ON THE COMPACTNESS OF FRACTIONAL RESOLVENT OPERATOR
FUNCTIONS.
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ABSTRACT. We study and characterize the compactness of resolvent families of operators as-
sociated to fractional differential equations. We show an application in the study of existence
of mild solutions for a class of semilinear fractional differential equations with non-local initial
conditions.

1. INTRODUCTION

Of concern in this paper is a remarkable class of families of bounded and linear operators
which have proved to be useful in the study of abstract models for Partial Differential Equations
describing anomalous diffusion. We mean here compact fractional resolvent operator functions.
A fractional resolvent operator function endows the solution operator, defined by the nonhomo-
geneous equation

(1.1) Diu(t) = Au(t) + f(t,u(t)), 0<a<2,

by means of the variation of constants formula, with the compactness property, comparable with
the finite-dimensional counterpart.

For o = 1, the well known criteria for compactness of Cyp-semigroups (see e.g. [17, Theorem
3.3, Chapter 2]), assert that a Cp-semigroup {7T'(t)}+>0 generated by A is compact (for ¢ > 0)
if and only if T'(¢) is continuous in the uniform operator topology for ¢ > 0 and the resolvent
operator (A — A)~! is compact for all A € p(A), the resolvent set of A. This criteria has great
importance in the study of existence of mild solutions for (1.1), because arguments to solve (1.1)
using fixed points Theorems of Schauder’s type can be applied.

In case a = 2 we find a similar situation assuming that A is the generator of a strongly
continuous sine family {S(¢)}+>0. In this case, the compactness criteria of sine family (see [22]),
asserts that a sine family S(¢) is compact for all ¢ > 0, if and only if the resolvent operator
(A2 — A)~1 is compact for every A € p(A). Observe that, in infinite dimensional Banach spaces,
a cosine family {C(t)}+>0p cannot be compact.

In the last decade, the fractional differential equation (1.1) where the fractional derivative
is understood in the Caputo sense, has been extensively studied. Equations with memory, of
type (1.1) are of interest in connection with several applications in Physics and Viscoelasticity
theory (see [18, 21] and references therein). The solution to equation (1.1) in case 0 < a < 1 is
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essentially given by

(1.2) u(t) = Sa(t)u(0) + /0 Sa(t —s)f(s,u(s))ds,

where {5, (t) }+>0 is the (o, 1)-resolvent family generated by A. Several properties of {S,(t)}+>0
have been studied in [4, 11, 12] among others. The compactness of {S,(t)}+>0 was first studied
by subordination methods, i.e. A is supposed to be a generator of a compact semigroup, and
then compactness of the family {S,(¢)}+>0 is obtained, see Priiss [20, Corollary 2]. After that,
Wang, Chen and Xiao [23], assuming that A is an almost sectorial operator and (A% — A)~1
is compact, proved that the family {S,(t)}+~0 is continuous in the uniform operator topology
for ¢ > 0 [23, Theorem 3.2] and compact [23, Theorem 3.5]. The method relies in the use of
functional calculus. Very recently, and under the hypothesis continuity in the uniform operator
topology for ¢t > 0, Fan [7] found that the compactness of the resolvent operator (A% — A)~1
is necessary and sufficient for compactness of {Sq(t)}+>0. The proof follows a direct method
having in mind the case o = 1. However, the necessary condition has a mistake in their proof
(see Remark 3.6 below), and therefore the problem of characterization of compactness remains
open. The objective of this paper is to provide a completely new approach to Fan’s result, and
to provide a complete characterization in the complementary case 1 < o < 2 for the associated
family R, (t) = (ga—1%Sa)(t) that corresponds to the fractional counterpart of the sine functions
for = 2 and that has not been studied previously in the literature. We finish this paper with
a new application to semilinear fractional abstract equations with nonlocal initial conditions.

2. PRELIMINARIES

Let X be a complex Banach space and denote by L{ (R,,X) the Banach space of all

loc
locally (Bochner) integrable vector-valued functions. The Laplace transform of a function

feLl (R, X)is defined by

loc
fA) = /OO e MF(t)dt, Rel > w,
0

whenever the integral is absolutely convergent for ReA > w. We denote by B(X) the space of
bounded linear operators from X into X.
The Caputo fractional derivative of order o > 0 is defined by

DEF(t) = (gma * F) (1) = / Gm—alt — 5) ) (s)ds,

where m is the smallest integer greater that or equal to «, and for 8 > 0
A=t
g9s(t) = ;
T
where T'(+) denotes the Gamma function.

Applying the properties of the Laplace transform, an easy computation shows that for 0 <
a <1,

Dgf(N) = Af(A) = AL £(0).

For details in fractional calculus, we refer the reader to [9, 10, 16]. The following definition
was first introduced in [3] although implicitly in [21] and [13].
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Definition 2.1. Let A be a closed and linear operator with domain D(A) defined on a Banach
space X and o > 0. We call A the generator of an («, 1)— resolvent family if there exist w > 0
and a strongly continuous function Sy : Ry — B(X) such that {\* : ReA > w} C p(A) and

AT — Al = / e MS, (t)xdt, Rel >w,z € X,
0

In this case the family {S,(t)}+>0 is called an (a, 1)-resolvent family generated by A.

The next definition was introduced in [1] after previous work in [3].

Definition 2.2. Let A be a closed and linear operator with domain D(A) defined on a Banach
space X and 1 < a < 2. We call A the generator of an («,«)-resolvent family if there exist
w > 0 and a strongly continuous function Ry : Ry — B(X) such that {\* : ReA > w} C p(A)
and

(A — A) e = / e MRy (t)zdt, Rel>w,x € X.
0

In this case the family {Rq(t)}+>0 is called an (o, o)-resolvent family generated by A.

Because of the uniqueness of the Laplace transform, a (1,0)-times resolvent family is the
same as a Cp-semigroup, a (2, 1)-resolvent family corresponds to the concept of sine family and
a (2,0)-resolvent family is a cosine family, see [2].

Remark 2.3. If A is the generator of an («, 1)-resolvent family {Sq(t)}+>0 then by [13, Proposi-
tion 3.1 and Lemma 2.2] we have that the family {Sa(t)}+>0 verifies the following properties:
S1) Sa(t) is strongly continuous for t > 0 and S, (0) = I;
S52) So(t)A C AS,(t) fort > 0;
S3) for x € D(A), the resolvent equation

Sa(t)z =2 + /0 Ja(t — 5)Sa(s)Axds

holds for all t > 0.

Similarly, an (o, a)-resolvent family { Ro(t) }+>0 verifies:
R1) R, (t) is strongly continuous for t > 0 and R (0) = g4 (0);
R2) R, (t)A C AR(t) fort > 0;
R3) for x € D(A), the resolvent equation

R,(t)x = go(t)z —i—/o 9ot — 8)Ra(s)Axds

holds for all t > 0.

Finally, we recall that a strongly continuous family {7'(t)}:>0 C B(X) is said to be of type
(M,w) or exponentially bounded if there exist constants M > 0 and w € R, such that ||7(¢)| <
Me®t for all t > 0.

3. A CHARACTERIZATION

The next Theorem, was proved recently in [7, Theorem 3.6]. Unfortunately the proof in
[7] does not allow to obtain that the compactness of the resolvent (A% — A)~! implies the
compactness of the (a, 1)-resolvent family {S,(t)}+>0, because there is a logical mistake in the
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proof (see Remark 3.6 below). Here we prove, by a completely different method, the desired
characterization.

Our method of proof relies in two main ingredients. The first of them is a Theorem due to
Weis [24] that asserts - roughly speaking - that the integral of a family of compact operators
is a compact operator. The second ingredient is a Theorem due to Hasse [8] that gives direct
inversion of the Laplace transform for one-parameter families of operators, when the family is
regularized by finite convolution with a locally integrable kernel.

Theorem 3.4. Let 0 < a < 1 and {Su(t)}+>0 be an (a,1)-resolvent family of type (M,w)
generated by A. Suppose that S, (t) is continuous in the uniform operator topology for all t > 0.
Then the following assertions are equivalent

i) Sa(t) is a compact operator for all t > 0.

i) (u— A)~! is a compact operator for all p > w'/®.

Proof. (i) = (ii) Suppose that {S,(t)}+>0 is compact and let A > w be fixed. Then we have

o
AL — Ayt = / M S, (1),

0
where the integral in the right-hand side exists in the Bochner sense, because {Sq(t)}i>0 is
continuous in the uniform operator topology, by hypothesis. Then, by [24, Corollary 2.3] we
conclude that (A — A)~! is a compact operator.

(7i) = (i) The case o = 1 follows from [17]. Let ¢t > 0 be fixed. Since a < 1, it follows that

g1-a € Li [0,00) and therefore, by [8, Proposition 2.1] we obtain

loc

w+ilN —
lim —— / (g1 et Ba)(VAA = (910 * Ra)(t) = Sa(t),

in B(X). Therefore,

1

— / NN — A) 7N = S.(b),

21 T

where I' is the path consisting of the vertical line {w + it : ¢ € R}. By hypothesis and [24,

Corollary 2.3|, we conclude that S, (t) is compact. O

Remark 3.5. Theorem 3.j extends the compactness criteria for semigroup operator functions,
see e.g. [17], [6, Chapter II,Theorem 4.29] and [5].

Remark 3.6. The proof of [7, Theorem 3.6] in (it) = (i) uses [7, Lemma 3.4]. However, one
of the hypothesis of such Lemma is precisely (i).

Remark 3.7. Useful criteria for continuity of Sq(t) in the uniform operator topology can be found

in the work of Fan [7]. For example, this property is true for the class of analytic resolvents, see
[7, Lemma 3.8].

Our second main result completely characterizes the compactness of (a, a)-resolvent families
in the range 1 < o < 2. In contrast with the case 0 < a < 1, it is remarkable that we obtain
here a characterization solely in terms of properties of their generator A.

Theorem 3.8. Let 1 < o <2 and A be the generator of an (o, 1)-resolvent family {Sqa(t)}+>0
of type (M,w). Then A generates an (c, a)-resolvent family {Ro(t)}i>0 of type (2L, w) and the
following assertions are equivalent
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i) Ra(t) is a compact operator for all t > 0.
ii) (u— A)~ is a compact operator for all p > w/.

Proof. We first prove that A generates an (a, a)-resolvent family {Rq(t)}i>0 of type (24, w).
Indeed, let o > 1 be given. By hypothesis we have ||S,(t)| < Me“! for all ¢ > 0. Define

Ra(t) = (ga—l * Soa)(t)7
for all ¢ > 0. We obtain
t t
|Ra(t)]| < M / Ga1(t — 8)e*ds < M / Ga—1(s)e* ™9 ds
0 0

Me®t
wafl :

t a—2 wt ]
S MGWt/ ﬁe_wsds S ]:‘éwe]_)/ Sa_2€_wsd8 S
o tla— o — 0

In particular, we conclude that R, (t) is Laplace transformable and, for A\ > w, we have

Ra(X) Sa(N) = (A" = A)7H,

a1

and hence, by definition, A is generator of R, (t) and it is an («, a)-resolvent family. This proves
the claim.

(1) = (4i) Suppose that {R,(t)}+>0 is compact. We prove that R, () is continuous in the
uniform operator topology for all ¢t > 0. In fact, we can assume that w > 0. First, observe that
for t > s, we have

Ru(t) — Ra(s) = / Gor (£ — 7)Sa(r)dr + /Os[gal(t ) = o (s — Sa(r)dr = I + I,
where
t t
181 < [ gamalt = DSa(r)dr < Me [ gua(t =y

Because a > 1, we have g,(0) = 0 and we obtain
(3-3) Il < Me*ga(t - s).
On the other hand,

A / Gt (£ = 7) — gar (5 — )] Sar) | dr
< Meos / Gacr(t =) — gai(s — r)ldr
0

S
= Mews/ |ga—1(t — s+ 1) — ga—1(r)|dr.
0
Note that g,—1 is decreasing for o < 2, therefore go—1(r) — ga—1(t — s + 1) > 0, obtaining
S
(3.4) |[I2]| < Me*” / [9a—1(7) = ga—1(t = 5+ 7)]dr = Me*®[ga(s) = ga(t) + galt — s)].
0

Observe that in the border case « = 2 we have Is = 0 because ¢;(t) = 1. Combining (3.3) and
(3.4), we obtain the assertion. Then for A > w fixed we have

(A=A = / e MRy (t)dt,
0
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where the integral in the right-hand side exists in the Bochner sense, because {R,(t)}i>0 is
continuous in the uniform operator topology. Then, by [24, Corollary 2.3] we conclude that
(A* — A)~! is a compact operator.

(i) = (i) Let t > 0 be fixed. Since a > 1, it follows that go—1 € Li [0,00) and therefore, by
[8, Proposition 2.1] we obtain

w+iN S
lim 1/ ‘ e’\t(ga,l % S0)(A)dX = (ga—1 * Sa)(t) = Ra(t),

in B(X). Therefore,

1

— / MY — A) LN = Ry(t),
274, T

where I' is the path consisting of the vertical line {w + it : ¢ € R}. By hypothesis and [24,
Corollary 2.3], we conclude that R, (t) is a compact operator. O

Remark 3.9. In case o = 2 the preceding Theorem extends the compactness criteria for sine
operator functions in [22]. See also [19, Theorem 10.1.1].

4. AN APPLICATION TO A SEMILINEAR PROBLEM WITH NON-LOCAL INITIAL CONDITION

In this section, we present one example which do not aim at generality but indicate how our
theorems can be applied to more concrete problems. For other examples, see Fan [7, Theorem
4.1] and Wang-Chen-Xiao [23, Theorem 5.3].

Recall that the Riemann-Liouville fractional integral of order 0 < 8 < 1 is defined as follows

Jtﬁu(t) = /t gs(t — s)u(s)ds, we L'(Ry), t>0.
0

Let T > 0 be given. We study the semilinear problem
(4.5) D{u(t) = Au(t) + Jf(tu(t), 0<a<l, 0<t<T,

with nonlocal initial condition u(0) + g(u) = up where f : [0,7] x X — X and g : C(I,X) —
C(I,X) are continuous. Here D® denotes Caputo fractional derivative. The concept of nonlocal
initial condition has been introduced to extend the study of classical initial value problems.
This notion is more precise for describing nature phenomena than the classical notion because
additional information is taken into account. For the importance of nonlocal conditions in
different fields, the reader is referred to [15] and the references cited therein.

Let A be the generator of an («, 1) - resolvent family S, (f). Then it is well known that the
mild solution of (4.5) is defined by means of the variation-of-constant formula.

u(t) = Sa(t)[uo — g(u)] —I—/O St —8)f(s,u(s))ds, tel:=I0,T).

See e.g. [7, Section 4]. We will make the following assumptions

e H1. f satisfies the Carathéodory condition, that is f(-,u) is strongly measurable for
each u € X and f(t,-) is continuous for each ¢ € I.
e H2. There exists a continuous function p : I — R4 such that

Lf (& wll < p@®)llull, vEel, ve O, X).
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e H3. g: C(I,X) — C(I, X) is continuous and there exists Ly > 0 such that
lg(u) = g()|| < Lgllu —vl|, Yu,v € C(I, X).

We prove the following existence theorem. The method of proof combines ideas from [7] and
[14].

Theorem 4.10. Let A be the generator of an («,1)-resolvent family S, (t) of type (M,w). If
(A — A)~L is compact for all X > w and Sa(t) is continuous in the uniform operator topology
for all t > 0, then, under assumptions H1-H3, Equation (4.5) has at least one mild solution.

Proof. Define the operator I : C'(I, X) — C(I,X) by

() () = Salt)[uo — g(u)] + / Salt — 5)f(s, u(s))ds

Let B, :={u € C(I,X) : ||ul]| < r}. The proof will be conducted into several steps

Step 1.

We first show that I' sends bounded sets of C'(I, X) into bounded sets of C(I, X); in other
words for any given r > 0 there exists { > 0 such that I'B, C B¢. So let u € B, and
G :=sup,ep, ||g(w)||. Then

[Tu@] < M!Sa(t)ll(llu()H+||g(u)||)+M/0 1Sa(t = s)II[]f (s, uls))llds

IN

Me([luoll + llg(w)lD) +M/0 1Sa(t = s)[[IIf(s,u(s))llds

IN

Me“!(Jluol + llg(w)ll) + M/O ) f(s,u(s))llds

IN

Me<* (fluoll + llg(w)ll) + M/O 7 pu(s)[[uls) | ds

IN

Me<T (||luo|| + G) + Mr||p]| - = €.

Thus I' B, C Bg.
Step 2. Let’s show that I' is a continuous operator.
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Let uy,u € B, such that u, — v in C(I,X). Then we have
(4.7)

t
[Tun(t) = Tu@)] < ISa(t)II(Ilg(un)—g(U)II)+/0 1Sa(t = s)I[[[f (s, un(s)) — f(s,ul(s))llds

IN

t
M Ll — ul| + M /0 09| £ (5, un(s)) — F(s, u(s))|ds

IN

t
MeT Lyl — | + M /0 || (s, un(s)) — F(s, u(s))]|ds

IN

t
Me“”*Lgllun—vll+M/0 U ) (ffun (3)|| + [[uls)[)ds

IN

¢
Me“' Lg|lun — ul| + QT'M/ =9 y(s)ds.
0

Choose n large enough such that |lu, —u|| < e. Also note that e“(*=*)y(s) is integrable on I. So
by the Lebesgue’s Dominated Convergence Theorem, fg et =3 f(s,un(s)) — f(s,u(s))||ds — 0
as n — 0o; which shows that I' is continuous.

Step 3 I' sends bounded sets of C'(I, X) into equicontinuous sets of C'(I, X).

Let v € B,, with » > 0 and take t1,t2 € I with 5 < ¢1. Then we have

[Tu(ty) = Tu(t2)| < [[(Salti) = Sa(t2))(uo = g(u))]] +/ 1Salts — )£ (s, uls))llds

to

" / 1(Salts — 5) — Salts — $))F(s, u(s)) |ds
0

= L +1,+ Is.
We have
I < [[(Sa(t1) = Salt2))||[|(uo — g(w))]l.
Using the uniform continuity of S, (t) for ¢ > 0, we obtain that limy, ¢, I1 = 0.
Next we have

t1
b= / e (s fu(s)llds < rllplle (11 — ta).
to

Thus lim¢, 4, Iz = 0. Finally we have

t2
I; < /0 [Sa(ts —s) = Salta = s)|[[[f (s, uls))l|ds

IN

(4.9) /0 1Sa(ty = ) = Salts = )llu(s) u(s)]lds

IN

7'/0 Sa(ts — ) = Salts — 5)|lu(s)ds.
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Now observe that
1Sa(ts — ) = Sa(ta — )llu(s) < 2Me*Tu(-) € L'(I,R),

and Sy (t1 — $) — Sa(ta —s) — 0 in B(X), as t; — to. Thus limy, 4, I3 = 0 by the Lebesgue’s
dominated convergence theorem.

Step 4. I' maps B, into relatively compact sets in X.

Indeed in view of the hypothesis and Theorem 3.4 we have that S, (t) is compact for all s > 0,
and hence we deduce that the set I = {So(t —s)f(s,u(s)) :u € C(I,X),0 < s < t} is relatively
compact for each t € I (see the proof of [7, Theorem 4.1] for details). Then the set convkC is
compact. Moreover, for v € B,, using the Mean-Value Theorem for the Bochner integral, we
obtain

[(u(t)) € teconuk, Vt € [0,T].
Therefore the set {I'u(t);u € B,} is relatively compact in X for every ¢ € [0,7]. From Steps
1-4, we deduce that I' is continuous and compact by the Arzela-Ascoli’s theorem.
Step 5. Consider the set

Q:={ueB,:u=ANu 0<X<1}.
Clearly © # ) since 0 € Q. So let u € Q. Then we have

lu(®)]] < MM e (|luol| + \g(U)H)JrM/O ) £ (s, u(s)||ds]

t
< AIMe(Jluol + G) + Mr / €= (s)ds]
0

. ewT
< [Me!(|Juol| + G) + Mr | ]

Thus € is bounded. So by the Leray-Schauder theorem I' has a fixed point. The proof is
complete.

]
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