is continuous and
non decreasing. Moreover, if h = nT' +7r =0, then n =0 and r =0
therefore v(0) = 0. This proves that (Zc) is satisfied and the proof is
complete.

0

In a forthcoming section we will apply the above result. To this end we
need to introduce a new class of spaces. This is the objective of the next
section.

5. A FAVARD CLASS WITH KERNEL

The following definition corresponds to a natural extension, in our con-
text, of the Favard class frequently used in approximation theory for semi-
groups.

Definition 5.1. Let a(t) be a continuous and positive scalar function. Let
(A,a) be the generator of a bounded integral resolvent {R(t)}i>0 on X.
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We define the Favard class of A with kernel a(t), by

)
B ' |R(t)x — a(t)z]|
(5.1) Foa={weX « sup = e

<00 }

Remark 5.2.

(1) From the definition it is clear that D(A) C F, 4. In this way, for
different functions a(t) we obtain different Favard classes which may be
considered as extrapolation spaces between D(A) and X .

(2) For a(t) =1, and T(t) a bounded Cy—semigroup generated by A,
the Favard class is
(5.2) Filao={zeX : supw<oo}

7 >0 4
This case is well-known. See for example [12].
(3) The Favard class of A with kernel a(t) can be alternatively defined as

the subspace of X given by

e |B(t)z — a(t)x]]
{r € X :lim hsllg (ara)) oo}

As a consequence of R(t) being bounded, the above space coincides with
F, 4 in Definition 5.1.

Proposition 5.3. The Favard class A with kernel a(t), F, 4, is a Banach
[R(t)x — a(t)z|]

(axa)t)

space with respect to the norm |z|g, , = ||z|| + sup
>0

The easy proof is omitted.

Definition 5.4. A scalar function a : [0,00) — R is creep if it is continu-
ous, non negative, non decreasing and concave.

According to [20, Definition 4.4] a creep function have the following
standard form

a(t) = ap + axt + /t ar(t)dr,
a(t)

where ag = a(07) >0, ay = 1tlirn ——= >0 and a4(t) = a(t) — ax is non

negative, non increasing and tll)rgo a(t) =0.

The concept of creep function is well-known in viscoelasticity theory and
corresponds to a class of functions which normally are verified in practical
situations. We refer to the monograph of Priiss [20] for further information.

The following result gives us a wide class of Banach spaces which satisfies
condition Z; with respect to (A, a). Hence, Theorem 3.6 and Theorem 4.7
together with the theorem below give us explicit conditions on a kernel a(t)
in order that an operator A admits multiplicative perturbation, giving an
answer to the question stated at the beginning of this paper.
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Theorem 5.5. Let A be a closed linear operator with dense domain D(A)
defined in a Banach space X . Suppose that (A,a) generates a bounded
integral resolvent {R(t)}i>0, and that a € BV(R}) is a creep function
which satisfies a(0T) > 0. Then F, o satisfies condition Zy with respect to
(A, a).

Proof. Let T > 0.Let ¢ € L'([0,T], F,.4) and choose a sequence (¢,) €
T

C*([0,T), Fy.a) such that ¢, — ¢, that is, / |fn(s) — @(s)|p, ,ds — O
0

as 1 — 0. '

Claim 1. For all ¢ >0 and all t; >0, / R(t+t; —s)pu(s)ds € D(A).

In fact, let pu(t) = 6u(t) — 6a(0) — £0},(0). Then ,(0) = ¢/, (0) = 0.
Define i(t) = t. Observe that ¢,(t) = (i * @) (t) + ¢ (0)i(t) + ¢,(0), for
all 0 <t < T.Since a is a creep function, there exists a scalar function b,
such that a b =1, see [20, Proposition 4.4]. Hence,

/OtR(t—s)¢n(s)ds = Rx¢,(t)

= Reixgl(t) + (ix R)(1),(0) + / R(s)6,(0)ds
= s Rbx fl(6) + (0 Rx (0,0

+ /0 R(5)6,(0)ds,

for all 0 <t < T'. Since [, R(s)$,(0)ds € D(A) (see [8, Lemma 1]) and

a*x R € D(A) by Theorem 2.4, we obtain that fot R(t — s)on(s)ds € D(A).
In a similar way to the proof of Theorem 4.7 we can extend the continuous
functions ¢, to [0,00) and then, taking into account the identity

t+t1

R(t4+ty—5) o (5)ds— /0 " R(ti—s)u(s+1)ds — /0 R+ —5)60(s)ds

0

valid for all ¢ > 0, t; > 0, we obtain the claim.
t

Claim 2. / R(t+t; — s)pu(s)ds — / (t+t; —s)p(s)ds as n — 0

for 0<t<T andall t; >0.
In fact, by hypothesis there exists M > 0 such that ||R(t)|| < M, for
all t >0, hence

[ / R(t4+1—5)(6a(s)—6(s)) ds]] < / R(t+t—5)|] || (Bu(5)—(s)]| ds
< / IR(E + 11— 9)|] [(6a(s) — 6(5)r, , ds

<M/|gz§n ¢(s))|r, ,ds — Oasn—oo.
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t
Claim 3. / R(t+t; —s)p(s)ds € D(A), forall 0 <t <T and each
t7, > 0. ’
In fact, first we observe that a(t) is non negative, non decreasing and the
condition a(0") > 0 together with the boundedness of R(t) implies that

IR _
t—0+ a(t)

Let € > 0 be given. Since fot R(t +t1 — s)pn(s)ds € D(A) we obtain by
claim 1 and according to Theorem 2.8 that there exists o > 0 such that for
0 < h <9 we have

ROD=alh) [* b o aea [ Bt s (o) ds < <
Frat | ROt =6, ds =4 [ B+ = 9o, ds] <

equivalently,

I / (t+t; — ((ah>)|< a)(f(L;L) On(s)ds — A/O R(t +t1 — s)pn(s)ds|| <e.

Using that ¢,, € F, 4 and the boundedness of R(t) we obtain

I A/ Rt +t1 — 8)6a(s) ds|

R —a(b)
< e+/ 1A+ 0= o 0 CZ())Hd
< e+/0 ||Rt+t1—s>||igg||m¢n<s>||ds

t
< e—I—M/ |00 (8)|F, 4 ds, for all € > 0.
0

Then we have

(53  |A / R(t +t1 — 8)6u(s) dsl| < M / 6a(5)| 5, 1ds.

t
Define z,, := / R(t +t1 — s)¢pn(s)ds. By claim 1 we have x,, € D(A)
0

t
and, by claim 2, we obtain z, — = := / R(t+1t, —s)p(s)ds as n — oo

0
for all 0 <t < T. Moreover by (5.3) we have

T
| Az — Awl| < M / 16n(5) — duls)]m, 4 ds — O,
0

as m,n — oo. This proves that the sequence (Ax,) is Cauchy, and hence
(Azx,) converges in X , say Az, — y € X . Since A is closed, we conclude
that © € D(A) proving the claim. In particular, (Z;a) is proved. Moreover,
from (5.3) we deduce that

T
14 [ B+ o= s ds||<M/ 9,0 ds
0
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for all t; > 0, proving (Z;b) and the theorem.
Il
Combining Remark 2.6 (cf. also [20, p.46]), Theorem 5.5, Theorem 4.7,
Theorem 4.4 and Proposition 2.7, we obtain the following result.

Corollary 5.6. Let A be a linear and closed operator with dense domain
D(A) defined in a Banach space X. Suppose (A,a) generates a resolvent
family and that a € AC(R,) is a creep function which satisfies a(07) > 0.
Then, for all B € B(X, F,.4), the pair (A(I + B),a) is the generator of a
resolvent family.

We remark that the above corollary has been recently proved in [2, The-
orem 3.5].

A direct consequence of Corollary 5.6 and [20, theorem 4.3] is the following
substantial result.

Corollary 5.7. Suppose A generates a strongly continuous cosine family
in X and let a € AC(Ry) be a creep function with a,(t) log-convex and
a(0%) > 0. Then the pair (A(I+ B),a) is the generator of a resolvent family
for each B € B(X, F, 4).

The following result characterizes the Favard class with kernel a(t) solely
in terms of a(t) and the operator A.

Theorem 5.8. Let A be a linear and closed operator with densely defined
domain D(A) in a Banach space X . Suppose that (A,a) generates a
bounded integral resolvent {R(t)}i>0. Let a(t) > 0 such that a(t) < Ce*",

1 t
for some C' > 0, w > 0 satisfying sup( *a)(t)

— 22 < oo and a(0) = 0.
>0 (axa)(t) (0)
Then

1
a(A)
Proof. Define K(\) := / e ™ R(s)ds = a(\) (I —a(A\)A)™", for A >0.

|1R(t)x — a(t)z]| = J < oo. For each

1
Foa={xeX : supl|l—=A4(

.l d()\) _A)i $H<OO}

Let x € F, 4, be given, then sup
>0 (axa)(t)
A>0
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hence

(axa)(s)

Jar ol <ay | " o BT ZalS)) ) ds
a(N)™! / e (axa)(s)ds

Therefore sup||a(\) T AK(\)z|| < J < 00
A>w

Conversely, suppose that sup,., [[a(A\)"* AK(M\)z|| ;== N < oo. Let z =
a(\)TTK(N)x — AK(N)z := x5 — y». Then we have

[R(t)zx — a(t)za|] =] /Ota(t — 5)AR(s)zx ds||
< [ ate = RO 14w i
gAMAmHéu@—ﬁds
= M {Ja(0) AR (V)| /Ot ot — s)ds
gMNKMWM
On the other hand,
[[R(E)yx — a(®yall < [[ROyall + lla(O)yal] < (M + a(t))Na(A).

Dividing by (a * a)(t) we have that, for all A > w,

IRz — a(t)z] (Ixa)(t) M +a(®)
="V aron T aron

Since a(0) = co we obtain that a(\) is surjective, hence there exists \;

Na(\).

M t
such that (a(\))™' = ﬂ . Applying the hypothesis we conclude that
(a*a)(t)
t)x —alt
sup LEDT = a®zll v 4 N < oo

>0 (a*a)(t)

This proves the theorem.
OJ
Observe that a(A\) — 0 as A — oo. Combining this with the above
theorem, we obtain that the Favard class F, 4 is independent of the kernel
a, and the following result.

Corollary 5.9. let A be a closed linear operator with densely defined do-
main D(A) in a Banach space X . Suppose that a is a positive creep func-
tion with satisfies a(t) < Ce“t, for some C > 0,w > 0 and that (A, a)
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generates a bounded integral resolvent, then
1 1

Fou ={zeX : sup||l— A(— — A) z|| < >
o= sup |55 4 (55— A) Ml < o0 )
={reX : limsup |hA(h— A) 2| <00}
h—07+

Corollary 5.10. Let A be a closed linear operator with densely defined
domain D(A) in a Banach space X . Suppose that A generates a bounded
Co—semigroup {T'(t)}i>0. Then

Fila={xeX : sup|[NAR\ A)z|| <o }.
A>0

6. EXAMPLES

In this section, we consider concrete examples to illustrate some results
in the previous sections.

The following example shows a kernel a(t) which satisfies the conditions
of Theorem 5.5 and Theorem 5.8.

1- Let a(t) =b+ct*,0<a<1,c>0,b>0.We have that a(t) is a
creep function. Suppose that (A, a) is the generator of a bounded integral

resolvent R(t).

Since a(A) = ;—k )\a+1r<0z +1) we have that a(0) = oo and, for A >0,

the Favard class of A is given by

b c
Foa={zeX il;}gHA(] - (X + ot
On the other hand, we have that a(0") > 0. We conclude form Theorem 5.5
that F, 4 satisfies condition Z; with respect to (A,a), and, according to
Theorem 4.7 we can conclude that condition (Z) is satisfied. Applying The-
orem 4.2 or Corollary 5.6, we obtain that each operator C' € I +B(X, F, 4)
is in the class M(A, R) of multiplicative perturbations for the generator
(A,a) and (AC,a) is the generator of a resolvent family.
Note that, in the particular case of =1, a(t) = b+ ct, equation (2.1)
corresponds to the model of a solid of Kelvin-Voigt (see [20] p. 131).

Dla+1)A) 2| <o }.

2.- Let (A,a) be the generator of an integral resolvent {R(t)};>o of type
(M,w) . An standard example of space Z which satisfies condition (Z) with
respect to A, is the domain of A, [D(A)], equipped with the graph norm
jz]a = [[z]] + [[Az]| .

In fact, clearly [D(A)] is continuously embedded in X .

Let ¢ € C([0,00),[D(A)]). For all h,t > 0, we have that AR(t — s)¢(s)
is well defined and continuous and hence is integrable on [0, h]. Since A is
closed we conclude that
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h
/ R(h+t—s)p(s)ds € D(A) and
0

/hAR(h—i-t—s)gb(s)ds = A/hR(h+t—s)¢(s)ds.

Since A commutes with R we obtain that

h h
14 / R(h+t, — s)g(s)ds|| < Me+t) / 6(s)]a ds
0

0
< Me*™ he*™ sup |¢p(s)|ads.
0<s<t
for all h,t1 > 0.
3.- Under weak assumptions we can rewrite an additive perturbation
problem A + B as an multiplicative perturbation problem.

Theorem 6.1. Let B : X — X be a bounded linear operator. Suppose that
(A, a) is the generator of an integral resolvent {R(t)}1>0 such that p(A) #
0. Then (A+ B,a) is the generator of an integral resolvent {S(t)}i>0 on
X.

Proof. Let —c € p(A) then 0 € p(A+cI). By [16], (A+cl,a) generates
an integral resolvent R.. Since

A+B=(A+cl)+ (B —cl)

we obtain that (A + B,a) generates an integral resolvent if and only if
(Ac+ B.,a) generates an integral resolvent, where A. = A+ ¢l and B, =
B—cl.

In fact, clearly A !B, € B(X) and so

[ Az Ber|ae = ||AS " Bell + [[AcAS Bex|| < (1A Bellsex) + [1Bellsoo) ]

for all 2 € X. Hence A;'B. € B(X, [D(A.)]) with |[|A;'B.|| < ||A;' Bel|sox)+
|| Be||8(x)- Since [D(A,)] satisfies condition (Z) with respect to A, the con-
clusion follows from Theorem 4.4.
0
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