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EXISTENCE, REGULARITY AND REPRESENTATION OF
SOLUTIONS OF TIME FRACTIONAL WAVE EQUATIONS

VALENTIN KEYANTUO, CARLOS LIZAMA, MAHAMADI WARMA

Communicated by Mokhtar Kirane

ABSTRACT. We study the solvability of the fractional order inhomogeneous
Cauchy problem
Dffu(t) = Au(t) + f(t), t>0,1<a<?2,

where A is a closed linear operator in some Banach space X and f : [0,00) — X
a given function. Operator families associated with this problem are defined
and their regularity properties are investigated. In the case where A is a
generator of a (-times integrated cosine family (Cg(t)), we derive explicit
representations of mild and classical solutions of the above problem in terms
of the integrated cosine family. We include applications to elliptic operators
with Dirichlet, Neumann or Robin type boundary conditions on LP-spaces and
on the space of continuous functions.

1. INTRODUCTION

The classical wave equation provides the most important model for the study of
oscillation phenomena in physical sciences and engineering. In the treatment of the
evolutionary equation

O%u(t
% = Au(t,z) + f(t,z), t>0,z€Q, (1.1)
in function spaces over , where Q C R¥ is an open set, one needs initial conditions,
ou(0
u(0,2) = uo(z), % —ui(z), z€Q;

and boundary conditions. Traditionally, Dirichlet and Neumann boundary condi-
tions are the most studied. The Robin type boundary conditions, Vu-v+~yu = g in
0N (where v denotes the outer unit normal vector at the boundary of the open set
Q), have proven important due to the fact that they arise naturally in heat conduc-
tion problems as well as in physical Geodesy. Moreover, from the Robin boundary
conditions, one can recover the Dirichlet and Neumann boundary conditions (see
e.g. [0 [7]). For more details and applications we refer to [6] [7, 14}, 28] 43| 48], [49]
and the references therein.
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For many concrete problems it has been observed that equations of fractional
order in time provide a more suitable framework for their study. Typical of this
are phenomena with memory effects, anomalous diffusion, problems in rheology,
material science and several other areas. We refer to the monographs [39, [44] [45]
and the papers [11] 12, 16, 21, 22| 23] 38|, 4T, 52] for more information.

We will investigate the linear inhomogeneous differential equation of fractional
order:

Dfu(t) = Au(t) + f(t), t>0,1<a<2, (1.2)

in which D¢ is the Caputo fractional derivative. Here X is a complex Banach
space and A is a closed linear operator in X. The use of the Caputo fractional
derivative has the advantage (over, say, the Riemann-Liouville fractional derivative)
that the initial conditions are formulated in terms of the values of the solution u
and its derivative at 0. These have physically significant interpretations in concrete
problems.

Our aim is to construct a basic theory for the solutions of this equation along
with applications to some partial differential equations modeling phenomena from
science and engineering. To study the existence, uniqueness and regularity of the
solutions of Problem , in general, one needs an operator family associated with
the problem [33] [34]. For example, the theory of cosine families has been developed
to deal with the case a = 2. In case A does not generate a cosine family (if « = 2),
the concept of exponentially bounded (-times integrated cosine families has been
used in the treatment of Problem (L.2). In [§], an operator family called S, has
been introduced to deal with the fractional case, that is, 1 < a < 2 and 8 = 0.
Unfortunately, this theory does not include the case of exponentially bounded [-
times integrated cosine families. Consequently, the results obtained in [8] cannot be
applied to deal with the following problem in L?(Q2), p # 2, which is the fractional

version of (|1.1)):
Dfu(t, z) — Au(t,z) = f(t,z), t>0,z2€Q, 1<a<2,

ou(t, z) B
9o +y(2)u(t,z) =0, t>0, z€ 99, (1.3)
u0.2) =uw(@), 20D @), wen

Here, Q C RY (N > 2) is an open set with boundary 99, A is a uniformly elliptic
operator with bounded measurable coefficients formally given by

N N N
Au = ZDj(Zai’jDiU'i_bju) — (ch-Diu—kdu) (1.4)
j=1 i=1 i=1

and
N

N
% = Z (ZaijDi’U,—F b]u> vy,
j=1 =1
where v denotes the unit outer normal vector of Q at 9 and ~ is a nonnegative
measurable function in L>(99) or v = co.

In this paper, we introduce an appropriate operator family in a general Banach
space associated with Problem that will cover all the above mentioned cases.
This family will be called an («, 1)”-resolvent family (S2(¢)) (see Definition [4.2| be-
low) where 1 < o < 2 and § > 0 is a real parameter associated with the operator A.
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The case § = 0 and a = 2 corresponds to the wave equation with A generating a
cosine family. The family S2 (1 < a < 2) corresponds to the family S, introduced
in the reference [§] and mentioned above. The family SZ, 3 > 0 and a = 2, cor-
responds to the theory of exponentially bounded (-times integrated cosine family.
We use this framework to treat the homogeneous (f = 0 in (1.2)) as well as the
inhomogeneous problems (under suitable conditions on the function f in (L.2)).
We shall in fact consider the case where the operator A is an LP-realization of a
more general uniformly elliptic operator in divergence form (as the one in )
with various boundary conditions (Dirichlet, Neumann or Robin). We obtain a
representation of mild and classical solutions in terms of the operator family SZ.
Our results apply to the situation where the closed linear operator A satisfies the
following condition: There exist w > 0 and v > —1 such that

(A2 = A) 7Y < MA]Y, Re(A) > w. (1.5)

In fact, several operators of interest such as the Laplace operator in LP(RY) for
N > 2 and p # 2, which do not generate cosine families are generators of integrated
cosine families. See e.g. [3, Chapter 8] or [I7, 24]. For the case of LP(Q)), see
e.g. [30, [42). We refer to the book of Brezis [J, Section 10.3 and p.346] for some
comments about the LP-theory of the wave equation.

The paper is organized as follows. In Section [2 we present some preliminaries
on fractional derivatives, the Wright type functions and the Mittag-Leffler func-
tions. In Section [3| we use the Laplace transform to motivate the introduction of
the operator family which will be used in the sequel. Section [ is devoted to the
definition and several properties of the resolvent family SZ. In the short Section
we characterize the resolvent family S through the regularized fractional Cauchy
problem. The homogeneous (fractional) abstract Cauchy problem is solved in Sec-
tion [6] . The conditions on the initial data that ensure solvability of the problem
agree with the classical cases @ = 2. We take up the inhomogeneous (fractional)
abstract Cauchy problem in Section [} We are able to deal satisfactorily with this
problem under natural conditions on the initial data and the inhomogeneity. The
results obtained in the case a = 2 corresponding to integrated cosine families seem
to be new. In fact, we are able to deal with the full range 1 < a < 2. In the final
Section [8 we present various examples of problems that can be handled with the
results obtained.

2. PRELIMINARIES

The algebra of bounded linear operators on a Banach space X will be denoted
by L£(X), the resolvent set of a linear operator A by p(A4). We denote by g, the
function g, (t) := f(—;),t > 0, > 0, where I is the usual gamma function. It will
be convenient to write gg := &g, the Dirac measure concentrated at 0. Note the
semigroup property:

Yot =Ya *9gs, «, =0.

The Riemann-Liouville fractional integral of order o > 0, of a locally integrable

function u : [0,00) — X is given by:

IPu(t) := (ga * u)(t) := /0 ga(t — s)u(s)ds.
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The Caputo fractional derivative of order a > 0 of a function w is defined by

t
D3u(t) = [P =ul™ () = / ot — $ul™ (s)ds

where m := [«] is the smallest integer greatest than or equal to «, u(™) is the mt"-

order distributional derivative of u(-), under appropriate assumptions. Then, when
o = n is a natural number, we get D} := jtn . In relation to the Riemann-Liouville

fractional derivative of order ¢, namely Df*, we have:

m—1
DEf(t) = DE(F0) = Y FPOgrna(®), t>0, (2.1)
k=0
where m := [a] has been defined above, and for a locally integrable function
w: [0,00) = X,
m t
Diu(t) =

an Im—a(t —s)u(s)ds, t>0.
The Laplace transform of a locally integrable function f : [0,00) — X is defined
by

o] R
L) = FO) = / eMpWdt = lim [ e Mp(t)dt
0 fi—oo Jg

provided the integral converges for some \ € C. If for example f is exponentially
bounded, that is, there exist M > 0 and w > 0 such that || f(¢)|| < Me“t, t > 0, then
the integral converges absolutely for Re(A) > w and defines an analytic function
there. The most general existence theorem for the Laplace transform in the vector-
valued setting is given by [3, Theorem 1.4.3].

Regarding the fractional derivative, we have for a > 0 and m := [a], the
following important properties:

DY f(A) ZA“ R 0), (2.2)
m—1
DFF(N) =2 FN) = Y (gmea * HP A 1E,
k=0

The power function A is uniquely defined as A* = |\|*¢? 28N with —7 < arg()\) <
.

Next, we recall some useful properties of convolutions that will be frequently
used throughout the paper. For every f € C([0,00); X), k € N, a > 0 we have that
for every t > 0,

dk
g [(grta * )] = (9o * [)(F). (2.3)

Let f € C([0,00); X) N C*(]0,00); X). Then for every a > 0 and ¢ > 0,

& (g0 * DO = 9a0)0) + (g0 = 1)) (2.4
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Let k € N. If u € C*—1([0, oo)’X) and v € C*([0,00); X), then for every t > 0,

k k—
jtk [(u*v) Z E=1=9) (1)) (0) + (u* v®)(2)
7=0
o (2.5)

dkfl )
= (9 00D 0)] + (wx o ®)(@).

Il
o

j
The Mittag-Leffler function (see e.g. [22] 23] [44] [46]) is defined as follows:

1 pe=h
" du, >0,8eC, z€C, (26

Zfan+ﬁ 2m/H€/ﬂ—zu @ p : (2:6)
where Ha is a Hankel path, i.e. a contour which starts and ends at —oo and encircles
the disc || < |2|"/® counterclockwise. The Laplace transform of the Mittag-Leffler
function is given by ([44]):

00 a—pf3
—Ayak+B8—1 (k) o _ D) 1/
t B (fwt®)dt = ————, Re(\ .
| e Syt = e Re(h) > o
Using this formula, we obtain for 0 < a < 2:
D¥Ey1(2t%) = zEq1(2t%), t>0,z€C, (2.7)

that is, for every z € C, the function u(t) := E, 1(2t%) is a solution of the scalar
valued problem

Dfu(t) = zu(t), t>0, 1 <a<2.
In addition, one has the identity

d
aEa 1(2t%) = 2t By o (21%).

To see this, it is sufficient to write

L B (47) (V) = ——— = 12 )
’ A¥—z P A —2 ’
and invert the Laplace transform. Letting v(t) := Eq,1(2t%)z, t > 0, z € X, we
have that
v(t) = 91(t)7 + 2(ga * v)(1). (2.8)

By [44, Formula (1.135)] (or [8, Formula (2.9)]), if w > 0 is a real number, then
there exist some constants C7,Cy > 0 such that

Eyq(wt®) < Cret"" and Eyo(wt®) < Cget“’l/a, t>0, a€(0,2) (2.9)
and the estimates in (2.9) are sharp. Recall the definition of the Wright type
function [23, Formula (28)] (see also [44) [46], [50]):

S (=2)" 1
(Pa = = —
(2) T;) nll(—an+1—a) 2w

/,uc‘_le”_z“adu, 0<a<l1, (2.10)

where v is a contour which starts and ends at —oo and encircles the origin once
counterclockwise. This has sometimes also been called the Mainardi function. By
[8, p.14] or [23], ®,(t) is a probability density function, that is,

Do(t) >0, >0 /1¢Aﬂﬁ:L
0
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and its Laplace transform is the Mittag-Leffler function in the whole complex plane.
We also have that ¢,,(0) = ﬁ Concerning the Laplace transform of the Wright
type functions, the following identities hold:

—A%s S —«
e = /J(aﬁ(l)a(st ))(A), 0<a<l, (2.11)
« 1
APl s = E(tZ@a(st*“))(x\), 0<a<l. (2.12)

See [23], Formulas (40) and (42)] and [8, Formula (3.10)]. We notice that the Laplace
transform formula was formerly first given by Pollard and Mikusinski (see
[23] and references therein).

The following formula on the moments of the Wright function will be useful:

> I(p+1)
2P0, ()dr = ———, +1>0,0<a<l. 2.13
| arta@e = gL (213)

The preceding formula is derived from the representation and can be
found in [23]. For more details on the Wright type functions, we refer to the papers
[8, 23, [38] 50] and the references therein. We note that the Wright functions have
been used by Bochner to construct fractional powers of semigroup generators (see
e.g. [51, Chapter IX]).

3. MOTIVATION

In this section we discuss heuristically the solvability of the fractional order
Cauchy problem (L.2). We proceed through the use of the Laplace transform and
derive some representation formulas that will serve as motivation for the theoretical
framework of the subsequent sections.

Let 1 < a < 2 and suppose u satisfies and that there exist some constants
M,w > 0such that ||(g1*u)(t)]| < Me*t, t > 0. We rewrite the fractional differential
equation in integral form as:

u(t) = A(ga * u)(t) + (go * f)(t) +u(0) + tu'(0), ¢ > 0. (3.1)

Suppose also that (g1 f)(t) is exponentially bounded. Taking the Laplace transform
in both sides of (3.1) and assuming that {\* : Re(\) > w} C p(A) we have

AN = AT A" = A)7u(0) + A2 — A) W (0) + (A — A) L), (3.2)

for Re(\) > w. Now we assume that A is the generator of an exponentially bounded
B-times integrated cosine family (Cjs(t)) on X for some 8 > 0, and denote by
(Sp(t)) the associated (8 + 1)-times integrated cosine family (or §-times integrated
sine family), namely, Sg(t)z = fg Cs(s)xds, t > 0. Then by definition there exist
some constants w, M > 0 such that |Cs(t)z|| < Me*||z|, z € X, t>0,{N\?> € C:
Re(A\) > w} C p(A) and

AN — A = Aﬁ/ e MOs(t)x dt = A\PH / e M Ss(t)adt,
0 0
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for Re(\) > w, « € X. Substituting the above expression into (3.2)) we arrive at

A\ =Ae~ AT -8 /Oooe_A%tC’g(t)u(O)dt

~

+ A" 2r—*/ e Oyt (0 )dt“%"—%/ ety FNdt

0

o o8 o0 o0
331y / 82+1 B (s~ %) Cp(t)u(0) dsdt

+ATT2\T i ) 282+1 e NP (ts™2)Cp(t)u/(0) dsdt
AE-3 /OOO /0002 e (st 8) (s TNt

RN /OOO /OOOQO: B (t5~%)Cp(t)u(0)dtds

L As-2) Ome—As /Ooo Wc‘“@g(ts_%)Cg(t)u'(O)dtds

AF -8 h - oA ~
o / /0 252+1 *®g (st F)Cp(t) f(N)dtds,

(3.3)
where we have used the Laplace transform formula (2.11)) and Fubini’s theorem.
Letting

R%(t)x ;:/0 2;:11@&( 8)Cp(s)ads, t>0,

it follows from (3.3]) that

0 = A ¥ (g1_g * RVu(0) + AF (g2 g # B (0) + AF (g5 * RE# (V).

2

If we use instead the associated ”sine” function (Sg(t)), we obtain the following
representation

~ aB | oo e o ot .
u()\) =2 )\ 1/ e A / %%ﬁ@%(ts 2 )Sﬁ(t)U(O)dtds
A% 2/ / 252+1 O (ts™%)Sp(t)u'(0)dtds (3.4)

af

+)\2/ / 2s2+1 a(ts™ )Sg()f()dtds

From this and using the uniqueness theorem for the Laplace transform, we have
the following:

3 < as _a
(92 * Ry)(t)x = ; W(I)%(St 2)Sg(s)xds, t>0,
(91-5 * RE)(®)x = Dy~ (g « RE) (D), ¢ >0,

(g2—g * RO () = (92— * gg * RO (t)x, t>0.

In the next section we will take inspiration from the above heuristics to define
and study the regularity properties of resolvent families associated with Problem

(1.2). We will also deal with the case when there is an underlying exponentially
bounded integrated cosine family.
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4. RESOLVENT FAMILIES AND THEIR PROPERTIES
The following two definitions are motivated by the discussion in Section

Definition 4.1. Let A be a closed linear operator with domain D(A) defined on
a Banach space X and let 1 < a < 2,3 > 0. We say that A is the generator of an
(o, @)P-resolvent family if there exists a strongly continuous function P2 : [0, 00) —
L(X) such that ||(g1 * P2)(t)z|| < Me*t||z||, z € X, t > 0, for some constants
M,w >0, {\* : Re(\) >w} C p(A), and
A —A) e =A% [ e MPP(t)zdt, Re()) >w, z€X.
0

In this case, P2 is called the (o, a)®-resolvent family generated by A.

Definition 4.2. Let A be a closed linear operator with domain D(A) defined on a
Banach space X and let 1 < o < 2,3 > 0. We call A the generator of an (o, 1)”-
resolvent family if there exists a strongly continuous function S? : [0, 00) — L£(X)
such that ||(g1 * SB)(t)z|| < Me“t||z||, z € X, t > 0, for some M,w > 0, {\* :
Re(A\) > w} C p(A), and

(oo}
AT — A) Tl = 2 F / e MSE(txdt, Re(\) >w, z€X.
0

In this case, S? is called the (a, 1)P-resolvent family generated by A.

We will say that P2 (resp. S?) is exponentially bounded if there exist some con-
stants M,w > 0 such that |P2(¢)|| < Me“t, Vt > 0, (resp. |[SE(t)] < Me*t, Vt >
0).

It follows from the uniqueness theorem for the Laplace transform that an oper-
ator A can generate at most one (a,1)” (resp. (o, a)?)-resolvent family for given
parameters 1 < o <2 and 3 > 0.

We shall write (a, 1) and («, ) for (o, 1)? and (o, @)® respectively. Before we give
some properties of the above resolvent families, we need the following preliminary
result.

Lemma 4.3. Let [ : [0,00) — X be such that there exist some constants M > 0
and w > 0 such that ||(g1 * f)(t)]| < Me*t, t > 0. Then for every o > 1, there exist
some constants My > 0 and w1 > 0 such that ||(ga * f)(t)]| < Mye*rt, ¢ > 0.

Proof. Assume that f satisfies the hypothesis of the lemma and let & > 1. We just
have to consider the case a > 1. Then for every t > 0,

1(ga* )OI = [[(ga—1 % g1 % HB)]| < /0 Ja-1(5) M=) ds

= Me? /t ﬁe“"S ds
B o N(a—1)

a—1

< Mewtt

I(a)

for some constants M;,w; > 0, and the proof is complete. O

S Mlew1t7

Remark 4.4. Let A be a closed linear operator with domain D(A) defined on a
Banach space X and let 1 <a <2,8>0.
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(a) Using Lemma[4.3] (this is used to show the exponential boundedness) we have
the following result. If A generates an (a, 1)%-resolvent family SZ, then it generates
an (a, a)?-resolvent family P2 given by

P () = (ga1 *SE)(t)z, t>0, z€ X. (4.1)

(b) By the uniqueness theorem for the Laplace transform, a (2, 2)-resolvent fam-
ily corresponds to the concept of sine family, while a (2, 1)-resolvent family corre-
sponds to a cosine family. Furthermore, a (2, 1)-resolvent family corresponds to
the concept of exponentially bounded S-times integrated cosine family. Likewise,
a (2,2)P-resolvent family represents an exponentially bounded (-times integrated
sine family. We refer to the monographs [3] 20] and the corresponding references for
a study of the concepts of cosine and sine families and to [4] for an overview on the
theory of integrated cosine and sine families. A systematic study in the fractional
case is carried out in [§] for the case 8 = 0.

Some properties of (P2(¢)) and (S2(¢)) are included in the following lemmas.
Their proof uses techniques from the general theory of (a, k)-regularized resolvent
families [35] (see also [2,8]). It will be of crucial use in the investigation of solutions
of fractional order Cauchy problems in Sections [} [6] and [} The proof of the anal-
ogous results in the case of cosine families may be found in [3]. The corresponding
result for the case 0 < a < 1 is included in [8] 28] for 8 = 0 and in [29] for 8 > 0.
For the sake of completeness we include the full proof.

Lemma 4.5. Let A be a closed linear operator with domain D(A) defined on a
Banach space X. Let 1 < a < 2,8 > 0 and assume that A generates an (a,1)5-
resolvent family S2. Then the following properties hold:

(a) SE(t)D(A) C D(A) and ASE(t)x = SE(t)Ax for all x € D(A), t > 0.
(b) For all z € D(A),
SE(t)x = Gap (BT + /Ot ga(t — 5)ASE(s)xds, t>0.
(c) For allz € X, (g0 *SP)(t)z € D(A) and
SE(t)x = I GERS A/Ot gt — 8)SE(s)zds, t>0.
(d) SB(0) = 92s1(0). Thus, SE)=1Tif B=0 and S2(0) =0 if 3> 0.

Proof. Let w be as in Definition Let \,u > w and ¢ € D(A). Then z =
(I —pu=*A)~y for some y € X. Since (I —pu~*A)~! and (I —A"*A)~! are bounded
and commute, and since the operator A is closed, we obtain from the definition of
SP that,

SNz = /000 e MSP(t)x dt
=80T —p Ay
= ATTENTIAN(T - AT OA) T A) Yy
= (I — @A) AT AN (T — A A) Yy
= (I — @A) AT AT — A) Ly
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_ —a g\—-1QP
=T —p A SE(Ny

(oo}
_ / e~ M(T — = A) 188 (1)y dt.
0
By the uniqueness theorem for the Laplace transform and by continuity, we obtain
Sa(t)z = (I — p~*A)7'SG()y = (I — p~ *A)T'SLUOUT — p~*A)z, V> 0. (42)

It follows from that S2(t)r € D(A). Hence, SP(t)D(A) C D(A) for every
t > 0. It follows also from that ASP(t)x = SE(t) Az for all x € D(A) and t > 0
and we have shown the assertion (a).

Next, let © € D(A). Using the convolution theorem, we get that

/ e*”g%ﬂ(t)xdt Al = A FATIN — A) (T - A YAz
0
=SSP =A%)z =SP(\)z — A 5P (\) Az

o] t
= / e M {Sg(t)x —/ ga(t — 5)SE(s) Az ds} dt.
0 0
By the uniqueness theorem for the Laplace transform we obtain the assertion (b).
Next, let A € p(A) be fixed, z € X and set y := (A — A)~'z € D(A). Let z :=
(9o *S2)(t)x, t > 0. We have to show that z € D(A) and Az = Sg(t)xfgaig_s_l(t)x.
Using part (b) we obtain that
2 =(A = A)(ga *52)()y = A(ga * S (t)y — Alga +S2)(t)y
=A(ga * S2)(t)y — (SL()y — gas 4, (t)y) € D(A).
Therefore,
Az =AA(ga * S5)()y — ASZ ()Y + gas (D Ay
=A(ga * ASD)(t)y — SA() Ay + gas (1) Ny — )
=A(ga * ASD) (t)y = SA(t) Ny — @) + gz, (1) (Ay — 2)
= [ (g0 + ASE) )y = LY + 9o 4, ()] + AT — gap |, (Do
:Sg(t)'r - g%ﬁ+1(t)$,
and we have shown part (c).

Finally, it follows from the strong continuity of S2(¢) on [0,00) and from the
assertion (c) that SZ(0)z = gas 4+1(0)z for every z € X. This implies the properties
2

in part (d) and the proof is finished. O

The corresponding result for the family P2 is given in the following lemma. Its
proof runs similar to the proof of Lemma [4.5] and we shall omit it.

Lemma 4.6. Let A be a closed linear operator with domain D(A) defined on a
Banach space X. Let 1 < a < 2,8 > 0 and assume that A generates an (o, a)?-
resolvent family Pg. Then the following properties hold.

(a) PE(t)D(A) € D(A) and APS(t)x = P2 (t)Ax for all x € D(A), t > 0.

(b) For all z € D(A), P2(t)x = ga(gﬂ)(t)x + fg Jo(t — 8)APB (s)xds, t > 0.

(c) Forallz € X, (go*P%)(t)x € D(A) and P2 (t)x = ga(§+1)(t)z+A fg Ja(t—
s)P2(s)zds, t > 0.
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(d) Pu(0) = ga(ngl)(O) =0.

Remark 4.7. Let A be a closed linear operator with domain D(A) defined on a
Banach space X. Let 1 <a < 2and 8> 0.

(i) If A generates an (a, 1) = (a, 1)-resolvent family S,, then it follows from
Lemma (c) that D(A) is necessarily dense in X.

(ii) We notice that if A generates an («,1)?-resolvent family S and D(A) is
dense in X then this does not necessarily imply that 3 = 0. Some examples
will be given in Section

(iii) The examples presented below in Corollary show that in general (5 >
0) the domain of A is not necessarily dense in X.

A family S(¢) on X is called non-degenerate if whenever we have S(¢)x = 0 for
all t € [0,7] (for some fixed 7 > 0), then it follows that x = 0. It follows from
Lemma and Lemma that the families S® and P2 are non-degenerate. We
have the following description of the generator A of the resolvent family S?. We
refer to [3, Lemma 3.2.2] for related results in the case of integrated semigroups and
[3, Proposition 3.14.5] in the case of cosine families. The corresponding result for
the case 0 < @ < 1 and 8 > 0 is contained in [29] Proposition 6.8] which was proved
by using the Laplace transform. Here, we provide an alternative proof which does
not use the Laplace transform.

Proposition 4.8. Let A be a closed linear operator on a Banach space X with
domain D(A). Let 1 < a < 2, 3 > 0 and assume that A generates an (a,1)°-
resolvent family S2. Then

A={(z,y) e X x X, SP(t)x = g%ﬂ(t)x + (9o *SP)(t)y, Vt > 0}. (4.3)
Proof. First we notice that since the («, 1)%- resolvent family S? is non-degenerate,

the right hand side of (4.3)) defines a single-valued operator. Next, let z,y € X.
We have to show that € D(A) and Az = y if and only if

Sa(t)r = gas ,()z + (ga * SZ)(B)y, ¥t > 0. (4.4)

Indeed, let # € D(A) and assume that Ar = y. Since A generates an (a,1)"-
resolvent family S? and Ar = y, then follows from Lemma Conversely,
let z,y € X and assume that holds. Let A € p(A). It follows from and
Lemma [4.5] that for all ¢ € [0, 7],

(A= A) " (g0 *S2) )y = (A = A) " A(ga * S5) ()
= —(9ga *S) () + A\ — A) " (ga *S7) (t).
This implies
(90 *SE)(®) [(A = A) 7y + 2 — AA — 4) 2] = 0.

Since S? is non-degenerate, we have that (A — A)~'y + x — A(A — A)"lz = 0 and
this implies that € D(A) and Az = y. The proof is finished. O

Lemma 4.9. Let A be a closed linear operator on a Banach space X and let
1 <a<2,8>0. Assume that A generates an (a, 1)P-resolvent family S8. Then
for every x € D(A) the mapping t — SB(t)z is differentiable on (0,00) and

(SBY (t)x = gap (t)z +P2(t)Az, t>0. (4.5)
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Proof. Let x € D(A). Then it is clear that the right-hand side of (4.5)) belongs to
C((0,00), £(X)). Taking the Laplace transform and using the fact that S(0) = 0,
we get that for Re(\) > w (where w is the real number from the definition of S
and P9),

(SEY (Mo = ASE(N)z = A~ F AT — A)la = AT A — A) L

On the other hand, for Re(\) > w,

@(A)HPE(A)Ax:x%”HxE( .

A)”
= x%ﬁxfx*w — AT — A ANz
AT AT AT TAYNY — A)
= AT TAN — A) e
By the uniqueness theorem for the Laplace transform and continuity of the right-

hand side of (4.5)), we conclude that the identity (4.5)) holds. d

Next, we give the principle of extrapolation of the families Sg and ]P’g in terms
of the parameter (.

Proposition 4.10. Let A be a closed linear operator on a Banach space X and let
1< a<2,82>0. Then the following assertions hold.
(a) If A generates an (a, )P -resolvent family P2, then it generates an (v, )P -
resolvent family Pgl for every B’ > 3 and for every x € X,
P (1) = (9poro0 * P2 (t)z, Vi > 0. (4.6)

(b) If A generates an (v, 1)P-resolvent family SP, then it generates an (a, 1) -
resolvent family Sg/ for every B’ > 8 and for every x € X,

S8 (t)x = (9,005 * SE)(t)x, Wt >0. (4.7)

Proof. Let A be a closed linear operator on a Banach space X and let 1 < o <
2,8>0.

(a) Assume that A generates an («, a)®-resolvent family P2. Then, by definition,
there exists w > 0 such that {A\* : Re(\) > w} C p(A) and

A —A) = AT / e MPE(t)xdt, Re(\) >w, z€X. (4.8)
0

Let 5/ > 3 and let Pgl be given in (4.6). Using Lemma we have that for every
re X andt >0,

P ()0 (g, 00 +PL ()2 = (9,8 * Go3 1) + A (g, s %90 P ()2
:ga(%,Jrl)( )$ + A (g (5’ 811) * ]P)g) (t)ZE

Hence, P? is strongly continuous from [0,00) into £(X). By (£.6)), we have that

for every z € X and t > 0,
(90 + B (1) = (9,00, #BD (D),

and since by hypothesis |(g1 * P2)(t)z|| < Me“t|z||, = € X, t > 0, for some
constants M,w > 0, it follows from Lemma that there exist some constants
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M’,w' > 0 such that ||(g1 * PZ)(t)z|| < M'e*"t||z||, z € X, t > 0. Next, using
(4.8)), we have that for Re(\) > w, x € X and ' > g,

o) , o oo
(A* — A)~lg =\F / e~ MPB (t)adt = AT T / e~ MPB (t)zdt
0 0

:)\%/ e_)‘sgaﬂi/(s) ds/ e MPP (t)adt
0 z 0

=\"7 / e Mg ps * PO (t)wdt = A5 / e NP (£)zdt.
0 2 0

Hence, A generates an (a,a)ﬂ,—resolvent family Pgl given by and we have
shown the assertion (a).

(b) The proof of this part follows the lines of the proof of part (a) where now we
use Lemma O

The following example shows that a generation of an («a, 1)? or (a, a)P-resolvent
family does not imply a generation of an (a/,1)” or (a/,a’)?-resolvent family for
o’ > a > 1. That is, an extrapolation property in terms of the parameter o does
not always hold.

Example 4.11. Let 1 < p < oo and let A, be the realization of the Laplacian
in LP(RY). Tt is well-known that A, generates an analytic Cp-semigroup of con-
tractions of angle w/2. Hence, for every € > 0, there exists a constant C' > 0 such
that

_ C
(A=A < o AET, .. (4.9)

where for 0 < v <7, £, :={2€ C:0 < |arg(z)| < v}. Let 8 € [0,7) and let the
operator A, on LP(RY) be given by A, := e A,,. It follows from (4.9) that
IO = A4p) 7= I = €eA,) 7 = [(Ae™™ = Ap) 7Y
C
S IEVE
A

Now, let 1 < o < 2. It follows from (4.10) that, if § < 0 < (1— %) 7, then
p(Ap) D Yeax and

) 4.10
e Pex, .. ( )

(A=A, < |(§| AETeax. (4.11)
By [8, Proposition 3.8], the estimate implies that A, generates an («,1) =
(e, 1)%-resolvent family on LP(R”Y). Hence, by Propositionm (c), Ap generates an
(e, 1)P-resolvent family on LP(RY) for any 3 > 0. But one can verify by inspection
of the resolvent set of A, that it does not generate an (2, 1)’-resolvent family, that
is a -times integrated cosine family on LP(R") for any 3 > 0. However, A, does
generates a bounded analytic semigroup.

Remark 4.12. In view of the asymptotic expansion of the Wright function (see e.g.
[23, B0]), for a locally integrable function f : [0,00) — X which is exponentially
bounded at infinity, and for any 0 < o < 1, the integral fooo O, (1) f(7) dr converges.
This property will be frequently used in the remainder of the article without any
mention.
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Concerning subordination of resolvent families we have the following preliminary
result.

Lemma 4.13. Let A be a closed linear operator on a Banach space X. Let 1 <
a <2, 6>0. Then the following assertions hold.
(a) Assume that A generates an (o, a)?-resolvent family P3. Let 1 < o/ < a,

o:=% and set
«

P(t)x = at"*l/ 5B, ()P (st)zds, t>0, z€X. (4.12)
0
Then (g1 * P)(t)x is exponentially bounded. Moreover, (g1 * P)(t)x = P(t)x where
P(t)e = / O (st gz # B (s, 1> 0,z € X, (413
0 -

(b) Assume that A generates an («,1)P-resolvent family S2. Let 1 < o/ < a,

’
o:= % and set

1
S(t)x := / t—atl)a(st_”)(g; *SP)(s)xds, t>0,r¢€X. (4.14)
0 a

Then S is exponentially bounded. Moreover, S(t)x = (g1 * S)(t)x where
S(t)x = / By (s)SE (st ds, Vt>0, z € X. (4.15)
0
Proof. Let A, a and 8 be as in the statement of the lemma.
(a) Assume that A generates an (v, )P-resolvent famlily P2 and let 1 < o’ < «a,
o= % and z € X. Let P(¢t) be given by (4.12). By hypothesis, there exist

M,w > 0 such that ||(g; * P2)(t)z| < Me“t||z|| for every x € X, t > 0. We
show that there exist some constants Mj;,w; > 0 such that for every x € X,

(g1 * P)®)z] < Mye“r¥||z], t > 0. Using (L12), Fubini's theorem, @13), (20)
and (2.9)), we get that for every ¢ > 0 and z € X,

t o0 t
||/ P(r)zdr|| §/ s@a(s)H/ UTJilpg(STJ)IEdT”dS
0 0 0
oo st?
:/ <I>U(s)||/ ]P’g(T)xdTHdS
0 0
§M||xH/ Dy(s)e™t ds
0
2 (wto) [ n
M2 3 ) /0 B, (s)s" ds
n=0 :

n
2 (wt?)® T(n+1)
a3 L T

o (wt7)" -
=Mz Y Tont1) M||z[|Eq(wt?)
n=0

1
<Mye7 |z,
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for some constant M; > 0. Taking the Laplace transform of (4.13)) by using (2.11))
and Fubini’s theorem, we have that for Re > w and = € X,

< _ o [T os —\ (g4 3
/o e~ MP(t)x dt —/0 e /0 sy D, (st™7) (g1 xPy)(s)xds dt
o0 o a’ﬁ /
:/ e N3 (g1 *PP)(s)xds = AN (A — A) L
0 =
Similarly, we have that for Re > w and = € X,

/ e Mgy x P)(t)xdt =\~ / “AMP(t)z dt

0
=\~ / e Mot 1/ 5B, (s)PP (st7)x ds dt
-1 a7 —
=)\ /0 ]P’g(T)a:/O e ttg+1 O, (7t~ 7%) dt dr

=\t / e N PI(r)xdr
0

AT (A~ A)

By the uniqueness theorem for the Laplace transform and by continuity, we have
that (g1 * P)(t)z = P(t)x for all t > 0 and # € X and this completes the proof of

part (a).
(b) Assume that A generates an (a,1)’-resolvent family S? and let 1 < o/ <
o, 0 = % and x € X. Then there exist some constants M,w > 0 such that

(g1 SE)(t)x| < Me“!||z||, t > 0. Since = > 1, it follows from Lemmathat
there exist some constants My, w; > 0 such that for every t > 0 and z € X,

||(gg *Sg) (t)zl| < Mye*||z]|. (4.16)

Using (4.14)), (2-13), (4.16), (2.6) and (2.9), we have that for every x € X, ¢t > 0,

HS( )$|| <M1Hx||/ st U) wis Jg — M1||$||/ ewlrt” dr

w t
sMﬂ\xllZlni,/o O, (7)7" dr
n=0 .

D> (m:)n o1

I'(on+1)
wlt
<M ||| Z Fon Ty = MiBaa(at)lal
<Mt o],
for some constant M > 0. This completes the proof. (]

Next, we present the principle of subordination of the families Sg and ]P’g in
terms of the parameter a.

Theorem 4.14. Let A be a closed linear operator on a Banach space X and let
1 <a<2,6>0. Then the following assertions hold.
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(a) If A generates an (a, )P -resolvent family P2, then it generates an (o, a')?-
resolvent family Pg, for every 1 < o < a and

P?,(t)x = ot} / 5B, (s)P2 (st%)x ds, Vt >0, z € X, (4.17)
0
where 0 1= %
(b) If A generates an (c, 1)P-resolvent family SP, then it generates an (a/,1)"-
resolvent family Sg, for every 1 < o’ < a and

/

S2, (t)x = / Dy (5)SE (st ds, YVt >0, x € X, where o:= L (4.18)
0 (0%

Proof. Let A be a closed linear operator on a Banach space X and let 1 < a <
2,8>0.

(a) Assume that A generates an (a, a)’-resolvent family P2. Let 1 < o/ < «
and let ]P’g, be given by . Then it is clear that ]P’Z, is strongly continuous

from (0,00) into £(X). We show that ]P’g,(t) is strongly continuous at 0. Since
8
g -1

P (t) ~ 9a(§+1)(t) = @ ® t — 0, we get from (4.17) that
]P’g/(t) ~ t%_lt%’o‘(gﬂ)_%’ — @ (3HD-L ag t 0.

We have shown that Pg, (t) is strongly continuous at 0. By Lemma a), there
exist some constants My, w; > 0 such that ||(g; *Pﬁ,)(t)x” < Myert,x € X, t>0.

Now, it follows from (4.8)) and that {A* : Re()\) > w} C p(A) and for
Re(A) > w, z € X,

(A — A) 1 =7 / =PI (1)t
0

—\% / e_M/ ata%i)g(st_”)Pg(s)wds dt
0 0
o0 o

a’'B

:)\T/ e—/\tgto_l/ 5B, (s)P (5t%)ads dt
0 0

=\ / e MP, (t)z dt.
0

Hence, A generates an (o, o’)”-resolvent family ]P’gl, given by and we have
shown part (a).

(b) Now assume that A generates an («, 1)%-resolvent family S?. Then by defi-
nition, there exists w > 0 such that {A\*: Re(\) > w} C p(A4) and

(oo}
AN — A) Tl = 2 / e MSE () dt, Re(N) > w, Vo € X. (4.19)
0

Let 1 < o/ < « and let Sg, be given by (4.18]). Then it is clear that Sg/ is strongly
continuous from [0, 00) into £(X). By Lemma b), there exist some constants
M;i,w; > 0 such that for every z € X, ||(g1 * S,)(t)m” < Mpe*tt||z|, t > 0. It

follows from (&19) and (2.12) that {A\* : Re(\) > w} C p(A) and for Re(\) > w,
z e X,

/ (oo}
AT — A) g :A%"Aa—l/ et (t)adt
0
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o (st7)SP (s)xds dt

e M $)SP (st%)x ds dt

2 / _’\tSﬁ()xdt
0

Hence, A generates an (o, 1)P-resolvent family Sgi given by (4.18). The proof of
the theorem is finished. |

We have the following result as a corollary of the preceding theorem.

Corollary 4.15. Let 1 < a < 2, 8> 0 and let A be a closed linear operator on
a Banach space X. If A gemerates an exponentially bounded (B—times integrated
cosine family (C(t)), then A generates an exponentially bounded (o, 1)°-resolvent
family (SE(t)) given by

o0

S8 (1) = /0 5@ (st %)Cpl(s)ads = /0 o (1)Ch(rtE)udr,  (4.20)

fort >0, x € X. In particular, it follows from the first representation formula in
[@20) that (SE(t)) is analytic for t > 0, and, from the second one, that SZ(0) =
C3(0).

Let (P3(t)) be the associated (o, a)®-resolvent family generated by A which exists
by Remark (b). Then for every x € X,

Pl =2 [ 2ty (stm)Cp(s)uds
2/0 t3 (4.21)

= g/ Tg (I)%(T)Cg(Tt%)IdT,
0
fort>0.

Proof. Let «,  and A be as in the statement of the theorem. The fact that A
generates an («, 1)?-resolvent family S? and an (o, a)?-resolvent family P2 is a
direct consequence of Theorem [4.14] since by hypothesis A generates a [(-times
integrated cosine family, that is a (2, 1)?-resolvent family, and a S-times integrated
sine family, that is a (2,2)5—resolvent family. The formulas and 1D are
the corresponding formulas ) and (| -7 respectively, in Theorem |4 It
remains to show that S8 and P2 are exponentially bounded. By hypothesis, (C’g(t))
is exponentially bounded, that is, there exist some constants M,w > 0 such that

|Cs(t)x|| < Me“t||z|| for all t > 0, z € X. Using (4.20), (2.13), (2.6) and (2.9)), we

have that for every x € X, ¢t > 0,

||S§(t)a:|| S/ ‘I)%(T)Hcﬁ(Tt%)deT < MHxH/ q)%(T)ew‘rt% dr
0 0

2 (wt)™ T(n+1)
Pa "dr =M
2(7')7' T HanZ:;) nl F(%n—i—l)

|,

- (Wt%)n < w%
<M||z|| Z m = MHJCHE%J(wt?) < Méet

for some constant M; > 0 and we have shown that S2 is exponentially bounded.
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We note that P2 is bounded in a neighborhood of t = 0% by strong continuity
on [0,00). We show that P? is exponentially bounded away from 0. Indeed, using

(4.21), (2.13), (2.6) and (2.9), for a fixed £ > 0, we have that for every ¢t > ¢ and

re X,

< T wrt? > wrt?
1B ()| gM/O s (r)e “Hx||d7-§M||x||/0 by () dr

oo

e (r)r" T tdr

(wt? I(n+2)
*M”xnz T(5(n+1)+1)

wt 7 a 2
<M - - =M Ea o(wt?) < Mie®
i} ”anZ::oF(%(n+1)) o1 g (wr2) < M el

for some constant M; > 0, and this completes the proof. (]

We notice that alternatively, one can also show that P2 is exponentially bounded
on [0,00) by using the fact that SZ is exponentially bounded and that P2 (t)x =
(go—1 % S2)(t)z, z € X, t > 0 (by Remark a))

If B generates an exponentially bounded (-times integrated group (Ug(t)), then
A = B? generates an exponentially bounded [3-times integrated cosine family
(Cp(t)) given by Cp(t) = W. Moreover, operators that satisfy the es-
timate are generators of exponentially bounded integrated cosine families (see
[32, Theorem 2.2.4] or [40]). The corresponding situation for integrated semigroups
is treated in [3, Theorem 3.2.8].

Next, we show that we have a double subordination principle for the families S?
and P2 in terms of the parameters o and 3.

Corollary 4.16. Let A be a closed linear operator on a Banach space X and let
1< a<2,6>0. Then the following assertions hold.

(a) If A generates an (o, o)P-resolvent family P2, then it generates a 5 -times
integrated semigroup (T's (t)) such that (g1 *T@)( ) is exponentially bounded
2 2
and for every x € X, and t > 0,

o 1
T§ (t)x = O’ta_l/ 5B, (s)P2 (st%)x ds, where o:= —.
0 «

(b) If A generates an (o, 1)?-resolvent family S2, then it generates a g—times

integrated semigroup (T's (t)) such that (g1 *Ts )(t) is exponentially bounded

2

and for every x € X, and t >
o 1
Ts(t)r = / @U(s)Sg(st”)x ds, Vt >0, where o:=—.
2 0 [0
The proof of Corollary is a simple combination of the proofs of Proposition
Theorem and Corollary

Remark 4.17. (i) It follows from Theorem and Corollary that we have the

following more general situation. Let 1 < o < 2 and 3 > 0 be given. If A generates

an (o, 1)P-resolvent family S, then A also generates the (o, 1)%-resolvent family
3

8
S2, introduced in [8, 28, 29] for any 0 < o’ < 1. More precisely, in [29, Definition
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4.2], for 0 < o/ < 1and 8 > 0, an (o, 1)P-resolvent family associated to a closed
linear operator A defined on a Banach space X, has been defined to be a strongly
continuous function Sg, : [0,00) = L(X) such that, ||(g1 * Sg,)(t)xH < Me*t||x]|,
z € X, t>0, for some constants M,w > 0, {A* : Re(\) > w} C p(A), and

(o]

AT — A) e = )\O‘lﬂ/ e_)‘th, (t)zdt, Re(A) >w, z€X.
0

In the same direction, we observe that a generator of an («, 1)-resolvent family for

1 < o <2 is already the generator of an analytic strongly continuous semigroup.

(ii) We mention the following remarkable result obtained in [8, Section 3]. Let A
be a closed linear operator on a Banach space X. If A generates a bounded analytic
strongly continuous semigroup (7'(t)) of angle /2, then A generates an (o, 1)° =
(v, 1)-resolvent family S,, on X for every 1 < a < 2, and hence, generates an (o, 1)°-
resolvent family SZ on X for every 1 < a < 2 and 8 > 0. But unfortunately, there
is no explicit representation of SZ(¢) in terms of T'(t).

(iii) In general, generators of resolvent families even in the case 8 = 0 are not
stable under bounded perturbations. In the case 8 = 0, an example in [8, Example
2.24] shows that they need not be stable by perturbations by multiple of the identity
operator. Therefore the resolvent families obtained through Corollary are
of special interest since they are stable under perturbations by multiple of the
identities. Other admissible perturbations have been studied, see e.g. [3, [32] and
the references therein.

From Lemma [£.13] Theorem [£.14] and Corollary [£.16] we derive the following

result.

Lemma 4.18. Let A be a closed linear operator on a Banach space X. Let 1 <
a<2, 08>0 andpu>0. Then the following assertions hold.

(a) Assume that A generates an (o, a)®-resolvent family P2. Let 1 < o/ < a and
let Pg, be the (o, a’)P-resolvent family generated by A, or the g—times integrated
semigroup (Tg (t)) generated by A. Then for every x € X and t > 0,

> os Y
/0 F‘I’U(st (g * P2)(s)xds = (g0 * ]P’g,)(t)a:, o=—, (4.22)

> os o
/0 tqu)U(St (g * PE)(s)xds = (g0 * Ts )z, o= (4.23)

(b) Assume that A generates an (c,1)?-resolvent family S2. Let 1 < o/ < a,
and let Sg, be the (a/,1)P-resolvent family generated by A, or the g—times integrated
semigroup (Ts (t)) generated by A. Then for every x € X and t > 0,

2

| alst Mg S s)ods = (e #8002, 0 =% (a2)

o 17 a

/ tiatba(st”’)(gu *S2)(s)xds = (guo * Ts (t)z, 0 := é. (4.25)
0 2

Proof. Let A, a, 3 be as in the statement of the lemma and let x € X and p > 0.

(a) Assume that A generates an («, «)%-resolvent family P2. Let w be the real
number from the definition of PZ. Let 1 < o’ < a. Using the Laplace transform,
we have that for Re(\) > w,

(g;w * Pg')()\>x — \“HoN\—S 8

2 (A —A) = AR

a'ﬁ ’ 1

(A — Atz (4.26)
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On the other hand, using (2.11)) and Fubini’s theorem, we obtain that for Re(\) > w,

/ e_’\t/ 75 D, (5t77) (g, * PP)(s)ads dt
0 o to‘-‘,—l

= /OOO e %(g, * PP)(s)xds (4.27)

= AT (N0 4) Iy

— AT - A)
In view of (4.26)) and (4.27)), the equality (4.22)) follows from the uniqueness theorem
for the Laplace transform and by continuity. The proof of (4.23)) follows the lines
of the proof of (4.22).
(b) Similarly, for Re(A) > w (here w be the real number from the definition of
Sa):

—

(Go *S2 )Nz = A=7BA=F A" (he' — A)~ e

Lo (4.28)
= AT\ T\ ATy,
Using (2.12)) and Fubini’s theorem, we obtain for Re(\) > w,
/ _)‘t/ a(5t77) (g, * S2)(s)xds dt
= [T g <82 (s
’ (4.29)

_ AaflAfp‘o’fo'o‘Tﬁ)Aa(afl)(Aa'a o A)71I
— AcrflAf;m'f#))\a'fJ()\o/ _ A)ill'
— /\fou*a%g,\a'*l(/\a' —A) .

Using (4.28)) and (4.29)), the equality (4.24]) also follows from the uniqueness theorem
for the Laplace transform and by continuity. The proof of (4.25)) also follows the

lines of the proof of (4.24)). O

The following result on the regularity properties of the family S? is crucial and
will be used several times in the subsequent sections to obtain our main results.

Lemma 4.19. Let A be a closed linear operator with domain D(A) defined on a
Banach space X. Let 1 < a <2,8>0, k := f%}, n = [B] and assume that A
generates an (a,1)P-resolvent family S2. Then the following properties hold.

(a) Let m € NU{0}. Then for every x € D(A™Y) and t > 0,

t
SE(t)x = Zg 515 Lt t)Alx +/ Ga(m+1)(t — 5)SP(s)A™ g ds. (4.30)
0
(b) For every x € D(A™Y), the map t — (gk7# % SB)(t)x belongs to the space
C*([0,00); D(A)) N Ck*+1([0,00); X) and for every t > 0,
dk

i (95— aﬁ*S) } E;)Qayﬂ t)Alx + (g a(n— )*Sg)(t)A"az, (4.31)
J
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dk+1 n .
T [(gk ap *S0)(t) } > Gai (AT + (g, 2) a1 *SA) A 2. (4.32)
Jj=1

In particular,

&’ . d*
pred [gk_aig xS ] (0)z=0,5=0,1,...,k—1, P [gk_Lg *S } 0)z ==,
(4.33)
dr+1 dF+1
dtk+1 [gkf% * Sg} (0)z =0, Py {91 *Gp_ap * Sg} (0)x = x. (4.34)

(c) In general, for every x € D(A"™1=%) i = 0,1,...,n, the mapping t —
(gkf%a * Qo * Sg)(t)x belongs to C*([0,00); D(A)) and for every t >0,

dtk [ Ip—ap * Gai * Sg)(t)x}
. A (4.35)
Z oji1+ai(t) Az + (g, (n—8) * Ja * SO (t) A" g,

(d) For every x € D(A™), the mapping t — (91%# *SE)(t)x belongs to the class
C*([0,00); X) and the equalities ' and hold.

(e) In general, for every x € D(A"™"), i =0,1,...,n, the mapping t — (g,_ as *
Goi * SB) () belongs to C*([0,00); X) and for every t >0, i

k
e (002 * g n S0 )a]

—i (4.36)
=3 Gatrrail AT+ Algy s * ga * SO Az,

J

3

I
o

Proof. Let A be a closed linear operator with domain D(A) defined on a Banach
space X. Let 1 < a < 2,8 >0 and set k := f%l, n := [F]. Note that k& < n.
Assume that A generates an («, 1)%-resolvent family SZ.

(a) We prove by induction. If m = 0, then for every x € D(A), the
equality reads

t
SE(t)x = gaTgH(t)x +/ 9ot — 5)SE(s)Axds, Vt>0
0
which is given by Lemma [£.5[b). Assume that (4.30) holds for m — 1 for some

m € N. Now, let x € D(A™*!) € D(A™). Then using Lemma b)7 we have that
for every t > 0,

m—1
SE(t)x = ga(gﬂ.)ﬂ(t)Ajm 4 (Gam * S2) (1) A™x
=0
m—1
= 9a(Z+j) +1( )A z+ A" (gam * Sg)(t)x
=0
m—1

= ga(§+j)+1(t)ij + Amgam * (Q%B_,'_lif + 9o * SgAiE) (t)
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-1
ga(gﬂ-)ﬂ(t)ij + 9a(§+m)+1(t)‘4mx + (Ja(m+1) * Sap) (Ao

3

<.
I
o

(AT + (Gagmsry *SE) () Az

I

I
=)

Ja(5+i)+1
J

We conclude that the equality (4.30) holds and this completes the proof of part (a).
(b) Let x € D(A™*!). Then using (4.30) with m = n we get that for every t > 0,

(9128 *SDDT = Ghrayer(OA2 + (Gouirypp_ap *SD(OA™ .

§=0
Therefore, using Lemma b), we have that for all ¢ > 0,

dk - ; 1
g [(Qk,%ﬁ «S0) (7] =) gajr1 () Az + (Ga(nir)—=g * Sa) (A"

j=0

n .
=" Gas1 O T+ (g, )% 90+ SE) (DA™ e
j=0

Zzgajﬂ(t)ij + (Qa(nfg) * (S5 — g%ﬁﬂ))(t)A%
=0

= Z Jaj1(t) Az + (Qa(n—g) *S0) (DA™ T = gant (1) A"z

and we have shown (4.31). Since A"x € D(A), it follows from (4.31) and Lemma
that Lr((g,_op * S2)(t)7] € C([0,00); D(A)). Hence, (g,_op * SI)(H)z €
C"([0,00); D(A)). Since g1(0%) =1 and ga;+1(07) =0 for every j =1,2,...,n—1,

the equalities in (4.33]) follow from (4.31)).

By Remark 4.4] and Lemma A generates an (a,a)’-resolvent family P2
and for every x € D(A), S2(t)x € C(]0,00); D(A)) N C'((0,00); X). Now, let
x € D(A™*1). We have to show that (gk_% *S2)(t)x € C*+1(]0,00); X) and (4.34)
holds. It follows from (£.31)), (4.5 and the fact that SZ(t) A"z € C(]0,00); D(A))N
C1((0,00); X), that for every ¢t > 0,
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n
— J 8 n+1 .
= E HA x + ( Ya(n 7g)+a71*8a)(t)14 z € C([0,00); X),

and we have shown (4.32). Therefore, (gk_%g *S2)(t)x € C*1([0,00); X). Tt also
follows from (4.32) that

dF+1
=) [gk_aig xS } (0)z =0.

Now, using (4.33)) we get that
dk—‘rl dk
This completes the proof of part (b).

(c) Let € D(A™*1=%) i = 0,1,...,n. Proceeding as in the proof of part (b)
we get that for every ¢ > 0,

n—i

(Gari * gp,_ g * So) () = ng+a]+oﬂ+l( ATz + (Gt a(n—2) * Ja * SBY(t) A=y,
7=0

This implies that for every ¢ > 0,

dF

qk [(gai * Gp_ap * Sg)(t)x}

= Zgaj+ai+1(t)ij + (ga(nig) * Go ¥ Sg)(t)An—H—ix.
j=0

Using Lemma the preceding equality shows that (ga: * g, _ ap S (t)x €
C*([0,00); D(A)) and one has the equality (4.3F).

(d) Let € D(A™). Proceeding as in part (b)7 we also get the equality
and this implies that (gkf%ﬁ *S2)(t)x € C*(]0,00); X) and holds.

(e) Let # € D(A™%),i = 0,1,...,n. Proceedlng as in part (c), we get that
(gki%g * gai * SP)(t)x € C*(]0,00); X) and the equality holds. The proof of
the lemma is complete. O

5. RESOLVENT FAMILIES AND THE REGULARIZED ABSTRACT CAUCHY PROBLEM

In this section we show that the above defined resolvent family S? is necessary
and sufficient to solve the regularized abstract Cauchy problem

DFo(t) = Av(t) +gsp (s, £>0,1<a<2 B0,

v(0) = v'(0) = 0, (5:1)

where A is a closed linear operator with domain D(A) defined on a Banach space
X. By a classical solution of we mean a function v € C([0,00); D(A)) N
C1([0,00); X) such that (ga_q *v) € C?([0,00); X) and is satisfied.

The following is the main result of this section.

Theorem 5.1. Let A be a closed linear operator with domain D(A) defined on a

Banach space X. Let 1 < a < 2 and 8 > 0. Then the following assertions are
equivalent.

i) The operator A generates an (o, 1)?-resolvent family S? on X.
(e
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(ii) For all x € X, there exists a unique classical solution v of Problem (5.1)
such that (ga—q x v')(t) is exponentially bounded.

Proof. Let A, o and [ be as the statement of the theorem.
(i) = (ii): Assume that A generates an (a, 1)?-resolvent family S on X and let
x € X. Define

v(t) := (ga * SP)(t)x = /0 go(t —5)SE(s)xds, t>0.

Then v(0) = 0 and by Lemma [4.5| we have that v € C([0, 00); D(A)). Since v'(t) =
(ga—1 * S2)(t)x, we have that v € C*([0,00); X) and v(0) = 0. Since for every
>0,

(92—a *0)(1) = (92-a * ga * S2) () = (92 * S7) (),
it follows that (ga_q * v) € C?([0,00); X). Since v(0) = v/(0) = 0, it follows from

(2.1) and (2.3)) that for every ¢ > 0,
d2

DF(t) =(g2-0 0")(8) = 37 [(g2-0 *)(0)
=25 (92 #89)(0)2] = 83(0)2

=A(gq * Sg)(t)x + gaTgH(t)x = Av(t) + gLf+1(t)x.

Hence, v is a classical solution of (5.1)). Since (g; * S?)(t) is exponentially bounded
and for every x € X, t > 0,

(92— % 0)(t) = (g2-a * ga—1 * S2)(t)x = (91 +S7) (D)2,

it follows that (ga—_q * v')(¢) is exponentially bounded. Assume that has two
classical solutions v; and vy and set V := v; — va. Then V € C([0,00); D(A4)) N
CL([0,00); X), V(0) = V'(0) = 0, (g2—a * V) € C?([0,00); X), (g2—a x V)(t) is
exponentially bounded and D¢V (t) = AV (t) for every ¢t > 0. Taking the Laplace
transform, we get that for Re(A\) > w (where w is the real number from the above
mentioned exponential boundedness), (A* — A)V(\) = 0. Since (A* — A) is invert-
ible, we have that \A/(/\) = 0. By the uniqueness theorem for the Laplace transform
and by continuity, we get that V' (¢) = 0 for every t > 0. We have shown uniqueness
of solutions and this completes the proof of part (ii).

(ii) = (i): For z € X, we let S, s(t)x := DYv(t, x) where v(t,x) is the unique
classical solution of (5.1I)). Using and the fact that v(0) = 0 = v'(0) we get
that for every ¢t > 0,

(go * Sa.3) ()T = (ga * D) (t) = v(t,x) — v(0,2) — ' (0, 2)t = v(t, ).
Hence, (go * Sa,)(t)z € D(A) for every z € X, t > 0, and one has the equality
A(go * Sa,p)(t)x + g%“(t)x = Avu(t,z) + g%g+1(t)x = Sap(t)z. (5.2)

By the closed graph theorem we also have that S, g(t) € £(X) for t > 0 and we
note that S, 5(t) is strongly continuous on [0, c0). Since by hypothesis (ga—q*v")(t)
is exponentially bounded and given that for every x € X, ¢t > 0,

(91 # Sa.p)(B) = (g1 % ga—a * V") (t) = (g2—a * V') (1),
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we have that (g1 * Sq,g)(t)z is exponentially bounded. By the uniform exponential
boundedness principle [3, Lemma 3.2.14], we have that there exist some constants
M,w > 0 such that

1(g2—a = V) (B)I = [I(g1 * Sap)()z]| < Me*', >0, z € X. (5-3)

Taking the Laplace transform on both sides of the equality (5.2)) we get that for
Re(A) > w (where w is the real number from the above mentioned exponential
boundedness),

a571

AN S, 5Nz — S s(N)z = —A"F "z,
Multiplying the preceding equality by A* we get that

~

(A" — A)Sa s(N)z = A~ F A1y,
The above equality shows that (A* — A) is surjective. To prove injectivity, suppose
that (A* — A)z = 0 for some z € D(A) and Re(\) > w, that is, Az = A%z for
Re(A) > w. It is enough to consider that Az = A%z for A real and A > w. Then
setting v(t) = (gaTB+a * E)(t)x where E(t)x = Eq1(A*t*)z, we prove that v is
a solution of Equation (5.1). Obviously v € C([0,00); D(A)) N C*([0,00); X) and
(ga_a *v) € C%(]0,00); X). Using (2.8)), we have that for every ¢ > 0,
D o(t) =ga-a * 75 | (9580 * E)(B)2]

~(gap * E)YD)a = gup + (g1 + A"ga * B)) (D)2

=gas 1 ()T + (gan o * E)OX T = gas 1 ()7 + (gap , , * E)(t)Ax

:g%ngl(t)x + A(g%/a+a x B)(t)x = g%g+1(t)x + Au(t).
We have shown that v is a solution of Equation (5.1). Since all the solutions v
of Equation (5.1]) satisfy the estimate (5.3), we must have this estimate for the
solution v(t) = (g%nga x E)(t)x just found. But using (2.6) we have that

& Aangon

EO =2 Tan1)

which gives

B o o angan
Ca*V)() = (gap,, * B)(t)x = tFH
(92 )( ) (974-1 )( ) : I‘(om-i— af _|_2)
n=0 2
af 4 q ago
—¢2t E%%H(/\ )z,

and hence by (2.9)), ||(g2—a*v")(t)|| < Me||z|| and this estimate is sharp. Therefore
we can only have the estimate (5.3)) if © = 0. We have shown that (A* — A) is
injective, hence is invertible and

Sus(N)a = A~ F AT — A)
that is, for Re(\) > w, and z € X,

ALY — A) Ty = AT / e MS, p(t)x dt.
0
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Hence, A generates an («, 1)?-resolvent family S? and by the uniqueness theorem
for the Laplace transform and by continuity we have that SZ(t)x = S, s(t)z for
every x € X, t > 0. We have shown the assertion (i) and the proof is finished. O

Remark 5.2. (a) We note that in Theorem [5.1] the assertion that (ga_q *v') () is
exponentially bounded agrees with the limiting cases a = 1 in which the conclusion
reads (g1 *v")(t) = v(t) is exponentially bounded (see e.g. [3, Theorem 3.2.13]), and
« = 2, in which we have that v/(¢) is exponentially bounded. An example showing
that the exponential boundedness assumption cannot be omitted is included in [3]
Remark 3.2.15(b)] for the limiting case o = 1.

(b) We mention that if the family S2 is exponentially bounded, then the solution
v in Theorem [5.1]is exponentially bounded as well.

6. RESOLVENT FAMILIES AND THE HOMOGENEOUS ABSTRACT CAUCHY PROBLEM

In this section we use the above defined resolvent families to investigate the ex-
istence, regularity and the representation of solutions of the homogeneous abstract

Cauchy problem
Dfu(t) = Au(t), t>0,1<a<2,

u(0) =z, '(0)=y,
where A is a closed linear operator with domain D(A) defined on a Banach space
X and z,y are given vectors in X.

Definition 6.1. A function u € C([0,00); D(A)) N C1([0,0); X) is said to be a
classical solution of Problem (6.1)) if go_o * (u — u(0) — u’(0)g2) € C2(]0,00); X)
and (6.1]) is satisfied.

We adopt the following definition of mild solutions.

Definition 6.2. A function u € C([0,00); X) is said to be a mild solution of (6.1)
if IPu(t) := (go *u)(t) € D(A) for every t > 0, and

(6.1)

t
u(t) =z +ty + A/ ga(t — s)u(s)ds, Vt>0.
0

We have the following uniqueness result.

Proposition 6.3. Let A be a closed and linear operator with domain D(A) defined
on a Banach space X and let 1 < a < 2. Then the following assertions hold.

(a) Ifu is a classical solution of (6.1)), then it is a mild solution of (6.1)).
(b) If (\* — A) is invertible for Re(X) large enough, and if a mild solution u
exists and (g1 * u)(t) is exponentially bounded, then it is unique.

Proof. Let 1 < o« < 2 and let A be a closed linear operator with domain D(A)
defined on a Banach space X.

(a) Let u be a classical solution of (6.1). Since u € C([0, 00); D(A)), we have that
(gaxu)(t) € C([0,00); D(A)). Since Dfu(t) = Au(t), that is, (ga—a*u”)(t) = Au(t),
we have that (gq * ga—a * u”)(t) = A(ga * u)(t), i.e., (g2 x u”)(t) = A(ga * u)(t).
Hence, u(t) — u(0) — tu'(0) = A(gq * u)(t) for every ¢ > 0 and we have shown that
u is a mild solution of (6.1)).

(b) Assume that (6.1)) has two mild solutions v and v and set U := u — v. Then
U e C([0,00); X), (ga *U)(t) € D(A) for every t > 0 and U(t) = A(ga * U)(1).

~

Taking the Laplace transform, we get that (I — A~*A)U(A) = 0 for Re(A) > w
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(where w > 0 is the real number from the exponential boundedness of (g1 * u)(t)).
Since (I — A=®A) is invertible, we have that U(A) = 0. By the uniqueness theorem
for the Laplace transform and by continuity, we get that U(t) = 0 for every ¢ > 0.
Hence, u(t) = v(t) for every ¢t > 0. The proof is finished. O

Remark 6.4. We mention that to prove the existence of solutions of Problem ([6.1)),
we proceed by direct construction and make minimal use of the Laplace transform.

The following result is the main result of this section.

Theorem 6.5. Let A be a closed linear operator with domain D(A) defined on a
Banach space X. Let 1 < a < 2,8 >0 and set n:= [F], k := (%ﬁ] Assume that
A generates an (o, 1)%-resolvent family Sg. Then the following assertions hold.

ap ap
(a) For every z,y € D(A™Y), the function u(t) := D,> SE(t)x + D,* (g1 *
SP)(t)y is the unique classical solution of (6.1)).
3

af aB
2

(b) For every x,y € D(A™), the function u(t) := D,> SP(t)x+D,> (g1*S?)(t)y
is the unique mild solution of (6.1)).

Proof. Let A, a, B, n:= [B] and k := f%l be as in the statement of the theorem.
First we prove existence of classical and mild solutions.
ap aB

(a) Let x,y € D(A™1) and set u(t) :== D, SE(t)x+D,> (g1*S2)(t)y. It follows
from Lemmal4.19|that u € C([0, 00); D(A))NC([0,00); X), u(0) = z and u’(0) = y.
Since u(0) = x, v/'(0) = y, using Lemma and Lemma we have that for
every t > 0,

g2—a * (u—u(0) — u'(0)g2)(t)
n—1

=g2—a* {Z gaj+1(t)Aj.’I} + (ga(nfg) * Sg)(t)A"x — x}
§=0

n—1
+ g2-a * { Y g2V ATY + (9541 *S2)(H)A"Y — ty}

=0
n—1 )
= Z gaj+3*a(t)A]x + (ga(n—g)-l—Q—a * Sg)(t)AnfE
= (6.2)
n—1 )
+ D Gajra—aOAY + (i 5y 15 o *SD(HA™Y
Jj=1
= Gajss—a(t) Az + (a(n—2)42 * S (A
j=1
+ Y Gajra-aB)AY + (guguo)45 * SDHA™ Y.
j=1

Using (6.2) and Lemma we get that for every ¢ > 0,

2
% [92—a s (u — u(0) — U’(U)gz)} (t)

= Zgaﬁka(t)ij + (ga(n—g) +Sg) (1) A e
j=1
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3" Gags-alD) ATy + (90,2, * SDH Ay € C((0,00); X).

j=1

Hence, g2 * (u—u(0) —u'(0)g2) € C?([0,00); X). We have to show that u satisfies

(6.1). Using (4.32)) in Lemma we get that for every t > 0,
a8 ag
Dfu(t) =Dy D,* S3(t)x + D D,* (g1 *S5)(1)y
dk+2 dF+2

=92—a * [W <gk,%ﬁ * Sg) (t)z + d+2 (gk,%ﬁ * g1 ¥ SZ) (t)y]

d [ — ; "
=02—a * ai {Z:lgaj(t)A]ff + (ga(n_§)+a_1 * Sg)(t)A Hx}
=

+ 920 [ 22 9as (DAY + (G )01 * SDOA™ Y]
j=1

2

= Gait1-a®A T+ (gy_z) *SE)(H) Az

=0
_A[Zgaj+1(t)Aj.’£ + (Go(nsy *S )(t)A”x}
7=0
n—1 .
+ A[Zgaﬁl(t)z‘ljy + (Ganozy * g1 % Sg)(t)A”y}
=0
af a

and this completes the proof of the existence part in the assertion (a).

o8 o8
(b) Let z,y € D(A™) and set u(t) := D,> SB(t)x + D,> g1 *S2(t)y. Using ([{.31))
in the proof of Lemma [£.19 we get that for every ¢ > 0,

u(t) = (g #SD02] + 0 [(9_ o = 01 #5201

= Z Gaj+1 () Az + (G-t * o)) A" (6.3)
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It follows from (6.3)) and Lemma that v € C([0,00); X). Using (6.3]) we get
that for every t > 0,

IPu(t) :=(ga * u)(t)
n—1
= Gajrita() A+ (Ya(n-2) * Ga * Sa)(t) A"z
=0 (6.4)
n—1 )
+ ) Gajrzral)AY + (9u0,-2) * 91 * ga ¥ ST) () A™y.
=0

It follows from (6.4) and Lemma that I?u(t) € D(A) for every t > 0. Using
Lemma, Lemma and (4.35]), we have that for every ¢ > 0,

n—1
u(t) =Y gajpr () Alz + (Ga(n-2)* Sa) () A"z
=0
n—1 )
+ Y ajr2(OAY + (9o -2y * 91 xS (A
Jj=0
n—1 )
=r+ty+ Z aj+1(D) AT + (G-t * Sa) (A"
j=1
n—1 )
+ Y Gaj+2()AY + (g4 z) * 91 % S2) (DA™Y
j=1
n—1

=r+ty+ A [ Z Jajr1 (AT o + (ga(n_g) * Sg)(t)AnfMj]
j=1

2

n—1
+ A[Z Gojr2(t) A7y + () * 91 * Sg)(t)Anfly}
j=1

=z +ty+ A[Zgaj_s_l(t)Aj*lx + (ga(nig) * go * Sg)(t)Anx}
j=1

+ ALY gai 2 (DAY + (g0, * 91 % 9o *SE)DA™Y]
j=1

n—1
=4ty + Al gujr1saAT+ (9009, * g0+ S () A™]
j=0
n—1
+ A Gagr2tall) ATy + (Gun_s) * 91 % ga + SE)(HA™y|
j=0
n—1 )
=T +ty + Aga * [Z 9aj 1 (AT + (945, * Sg)(t)A"SU}
j=0
n—1 )
+ Aga | 3 G2 (AT + (g 91+ SD(BA"]
§=0
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=z + ty + A(ga * u)(t). (6.5)

Hence, u is a mild solution of and this completes the proof of the existence
part in the assertion (b).

It remains to show the uniqueness of solutions. Let x,y € D(A™) and let u be
a mild solution. We just have to show that (g1 * u)(t) is exponentially bounded.
Using the first equality in (6.5)), we have that for every t > 0,

n—1

(g1 % w)(1) = 3 Gajaa(NVATZ 4 (g, a) 1 * SO (DA™
=0

n—1

+ D Jajra WAy + (9o 2) * 92 % SD(HA™.
§=0
Using Lemma[4.3]we get from the preceding equality that there exist some constants
M,w > 0 such that for every ¢t > 0,

n

(g * w)()l < Me* Y (| Az + | ATyll).

j=0
We have shown that (g1 * u)(t) is exponentially bounded. Now, Proposition
implies the uniqueness of mild and classical solutions. The proof of the theorem is
finished. 0
Remark 6.6. We observe that although in (6.1]) we have the Caputo fractional de-
as
rivative D, the solution is given by the Riemann-Liouville derivative D,> S8 (t)z +
aB aB aB

D,* (g1 *SB)(t)y. If % is not an integer, then the function D,> S2(t)z +D,> (g1 *
SB)(t)y is not a solution of (6.1]), unless z =y = 0.

7. RESOLVENT FAMILIES AND THE INHOMOGENEOUS CAUCHY PROBLEM

In this section we study the solvability and the representation of solutions of the
inhomogeneous fractional order abstract Cauchy problem
Dfu(t) = Au(t) + f(t), t>0,1<a<2,
u(0) =z, 4(0)=y,
where A is a closed linear operator with domain D(A) defined in a Banach space,
f:[0,00) = X is a given function and z,y are given vectors in X.

Definition 7.1. A function u € C([0,00); D(A)) N C1([0,); X) is said to be a
classical solution of Problem (7.1)) if ga_o * (u — u(0) — u/(0)t) € C?(]0,00); X) and
(7.1) is satisfied.

We adopt the following definition of mild solutions.

Definition 7.2. A function u € C([0,00); X) is said to be a mild solution of
Problem (7.1)) if Iu(t) := (gq * u)(t) € D(A) for every t > 0, and

(7.1)

t t
u(t) =z +ty+ A/ 9ot — s)u(s)ds + / 9ot — 8)f(s)ds, Vvt >0.
0 0
We have the following uniqueness result.

Proposition 7.3. Let A be a closed linear operator with domain D(A) defined on
a Banach space X and let 1 < o < 2. Then the following assertions hold.
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(a) If u is a classical solution of , then it is a mild solution of .
(b) If (A* — A) is invertible for Re(X\) large enough, and if a mild solution u
exists and (g1 * u)(t) is exponentially bounded, then it is unique.
Proof. Let 1 < o« < 2 and let A be a closed linear operator with domain D(A)
defined on a Banach space X.

(a) Let u be a classical solution of (7.1]). Slnce u € C([0,00); D(A)), we have that
(90 xu)(t) € C([0,00); D(A)). Since Difu(t) = Au(t)+ f(t), that is, (9o +u”)(t ) =
Au(t) + F(£), we have that (go + go—a * 1u")(t) = A(ga * w)() + (9o * £)(?), i
(g )(8) = Algo #u)1) + (g ). Hence, u(t) —u(0) ~ 1'(0) = Algo * w)(t)
(ga * f)(t) for every t > 0 and we have shown that u is a mild solution of (7.1)).

(b) Assume that has two mild solutions v and v and set U := © —v. Then
U e C([0,00); X), (ga xU)(t) € D(A) for every t > 0 and U(t) = A(gq * U)(2).
Taking the Laplace transform, we get that (I — A=*A)U(\) = 0 for Re(\) > w
(where w > 0 is the real number from the exponential boundedness of (g1 * u)(%)).
Since (I — A=®A) is invertible, we have that U(A) = 0. By the uniqueness theorem
for the Laplace transform and by continuity, we get that U(t) = 0 for every ¢ > 0.
Hence, u(t) = v(t) for every ¢t > 0. The proof is finished. O

Remark 7.4. As for the homogeneous equation in Section [f] to prove the existence
of mild and classical solutions of Problem ([7.1]), we proceed by a direct method with
minimal use of the Laplace transform.

We have the following result of existence and representation of classical and mild
solutions which is the main result of this section.

Theorem 7.5. Let A be a closed linear operator with domain D(A) defined on a
Banach space X. Let 1 < a < 2,6 >0 and set n =[], k := (%ﬂ] Assume that
A generates an (a,1)P-resolvent family S2. Let P2 be the (o, o) -resolvent family
generated by A. Then the following assertions hold.

(a) For every f € Ck([O, 00); D(A)) N C¥1([0,00); X), f@D(0), FE+1(0) E
DA™=, i =0,1,..., 51, ifk: is odd, f*9(0) € D(An+1—i), i=01,...%
fEED(0) € D(AM Y, i=0,... 1, if k is even, D, X2 ft) = (91%% s fO) (1)
is exponentially bounded, and for every z,y € D(A™Y), Problem (7.1) has a unique
classical solution u given by

u(t) = DyF SP(t)x + D;* (g +S2)(8)y + Dy (B2 # f)(1), t>0. %)

(7.
(b) For every f € C*([0,00); X), f?9(0),i=0,1,..., 5L, f&+D(0) € D(A"),
i_o,1,...,’H . if ks odd, f*9(0), f**1(0) € D(A"), i=0,1,...,5 -1,

if k is even, ]D) f( )= (gk s % f®N)(t) is exponentially bounded, and for every
x,y € D(A™), Problem has a unique mild solution u given by (7.2] .
Proof. Let A, o, B, n and k be as in the statement of the theorem. First we prove

existence of classical and mild solutions.
(a) Let =,y € D(A™1). Tt follows from the proof of Theorem a) that

DY 8B (t)a+ D, (g% SE)(8)y € C([0,00); D(A)) N C1([0,50); X). Moreover,

ap ap
D,* S5(0) + Dy (g1 %S3)(0)y = z,
d

B d a8
7D 8] )2 + 2 [De* (91 +S2)] (0)y = -
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Now, assume that f satisfies the assumptions in the statement of part (a) of the
theorem. Using Remark and ([2.5), we get that for every ¢ > 0,

o ﬁ

D,* (P2 f)(t)
_nZ sp _ d* sp
=D;* (ga—1 %S = f)(t) = pr {(gk_%a * ga—1 % Sg * f)()
dk—l
=t [0 op 0t < SDWOFO)] + (9o * 9ot #8250
k-1 dk—l—z )
= 777 | Gpao * gam1 * SO D 0)] + (9 _ap * gam1 ¥ ST+ FP)(1)
dt 2
i=0
k—1 dk 4
= o |G 901 % 9001+ SDOS V()] + (g s # gamr L SO 0)
i=0
k—1 dk '
= ga % x| @ sp # 9 ¥ SDOFDO)] + (g # gamr # 8% SO (0).
=0
(7.3)
If k is odd, then using (7.3)) we have that for every t > 0,
£ po : d* 5Y (¢ £20)
D (B8« )0 =3 g0+ (00 #2282 0)]
=0
b=l
+ Z Gor ¥ dtk [ Gp—ap * G2i1 ¥ Sg)(t)f(z“’l)(o)}
(gk_%ﬂ * ga1 + 50 x f®) (1)
k—1
N d* 5 (¢) £(20)
= Zga+i(2—a) * Tk {(Qk_g * Gai * Sy (t) f1 (0)}
i=0
= d 2i41
+ Z Jat+(@—a)i+l * {(g,ﬁ%ﬁ % gai * SO) () fF )(0)}
i=0

+ (gkfaﬁ * Jo—1 * SIZ * f(k))(t)

Using the preceding equality, Lemma c) and Lemma we get that for every
t>0,

kE—1

n—1—1¢

(PB * f Z Z Ja(i+j)+(2— a)z+a+1( )Ajf(m) (O)

=0 j=

af
2

D,

k—1

* (ga(”*§)+(27a)i+a * SB)(£) A" £ 29 (0)

M‘

> =
= O

T —lpn—1—4

+ D" o +e-ayitara(t) A fFETD(0)
i=0 =0
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k—1
Lo

+ Y Gagn- )t 2-miars * SHOA T FEF(0)
=0

(9o * gam1 # S % FO)(). (7.4)
Using the above equality we get that for every ¢ > 0,

d (e
@2 N0

n—1—1

Z Ga(i+i)+(2— a)z+o¢( )A]f(m) (0)

j=0

>
Il
> O
<.

+ Z Z Ja(i+i)+@—a)ita+ti( )AJf(QH—l)( )
1=0 j=0
Al

Y Gatneyr-agiva *SDOA 4 (0)
i=0

+ (Gp_op * ga—1 % Sg)(t)f(k)(o) +(g_ a8 * ga—1 % Sg * FEI@).

Now it follows from (7.4)), (7.5)), Lemma [4.19] Lemma[4.5| and the hypothesis, that
D;F (P8« f)(1) € C([U,OO),D( )) N C([0,00); X).

If k is even, proceeding as for the case k¥ odd and using Lemma Lemma

aB

and the hypothesis, we also get that D, (P2 x f)(t) € C(]0,00); D(A)) N
c'([o, OO);X ).

From (7.4) and (7.5), it is clear that Dy (P2 % f)(0) = %[D (P2 % f)](0) =
We have shown that u € C([0,00); D(A)) N C*([0,00); X), u(0) = z and «/(0) =
By the proof of Theorem a) we have that

aB aB )
Jo—a * [th SB(t)x —x + D,* (g1 % SP)(t)y — ty} € C*([0,0); X).
Using ((7.4)), we have that if k is odd, then for every ¢ > 0,

d2

at? [gg o* Dy o (PIB At ] :Z Z Galiti)+2-ayit1 (D) A fD(0)

_|_
s
2
S
\h-/_
+
°
L
T
[\v]
—
SN—
=
<
&h‘
5
+
Z

+ (ga(ni Vi (@—ayisr * Sﬁ)(t)An—if(ziH)(o)
0
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T (g4 sp * S0P (0) + (g _sp # 82 % FED) (o).

We get a similar formula if & is even. Therefore, (g2— a*D (]P’B xf)) € C?([0,00); X)
and hence, (g2—q * (u — u(0) — u/(0)g2) € C2([0 00); X). It also follows from the
proof of Theorem a) that for every ¢t > 0,

CI ag P CI ap 8
DD SE()e + D, (91 +S5) ()] = A|DF L0z + D7 (015 SD)(B)y]. (76)
Using Lemma we get that for every ¢ > 0,

a oL el a o8 38
DYDy* (P * f)(t) =DFDy* (ga—1*Sq * f)(t)
d? . ep 8
:(92711 * a2 [Dt (gozfl *Sp, * f)])(t)
dFt2
T dtkt2 |:(gk+2—a—f—a * ga—1 %S * f)(t)]
dk+2
=gz [(gm # F)() + (g 4oz * Aga—1 * S5 * f)(1)

k
=70 + A [ (g1 # 9o 1 %82 % D)D)

aB
=f(t) + AD;* (P f)(1).
It follows from (7.6) and (7.7) that D¢u(t) = Au(t) + f(t) for every t > 0. Hence,
(7.1]

u is a classical solution of ([7.1)) and this completes the proof of the existence part
in the assertion (a).

(b) Let z,y € D(A™). From the proof of Theorem . 5(b) we have D, -+ SE(t)x +

D, 7 (91 % SE)(t)y € C([0,00); X) and that I*[D,* K SE(t)x + D> & (91 % SE)(t)y] €
D(A) for all ¢ > 0. Assume that f satisfies the hypothesis in the statement of part

(b) of the theorem. Using (7.4, Lemma[4.6] Lemma [4.5 and Lemma we have
that if k is odd, then for every ¢ > 0,

(7.7)

18D (PP + £) (1) =go  D;* (g1 +S7 5 £) (1

S —1ln—2—g
= Z Z Jaliti)+@—ayita+1 () AT FE(0)
i=0 =0

2

+ #S3)(B) A" FE(0)

(ga(n—§)+(2—a)i+a
=0
kE—1

5 —2n—1—i

+ Z Z ga(i+j)+(2,a)i+a+2(t)Ajf(2i+1)(O)

( a(n77)+(2 a)2+a+1 S )( )An 1— 1f(21+1)( )
=0

+ (gk_%ﬁ * Qo1 * Jo ¥ Sg * f(k))(t) € D(A).
(7.8)
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We get a similar formula if %k is even. Hence, for every ¢ > 0,
ap ap ap
Ifu(t) = IPD,® SE(t)x + 1D, (g1 = SE)(t)y + I D,* (P astf) (t) € D(A).
It follows from (6.5 in the proof of Theorem [6.5] that for every ¢ > 0,

aB 8 aB 3
th Sa(t):E + ‘Dt2 (gl * Sa)(t)y
aB aB
=24ty + Al (ga * D,* SD()x + (g0 + D, (91 +50) (1)y)]-
Proceeding as in (|7.3)) and using Lemma and (2.3)), we have that for every t > 0,

(7.9)

a k
D (B % 1) (1) =7 [0 o % 001 50 F)(0)]
k
= [0k 00 £)(0) + Alga # 5o % 90r =25 £)(0)]
dk
~(ga + D)) + Aga s = [ (9 *ga1 + 525 £)(1)]

aB
=(ga * [)(t) + A(ga * D> (B2 % £))(1).
(7.10)
Combining (7.9) and (7.10)), we get that for every ¢ > 0,

u(t) =D, S8 (t)z + D,¥ (g1 +S9)(t)y + D;* (BS + f) (1)
=x 4ty + A(ga * u)(t) + (ga * [)(t).

Hence, u is a mild solution of Problem (7.1). This completes the proof of the
existence part in the assertion (b).
It remains to show the uniqueness of solutions. Let z,y € D(A™) and let f

satisfy the assumptions in part (b) of the theorem. Let u be a mild solution. Using
(6.3) and proceeding as in (7.8]) we get that, if & is odd, then for every ¢t > 0,
n—1
(91 % 0(1) = 3 gogsa AT + (9, 2)40 * S (DA™
j=0
n—1
+ D Gagra(ATY + (go,_s) * 92 % ST)(H) Ay
j=0

k7
L 1p_2

+ E E ga(i+j)+(2—a)i+2(t)Ajf(zi)(O)
i=0  j=0
ko1
2

-1
+ Z (ga(n—§)+(2—a)i+1 *Sg)(t)Aniliif(%)(O)
=0

k—1
S 2n—1—i

+ YD) Gati+e—ayi+s(O) AT FETD(0)

(7.11)

i=0  j=0
Elg

* Z (ga("*§)+(2fa)i+2 * SP) (1) An— 1t 2D ()
i=0

+(gp_as % ga xS+ fI)(2).
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We get a similar equality if k& is even. Since by assumption (g; * S2)(¢) is ex-

ponentially bounded, and that there exist some constants Mj,w; > 0 such that

(g)_ a5 * FON @) < Mye#rt, t > 0, it follows from (7.11)) that if k is odd, then
2

there exist some constants M, w > 0 such that for every ¢ > 0,

[[(g1 *w)(®)]]
n L
gMewt[Z(nAﬂxH+||Afy||)+ S 1A 0)
j=0 i=0  j=0

k— k—
! B2, 1

2
n Z ”An—l—if(Qi)(O)”} _,’_Mewt{ Z Z 149 £@HD ()
i=0 =0 j=0
kE—1 2

ko1
n Z ||An—1—if(2i+1)(0>||_~_Mlew1t}.
i=0

We get a similar estimate if &k is even. We have shown that (g1 * u)(t) is exponen-
tially bounded. Now, the uniqueness of mild and classical solutions follows from
Proposition and this completes the proof. (I

Remark 7.6. Theorem holds in the case 3 = 0 as follows: Let A be a closed
linear operator with domain D(A) defined on a Banach space X. Let 1 < o < 2.
Assume that A generates an («, 1)-resolvent family S,. Let P, be the (o, a)-
resolvent family generated by A. Then the following assertions hold.

(a) For every f € C(]0,00); D(A)) N C([0,00); X) exponentially bounded, and
for every z,y € D(A), Problem has a unique classical solution

u(t) = Sa(t)z + (91 % Sa)(O)y + (Pa * f)(1), =0

(b) For every f € C(]0,00); X) exponentially bounded, and for every =,y € X,
Problem ({7.1)) has a unique mild solution u given by (7.2]).

8. APPLICATIONS

In this section we give some examples where the situations of the previous sec-
tions are applied. Throughout this section 2 C RY denotes an open set with Lips-
chitz continuous boundary 0. Let the real valued coefficients satisfy a;; € L>(1),
bj,cj,d € L*(Q), i,j =1,2,...,N. We assume also that there exists a constant
u > 0 such that

N
> aij()€ig; > plg* for all € € RY,
i,j=1

for a.e. x € Q. Let A be the elliptic operator formally given by

N N N
Au = ZDj<Zai7jDiu+bju) - (ZCiDﬂH'dU) (8.1)
j=1 i=1 i=1

Next we have an example for Dirichlet, Neumann and Robin boundary conditions
on L2-spaces.
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Example 8.1. For 1 < a < 2, we consider the fractional order Cauchy problem
DY u(t,x) — Au(t,x) = f(t,z), t>0, z€Q,

ou(t, z) B
(0, ) = ug(z), 8u(({90t, ?) =ui(z), ze€

Here, ug,u; € L2(2), f € C([0,0); L?(Q2)), A is the operator given in (8.1]),

o N N
a > (Zaij‘DiqubjU) "V,
j=1 =1
where v denotes the outer normal vector of Q at the boundary 92 and v > 0
belongs to L>®(9N) of v = co. If v = oo, then the boundary conditions in (8.2))
become the Dirichlet boundary conditions u(t,z) = 0, ¢ > 0 and z € 9Q (see e.g.
[61 17]).
We consider the first order Sobolev spaces

HY(Q) = {u e L*(9), /Q |Vu|? dr < oo}

endowed with the norm

) ) 1/2
[l (o) == (/Q|u| dx+/Q|Vu| da:) ,

1

and H}(Q) = D(Q)H ® here D(Q) denotes the space of test functions on .
Let A, be the bilinear form on L?(£2) with domain H'(2) and given for u,v €
H(Q) by

N N
Ay(u, U) ::/ Z (ZaijDiu—i-bju)Djvdm
Q“ :
Jj=1 =1
N
—|—/ (chDju—i—du)vdx—f—/ yuv do,
QN4 Fole)

where o denotes the usual Lebesgue surface measure on the boundary 92, and let
Ap be the bilinear form on L?(Q) with domain H{ () and given for u,v € HZ ()
by

N N N
Ap(u,v) = / Z (Z a;; Diu + bju) Djvdx + / (Z ¢;Dju+ du)v dx.
Q=1 =1 2 =1

It is easy to see that the bilinear forms A, and Ap are closed in L*(Q2). Let As ,
and A, p be the closed linear operators in L?(£2) associated with the form A, and
Ap, respectively. That is,

D(Azy) = {u€ H'(Q), Jv € L*(Q), Ay(u,9) = (v,9) 120, Yo € H' ()}
A u=v

and
D(As,p) :=={u € Hy(Q), Fv e L*(Q), Ap(u,¢) = (v,9)12(0), Yo € Hy ()}

AQ’DU = V.
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One has the following more explicit description of the operators A, ., and Ay p on
L2(Q).

D(As.,) = {u € H'(Q), Au € L*(Q), aﬁTu +yu=0}, Ay u= Ay,
A

D(Asp) = {u € HXQ): Aue L(Q)}, Aspu= Au.

The operator Ay g (resp. As p) is a realization of the operator A in L?(Q2) with
Robin boundary conditions and Neumann boundary conditions if v = 0 (resp. with
Dirichlet boundary conditions). With this setting Problem can be rewritten
as an abstract Cauchy problem in the Hilbert space L?(f2),

Du(t) = Au(t) + f(t), t>0, 1 < a <2,

U(O) = Uo, ut(0>7 = Uy,

with A = Ay, or Ag p. It is well-known (see e.g. [3]) that the operators As 5 and
As p generate cosine families on L?(2) and hence generate (c, 1)-resolvent families
S. for every 1 < a < 2. Therefore all the results in Theorem hold for Problem

(8.2) with n =%k = 0.
Next, we consider the one-dimensional case.

Example 8.2 (Elliptic operators in one-dimension). Let a € W1°°(0,1) satisfy
a(x) > po > 0 for some constant 9. Let b,c € L*(0,1), 1 <p < oo and let ¢, G
(j = 0,1) be complex numbers such that (c;,8;) # (0,0). For 1 < o < 2, we
consider the fractional order Cauchy problem
Dfu(t, z) = a(@)uze (t, ) + b(x)us(t, x) + c(x)u(t,z) + f(t,z), t>0, z € (0,1),
ajug(t, j) + Bju(t,j) =0, j=0,1,t>0,
u(0,x) = ug(x), u(0,2) =wui(x), =€ (0,1).

(8.3)

Let A, be the operator defined on LP(0,1) by

D(Ay) = {u € W2P(0,1)  aju'(j) + Bju(j) = 0, j = 0,1},
Apu = a(z)u” + b(x)u’ + c(z)u.

The operator A, is a realization of A (given by Au = a(z)u” + b(z)u' + c(z)u)
on LP(0,1) with Dirichlet boundary conditions if a; = 0,8; # 0 (j = 0,1), with
Neumann boundary conditions if a; # 0,8; = 0 (j = 0,1) and Robin boundary
conditions if a; # 0,8; # 0 (j = 0,1). With the same assumption on «;j, 3;, a
realization A, of A with Dirichlet boundary condition on Cy(0,1) := {u € C[0,1] :
u(0) = u(1) = 0} or with Neumann and Robin boundary conditions on C[0, 1] is
given by
D(Ax) = {u € C*0,1] : aju/(j) + Bju(j) = 0, j = 0,1},
Acou = a(z)u” + b(z)u' + c(z)u.

By [10, [30] the operator Zp generates a cosine family on L?(0,1) and Ao generates
a cosine family on C10,1] (on Cy(0,1) if it is Dirichlet boundary condition). The
case of Wentzell (or dynamical) boundary conditions on L?(0,1) x C and on C10, 1]

has been investigated in [I, BI]. Therefore, one has the same results for Problem
(8.3) as the ones given in Example More precisely, letting X, := LP(0,1)
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(or L?(0,1) x C in the case of Wentzell boundary conditions) if 1 < p < oo and
Xoo = C[0,1] (or Cy(0,1) in the case of Dirichlet boundary condition), then all the
results in Theorem hold for Problem (8.3) with n =k = 0.

Example 8.3 (Elliptic operators on general LP spaces). For simplicity we assume
that Q ¢ RV (N > 2) is bounded. For 1 < a < 2, we consider the fractional order
Cauchy problem

Dfu(t, z) = Au(t,z) + f(t,z), t>0, x€Q,

ou(t, z) B
aVA + ’y(z)u(t,z) = 0, t> 0, z e 8(2, (84)
(0, z) = ug(z), aug)t’ ?) =ui(z), ze€.

Here, ug,u; € LP(Q), f € C([0,00); LP(Q)), for some p € [1,00) (p # 2), or
ug,u1 € C(Q), f € C([0,00]; C(2)) are given functions, and the operator A is given
in . Let A be the closed linear operator in L?(Q) introduced in Example
Recall that A = A, or A= Az p. For 2 < p < oo, we let A, denote the part of
the operator A, in LP(12) and for 1 < p < 2, we let A, be the closure in LP(2) of

the operator B defined by
D(B) ={u € D(A2,)NLP(Q), Au € LP(Q)}, DBu= Ay u= Au.

The operator A, is a realization of the operator A in LP() with Robin boundary
conditions, Neumann boundary conditions if v+ = 0 and Dirichlet boundary condi-
tions if v = co. By [30, 42], the operator A, generates a (-times integrated cosine

family (Cp(t)) on LP(Q) with 8 := N|3 — % . Hence, all the results in Theorem

hold for Problem with n:= [§] and k := f%]

Letting A, be a realization of the operator A with Robin, Neumann or Dirichlet
boundary conditions on L>°(f2), we have that A, generates a (-times integrated
cosine family on L*° () with 5 > % and one can also apply Theorem We
notice that D(As) is not dense in L*°(£2).

Next, we consider the case of the Laplace operator on some special open subsets
of RV,

Example 8.4 (Laplace operator on some special open sets). Let Q := RY or
Q= (0,1)Y c RY and let Zp be a realization of the Laplace operator on LP((2)
(p # 2) with Dirichlet, Neumann or Robin boundary conditions defined above. By
[T7, 24, B0] the operator Zp generates a (-times integrated cosine family on L?(Q)
with 8 = (N — 1)|% — %| Therefore, one has the same results as in Example

with here 8 = (N —1)|3 — % .

As in the previous example, here also, letting A, be a realization of the Laplace
operator with Robin, Neumann or Dirichlet boundary conditions on L>(£2), we
have that A, generates a (-times integrated cosine family on L>(Q) with 8 = %
and one can also apply Theorem (7.5l We also notice that D(A.) is not dense in

L=(Q).

We conclude the paper with an example involving a Schrédinger like operator.
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Example 8.5. We consider the fractional order Schrédinger like equation
Dfu(t,z) = e Aju(t,z) + f(t,z), t>0, zeRY 1<a<?,

du(0 (8.5)

7u<8t’ z) =ui(z), =eRV.

Here, the operator A, is a realization of the Laplace operator on L” (RM), 1<
oo, the angle 0 satisfies 7 < 6 < (1 —%)m. Let A, := ¢?A,. Then D(A,
W2P(RY). We have shown in Example that A, generates an (o, 1) = (o, 1)°-
resolvent family S, on LP?(RY). Using Theorem we get the following results on
existence of solutions to Problem .
e For every f € C([0,00); W2P(RN)) N C([0,00); LP(RY)) and wug,u; €
W2P(RYN), Problem has a classical solution w.
e For every f € C([0,00); LP(RY)) and ug,u; € LP(RY), Problem has
a mild solution w.

(0, x) = up(x),

p <
) =
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