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ABSTRACT MULTI-TERM FRACTIONAL DIFFERENTIAL
EQUATIONS

C.-G. LI', M. KOSTIC?, AND M. LI3

ABSTRACT. The present paper is an addendum to our recent work on abstract
time-fractional equations of the following form:
n—1

Dy u(t) + > AD{u(t) = ADu(t) + f(t), t>0,

(0.1) ]

uM(0) =up, k=0, [an] -1,
where n € N\ {1}, A and Ay, - -+, A,—1 are closed linear operators on a sequentially
complete locally convex space X, 0 < a1 < -+ < ap, 0 < a < ayp, f(t) is an

X-valued function, and D¢ denotes the Caputo fractional derivative of order « [2].
We analyze the existence and uniqueness of solutions of the equation (0.1), and
prove a Ljubich type uniqueness theorem in this context.

1. INTRODUCTION AND PRELIMINARIES

During the past three decades or so, there has been an explosion of interest in
fractional differential equations and fractional dynamics, primarily from their invalu-
able importance in modeling of various phenomena appearing in physics, chemistry,
mathematical biology and engineering. After significant research of E. Bazhlekova
2], it became clear that the abstract Volterra integro-differential equations provide
a general framework for the analysis of a large class of abstract time-fractional equa-
tions with Caputo derivatives. For more details about fractional differential equations
and Volterra integro-differential equations, the reader may consult the monographs
by K. Diethelm [8], V. Kiryakova [13] and K. S. Miller-B. Ross, I. Podlubny, J. Priiss
[28]-[30].
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In this paper, we continue the analysis of the abstract multi-term fractional dif-
ferential equation (0.1); cf. also [2]-[4] and [14]-[27]. The most important subcase of
(0.1) is, without any doubt, the abstract Cauchy problem (ACP,):

u™(t) + A, u™ () + -+ Ajd (8) + Agu(t) =0, t >0,
(ACP,) : { Y B
u™(0) =ug, k=0,---,n—1,

whose qualitative properties have been studied in a series of papers by T.-J. Xiao and
J. Liang (cf. the monograph [31] for a comprehensive exposition of results). As some
other very important subcases of (0.1), we quote the abstract Basset-Boussinesq-
Oseen equation

(1.1) u'(t) — ADSu(t) +u(t) = f(t), t>0 (a€(0,1)),

which describes the unsteady motion of a particle accelerating in a viscous fluid under
the action of the gravity, and the equation

(1.2) u"(t) + ADYu(t) +u(t) = f(t), t >0 (a € (1,2)),

which models an oscillation process with fractional damping term. The study of
equations (1.1)-(1.2) has been initiated by C. Lizama in his joint papers with H. Prado
[26] and A. Karczewska [27] (cf. [19] and [22] for more details on the C-wellposedness
of equations (1.1)-(1.2) in some classes of Banach or Fréchet spaces). Of importance
is also to stress that H. Jiang, F. Liu, I. Turner and K. Burrage have recently analyzed
in [11] the following scalar multi-term time-space Caputo-Riesz fractional advection
diffusion equation

n—1
N o OPu(t, x) Nu(t, )
(13) Dt U(t, .1') + ;Cth U(t,l’) = kﬁW ’YW’
for t >0, 0 <z < L, wheren € N\ {1}, ¢1,- ¢, € C,0< a3 < +-- <
a, <2,0< <1, 1 <y<2 kg, by, >0, L >0 and agﬁlt;f) denotes the Riesz

fractional operator of order 8 (cf. [5] for various evolution models of equation (1.3)
and its backwards analogue); concerning abstract (multi-term) fractional differential
equations involving Riemann-Liouville or Liouville-Griinwald fractional derivatives,
the reader may consult [3], [9]-[10], [12] and [25]. Finally, there is no need to say that
it would be really difficult to include all the relevant subcases of (0.1) not mentioned
so far; thus we will refer the reader to [15] and the references cited there for further
information on the subject.

The organization of paper is as follows. In the first part of Section 2, we shall
recall some known definitions and assertions necessary for our further work [20]. In
Theorem 2.1-Theorem 2.2 and Remark 2.1, we investigate mutual relations between
k-regularized (C, Cy)-existence and uniqueness propagation families (k-regularized
C-resolvent propagation families) and k-regularized (C}, Cs)-existence and unique-
ness families (k-regularized C-resolvent families). The analysis of these relations is
very complicated in the general case, so that we must focus our attention on the
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case in which A; = ¢;I for all i € N,,_;. If so, then we will be able to express
any single operator family (R;(t)):cjo,r) of a locally equicontinuous k-regularized C-
resolvent propagation family ((Ro(t))tcfo,r)s - - 5 (Rmn—1(t))teo,r)) for (0.1) in terms of

(Ro(t))tepo,r) (cf. Remark 2.1(ii), and [31, pp. 116-119] for a slightly different ap-
proach in the case of the abstract Cauchy problem (ACP,)). Further on, we would
like to note that perturbations of existence and uniqueness families for the abstract
Cauchy problem (0.1) have not been well-studied in the corresponding literature [6-7,
20, 23-24, 33-34], even in the case of equations of integer order. In Theorem 2.3, we
transfer results of R. deLaubenfels [7, Section VI] to existence and uniqueness fam-
ilies for the equation (0.1); as an application, we consider in Example 2.1 bounded
perturbations of a damped Klein-Gordon equation in LP-spaces [33, 20]. Notice also
that T.-J. Xiao and J. Liang [32] have considered Desch-Schappacher multiplicative
and additive perturbation type theorems for Ci-existence families for the abstract
Cauchy problem u™(t) = Au(t) (t > 0); u®(0) = u, (0 < k < n), in the setting
of Banach spaces. We shall examine the possibility of extension of their results to
the abstract multi-term fractional differential equations in a separate paper. The
existence and uniqueness of solutions of the equation (0.1) are analyzed in the third
section of paper.

Unless stated otherwise, X denotes a Hausdorff sequentially complete locally convex
space over the field of complex numbers, SCLCS for short, and the abbreviation ® x, or
simply ®, stands for the fundamental system of seminorms which defines the topology
of X. By L(X) we denote the space of all continuous linear mappings from X into X.
Let B be the family of bounded subsets of £ and let pg(T') := sup,cp(Tx), p € ®,
B e B, T e L(X). Then pp(-) is a seminorm on L(X) and the system (pg)p 5)cexs
induces the Hausdorff locally convex topology on L(X'). Henceforth A denotes a closed
linear operator acting on X, C' € L(X ) is an injective operator, and the convolution
like mapping * is given by f * g(t fo f(t —s)g(s)ds. The domain, resolvent set,
range, point spectrum and adJ01nt operator of A are denoted by D(A), p(A), R(A),
o,(A) and A*, respectively. Since no confusion seems likely, we will identify A with
its graph. Recall that the C-resolvent set of A, denoted by pc(A), is defined by

po(A) = {/\ € C; A— Ais injective and (A — A)"LC € L(X)}.

Suppose now that Y is also a sequentially complete locally convex space over the
field of complex numbers. Then we denote by L(Y, X) the space which consists of all
bounded linear operators from Y into X. By ®y and I we denote the fundamental
system of seminorms which defines the topology on Y, and the identity operator on X,
respectively. If 0 < 7 < oo, then a strongly continuous operator family (W (t))icpo,r) C
L(Y, X) is said to be locally equicontinuous iff, for every 7" € (0,7) and for every
p € ®x, there exist ¢, € ®y and ¢, > 0 such that p(W(t)y) < c,q,(y), y € Y,
te0,7].

Given s € R in advance, set |s| :=sup{l € Z:s >} and [s] :==inf{l € Z : s < [}.
The Gamma function is denoted by I'(-) and the principal branch is always used to
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take the powers. Set N, := {1,-- -, [}, N? := {0,1,-- -, [}, 0° := 0, gc(t) :=t71/T(Q)
(¢ > 0,t > 0) and gy := the Dirac d-distribution; the symbol dy; denotes the Kronecker
delta. If w > 0, then we say that a function f : (w,00) — X belongs to the class
LT—X, if there exists a function h(-) € C([0,00) : X) such that, for every p € ®, there
exists M, > 0 satisfying p(h(t)) < Mye*t, t > 0, and f(t) fo e Mh(t)dt, \>w.
We assume henceforth that A and Al, -+, A,_1 are closed linear operators on X as
well as that 0 < a; < -+ < o, and 0 < o < . Set m; == [ay], 1 < 7 < n,
m:=mg = [a], Ag := A and ag := «a.

Let o > 0, let § € R, and let the Mittag-Leffler function E, 3(z) be defined by
Eop(z) == 3 " 2"/I'(an + B), z € C; here we assume that 1/T'(an + ) = 0 if
an + [ € —Ny. Set, for short, E,(z) := E,1(z), z € C. Then we define the Wright
function @, (t) by @, (¢t) := L7Y(E,(=\))(t), t > 0, where £~ denotes the inverse
Laplace transform (cf. [2, Section 1.3] for more details about the Mittag-Leffler and
Wright functions).

Suppose 0 < 7 < 00, k € C([0,7)), k # 0, a € L}, ([0,7)) and a # 0. We refer the
reader to [17]-[20] and [23] for the notions of various types of (local) (a, k)-regularized
(Cy, Cy)-existence and uniqueness families, (a, k)-regularized C-resolvent families and
their subgenerators.

2. FURTHER RESULTS ON THE C-WELLPOSEDNESS OF (0.1)

The notions of strong solutions of the abstract Cauchy problem (0.1), and its C-
wellposedness, are understood in the sense of [20, Definition 2.1]. If u(t) = u(t; ug, - -
“Um,—1), t > 0 is a strong solution of (0.1), with f(¢) = 0 and initial values ug, - -
U, —1 € R(C), then we can integrate both sides of (0.1) a,-times, and make use of
the equality [2, (1.21)]. In such a way, we get that the function u(t), ¢ > 0 satisfies
the following integral equation:

mp—1 n—1 mj—l
Z Ukgrs1 () + D Gonay * Aj[ul-) = Y uk9k+1(')]
j=1 k=0
m—1
(2.1) = Ga,—a * Alu(-) — kg1 (+) | -
k=0

The following definition can be compared with Definition 2.2 of [21].
Definition 2.1. Suppose 0 < 7 < o0, k € C([0,7)), C;, € L(Y,X), and Cy € L(X)

is injective.
(i) A strongly continuous operator family (E(t))icp,r) € L(Y,X) is said to be
a (local, if 7 < o0) (k,C))-existence family for (0.1) iff, for every y € YV
and t € [0,7), the following holds: A;(ga, o, * E)(-)y € C([0,7) : X) for
0<j<n-—1,and
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n—1

(2.2) E(t)y + Z 4; (gan—aj * E) (t)y — A(gan—a * E) (t)y = k(t)Chy.

j=1

(ii) A strongly continuous operator family (U(t))icjo-) € L(X) is said to be a
(local, if 7 < 00) (k, Cy)-uniqueness family for (0.1) iff, for every ¢ € [0, 7) and
T € No<jen_1 D(A;), the following holds:

(2.3) U(t)x + Z(gan_aj * U()A;2) () = (Gan—a * U()Az) (t)z = k(t)Caz.

(iii) Suppose X =Y. Then a strongly continuous family ((£(t)):cpo,r), (U(t))eco,r)
C L(X) x L(X) is said to be a (local, if 7 < o0) (k,Cy, Cy)-existence and
uniqueness family for (0.1) iff (E(t))icqo,- is a (k, C1)-existence family for (0.1),
and (U(t))scpo,r) is a (k, Cy)-uniqueness family for (0.1).

(iv) Suppose C' = C = Cs. Then a strongly continuous operator family (R(t)):cpo,r)
C L(X) is said to be a (local, if 7 < o0) (k,C)-resolvent family for (0.1)
iff (R(t))ico,r) is a (k,C)-uniqueness family for (0.1), R(t)A; C A;R(t), for
0<j<n-—1andt € [0,7), as well as R(t)C = CR(t), t € [0,7), and
CAj QA]‘C, fOI'OSj §n—1

The notion of (exponential) analyticity of various types of (C1, Cy)-existence and
uniqueness families for (0.1) is taken in the sense of [20, Definition 1.2(ii)]. We refer
the reader to [20, Definition 3.1] for the notions of k-regularized (C}, Cy)-existence
and uniqueness families and k-regularized C-resolvent families for (0.1); if k(t) = 1,
t € [0,7), then any such operator family is simply called a (Cy, Cs)-existence and
uniqueness family for (0.1) (C-resolvent family for (0.1)). Notice that the following
assertions hold:

(i) Suppose (E(t))tco,ry € L(Y, X) is a strongly continuous operator family. Then
(E(t))iejo,r) is a (local) (k, C)-existence family for (0.1) iff ((gm,—1%E)(t))icpo,7)
is a k-regularized C}-existence family for (0.1).

(ii) Suppose (U(%))co,r) € L(X) is a strongly continuous operator family. Then
(U(1))sef0,7) is a (local) (k* gy, —1, C2)-uniqueness family for (0.1) iff (U(%))scp0,7)
is a (local) k-regularized Cy-uniqueness family for (0.1).

The reader may consult [20, Definition 2.7] for the notions of strong (mild) solutions
of the following inhomogeneous Volterra equation:

[y

n—

(2.4) w(t) + Y (Gan—a; * Aju) (t) = f() + (gap—a * Au)(t), t€[0,T].

1

<.
I

One can similarly define the notion of a strong (mild) solution of the problem (2.1).
Given ¢ € N), _; in advance, set D; := {j € N,y :m; — 1 > i}.
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Definition 2.2. Suppose 0 < 7 < o0, k € C([0,7)), C, Cy, Cy € L(X), C and Cy
are injective. A sequence ((Ro(t))icio,r), -« - (Rmn—1(t))iefo,r)) of strongly continuous
operator families in L(X) is called a (local, if 7 < 00):
(i) k-regularized Cj-existence propagation family for (0.1) iff R;(0) = (kx*g;)(0)C}
and the following holds:

[Rl()x — (k* gi)(~)C’1x} + Z A; [gan,aj * (Rl()x — (k= gi)(~)Clx>]

jeD;
+ Z Aj (goznfaj * Rz) ().ﬁE
JEN,_1\D;
A(gap—a*Ri)()z, m—1<i, z€X,
ZD T Afgex (RO~ (k) (00| (), m-1210, ze X,

forany ¢ =0,---,m, — 1.
(i) k-regularized Cy-uniqueness propagation family for (0.1) iff R;(0) = (k
gz)(O)C'g and

[Ri()x = (k+ g:) () o] + Z Gan-ay * [Ri()Ajz = (k% ) () CaAsa |

+ Y (Ganay = ()A:v)()
JENn_1\D;
B (Jan—a * Ri(-)Az)(-), m—1<1i,
20 _{&WMFMM—@WMMMM%m—QL

for any x € Mo<;<,_ D(4;) and i € N}, ;.

(iii) k-regularized C-resolvent propagation family for (0.1), in short k-regularized
C-propagation family for (0.1), if ((Ro(%))tcpo,r)s -« 5 (RBmn—1(t))ico,r)) is a k-
regularized C-uniqueness propagation family for (0.1), and if for every t €
0,7), i € NO, _; and j € NO_,, one has R;(t)A; C A;R;(t), R;(t)C = CR(t)
and C'A; C A C.

As mentioned in the introductory part, the case in which the operator A; is a
scalar multiple of the identity operator for all j € N, _; (cf. [21] for more details)
is very specific. In the subsequent theorems, we shall prove certain relations be-
tween (k,C},Cy)-existence and uniqueness families ((k, C)-resolvent families) and
k-regularized (C},Cy)-existence and uniqueness propagation families (k-regularized
C-resolvent propagation families).

Theorem 2.1. (i) Let C, Cy € L(X), and let C be injective. Suppose that A; €
L(X) and A;A = AA; for1 < j, 1 <n—1and AjAC AA; for1 <j<n-—1.
Suppose (E(t))cio,r is a (k, Cy)-existence family for (0.1), and (R(t))iwcpo,r) 5

a (k,C)-resolvent family for (0.1). Put, for every x € X, t € [0,7), and
i=m,- - —1,
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Ei(t)z = (g:* E)O)x + Y Aj(Jan—a,+i * E) (t)z,

JED;
and, for everyx € X, t € [0,7), andi=0,--- ,m—1,
Ei(t)x = (k*g;)(t)Cix — Z Aj(Gon—ay+i * E) (t)z.
jeNn—l\Di

Define also R;(t)x by replacing respectively E(t) and Cy with R(t) and C' in the
above formulae. Then ((Eo(t))icio,r)s s (Emn—1(t))teo,r) is a k-reqularized C -
existence propagation family for (0.1) and ((Ro(t))ico.r), - > (Rmn—1(t) )tejo,r))
is a k-regularized C'-resolvent propagation family for (0.1). Furthermore, (2.5)
holds for ((Ro(t))icio,r) -« = (Rmn—1(t))c0,r)), provided that (2.2) holds for
(R(t))eefo,n)-

(ii) Let the following condition hold:

(2.7) cj € Cand Aj = ¢;I for all j € N, ;.

Suppose ((Ro(t))ecpo,r)s > (Bm,—1(t))iejo,r)) 95 a k-reqularized Cy -existence prop-
agation family for (0.1), resp. k-regqularized Coy-uniqueness propagation family
for (0.1) (k-regularized C-resolvent propagation family for (0.1)), and m = 0.
Define, for everyt > 0,

S

and R(t)z := Ro(t)x + (b* Ro)(t)z, t€[0,7), € X. Then (R(t))ico,r) is
a (k,Ch)-existence family for (0.1), resp. (k,Cs)-uniqueness family for (0.1)
((k,C)-resolvent family for (0.1)). Furthermore, if (2.5) holds for
((Ro(t))ec0,7) - = s (Rmn—1(t))tejo,r)), then (2.2) holds with (R(t))cjo,r) in place
of (E(1))tefo.m)-

Proof. We wil only prove the assertion (i) in the case of existence families. Suppose
first + € N, _; and m — 1 < i. Then it is clear that (FEy;(t))icpo,r) is a strongly
continuous operator family. Using the definition of (E1;(t))icpo,-) and (£(t))icpo,r)s
as well as the equalities A;4; = AjA; for 1 < j, | < n —1 and A;A C AA; for
1<j<n-—1, we get that, for every t € [0,7) and x € X,

n—1

Ei()x = k()C1z + > Aj(gan—a, * B1) () | (£)

j=1

A(Qanfa * El,i) (t)r = g; *

+ A (Z Aj (gan*aj+i+an*a * El) (t)m)

JED;
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Ey()z — k()Crz + iAJ (Gon—a, * El)(')xl (t)

j=1

n—1

+ Z Aj (gocn—aj-l—i * R1(> — ]{7()01 + Z Al (gOén—Oél S Rl) () > (t)ZE
JED; =1
— [RM()I — (k * gz) C’lx} Z A; (gan o [gi * RID(t)x
JEN\D;

Ri() = k()Cr + Y Ar(gan—o * B1) ()

=1

) (t)x

+ Z Aj <9an—aj+z‘ *

JE€D;

= [Ru()I - (k * gi)(')CII} (t)
+ ) 4 (gan—a] [Ru =D AGan—ayi ¥ Ra) (- )D(t)f

JEN\D; leD;
+ Z (gan—a]- * Rl,i(')x - Z A (gan—aj—i-i * Rl)('ﬂ - (/f * gi)(')CﬂJ]
JED; leD;

+ Jon—aj+i * i Al (gan—az * Rl)()x> (t)

=1

Since, for every t € [0,7) and z € X,

- Z Z AjAl (gocn—al—i-i—‘rocn—aj * Rl) (t)ZE - Z Z AjAl (gozn—ocl—l—i-i—ozn—aj * Rl) (t)ZL‘

jeN\Di leD; j€D; leD;

n—1
= Z Z AjAl (gan—al+i+an—aj * Rl)(t)x7

=1 jeD;

(apply the substitution (j,1) < ([, 7)), the above implies (2.5), with (R;(t))cjo,)
replaced by (E1;(t))icjo,-)- The proof in case m — 1 > 4 is similar and therefore
omitted. O

Let (2.7) hold. Then the relations between k-regularized C-resolvent propagation
families and (k, C')-resolvent families are not clear in the case m > 0. Here we recognize
the following subcases:

(a) There exists ¢ € N}, _; such that ¢ > m — 1. Then the consideration is trivial
provided that, for such an index 4, one has D; = () (cf. Theorem 2.1); because
of that, we shall assume in the further analysis of this subcase that D; # ().



(b)

(c)
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m = m, and, for every i € N), _, one has N,_; \ D; = (). That is the worst
case possible and here we have hat the function u(t) = S0 upgrs1 (1), t > 0
is a strong solution of (0.1) since ngv(t) =0, provided >~y —1>0.

m = m,, and there exists i € N9, _, such that N,,_; \ D; # 0.

The proof of following theorem, which considers the cases (a) and (c) in more detail,
is omitted for the sake of brevity.

Theorem 2.2. (i) Let m > 0, and let i € NY, _, satisfy i > m — 1 and D; # 0.

(2.8)

Suppose | € N and there exists j € N,,_1 \ D; such that o — oy, +1 > 1. Let
((Ro(t))teo,r), -+ s (Rmp—1(t))ecpo,ry) be a k-reqularized Cy-existence propaga-
tion family for (0.1), resp. k-regularized Cy-uniqueness propagation family for
(0.1) (k-regularized C-resolvent propagation family for (0.1)). Suppose, addi-
tionally, that for every x € X and p € ®, the mapping t — REZ)(t)x, te|0,7)
is continuous with jo)(())x =0 for all j € N)_,, and that, for everyp € ® and
t € [0,7), there exist ¢,y > 0 and g,y € ® such that p(REl)(t)x) < cpagpi(T),
x € X. Put, for everyt € [0,7) and z € X,

1
R(t)x = | L1 4 . *RZ@ O ().
v [ (A” e A) N

Then (R(t))ico,r) s a (k,Ch)-existence family for (0.1), resp. (k, Ca)-unique-
ness family for (0.1) ((k,C)-resolvent propagation family for (0.1)). Further-
more, if (2.5) holds for ((Ro(t))icpo,r)s " - > (Rmn—1(t))c0,)); then (2.2) holds
with (R(t))ieo,) in place of (E(t))wci0,r)-

Let m = my, and let i € N, _, be such that N,_y \ D; # 0. Suppose
((Ro(t))teo,r), - = = (Rmn—1(t))teo,r) 15 a k-reqularized Ch-existence propaga-
tion family for (0.1), resp. k-reqularized Cy-uniqueness propagation family for
(0.1) (k-regularized C-resolvent propagation family for (0.1)). Let | € N, let
c(t) € C([0,7)) satisfy é(N) = k(\) X2 A% for \ sufficiently large,

jeanl\D'L
and let there exist j € N,,_1 \ D; such that oj — oy, +1 > i. Suppose, addition-

ally, that for every x € X and p € ®, the mapping t — R(l)( t)z, t € [0,7) is
continuous with RZ(])(O)JZ =0 for all j € N)_, and that, for every p € ® and

t € [0,7), there exist ¢,y > 0 and g,y € ® such that p(RE (t)z) < cpeape(),
x € X. Put, for everyt € [0,7) and z € X,

1
L1 | ' N RZ(Z)(_)
(ZjEan\Di Cj)\aj _Oén—z-i-l)

) 15 a (k,Cy)-ezistence family for (0.1), resp. (k,Cy)-unique-
(0.1) ((k,C)-resolvent family for (0.1)). Furthermore, if (2.5)
)tGOT)7 a( mn_l( ))tG[O’T ) then ( ) hOldS U)Zth (R( ))te[[);r)
)

R(t)x := c(t)Cx — (t)x.

Then (R():co
ness family for
holds for ((Ro(t
in place of (E(

)

t )tE[OT
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Remark 2.1. Let (2.7) hold.

(i) Let m = 0. Then it is checked at once that there exist M > 1 and w > 0
such that fot b(s)|ds < Me“*, t > 0, which implies that the properties of (q)-
exponential equicontinuity and local equicontinuity are stable under passing
from k-regularized Cj-existence propagation families (Cy-uniqueness propa-
gation families, C-resolvent propagation families) to (k,C})-existence fami-
lies ((k, C2)-uniqueness families, (k, C')-resolvent families). Suppose now that
((Ro(t))t>0, * +, (Rm,—1(t))¢>0) is an exponentially equicontinuous, analytic k-
regularized Ci-existence family (Cy-uniqueness family, C-resolvent propaga-
tion family) of angle § € (0,7/2]. Owing to [18, Theorem 3.4(i)], we have that
(R(t))+>0 is an exponentially equicontinuous, analytic (k, C})-existence family
((k, C2)-uniqueness family, (k, C')-resolvent family) of angle 0.

(i) Let ((Ro(t))ico,r)s s (Rmn—1(t))icpo,r)) be alocally equicontinuous k-regularized
C-resolvent propagation family for (0.1), and let m = 0. Then it is not difficult
to see, with the help of Theorem 2.1-Theorem 2.2, that the following equality
holds, for every z € D(A), i€ N, _; and t € [0,7),

Ri(t)z =g | Ro()o + (b Ro) ()z] (1)
(2:9) + 3 65 [+ (Bo()a + (0% Rol(-)2)) | (1)

JeD;
furthermore, (2.9) holds for every z € X, 7 € NJ, _; and t € [0,7), provided
(2.5).

(iii) Consider the situation of [20, Example 5.1(b)]. Then there exists an exponen-
tially equicontinuous, analytic k;-regularized [-resolvent propagation family
((Ro(t))t>0, -+ 5 (R, —1(t))t>0) for the corresponding problem (0.1), with ki (#)
being defined by ki(t) = L7 (exp(—a;A?))(t), t > 0 for certain positive real
numbers a; > 0 and b; € (0,1). Under some additional assumptions (very
natural in the theory of convoluted operator families), we may apply Theorem
2.2 in the construction of an exponentially equicontinuous, analytic (kq, I)-
resolvent family for (0.1).

The following proposition is very similar to [20, Proposition 3.2] and [23, Proposi-
tion 2.7]. Because of that, we shall omit the proof.

Proposition 2.1. Suppose (2.7) holds, ((R1,0(t))tcio,)s - s (Rimn—1(t))ico,r)) 5 @ k-
reqularized Cy-existence propagation family for (0.1), N,_1\D; # () provided m—1 > i,
and ((Ra,0(t))icior), -« = (Romn—1(t))ico,ry) s a locally equicontinuous k-regularized
Cy-uniqueness propagation family for (0.1). Then, for every i € N?nn_l, one has
OQRl,i(t) = Rgﬂ'(t)cl, te [O, 7').

Before discussing some perturbation properties of (0.1), we would like to observe
that Proposition 2.1 can be proved under slightly weakened assumptions (see e.g. the
formulation of [20, Proposition 2.3]). Consider now the abstract Cauchy problem
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where

ABSTRACT MULTI-TERM FRACTIONAL DIFFERENTIAL EQUATIONS 61

—_

D¢ u(t) + S (A; 4+ B;))D{u(t) = (A+ B)Dju(t) + f(t), t>0,

uP(0) =up, k=0, [an] — 1,

B and By, - - -, B,,_1 are closed linear operators on E. Put By := B.

The following theorem is an important extension of [7, Theorem 6.2-Theorem 6.3].

Theorem 2.3. (i) SupposeY = X, (E(t))cjo,) € L(X) is a (local) Cy-existence

(2.11)

Proof.

family for (0.1), D; € L(E) and B; = C1D; (j € NY_,). Suppose that the

following conditions hold:

(a) For every p € ®x and for every T € (0,7), there exists ¢, > 0 such that
p(Em =D (t)z) < cprp(z), x€E, tel0,T).

(b) For every p € ®x, there exists ¢, > 0 such that p(Djac) < ¢pp(x),
jeN? | z€E.

(¢) ap—ay1>1and o, —a > 1.

Then there exists a (local) Ci-existence propagation family (R(t))iwcpo,) for

(2.10). If 7 = oo and if, for every p € ®x, there exist M > 1 and w > 0

such that

p(E(m”_l)(t)x) < Me“'p(z), t>0, v€E,

then (R(t))i>0 is exponentially equicontinuous, and moreover, (R(t))i>o also
satisfies the condition (2.11), with possibly different numbers M > 1 and
w > 0.

Suppose Y = X, (U(t))icp,r) € L(X) is a (local) (1,Cy)-uniqueness family for
(0.1), D; € L(E) and B; = D;Cy (j € N2_, ) Suppose that (b)-(c) hold, and
that (a) holds with (E™=Y(t))iep0,r replaced by (U(t))icp,r) therein. Then
there exists a (local) (1,Cy)-uniqueness family (W (t))cjo,r) for (2.10). If 7 =
oo and if, for every p € ®x, there exist M > 1 and w > 0 such that (2.11)
holds, then (W (t))¢>0 is exponentially equicontinuous, and moreover, (W (t))i>o
also satisfies the condition (2.11), with possibly different numbers M > 1 and
w > 0.

We will only outline the main details of proof. Put

n—1
Ky(t)z = —{E(mnl) X [Z Jan—a; D; +ganaD] }(t):c, tel0,7), zeX.

Then

J=1

the assumption (c) implies that, for every fixed x € X, one has Ky(-)z €
7): X) and

n—1
K(/)(t)x = _{E(mnl) * [Z gan—aj—le + gan_a_lD] }(t)l’, te [O, T).

J=1
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Denote by f**(t) the kth convolution power of a function f(¢). By assumptions (a)-
(b), we have that, for every t € [0,7) and = € X, the series

L(t)x = — [Ko(t)x + (Ko % Kp) ()2 + -+ (Ko % Kg™) (t)x + - - }

converges, uniformly on compacts of [0,7). Furthermore, the operator family
(L(t))te0,r) € L(X) is strongly continuous and, for every # € X, the unique solu-
tion of the following integral equation:

t
(2.12) Ry, —1(t)z = E™ =D () + / Kyt — )Ry, —1(s)xds, te€]0,7),
0

is given by
¢
(2.13) Ry, 1(t)z = E™ V(1) + /L'(t — §)Em () ds, tel0,7);
0

cf. also [30, Theorem 0.5, Corollary 0.3]. It is not difficult to prove that (R, —1(t)):cpo,n)
is a strongly continuous operator family in L(X). Define now R(t)x = (gm, -1 *
Ry,-1)(t)z,t € [0,7), x € X. Applying the functional equation for (£(t)):cp,-) twice,
it is checked at once that (R(t))cjo,-) satisfies

n—1
R(mnfl)(t)x + Z(Aj + Bj) (gan,aj * R(mnfl)) (t)z
j=1

— (A+B) (gan,a * R(m”’1)> (t)xr =Ciz, tel0,7), zeX,

if we prove that, for every ¢t € [0,7) and z € X,

n—1

<dK0 * Rmn—1> (t)r + (E(mn_l) * Zgan—aj—l(')Dj * Rmn—1> (t)x

j=0

n—1
+ (Cl k Zgan—aj—l(')Dj * Rmn_l) (t)x

=0
+ nz_l B (gan_aj x Rmn_1> (t)a — B<gan_a x Rmn—1> (t)e = 0.
=1

But, the last equality is an immediate consequence of (2.12). In the case that
(E(mn=1(t));50 satisfies (2.11), then it is not difficult to see, with the help of (2.12)-
(2.13), that (R(t)):c(o,r) also satisfies the same condition, with possibly different num-
bers M > 1 and w > 0. The proof of (ii) is quite similar. Define, for every ¢ € [0, 7)

and z € X,
n—1
Qo(t)x == —{ [Z Jon—a; Dj + Gan—aD | * U}(t):v,

J=1
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and Z(1)z = — | Qo(t)a + (Qo * Qo) (D) + -+ (Qo+ Q™) (M) + -]
The resulting (1, Cy)-uniqueness family (W (t))icpo,-) is the unique solution of the
following integral equation:

W)z =U(t)x —I—/W(t —35)Q'(s)xds, te[0,7), z€X,

which is given by W(t)z = U(t)x + [U(t — s)Z'(s)xds, t € [0,7), x € X. The proof
0
is completed through a routine argument. 0

The analysis of persistence of differential and analytical properties under pertur-
bations described in Theorem 2.3 will appear elsewhere.

Remark 2.2. (i) It is worth noting that the proof of the preceding theorem is a
slight modification of the corresponding proofs of [30, Theorem 6.1] and [24,
Theorem 2.12], established for abstract Volterra equations of non-scalar type.
Using the method given in the proofs of aforementioned theorems, one can
similarly clarify some results on time-dependent perturbations of (0.1).

(ii) It is not clear how one can prove an analogue of Theorem 2.3(ii) in the case
of a (local) Cy-uniqueness family for (0.1).

Ezample 2.1. Suppose 1 < p < 0o, X := [P(R), a € R, r > 0, ¥(-) € WL>=(R),
1/2<y <1, T>0,x€C(0,T]: X), and L(gp,_1 x Lx(t,-)) € C([0,T] : X). Put
Ay = ad/dx and Au = rAu — 9(-)u with maximal distributional domain. In [20,
Example 5.3], we have recently considered the following fractional analogue of the
damped Klein-Gordon equation:

(2.14) D u(t, z) + a(%DZu(t, x) —rAgu(t,z) + d(x)u(t,x) = x(t, x),

where t > 0, z € R, and u(0,2) = ¢(z), w(0,2) = ¢(z), x € R, continuing the
analysis of T.-J. Xiao and J. Liang [33, Example 4.1], in which it has been assumed
that v = 1. Since ag —ay =y < 1 for 1/2 < v < 1, it is clear that Theorem 2.3 cannot
be applied in this case, unfortunately. If v = 1, then Theorem 2.3 is applicable and
we shall consider, as an illustration, the following perturbed problem of (2.14):

+00
Ou(t,z) | Pult,x) Bu(s, y)
o o +/f("”“_y) 5 W
(2.15) o
2
D @t + [l —puttn)dy =0, 10, reR,

—00

where u(0,2) = ¢(z), u:(0,7) = Y(x), z € R, with f, g € WH(R). Making use
of Theorem 2.3 and the corresponding result with f = g = 0, we get that for each
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o € p(Ay) there exists a global exponentially bounded (uo — A;)~!-existence family
for (2.15). By [20, Theorem 3.7], it readily follows that, for every ¢ € W3P(R) and
Y € W3P(R), there exists a strong solution u(t, z) of the problem (2.15) as well as that
there exist M > 1 and w > 0 such that the following estimate holds for each ¢t > 0 :
H“(tv z) HLP(R) < Me®t [H¢||W1,p(R) + ||¢||W1’P(R)] . To prove the uniqueness of solutions

0 (2.15), notice that there exist a number w > 0 and a strongly continuous operator

family (U(t));>0 € L(LP(R)) such that, for every h € W?P(R), [ e MU(t)hdt =
0

<)\2 AL+ AO) b RN > w: of. [33, Example 4.1, Let By € L(L?(R)) and
By € L(LP(R)) be defined by Boh = f * h and Boh = g % h for any h € LP(R).
Suppose, for the time being, that || f||.1(r) is a sufficiently small positive real number.
Making use of the complex characterization theorem for the Laplace transform and
[31, Theorem 1.1.11], in this case we obtain that there exist a sufficiently large number
w' > w and a strongly continuous operator family (Ui (t));>0 € L(LP(R)) such that
the operator (A2 + A(A; + By) + (Ao + By)) ! exists in L(LP(R)) for any A € C with
RA > W', and that
-1

A2+ A(AL+ BY) + (Ao + Bo)) A

A (H (A2 + 24, + A0>_1(/\Bl + BO)>1<)\2 A, +A0>_1h

e MU (t)hdt, RX> W', he LP(R).

Therefore, if || f||11w) is sufficiently small, then we may apply [20, Theorem 3.5(iii)]
in order to see that there exists a global exponentially bounded g3-regularized I-
uniqueness family for the perturbed problem (2.10). The final conclusion now follows
from [20, Theorem 3.4(ii)] and the fact that, for every (sufficiently small) ¢ > 0, the
function v(t, z) := u(ct,x), t > 0, x € R satisfies the equation

0*v(t, ) )
o +ac” 8:)3(’% / e/l 4y
9 OO
— Dy 2oaea) + [ e —peltp)dy =0, 10, seR,
s

where v(0,z) = 0, v(0,2) = 0, x € R, provided that wu(¢,x) satisfies (2.15) with
¢ = 1 = 0. Finally, we would like to mention that the slightly better results on
the C-wellposedness of equation (2.15) can be obtained in the case that the function
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Y(-) is a positive constant (cf. [15]), and that Theorem 2.3 can be also applied to
differential operators considered in [23, Example 2.11-Example 2.12].

3. EXISTENCE AND UNIQUENESS OF SOLUTIONS TO (0.1)
We start this section by stating the following existence type theorem.

Theorem 3.1. Suppose A, Aq,---, A,_1 are closed linear operators on X, w > 0,
L(X) > C is injective and ug, - -, U, —1 € X. Set Py := A\~ + Z;;ll A9TYA; — A,
A € C\ {0}. Let the following conditions hold:
(i) The operator Py is injective for X\ > w and D(P;'C) = X, X > w.
i) fo<j<n—1,0<k<m,—-1m-1<k 1<I<n—-1,m—1>k and
A > w, then Cuy, € D(PA)),

Aj{w [Aan—a—k—lpglouk + 37 Ak A Gy
leDy,

m;—1

(31) — Z 5klAajllC’uk} elLT—-X

=0

and

A% [Aana“PAlCuk + ) AT e A Gy | =X R Cuy, € LT — X

leDy,

(111) [fog]Sn—l,OSkSmn—l,m—lzk,anl\Dk#@,SEanl\Dk
and A\ > w, then Cuy € D(A,), > Xw—2k=14,Cy, € D(PY),

lEanl\Dk
Aj{w

mj—l

(32) — Z 6kl)\aj_1_l0uk} elT-X

=0

A Cu — Py T AT A Cy,

lENn_l\Dk

and

(3.3) A [)\_k_lCuk - P! Z AR A Oy | =X ROy, € LT — X

leN, 1\ Dy,

Then the abstract Cauchy problem (0.1) has a strong solution, with wu, replaced by
C’uk (nggmn—l)

Proof. Suppose, for the time being, 0 < k < m,, — 1 and m — 1 < k. Denote by
Fipn : (w,00) = X the function satisfying that, for every p € ®, there exists M, > 0
such that p(Fy,(t)) < Mpe*', t > 0, and
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o0

/ e M EFpn(t) dt = A [Aan—a—k—lpglcuk

0
(34) -+ Z )\aliaikilp)\_lAlcuk —)\a”’l’kCuk.
leDy,

Then it is straightforward to see that there exists a function uy : (w,00) — X such
that, for every p € ®, there exists M, > 0 satisfying p(ux(t)) < Mje**, t > 0, and

/ eMug(t) df = X P G 3 AT PI A Gy, A > w.
0 leDy,

The Laplace transform can be used to prove that:
(3.5) (9, * Fion) () = |G * (0() = g ()Cui) | (), =0,

This implies (ga, * Fin) (t) = ugp(t) — grs1(£)Cuy, t > 0, uw € C™ ([0, 00) : X) and
ufcj)(O) = 0p;Cuy, for 0 < j < m,, — 1. Due to (3.5), we have Dy (t) = Fi,(t), t > 0.
It is not difficult to show that, for every j € N? |, D}7uy is defined as well as that

n—1»
o0 o0 m;—1
/e‘AtD?juk(t) dt =\ /e‘”uk(t) dt — Z ug)(O))\o‘j_l_l, A > w.
0 0 =0

Notice now that the condition (3.1) in combination with [31, Theorem 1.1.10] implies
that the mapping ¢ — A;D; u(t), t > 0 is well defined, continuous as well as that

o0 0 m;—1
(3.6) /eAtAijjuk(t) dt = Aj [\ /e’\tuk(t) dt — Z ug)(()))\o‘jll], A>w.
0 0 =0

Having in mind (3.4), (3.6) and the definition of Pj, a simple calculation yields that:
/ e [Dgnuk(t) A, DO g (t) -+ ADS () — ADguk(t)} dt =0,
0
which implies that ug(+) is a strong solution of the problem (0.1) with u,gj) (0) = 0p; C'u,.
Suppose now 0 < k < m, —1 and m — 1 > k. Then one can similarly prove, with
the help of conditions (3.2)-(3.3), that the function t + wuy(t) == LHA*1Cuy —
P! D leN, 1\ Dy Nu—a=l=L A, Cu )(t), t > 0, is a strong solution of the problem (0.1)
with u,(ﬂj)(O) = 0r;Cuy.. Define u(t) == 3277 ug(t), t > 0. Then it is clear that u(-) is
a strong solution of the abstract Cauchy problem (0.1). O
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Remark 3.1. (i) Let 0 < k <m, —1and m—1 < k. Then Theorem 3.1 continues

to hold if we replace the term )\O‘"_O‘_k_nglCuk + > )\al_o‘_k_lP/\’lAlC’uk
leDy,
i.e., the Laplace transform of u(t), in (3.1) by

AR Cu = Y R P A Gy + AT P AC
1eN,_1\Dy,

in this case, one has to assume that Cuy, € D(P; ' A;), provided 0 <1 <n—1,
k > m;—1 and A\ > w. Notice also that a similar modification can be made in
the case 0 < k <m, —1 and m — 1 > k. As a matter of fact, one can replace

the term A™*~1Cuy,— P71 >0 Ao k-1 4,Cuy i.e., the Laplace transform
lEanl\Dk
of uk(t), in (3.2)-(3.3) by

AP E P G 3 AP A Gy = AP AC

leDy,

in this case, one has to assume that Cuy, € D(P; ' A;), provided 0 <1 <n—1,
m;—1>kand A > w.

Consider now the situation of the abstract Cauchy problem (ACP,,), i.e., sup-
pose that a; = j, j € N%. Keeping in mind the proof of [31, Lemma 2.2.1, pp.
54-55], it readily follows that the condition:

k
NAP Cupy, NA; DY NTFUPIACuy € LT - X,

1=0

for any k € NV , and j € NV | implies (3.1). Therefore, Theorem 3.1 can be

n—1»
viewed as a generalization of the above-mentioned result.

Now we shall state and prove the Ljubich uniqueness theorem for abstract time-
fractional equations of the form (0.1).

Theorem 3.2. Let A > 0, let L(X) > C be injective, and let D(P,,)C) = X, n € N.
Suppose, additionally, that for every positive real number o > 0 and for every null
sequence (Ty)nen n X, one has:

(3.7)

lim e P 'Cx, = 0.
n—00 nA

Then, for every ug,- -+, Uy, 1 € X, the abstract Cauchy problem (0.1) has at most
one strong (integral) solution.

Proof.

Clearly, it suffices to show the uniqueness of integral solutions of the abstract

Cauchy problem (0.1) with u®(0) = uj, =0, k € N, _,. Let u(t) be such a solution.
Then, for every n € N and ¢ > 0, one has:
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t

P /e"’\(tS)Cu(s) ds

0
t

- (n)\)a"a/e”’\(t_s) [(gan_a * CAu)(s) — z_:(gan_%. * CAju)(s)] ds

n—1
+Zn)\aj_o‘CA/ ds—C’A/e (t=s)y,
7=1

0 0

(3.8) = (n)\)a"a/e")‘(t_s) (Jan—a * CAu)(s)ds — CA/e ~Su(s) ds]
+ni(n)\)aj_aCA / =9 (s) ds

t

— (n)\)a”_a/em‘(ts) (Jan—a, * CAju)(s)ds.

0

Keeping in mind [31, Lemma 1.5.5, p. 23] and its proof, we obtain that there exist
numbers My, - -, M,y > 1 and ko, - - -, k,—1 € N such that, for every p € ®, t > 0,
neNandjeN |,

t t
p<(n)\) o / A=) (Gan—a * Au)(s)ds — A / e A=)y (s) ds)

0

(3.9) ( (nA)™ " / (7 (smA 9™ d<> Aut — s) ds)

t

(3.10) < Mo(L4+n+]|A]) /

and
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t
(3.11) :p((n)\)a”_a/[/ e”’\(s_’")gan,aj(r) dr — e")‘s(n)\)aj_a”
0

0

Aju(t —s) ds)

(312) < M;(1+n+ |)\|)kj /p(Aju(s)) ds.

Using (3.8)-(3.12), it is not difficult to see that, for every ¢ > 0 and ¢t > 0, we
have lim,,_ o, e~ ™7 fot e t=8)Cu(s) ds = 0. Since lim,_,o ftt_a e\ t=5=) Cu(s) ds = 0
for 0 < o < t, we obtain that lim,,_, fot_a e"Mt=s=9)Cy(s) ds = 0. By [16, Lemma
3.5(iii)], one gets Cu(t) = 0, t > 0, which completes the proof by the injectivity of
C. O

If a, —; €N, j € N?_,, then the formulae (3.9) and (3.11) imply that it suffices

to suppose (instead of a slightly stronger condition (3.7)) that, for every ¢ > 0 and
x € X, one has lim,,_, e‘"’\"P;\le = 0; keeping this observation in mind, it readily
follows that Theorem 3.2 provides a generalization of [14, Theorem 2.3.23] and [31,
Lemma 2.3.1, pp. 67-68]. Notice also that the analysis given in [18, Remark 2.2]
enables one to see that Theorem 3.2 provides a proper generalization of [16, Theorem

3.6] in barreled spaces.
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