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ASYMPTOTIC STABILITY OF STRONG SOLUTIONS
FOR EVOLUTION EQUATIONS WITH
NONLOCAL INITIAL CONDITIONS

PENGYU CHEN, YIBO KONG, AND YONGXIANG LI

ABSTRACT. This paper is concerned with the global asymptotic stabil-
ity of strong solutions for a class of semilinear evolution equations with
nonlocal initial conditions on infinite interval. The discussion is based
on analytic semigroups theory and the gradually regularization method.
The results obtained in this paper improve and extend some related con-
clusions on this topic.

1. Introduction and main results

The theory of nonlocal Cauchy problem for abstract evolution equations was
motivated by physical problems. Indeed, it is demonstrated that the nonlocal
problems have better effects in applications than the classical Cauchy prob-
lems. For instance, nonlocal Cauchy problems have been used to represent
mathematical models for evolution of various phenomena, such as nonlocal
neural networks, nonlocal pharmacokinetics, nonlocal pollution and nonlocal
combustion, see McKibben [13] for the details. Due to nonlocal problems have
a wide range of applications in real world applications, differential or integro-
differential equations with nonlocal initial conditions were studied by many
authors and some basic results on nonlocal problems have been obtained, see
[2, 3,6, 8, 12, 16, 19] and the references therein. But we observed that all of the
existing articles are only devoted to investigate the local existence of solutions
for evolution equations with nonlocal initial conditions on finite interval, we
haven’t seen the relevant paper to study the global existence of solutions for
nonlocal evolution equations on infinite interval. In addition, to the best of the
authors’ knowledge, in most of the existing articles, such as [6, 8, 12, 16], the
existence of mild solutions for nonlocal evolution equations have been studied
extensively, but there are very few paper studied the regularity for evolution
equations with nonlocal initial conditions. Only [2, 3, 19] studied the local

Received January 2, 2017; Accepted March 7, 2017.

2010 Mathematics Subject Classification. Primary 35D35; Secondary 47D06, 47J35.

Key words and phrases. evolution equations, nonlocal initial condition, analytic semi-
group, asymptotic stability, strong solution.

©0 Korean Mathematical Society



2 P. CHEN, Y. KONG, AND Y. LI

regularity of solutions for evolution equations with nonlocal initial conditions
on finite interval and the assumptions are very strong.

On the other hand, the dynamical characteristics (including stable, unstable,
attract, oscillatory and chaotic behavior) of differential equations have become
a subject of intense research activities. For the details of this field, we refer
the reader to the monographs of Burton [1], Hale [9] and the papers of Caicedo
et al. [4], Chen and Guo [5], Li and Wang [11], Wang, Liu and Liu [17], Zhu,
Liu and Li [20]. As far as we know, no work has been done for the asymptotic
stability of strong solutions for nonlocal evolution equations. Motivated by
the above-mentioned aspects, in this work we discuss the global asymptotic
stability of strong solutions for a class of semilinear evolution equations with
nonlocal initial conditions

(L1) W (1) + Au(t) = F(t,u(t), t>0,

(1.2) u(0) = wulty)
k=1

on infinite interval Ry = [0,+00), where H is a Hilbert space, A : D(A) C
H — H is a positive definite self-adjoint operator, f : R x H — H is a
nonlinear function satisfying some assumptions, 0 < t1 <ty < -+ < g < -+,
tr — 0o (k — 00), v are real numbers, v, # 0, k=1,2,....

Our main results are as follows:

Theorem 1.1. Let A be a positive definite self-adjoint operator in Hilbert
space H and it have compact resolvent. Assume that the nonlinear function
f: Ry x H — H is continuous and f(-,u(-)) € L*(Ry,H) for any u € H,
If(-,0)| € LY(Ry). If the following conditions

o0
(C1) > || < eMtr, where Ay > 0 is the first eigenvalue of operator A;
k=1

A (1—e M S )
(Cs) There exists a constant 0 < L < k=1 such that
L (1—e M) 3 [l
k=1

1 (8 u(t) = F(Ev@)I < Lllu) —o@)l, VieRy, uveH,

Bour’s theorem hold, then the nonlocal problem (1.1)-(1.2) has a unique global
strong solution u* € WH2(Ry,H) N L3(R,, D(A)) and it is globally asymptoti-
cally stable.

If we replace the condition (C3) by the following condition
(C3) There exists a nonnegative function «, which is Lebesgue integrable

. 1= 5 oy
and satisfying [~ a(s)ds < = such that
(—e ) 3 g
k=1

1 (&) = FEo@O) < a@®llu(@) —v@)], VieRy, u,veH,
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then we can obtain the following result.

Theorem 1.2. Let A be a positive definite self-adjoint operator in Hilbert
space H and it have compact resolvent. Assume that the nonlinear function f:
Ry xH — H is continuous and f(-,u(-)) € L*(Ry,H) for anyu € H, || f(-,0)] €
LY(Ry). If the conditions (Cy1) and (Cs) are satisfied, then the nonlocal problem
(1.1)-(1.2) has a unique global strong solution u € W2(Ry, H)NL?(R, D(A)).

2. Preliminaries

Let H be a Hilbert space with inner product (-, -), then || - || = y/(:,-) is the
norm on H induced by inner product (-, -). Denote

Cy(Ry,H)={w | u: Ry — H is continuous and u(t) is bounded for all t€ R }.

Then it is easy to verify that C,(R4,H) is a Banach space endowed with the
norm
[ullo = sup [[u(®)]l, Vue Ce(Ry,H).
teR4
We denote by L£(H) the Banach space of all linear and bounded operators in
H, and by € the zero element in H.

Throughout this paper, we assume that A : D(A) C H — H is a positive
definite self-adjoint operator in Hilbert space H and it have compact resolvent.
By the spectral resolution theorem of self-adjoint operator, the spectrum o (A)
only consists of real eigenvalues and it can be arrayed in sequences as

D<A <A< < <y lim A, = oo.

k—+oo
By the positive definite property of A, the first eigenvalue A; > 0. From Henry
[10] and Pazy [14], we know that —A generates an analytic operator semigroup
S(t) (t > 0) on H, which is exponentially stable and satisfies [|S(t)| g < e
for t > 0. Since the positive definite self-adjoint operator A has compact
resolvent, the embedding D(A) < H is compact, and therefore S(t) (¢t > 0) is
also a compact semigroup.

Next, we give some concepts and conclusions on the fractional powers of A.
For o > 0, A~ is defined by

AT = —/ s*71S(s)ds,
0

where I'(+) is the Gamma function. A=* € L(H) is injective, and A® can be
defined by A® = (A~%)~! with the domain D(A®) = A=%(H). For a = 0, let
A* = 1. We endow an inner product (-,-)q = (A%, A*:) to D(A%). Since A®
is a closed linear operator, it follows that (D(A%), (-, )a) is a Hilbert space.
We denote by H, the Hilbert space (D(A%), (-,-)a). Especially, Hy = H and
H; = D(A). For 0 < a < f, Hg is densely embedded into H, and the
embedding Hg < H,, is compact. For the details, we refer to [10] and [18].
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From [14, Chapter 4, Corollary 2.5], we know that for any ug € D(A), if
the linear function h is continuously differentiable on R, then the initial value
problem of linear evolution equation (LIVP)

{ u'(t) + Au(t) = h(t), teRy,
u(0) = ug

exists a unique classical solution u € C'((0,400), H) N C((0,+00), D(A4)) N
C (R4, H) expressed by

(2.1)

(2.2) u(t) = S(t)ug + /Ot S(t — s)h(s)ds.

Ifug € Hand h € L'(R,, H), the function u given by (2.2) belongs to C (R, H),
which is known as a mild solution of the LIVP (2.1). If a mild solution u of the
LIVP (2.1) belongs to WhH (R, H) N LY (R, D(A)) and satisfies the equation
for a.e. t € Ry, we call it a strong solution. By [14, Chapter 4, Corollary 2.10],
we know that for any ug € D(A), if the linear function h is differentiable on
R4, then LIVP (2.1) exists a unique strong solution.

Define an operator B by

B = (1 - i%S(tk))fl.
k=1

Then by condition (C7), we know that

o0 o0
| s < it <1,
k=1 k=1

Therefore, from operator spectrum theorem we know that the operator B exists
and it is bounded. Furthermore, by Neumann expression, B can be expressed
by

B= i (i’YkS(tk))n'
n=0 k=1
Hence
1Bl < S| S wst)| = —— < =
n=0 k=1 1-— ’ k§1 %S(tk)H 1—eMta k§1 [V |

To prove our main results, for any h € Cy(Ry,H), we consider the linear
evolution equation nonlocal problem (LEENP)

(2.3) u'(t) + Au(t) = h(t), teRy,

(2.4) u(0) = > yeulty).
k=1
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Lemma 2.1. If the condition (C1) is satisfied, then the LEENP (2.3)-(2.4)
exists a unique mild solution u € Cyp(Ry, H) which is given by

(2.5) u(t) z;%su)ﬁ /O " S(te — s)h(s)ds + /O S(t— s)h(s)ds, tER,.

Proof. By the above discussion, (2.1) and (2.2), we know that the evolution
equation (2.3) exists a unique mild solution v € Cy(R,H) which can be ex-
pressed by

(2.6) u(t) = S(t)u(0) + /0 S(t — s)h(s)ds.
By (2.6), we know that for every k =1,2,...,
(2.7) u(ty) = S(tr)u(0) + | ) S(ty — s)h(s)ds.

From (2.4) and (2.7), we have
(2.8) u(0) = Z’YkS(tk)u(O) + Z’Yk | ' S(tx — s)h(s)ds.
k=1 k=1

Since I — Y 3o 7 S(tx) has a bounded inverse operator B, by (2.8) we know
that

(2.9) u(0) =Y wB i ) S(ty — s)h(s)ds.
k=1

Combining (2.6) and (2.9), we get that the mild solution u satisfies (2.5).
Inversely, we can verify directly that the function u € Cy(R4,H) given by
(2.5) is a mild solution of LEENP (2.3)-(2.4). O

The following two lemmas will be used in the proof of our main results.

Lemma 2.2 ([15, Chapter II, Theorem 3.3]). Assume that V and H are two
Hilbert space, VC H, V denses in H, the injection is continuous and compact,
A:D(A) CH — V is a positive definite self-adjoint operator in H. Then for
any ug € V and h € L*(R,,V), the mild solution of the LIVP (2.1) has the
regularity

u€ W3R, H)N LRy, D(A) NCR,, V).

Lemma 2.3 ([7]). If
m(t) < g(t) +/0 k(s)m(s)ds, tel0,T),

where all the functions involved are continuous on [0,T), T < +oo, and k(t) >
0, g(t) is nondecreasing. Then

m(t) < g(t) exp (/Ot k(s)ds), tel0,7).
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3. Proof of the main results

Proof of Theorem 1.1. Firstly, we prove the uniqueness of the global strong so-
lution for nonlocal problem (1.1)-(1.2). Consider the operator Q on Cp(Ry, H)
defined by

[eS) th

(Qu)(E) = > WS®B [ (b~ 9)f(s,u(s))ds
(3.1) b=t 0

-|-/ S(t—s)f(s,u(s))ds, teR,.
0

By the condition (C}) and Lemma 2.1, it is easy to see that the mild solution
of nonlocal problem (1.1)-(1.2) is equivalent to the fixed point of the operator
Q defined by (3.1).

Next, we will show that the operator @ maps the functions in Cp(R,H) to
Cy(R4,H). For any u € Cp(R,H), by the condition (C3), we know that

(3.2) 1 (& u@) < Llu@l + £ 01, teRy.
Therefore, by (3.1) and (3.2), we get that

@Ol < | X wSOB [ St~ 5o, ute))as
k=1

+H/0 S(t = ) (s, u(s)ds
<3 fele B / Ce ML u(s)]| + [1£(s, 0)ll1ds
k=1 0
+ / ML lu(s)] + (s, 0)[Jds
> el
< k=1

= o
L —e=Miti 37 |y
k=1

t
/o e I Lully + [1f(s, 6)|ds

t
+/ e ML ully + || £(s,0) 1 ds
0

1+ (1—eMih) kZ_jl x| ol [
< <= [ [ s 0]
L—e b 57 |yl ' 0
k=1

By (3.3), the condition (C3) and the fact that ||f(t,0)| € L*(R,), we know
that

|Qully = sup [[(Qu)(®)[| < +o0,
teR,
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which means that Qu € Cy(R, H).
For any u,v € Cy(Ry,H), by (3.1) and the condition (C5), we get that

1(Qu)(t) — (Qu)(B)[| <> |,Yk|efxlt”B”/ F o M(ti—s)
k=1 0
< (s, u) = F(5,0(5)) [ ds
te_)\1(t—s) s uls)) — f(s. v(s .
-/ (s, ul) — s, 5D

2 |l ¢
(3.4) < k=1 / e—/\l(t—s)LHU_v”bds
1—ehit 3 oy
k=1

t
+/ e MU Llu — vl|yds
0

L4+ (1 —e M) 3 |yl
< =L Llu—ol.

o0

ALl — =2t 37 |y
k=1

By (3.4) and condition (Cy), we know that

1Qu — Qulls = sup 1(Qu)(#) = Qu)@)[| < llu—vlfp.

Hence, Q : Cp(Ry, H) — Cy(R4, H) is a contraction operator, and therefore Q
has a unique fixed point u* € Cy(R, H), which is in turn the unique mild solu-
tion of nonlocal problem (1.1)-(1.2) on R4. Since u* is the unique mild solution
of LEENP (2.3)-(2.4) for h(-) = f(-,u*(-)) and h(:) = f(-,u*(")) € L?*(Ry, H),
by the maximal regularity of linear evolution equations with positive definite
operator in Hilbert spaces (see for details Lemma 2.2), when ©*(0) = up € V :=
H , the mild solution of the LEENP (2.3)-(2.4) has the regularity

(3.5) u* € WH(Ry, H) N L3 (R, D(A)) N C(Ry, Hy)

and it is a strong solution.
We noticed that «*(t) is the mild solution of the LEENP (2.3)-(2.4) for

= ;%B/o S(ty — s)h(s)ds

By the representation (2.2) of mild solution, u*(t) = S(t)u*(0) + v(t), where
f . Since the function v(t) is a mild solution of the LEENP
(2 3) (2.4) w1th the null initial value 4*(0) = 0, v has the regularity (3.5). By
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the analytic property of the semigroup S(t), S(tx)u*(0) € D(A) C H; /5. Hence,

u*(0) = Z’ykS(tk)u*(O) + Z'ykv(tk) € Hy /.
k=1 k=1
Using the regularity (3.5) again, we obtain that u* € WY2(R,,H) N L?(R,
D(A)) and it is a strong solution of the LEENP (2.3)-(2.4), which means
that the unique fixed point u* of the operator Q defined by (3.1) belongs to
WE2(Ry,H)NL?(R, D(A)) is the unique global strong solution of the nonlocal
problem (1.1)-(1.2).

Secondly, we investigate the global asymptotic stability of strong solution
for nonlocal problem (1.1)-(1.2). By the condition (C3), Banach contraction
theorem, Lemma 2.2, the method used in the proof of the regularity for u«* and
the fact f(-,u(-)) € L*(Ry,H), we know that for any uo € H, the initial value
problem of evolution equation

{ () + Ault) = f(tu(t)), teRs,

3.6
(36) u(0) = ug

exists a unique global strong solution u € W2(R ., H) N L?(Ry, D(A)) and it
satisfies

(3.7 u(t) = S(t)up +/O S(t—s)f(s,u(s))ds, teR,.

From the semigroup representation of the solutions, the unique global strong
solution u* of the nonlocal problem (1.1)-(1.2) satisfies the integral equation

(3.8) w*(t) = S(t)u*(0) + /0 S(t—s)f(s,u*(s))ds, teRy.

From (3.7), (3.8) and the condition (C3), we get that
[ (#) = w@| < 1S @[]« (0) = uoll

+ /O 1S = 8)I1f (s, u™(5)) = f(s,u(s))llds

—
o«
)

=

A

< e M |u*(0) — u(0)]| + /t e M L|u*(s) — u(s)||ds
< e M (0) — u(0)]] 0

+e N /Ot LeM*|[u*(s) — u(s)||ds, t € Ry.
Let m(t) = ef[|u* (¢) = u(t)]|, ¢ € Ry. By (3.9), we know that

(3.10) m(t) < m(0) + /075 Lm(s)ds, teR;.



ASYMPTOTIC STABILITY FOR EVOLUTION EQUATIONS 9

Therefore, by Lemma 2.3 and (3.10), we get that
(3.11) m(t) = eMtu*(t) — u(t)|| < m(O)efﬂt Lds =+ e R,.
Set p := Ay — L, from the condition (C5), we know that p > 0. Therefore, by
(3.11), we have

|u*(t) —u(t)]] < m(0)e " =0 (t— 4o0).
Hence, the global strong solution u* is globally asymptotically stable. Fur-
thermore, from the proof process, we easily see that the global strong solution

u* exponentially attracts every strong solution of the initial value problem
(3.6). O

Proof of Theorem 1.2. By Theorem 1.1, we know that the mild solution of the
nonlocal problem (1.1)-(1.2) is equivalent to the fixed point of the operator Q
defined by (3.1). For any v € Cy(R4,H), by the condition (C5) we know that
for any t € R,

(3.12) 1f (& w() < a®)u@®)]l + (£ )]
Therefore, by (3.1), (3.12) and the condition (C3), we get that

ty

@O < | us@m [ 00916 uts)s|
k=1

+ H/o S(t— s)f(s,u(s))ds”

<> bl B [ e la()lu(s)+ 175, 6) s
k=1 0
+ [ NI+ 175, s

o
> |l
< k=1

— o0
L—e b 57
k=1

(3.13)

| / [(s)ulls + 11 (5. 8) 1 s

t
T / (o (s)[ully + £ (5. 8)[]1ds
L4 (1= M) 3 oy
k=1
1—e M0 37 ol
k=1

By (3.13) and the fact that || f(¢,0)|| € L'(R), we know that
1Qullp = sup [|(Qu)(®)]| < 400,
teR L

< Julls +

| st las.
0
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which means that Qu € Cy(R,H). Therefore, the operator Q maps the func-

tions in Cp(R4, H) to Cp(Ry, H).
For any u,v € Cp(R4,H), by (3.1) and the condition (C3), we get that

1@Qu) () — @)D < 3 ale 1B / Ce Nt
k=1 0
< (s, u(s)) — £(s,0(s)) ds
+ / M| £(s,u(s)) — f(s,v(s))]ds
S el
k=1

i
< = / e a(s)l|u — vllads
(3.14) 1—e 2t 3 |y| 70
k=1

t
+/ e M=) o (s)|Ju — v||pds
0

1+ (1 —e™M) 3 Il oo
< | / a(s)ds||u — vl
0

o0
L—e b 57 |yl
k=1

< [lu =l

from which we know that

1Qu — Qullp = sup 1(Qu)(#) = Qu)@)| < llu—vlfp.

Hence, Q : Cp(R4,H) — Cy(R4,H) is a contraction operator, and therefore
Q has a unique fixed point v € Cy(R4,H), which is in turn the unique mild
solution of nonlocal problem (1.1)-(1.2) on Ry. By using a completely similar
method with which used in the proof of Theorem 1.1, we can prove that u €
WL2(R,, H)NL?(R,, D(A)) is the unique global strong solution of the nonlocal
problem (1.1)-(1.2). O
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