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ABSTRACT. One-parameter strongly continuous families {R(t)}+>0 of bounded operators, de-
fined on a Banach space, are useful instruments in the study of wide classes of abstract evolution
equations. In this paper we show conditions which secure the uniform continuity (or norm con-
tinuity) of (a, k)-regularized resolvent families R(t) for t > 0. We prove that on certain Banach
spaces (e.g. L*(S,X%, u)) each exponentially bounded (a, k)-regularized resolvent family is in
fact uniformly continuous for ¢ > 0. We also characterize families R(t) such that R(t) — k(¢t)I is
a compact operator for all ¢ > 0. Finally, we prove that in Hilbert spaces the uniform continuity
of R(t) for t > 0 (also called immediate norm continuity) is equivalent to the decay to zero of
/%()x) (I —a(\)A)™" along some imaginary axis. Our results widely generalize known properties
for strongly continuous semigroups and cosine families of bounded operators.

1. INTRODUCTION

The property of uniform continuity (or norm-continuity) for one-parameter families of bounded
operators is a topic of increasing interest in recent research, mainly because their important role
in the exploration of useful criteria for the existence of solutions to nonlinear partial differential
equations, when they are modeled as an abstract evolution equation on vector-valued spaces
of functions, see e.g. the monographs [2] and [27]. The applications of uniform continuity are
usually found in the use of fixed point arguments that try to avoid hypothesis of compactness on
the data of the problem, but where this hypothesis need to be replaced by some better behavior
on the family of bounded operators dealing with the well posedness of the associated abstract
linear problem. See e.g. [1, Remark 3.4], [5, Theorem 3.4], [11, Theorem 4.1] [30, Theorems 4.1
and 5.3] and [33] to cite a few references. Note that uniform continuity also plays a crucial role
in investigating the stability of solutions to abstract Volterra equations [6, Theorem 2.9] and
abstract Cauchy problems.

Recently, Zhenbin Fan [11] derives characterizations of compactness for families of bounded
operators associated to a class of semilinear fractional Cauchy problem. In the searching of this
characterizations, one of the difficult points is that they requires the uniform continuity of the
family under consideration [11, Theorem 3.6 and Theorem 3.7]. As remarked by Fan, the main
difficulty is the non existence of practical criteria that can assure uniform continuity of the given
family of bounded operators.

The main goal of this paper is to give a complete answer to the question raised by Fan
and other authors (see e.g. [30, p.208, item (ii)]). We give an exhaustive study of uniform
continuity not only for families of bounded operators associated to fractional Cauchy problems,
but also for a very wide class of families of bounded operators {R(t)}+>0, namely, the class
of (a, k)-regularized resolvent families [22]. We recall that this notion generalizes the theories
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of Cp-semigroups [2, Section 3.1], a-times-integrated semigroups [2, Section 3.2], convoluted
semigroups [8], cosine functions [2, Section 3.14], n-times integrated cosine families [3], resolvent
families [27] and « -resolvent families [4], among others. For example, if a(t) = k(t) = 1 for
all t > 0 and if a(t) = ¢, k(t) = 1, then we obtain the well-known cases of strongly continuous
semigroups and cosine operator functions, respectively. If a(t) = 1 and k(t) = ¢™/n! then R(t)
is an n-integrated semigroup. Taking a € L} (Ry) and k(t) = 1 for all t > 0 we have that R(t)
is a resolvent family, which are the central object to study in the theory of abstract Volterra
equations [27]. Finally, if a(t) = t*}/T(a) (a > 0) and k(t) = 1 for all ¢ > 0, then R(t)
corresponds to a a- resolvent family. For an up to date overwiew we refer the reader to [23,
Section 2| and references therein.

Previous studies on uniform continuity for families of bounded operators have been done
mainly in the case of Cp-semigroups [18]. K. Latrach, Paoli and Simonett [15], [16] have studied
the problem for diverse perspectives. See also [20] and [21] for an study in case of resolvent
families associated to Volterra equations. In the case of cosine and sine families of bounded
operators, first studies are due to Travis and Webb [28, Proposition 4.1], [29, Proposition 2.4].
See also [17]. More recently, in [13] the authors prove that when the semigroup generated by the
linear part of some linear neutral partial functional differential equations in LP-spaces is norm
continuous, then the solution semigroup associated to the neutral system is eventually norm
continuous.

It is well known that if a Cp-semigroup {7T'(t)}+>0 of type (M,w) defined on a Banach space
X generated by an operator A is continuous in the operator norm for all ¢ > 0, then ||(s +i7 —
A)7Y = 0 as |7] — oo for all s > w. See [10]. The converse is also true in Hilbert spaces H
(see [10, 12, 32]) but it may fail in general Banach spaces. See for example [26]. We also note
the recent paper [7] where the authors construct an example where the semigroup is nowhere
continuous in operator norm but the resolvent tends to 0 along 2 + i7 almost logarithmically.
However, the question of find a similar characterization for (a, k) regularized resolvent families
under reasonable conditions on the kernels a and k remains as an open problem.

One of the main issues of this paper, is that we are able to solve this problem assuming
that a and k are 2-regular (see Section 2 for definitions) and certain behavior of k() along the
imaginary axis. More precisely, we prove that the following assertions are equivalent:

(i) {R(t)}+>0 is continuous in B(H) for ¢t > 0,
N -1
(ii) ‘ 1|im [|k(s +iT) (I —a(s + iT)A) || = 0 for some s > w.
T|—00

This paper is organized as follows: Section 2 is devoted to preliminaries, recalling the definition
of (a, k)-regularized resolvent families and their main properties related with the contents of this
article. We also recall in this section, the notion of Grothendieck space and the Dunford-Pettis
property. A notion of regularity on the kernels will be also useful as well as an important result
due to Lotz [24] that is the key to establish one of our main results in the forthcoming sections.
Section 3 shows a characterization of uniformly continuity (¢ > 0) of (a, k)-regularized resolvent
families (Theorem 3.2) which is not surprising at all, but that is absent in the current literature
on the subject. The main novelty here are the hypothesis needed in the kernels a and k where
one of them need to be positive, for instance. In Section 4, we give a somewhat surprising result.
We show in Theorem 4.1 that a strongly continuous (a, k)-regularized resolvent family on a class
of Banach spaces containing all L®-spaces is necessarily uniformly continuous (¢ > 0). This
result generalize a known theorem in the case of Cp-semigroups due to Lotz [24]. Then, we
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remark an interesting corollary: The result is also true in the case of certain families of bounded
operators (called a-resolvent families) that play a central and decisive role in the development
of qualitative properties for solutions to fractional partial differential equations. In Section 5,
we characterize those (a, k)-regularized resolvent families which have the property of being near
k(t) times the identity (i.e., R(t) — k(t)I is compact for some positive value of ). First results
on such property are due to Cuthbert [9], Henriquez [14], Lutz [25] and the first author of this
paper [20]. It turns out that this property is equivalent to the compactness of the generator.
This equivalence is proved in Theorem 5.1. Finally, Section 6 is concerned with an important
characterization of uniform continuity (¢ > 0) in case of Hilbert spaces. See Theorem 6.7. This
characterization constitutes a remarkable and non trivial extension of previous results (see [21]
and [32]) and will be useful in establish practical criteria on the e.g. compactness of (a, k)-
regularized families of operators in general, and their specialization in different cases of interest,
in particular. An example of this assertion is given in Corollary 6.8 and further applications are
indicated in Remark 6.9.

2. PRELIMINARIES

Let X be a Banach space, A be a closed linear operator with domain D(A) densely defined
on X.

Definition 2.1. Let k € C(R}),k # 0 and a € L}, (Ry),a # 0 be given. A strongly contin-
wous family {R(t)}i>0 C B(X) is called (a, k)-reqularized resolvent family on X having A as a
generator if the following properties hold:
(i) R(0) = k(0)I;
(ii) R(t)zr € D(A) and R(t)Ax = AR(t)x for all x € D(A) and t > 0;
t

(i) R(t)x = k(t)z + /0 a(t —s)AR(s)xds, t > 0,2 € D(A).

It is well-known that if an (a, k)-regularized resolvent family exists, then it is unique [22]. Let
{R(t)}+>0 be an (a, k)-regularized resolvent family with generator A such that

(2.1) IR < M(), ¢ 0,

for some constant M > 0. Then, under certain hypothesis on the kernels a and k (see [23,
Section 2| and references therein) we have

D(A) = {z € X : lim FDT= kb

ist
Hm ) exists },

and

g 02 b0
(22) Av=lm = 00

Here we denote (a * k)(t) := fgk(t — s)a(s) ds the finite convolution between a and k. We note
that there is a one-to-one correspondence between (a, k)-regularized resolvent families and their
generators.

We say that {R(t)}+>0 is exponentially bounded (or, of type (M,w)) if there exists constants
M > 0 and w € R such that

|R()|| < Me®t for all t> 0.
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For exponentially bounded (a, k)-regularized resolvent families is well known the following char-
acterization.

Theorem 2.2. [19] Let X be a Banach space. The following assertions are equivalent:
(i) A is the generator of an (a, k)-regularized resolvent family of type (M,w);
(ii) For all X > w, the resolvent set p(A) contains the set {ﬁ A >w} oand

~ -1 o0
O\ (I - d(A)A) z= / e MR(Naxdt, zE€X, A>w.
0
Here, without loss of generality, we are assuming that a and k are Laplace transformable for
A>w.
We recall that a Banach space X is called a Grothendieck space if every weak® convergent
sequence in X’ converges weakly, where X’ denotes the dual space of X.

Definition 2.3. A Banach space X is said to have the Dunford-Pettis property if for all sequence
{Zn}n>0 in X such that x,, — 0 weakly in X and x}, — 0 in X' then (xy,x]) — 0.

For example, the spaces L (X, Q, u) where (X,Q, ) is a positive measure space, and C'(X)
(where X is a compact o —Stonian space) are examples of Grothendieck spaces with the Dunford-
Pettis property. Recall that X is Stonian if the closure of every open set is open, and it is
o-Stonian if the closure of every open F,-set is open. On the other hand, a Banach space E
is ingjective if for every Banach space X and every subspace Y of X, each operator T': Y — FE
admits an extension 7 : X — E. Every injective Banach space is a Grothendieck space with the
Dunford-Pettis property. Finally, a reflexive space does not have the Dunford-Pettis property,
unless the space is finite dimensional.

Definition 2.4. [27] Let a € L} (Ry) be Laplace transformable and n € N. The kernel a(t) is

loc
called n-regular if there is a constant ¢ > 0 such that

IAT@™ (V)] < efa(d)l
for all Re(\) >0 and 0 < m <n.
We finally recall the following result due to Lotz [24].

Theorem 2.5. [24, Theorem 10] Let E be a Grothendieck space with the Dunford-Pettis property
and let (T,,) C B(E) with limy, o0 || T (T—1)|| = 0 for allm € N. If(T,,) tends to the identity in
the strong operator topology, then limy, o | T, —I|| — 0. If, in addition, lim, o |[(T5,—1)Tn|| —
0 for every m € N, in particular, if all operators T,, commute, then suffices to assume that (T),)
converges to the identity in the weak operator topology.

3. UNIFORMLY CONTINUOUS (a, k)-REGULARIZED RESOLVENT FAMILIES

Let X be a complex Banach space. We recall that a strongly continuous family of bounded
and linear operators {S(¢) }+>0 C B(X) is said to be uniformly continuous if

(3.1) 1S() —S(s)llpxy =+ 0 as t—s,

holds for all s > 0. This property is also called norm-continuity for some authors [7], [10] [12],
[26], but also it sometimes refers to the case that (3.1) holds for all s > 0. To distinguish between
both cases, some authors say that {S(t)}+>0 is immediate norm continuous when refers to the
continuity of {S(¢)}+>0 in the uniform operator topology for s > 0.
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Our first result is probably not surprising, but we do not find a formal proof of this in the
existing literature.

Theorem 3.1. Let {R(t)}+>0 be a uniformly continuous (a, k)-regularized resolvent family with
generator A. Assume that a and k are exponentially bounded functions and a is positive. Then
A must be a bounded operator and

(3.2) R(t) = k(t) + iA"(a*” «k) (1), t>0.
n=1

Proof. We may assume that a(t) < MeM and |k(t)] < MeM for the same constants M > 0 and
A > 0. Denote e (t) = e*,t > 0 and observe that

tnfl

ex'(t) = (= 1)!e>\(t), t>0,n=23,..

Hence |(a*" x k)(t)] < M"T1Le,(t) for all t > 0, n € N, and we have

G n(, *n G n *n, G n ntn
> [lAM (@ k)0 < YA (@ k) (1) < MDY A" M ﬁex(t)ZMe”A”MteA(t)-
n=1 n=1 ’

n=1

This proves that the series in the right hand side of (3.2) converges. Define
S(t) :=k(t)+ i A"(a™ x k)(t) t>0.
n=1
We will show that S(t) = k(t) + A(a * S)(t). Indeed, we have
AlaxS)(t) = Afax[k+ i A™(a*" x k)]) (1)
n=1

= A((axk)(t)+ > A™@ xk)) (1)

n=1

= Alaxk)(t) + i AT (@ ) (8)

n=1

= Z A™M(a*™ * k) (t) = S(t) — k(t),
n=1

for all ¢ > 0. This proves the claim. Now, by uniqueness, we conclude that S(¢) = R(¢t). It
proves the representation (3.2).
Let ¢ > 0 be fixed and define

1 1 ¢
ft) = W(a x R)(t) = (1*a)(t)/0 a(t — s)R(s) ds.
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Because {R(t)}+>0 is an uniformly continuous family, there exist § > 0 such that for 0 < s < ¢
we have ||R(s) — k(0)I]| < 1. Let 7 € (0,6) be fixed. Then

1 () = 1]

H(I*;(T) /OTa(T — $)R(s)ds — k(O)IH

(1*(11)(7) /OTCL(T —5)||R(s) — k(0)|| ds
1

(1*a)(7)/0 a(t —s)ds =1,

where we have used that a is positive. Therefore, f(7) is invertible on X. Let z € X be fixed.
There exists y € X such that z = f(7)y. But, according to [19, Lemma 2.2] for y € X we have

1 T
f(ry = / a(t — s)R(s)yds € D(A).
(L a)(T) Jo
Then D(A) = X which implies that A is a bounded operator. O

The following characterization is new in the context of (a, k)-regularized resolvent families
with k # 1.

Theorem 3.2. Let {R(t)}+>0 be an strongly continuous (a, k)-reqularized resolvent family with
generator A. Assume that a and k are ezponentially bounded, a is positive and k € C*(R). The
following assertions are equivalent:

(1) {R(t)}+>0 is uniformly continuous;
(ii) A is a bounded operator.

Proof. Suppose that A is a bounded operator. In order to see that the resolvent family R(t) is
uniformly continuous, we take 0 < ¢t < s and observe that

IR(t) - R(s)l| = +ZA" . ZA”
< k() - k(s)| + ZA” n ><t>—ZA"<a
< k() ||+Z||A||| k)(t) — (a7 = ) (s)).
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Since k € C1(R), there exists p € C(R) such that k(¢ fop r)dr = (p=*1)(t). Hence,
IR(t) = R(s)| < Hk( ) = k(s)ll +
ZHAH" " (px1))(s) = (a7 x (px 1)) (1)

CORTCIED SETH AT ICrs

1E() — k() + [t — s| Z IIAII”tilvlgs (@™ % p)(v)]

IN

IN

< [[R(E) = k(s H+It—8|Z||AII” sup

/0 " an(r)p(v — 7) df‘ .

t<v<s
M"rn— 1

Note that |a*"(7)] < ———— for 0 < 7 < s, where M := sup |a(7)|. Indeed,

(n—1)! 0<7<s

T T Mnfluan Mn,]_nfl
*1, *n—1
™ (7)| g/o (e —wldu < | 2o Mdu< T
Hence, we obtain
”AHnMn n—1 /v
R(t) — R(s < ||k(¢ +t—s su v—T1)dT
|R(t) — R(s)|l [k(t) — k(s)[| + | |Z CES Op( )
A M)n+1 n
< k0 — ko) + e — o Y BAD
n—=0 t<v<s
— ([|A]| Ms)"
< k() = k(s)|| + [t — sl AIM D T sup [k(v)]
n—0 . t<v<s
< k@) = k(s)| + [t —s|- sup [k(v)] - [|A[M - elAIMs,
t<v<s
so we can conclude that 1ltirn |R(t) — R(s)|| = 0. This proves the theorem. O
—s

4. (a,k)-REGULARIZED RESOLVENT FAMILIES ON L® AND SIMILAR SPACES

In this section we will assume that a and k are exponentially bounded and hence Laplace
transformable. Moreover, we suppose that l;:()\) # 0 and a(A) # 0 for all A sufficiently large. We
prove the following Theorem, which shows that in certain classes of Banach spaces the uniform
continuity for (a, k)-regularized resolvent families is automatic. This generalizes previous results
of Lotz [24], the first author [20] and also provides new results for other classes of families. See
the corollaries below.

Theorem 4.1. Let X be a Grothendieck space with the Dunford-Pettis property. Suppose that
A generates an exponentially bounded (a, k)-reqularized resolvent family {R(t)}+>0 on X. Then
{R(t)}+>0 is uniformly continuous on X.
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Proof. By hypothesis, we have that ﬁ € p(A), the resolvent set of A, for all A sufficiently large,
say A > wp. Define T()\) := (I —a(\)A)~! for all A > wp. Observe that limy . |@()\)| = 0 implies
limy_oo(I — a(A\)A)~tz = x for all z € X. Therefore, according to the uniform boundedness
principle, we obtain that there exists My > 0 such that for all A > wy we have ||T'(\)|| < Mop.
Hence from the identity

we obtain
[a(N)TN)(T (k) = DI < Na(w)T AT (1) = DI+ lla(u)(TX) = T(w)|l
< la()| - (ITONT () — DI+ (TN = T()]])
< la() - (ITIT @I+ 2T N+ 1T (w)]])
< |a(u)|(Mg + 3Mo).
Therefore

Q>

) (043 + 30,

and we obtain
lim || T(A)(T(u) — I)|| =0, for all A > wy.

L—00
From Theorem 2.5, this implies that there exists Ay > wp such that T'(\2) is invertible on X,

that is, T'(\g) ! € B(X). Therefore, A is a bounded operator and, by Theorem 3.2, we conclude
that the family {R(t)}+>0 is uniformly continuous. O

In case a(t) = k(t) = 1 we recover the following result due to Lotz [24].

Corollary 4.2. Let X be a Grothendieck space with the Dunford-Pettis property. Then every
strongly continuous one-parameter semigroup of operators on X is uniformly continuous.

In case k(t) = 1 and a(t) a Laplace transformable kernel, we recover [20, Theorem 3.2].

Corollary 4.3. Let X be a Grothendieck space with the Dunford-Pettis property. Then every
strongly continuous resolvent family of operators on X is uniformly continuous.

Now, we consider for o > 0 the function a(t) = t*~!/T'(a) defined for t > 0, where I'(-)
denotes the Gamma function. The Laplace transform is a(\) = A™®. Consider the fractional
abstract Cauchy problem

(4.1) Diu(t) = Au(t), 0<a <1,

with initial condition u(0) = up where A is a closed and linear operator defined on a Banach
space X, and Dy* denotes the Caputo fractional derivative. Recall that if A generates a (%,1)—
resolvent family {S,(f)}+>0, then the solution of (4.1) is given by u(t) = Su(t)up whenever

up € D(A). An analogous result holds for o > 1, see [4].

Corollary 4.4. Let X be a Grothendieck space with the Dunford-Pettis property. Let o > 0 and
suppose that A generates an exponentially bounded (%, 1)-resolvent family {Sq(t) >0 on X.

Then {Sqa(t)}+>0 is uniformly continuous on X.
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5. (a,k)-REGULARIZED RESOLVENT FAMILIES WITH COMPACT GENERATOR

In section 3, it was proved that if an operator A is bounded, then the (a, k)-resolvent family
generated by A is given by

R(t) = k(t)] + i A (@ 5 K)(1), ¢ > 0.
n=1

In this section, we develop some aspects of (a, k)-regularized resolvent families of bounded
linear operators on a Banach space which have the property of being near k(t) times the identity
(i.e., R(t) — k(t)I is compact for some positive value of t). First results on such property are
due to Cuthbert [9], Henriquez [14], Lutz [25] and Lizama [20].

The following result generalizes all the above mentioned papers.

Theorem 5.1. Let {R(t)}i>0 be an strongly continuous (a, k)-resolvent family of type (M,w)
with generator A. Then the following assertions are equivalent:

(i) R(t) — k(t)I is compact for all t > 0.

(ii) A is a compact operator.

Proof. Suppose that A is compact. Since the set of compact operators is a closed subspace of
B(X), we have by (3.2) that

o) N
R(t) = k()T = k(s)™A™ = lim Y k(s)*"A",
n=1

N—o0
n=1

and hence R(t) — k(t)I is a compact operator.
Conversely, suppose that R(t) — k(t)I is compact for all ¢ > 0. According to the hypothesis
we have that for all Re(\) > w the operator (I — a(\)A) is invertible and

for Re(\) > w. For 2 € X, define H(\)z := k(\)(I — a(\)A) " z. We have

AH(Nz — Me(Nz = /oo e MR()z dt — Me(N)z
0

= / e MR(t)x dt — / e ME(t)x dt

0 0

= / h e M(R(t) — k(t))x dt.
0

Hence by [31, Corollary 2.3], we obtain that AH (A\)z — Ak(\)z is a compact operator. From the
identity

- A H(\
AH(N)z — Ak(X) = =Ak(N) <I — A()>,
k()
. H()\) . .. . H ,\) .
we obtain that ( — W) is a compact operator, and this implies that Ran(m) is closed. On

the other hand, Ran(%) = D(A) is dense on X. Therefore D(A) = D(A) = X concluding
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that A is a bounded operator. Next, we observe that the following identity holds

- I—a(MA
A= (HWz = Ne(1) L0V,
AkE(N)a(A)
and this implies that A is a compact operator. The proof is complete. O

6. A CHARACTERIZATION OF IMMEDIATE NORM CONTINUITY IN HILBERT SPACES.

Since reflexive spaces do not have the Dunford-Pettis property, we can not apply Theorem 4.1
to characterize the uniform continuity for ¢ > 0 of (a, k)-regularized resolvent families in general
Banach spaces. Of course, in this case the generator A is not necessarily bounded. This is one of
the reasons why a characterization only in terms of the generator is desirable but unfortunately
difficult to obtain in general Banach spaces. However, we can obtain a positive result extending
an important result due to O. El Mennaoui and K.-J. Engel [10] valid for the case a = k =1
to the case of (a, k)-regularized resolvent families in Hilbert spaces (see also [21] for the case of
resolvent families)

Let A be a closed operator with domain D(A) densely defined, a € L}, .(R4) and k € C(R4.).
Moreover, suppose a, k are 2-regular kernels.

Definition 6.1. Let k € L (Ry) be Laplace transformable. We say that k is an admissible
kernel if there exists limx_n-pl%()\) = k(ip) for all |p| > 1 and satisfies the following condition

(H) there exists a constant M > 0 such that

1
—— <
o k(ip)]
for all |p| > 1.
Ezample 6.2. For instance, the function k(t) = % s an admissible kernel for 0 < a < 1, but

fails to be admissible for o > 1. Moreover, is easy to check that k(t) is 2-reqular (see Definition

2.4).

To prove our main result in this section, we need the following lemmata. The first Lemma,
corresponds to a general result for strongly continuous families of bounded operators.

Lemma 6.3. Let {R(t)}+>0 be a strongly continuous family of type (M, o) defined in a Hilbert
space H. Then for any x € H and w > o, |R(w + iuv)z|| and |R(w + iu)*z|| are in L*(R, H),
viewed as functions of u € R.

Proof. Without loss of generality, we can suppose that ¢ > 0. Let w > ¢ be given and define
Ri(t) := e “'R(t). Then ||Ry(t)|| < Me=@= for t > 0. Let © € H be fixed, and note that
X[0,00) (") R1(-)x is in L?(R, H), where X[0,00)(*) denotes the characteristic function. In fact, we
have
. Mo
2 —(w—0)t,.||2

(6.1) X[0,00) ()R < /0 [Me™ @)z dt < Nw—o)

On the other hand, because {R(t)}+>0 is an exponentially bounded family of type (M, o), its
Laplace transform R(\) is well-defined for all Re(\) > ¢ and is holomorphic there. Hence, we



UNIFORM CONTINUITY 11

have for all z € H and s € R

N

Rw+is)x = / e~ W R(1) 2 dt :/ e SRy (t)a dt
0 0

_ / s R (D dt = F(xj000) ()R ()(5):

—0o0

It follows from (6.1) and the Plancherel theorem that R(w +i(-))x € L*(R, H). Analogously, we
can prove that R(w +i(-))*z € L2(R, H). This proves the Lemma. O

Lemma 6.4. Let a,k € L}OC(R+) be Laplace transformable and A be a closed linear operator

defined on a Banach space X. Assume that H(X) := k(\)(I —a(\)A)™! exists for all Re(\) > w.
Then there are functions f;(A), i = 1,2 and hj(\), j =1,2,3 such that

(1) H'(N) = ANHN) + f2(NH(V)?,
(2) H"(A) = hi(\H(A) + ha(NH(N)? + hs(A\) H(N)?
for all Re(\) > w.

Proof. A computation shows that for all Re(\) > w, we have

(6.2) 2 = l,i((j)) - C;/((AA)) FA2) = k&l)(cj()k)
and

(6.3) hi(A) = Z,((;)) - 2;:((;));';?) + 252&?22 - CZ/((AA))
(6.4) ha(A) = Z/(()/\\))leg\\; - k?j;i)(\);)z " l%(&A”)(&A()A)’
(6.5) hs(A) = k(ii;(e?()iﬁ

O
Lemma 6.5. Let a,k € Li (R.) be Laplace transformable and 2-regular, and suppose that k is

loc
an admissible kernel. Then, there exists a constant M > 0 such that

(1) IAi(N)] < M and |fa(N)] < M for all Re(\) > w;

(2) sup |ha(s+iT)| < M for all s >w and N > 1;
IT|I>N

(3) / \hj(s +im)|P dr < M for all s >w and N > 1, j =1,2.
|T|>N

Proof. Is a direct consequence of formulas (6.2) - (6.5). O

Lemma 6.6. [10] Let X be a Banach space and let R : [0,00) — X be a function which is
continuous for t > 0. If there exist M > 0,w € R such that ||R(t)|| < Me“*, then

lim || R(uo + ip)|| = 0

|| =00

for every pg > w.
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Our main result in this section is the following characterization. It extends the main result
in [21, Theorem 2.2] proved in the case k = 1. See also [32] for the same characterization in case
of Cy-semigroups, i.e. k=1 and a = 1.

Theorem 6.7. Let A be a closed linear operator defined in a Hilbert space H with dense domain
D(A). Assume that A generates an strongly continuous (a, k)-reqularized resolvent R(t) of type
(M,w), with M > 0,w € R, a € L}, (R}) and k € C(R}) Laplace transformable. Assume
that a and k are 2-reqular kernels, and that k is admissible. Then the following conditions are

equivalent:
(a) {R(t)}t>0 is continuous in B(H) fort >0,
A —1
(b) ‘ l|im [|k(s +iT) (I —a(s+ ’L'T)A) || =0 for some s > w.
T|—00

Proof. (a) = (b). Follows from Lemma 6.6. (b) = (a). Let € H be fixed and p > w. Because
|R(t)e Htz| < Me=W=9)t||z||, the function ¢ — X[0,00) (t) R(t)e™ " is in L*(R,H) for all p > w
(compare the inequality (6.1)). Since H is a Hilbert space, by Plancherel theorem is well known
that the Fourier transform is an unitary operator on L?(R, H), thus we obtain

-F(X[O,oo)(')R(')eiu.x) = R(/J + iT)x,

and hence
o0

1 .
(6.6) R(t)e Mg = — / e R(u+ iT)w dr.

2 J_
for t > 0 and each x € H. Clearly, the resolvent R(t) is continuous in B(H) for ¢t > 0 if and only
if R(t)e # is continuous in B(H) for t > 0. Next, note that for each z € H we have

. . ~1
R(u+ir)a = k(u+i7) (I —a(p+ iT)A) z,
and observe that if |7] — oo, then we get a(u+ir) — 0 and k(u+i7) — 0, whence im0 R(u+
iT)x = 0. Applying this to (6.6) and integrating by parts we have

[e.9]

-1 o
—pt,. 1Tt o/ .
R(t)e "z 5t / e R (p+it)x dr.

—0o0

for t > 0 and z € H. Now, by Lemma 6.4 (1) and Lemma 6.5 (1) with H()) := R(\) we also

A~

have lim|; | R'(u+i7) = 0, whence, again integrating by parts, we get

1 © .,
(6.7) R(t)e My = — TR (u+iT)xdr, x€H, t>0.
2rt? J_
Next we show that the operator family {t2R(t)e #};~¢ is continuous in B(H) for t > 0. Indeed,
formula (6.7) shows
1

[t2R(t)e Mz — s°R(s)e Mz = =
T

/ (et — e”S)R”(,u + i)z dr

1

- /| |>N(em — e”s)]:?”(,u +iT)rdr

IN

1 ‘ ‘ .
+ / le ™t — TS| R ( + iT) || dT
ITI<N

™
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We estimate I1(N): Let € > 0 and take z* € H. Using Lemma 6.4 (2), and the Cauchy-Schwarz
and Holder inequalities, we have

[((N),2)| < sup [|R(u+ir)]| - </ [ha(pe + i)l dr - |l2|[[]27
ITI=N IT|=N

. . 1/2 o, 1/2
([ WRGevimalar) ([ b inat P ar)
ITI>N IT|I>N

+ sup |[hz(p+i7)]| -
IrI>N

~ . 1/2 > c \k ok 1/2
([ WRGerinapar) ([ Jagesiyaan)”)
[TI=N [T|>N

Next, by the Plancherel Theorem for the Hilbert space valued Fourier transform, and Lemma
6.5 items (2) and (3), we get

. . » i} o 1/2 §
(L)) < sup RG] (M-qunx I+ (2 [ e R ar) " arer)

o] 1/2 oo 1/2
M - (27T / He*utR(t)xHZdt) / (27r / ||e*utR(t)*x*H2dt) /
0 0

Since (R(t))i>0 is of type (M,w), we have that the families {e " R(t)};~0 and {e " R(t)*}+=0
are exponentially bounded of type (M,w — u), and that there exists a positive constant C' > 0
such that

/ le M R(t)? df < C?|al, / le M R(t) 2" |2 dt < Cla].
0 0

Combining the above with the Hahn - Banach Theorem, we obtain the existence of a constant
K > 0 such that

L(N) = sup |</ (em — e”S)R"(u +iT)rdr, x|
lz*)|<1 Jir|>N

IN

K - sup ||R(p+ ir)]|[|z].
|T|>N

Since lim|,|_,o0 | R(1 + i7)|| = 0, there exists N > 0 such that

K- sup ||R(u+ir)| <e
ITI=N

which yields the estimate I;(N) < ¢||z|| for each x € H.
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For estimate Io(N), we observe that |e’® — 1|2 = 4sin?(a/2), @ € R. Therefore, for the above
fixed N we have

L(N) = /||<N |e”t — e”5|||f%”(,u +iT)x| dr
7I<

= </r|<N e - l‘sz) 1/2</r|<N HRH(“HT)UCHQdT>1m
- (o f e (S )
= </7'|<N ’TP’S B tlz dT) v < /|7-|<N HRH(M + iT)xHZ dT) -

<

AT (o W )

Since R”(uu + i7) is a continuous function and the integral is defined over a compact subset of
R, there exists a constant C’ > 0 such that ||R"(u + i7)z| < C’||x||; this implies

2N3\1/2
L(N) < [s=t(5=) - @N)Y2Cz]| < [s —tK'N?|z].

Using these estimates for I; (N), I2(N), yields
[[2R(t)e ™ — s2R(s)e "] < 2,
for all |s — t| < 0. This completes the proof. O
We finish this paper with a direct application to results of Fan [11].

Corollary 6.8. Let A be a closed linear operator defined in a Hilbert space H with dense
domain D(A). Assume that A generates an a-regularized resolvent S, (t) of type (M,w) for

some 0 < a < 1 and suppose ‘ l‘im (s +i7)* 1 ((s +iT)* — A)7Y| = 0 for some s > w. Then
T|—00

Sa(t) is compact for t > 0 if and only if (\* — A)~! is compact for all \* € p(A).

Remark 6.9. In a Hilbert space, all the results on Section 4 of Fan’s paper [11] remain true
when the hypothesis on the given operator A, as generator of an analytic compact a-regqularized
resolvent (0 < a < 1), is replaced by
lim ||(s +i7)* (s +i7)* — A)7Y| = 0 for some s > w.

|T| =00
Remark 6.10. In case a = k = 1, it is known that the characterization obtained in Theorem 6.7
cannot be extended to Banach spaces. See [7] and [26], for instance. However, we can naturally
ask: There exists a class of kernels (a, k) # (1,1) where this characterization remains true in
general Banach spaces?.

REFERENCES

[1] E. Alvarez-Pardo, C. Lizama, Mild solutions for multi-term time-fractional differential equations with nonlocal
initial conditions. Electron. J. Differential Equations. 39, (2014), 1-10.

[2] W.Arendt, C. J. K. Batty, M. Hieber, and F. Neubrander, Vector- Valued Laplace Transforms and Cauchy
Problems, 96 Monographs in Mathematics, Birkhauser, Basel, Switzerland, 2001.



3]

[4]

[5]

[6]

[12]
[13]

[14]
[15]

[16]

UNIFORM CONTINUITY 15

W. Arendt and H. Kellermann. Integrated solutions of Volterra integrodifferential equations and applications.
Volterra Integrodifferential Equations in Banach Spaces and Applications, Proc. Trento 1987, G. Da Prato,
M. Tannelli eds., Pitman Res. Notes Math. 190, Longman, Harlow (1989), 21-51.

E.G. Bazhlekova, Subordination principle for fractional evolution equations. Fract. Calc. Appl. Anal. 3 (3)
(2000), 213-230.

M. Benchohra, S. Litimein, J.J. Trujillo and M.P. Velasco, Abstract fractional integro-differential equations
with state-dependent delay, Int. J. Evol. Equ. 6 (2012), 25-38.

J.H. Chen, T.J. Xiao, J. Liang, Uniform exponential stability of solutions to abstract Volterra equations. J.
Evol. Equ. 9 (2009), 661-674.

R. Chill, Y. Tomilov, Operators L*(R+) — X and the norm continuity problem for semigroups. J. Funct.
Anal. 256 (2) (2009), 352-384.

I. Cioranescu, G. Lumer On K (t)-convoluted semigroups. Recent Developments in Evolution Equations,
Pitman Res. Notes Math. Ser., Glasgow, 1994, vol. 324, Longman Sci. Tech., Harlow (1995), pp. 86-93.
J.R. Cuthbert, On semi-groups such that Ty — I is compact for some t > 0. Z. Wahrscheinlichkeitstheorie
und Verw. Gebiete 18 (1971) 9-16.

O. El-Mennaoui, K.-J. Engel, On the characterization of eventually norm continuous semigroups in Hilbert
spaces, Arch. Math. 63 (1994), 437-440.

Z. Fan, Characterization of compactness for resolvents and its applications. Appl. Math. Comp. 232 (2014),
60-67.

V. Goersmeyer, L. Weis, Norm continuity of Co-semigroups, Studia Math. 134 (1999), no. 2, 169-178.

S. Hadd, H. Nounou and M. Nounou, Fventual norm continuity for neutral semigroups on Banach spaces. J.
Math. Anal. Appl. 375 (2) (2011), 543-552.

H.H. Henriquez, Cosine operator families such that C(t) — I is compact, for all t > 0. Indian J. Pure Appl.
Math. 16 (2)(1985), 143-152.

K. Latrach, J.M. Paoli, An extension of a Phillips’s theorem to Banach algebras and application to the uniform
continuity of strongly continuous semigroups. J. Math. Anal. Appl. 326 (2) (2007), 945959.

K. Latrach, J.M. Paoli, P. Simonnet, A spectral characterization of the uniform continuity of strongly con-
tinuous groups. Arch. Math. (Basel) 90 (5)(2008), 420428.

M. Li, B.Z. Guo, S. Piskarev, Compactness and norm continuity of the difference of two cosine functions.
Taiwanese J. Math. 7 (4) (2003), 575-589.

M. Li, X. Gu, F. Huang, On unbounded perturbations of semigroups: compactness and norm continuity.
Semigroup Forum 65 (1) (2002), 58-70.

C. Lizama, Regularized solutions for abstract Volterra equations, J. Math. Anal. Appl. 243 (2) (2000), 278
292.

C. Lizama, Uniform continuity and compactness for resolvent families of operators, Acta App. Math. 38 (2)
(1995), 131-138.

C. Lizama, A characterization of uniform continuity for Volterra equations in Hilbert spaces, Proc. Amer.
Math. Soc. 126 (1998), 3581-3587.

C. Lizama, Regularized solutions for abstract Volterra equations. J. Math. Anal. Appl. 243 (2)(2000), 278-292.
C. Lizama, F. Poblete. On a functional equation associated with (a,k)-reqularized resolvent families. Abstr.
and App. Analysis, Volume 2012, Article ID 495487, 23 pages, doi:10.1155/2012/495487.

H. Lotz, Uniform Convergence of Operators in L™ and similar spaces, Math. Z. 190 (1985), 207-220. 131-138.
D. Lutz, Compactness properties of operator cosine functions. C. R. Math. Rep. Acad. Sci. Canada 2 (6)
(1980), 277-280.

T. Matrai, Resolvent norm decay does not characterize norm continuity, Israel J. Math. 168 (2008), 1-28.
J. Priiss, Fvolutionary Integral Equations and Applications. Monographs Math., 87, Birkhduser Verlag, 1993.
C.C. Travis, G.F. Webb, Compactness, regularity, and uniform continuity properties of strongly continuous
cosine families. Houston J. Math. 3 (4) (1977), 555-567.

C.C. Travis, G.F. Webb, Cosine families and abstract nonlinear second order differential equations. Acta
Math. Acad. Sci. Hungar. 32 (1-2) (1978), 75-96.

R.N. Wang, D.H. Chen, T.J. Xiao, Abstract fractional Cauchy problems with almost sectorial operators, J.
Differential Equations 252 (2012) 202-235.

L. Weis, A generalization of the Vidav-Jérgens perturbation theorem for semigroups and its application to
transport theory, J. Math. Anal. Appl. 129 (1) (1988), 6-23.



16 LIZAMA, PEREIRA, AND PONCE

[32] P. You, Characteristic conditions for a Co-semigroup with continuity in the uniform operator topology for
t > 0 in Hilbert space, Proc. Amer. Math. Soc. 116 (1992), 991-997.

[33] L.L. Zhang, H.X. Li, Weighted pseudo-almost periodic solutions for some abstract differential equations with
uniform continuity. Bull. Aust. Math. Soc. 82 (3) (2010), 424-436.

DEPARTAMENTO DE MATEMATICA Y CIENCIA DE LA COMPUTACION, UNIVERSIDAD DE SANTIAGO DE CHILE,
CAsiLLA 307-CORREO 2, SANTIAGO-CHILE, CHILE.
E-mail address: carlos.lizama@usach.cl

UNIVERSIDAD DE TALCA, INSTITUTO DE MATEMATICA Y FisicA, CASILLA 747, TALCA-CHILE.
E-mail address: apereira@utalca.cl

UNIVERSIDAD DE TALCA, INSTITUTO DE MATEMATICA Y FisicA, CASILLA 747, TALCA-CHILE.
E-mail address: rponce@inst-mat.utalca.cl



