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General Decay for Semilinear Abstract Second-order Viscoelastic Equation in Hilbert
Spaces with Time Delay

Houria Chellaoua and Yamna Boukhatem

ABSTRACT: The paper is concerned with semilinear abstract second-order viscoelastic equation with time
delay and a relaxation function satisfying h/(t) < —((¢)G(h(t)). Under suitable conditions, we establish
explicit and general decay rate results of the energy by introducing a suitable Lyaponov functional and some
proprieties of the convex functions. Finally, some applications are given. This work generalizes the previous
results without time delay term to those with delay.
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1. Introduction

Let H be a real Hilbert space with inner product and related norm denoted by (.,.) and | . |,
respectively. Let A : D(A) — H and B : D(B) — H be a self-adjoint linear positive operator with
domains D(A) C D(B) C H such that the embeddings are dense and compact. h:Ry — Ry is the
kernel of the memory term, 7 > 0 represents a time delay and F : D(A2) — H is function satisfying
some conditions to be specified later.

In this work, we consider the following semilinear abstract second-order evolution equation

g (t) + Au(t fo (t — s)Bu(s)ds + pyue(t) + pouc(t — 7) = F(u(t)), t € (0,+00),
w(t —7) = fo(t—T) te(0,7), (1.1)
u(0) = wuo, u(0) = uy,

where the initial datum (ug,u1, fo) belongs to suitable spaces, p; is a positive constant and p, is a real
number such that

ol < pn. (1.2)

In the absence of delay (uy = 0), there exist in the literature different stability results for this type
of problems. Dafermos in [14] studied the system (1.1) where y; = 0. He showed that the energy tends
asymptotically to zero, but he didn’t give the decay rate.

Under the following condition on h

30>0: R(t) < —0h(t), VteR,. (1.3)
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Many authors have established the exponential decay of solutions of this system, see [24,25,16,33] and
references therein.

Messaoudi in [22] gave a general decay rate of which the exponential and the polynomial decay rates
are special cases. Precisely, he considered relaxation functions satisfying

B'(t) < —C(t)h(t), Vte€Ry, (1.4)

where ¢ is a nonincreasing positive differentiable function. After that, Alabau-Boussouira et al. [2]
introduced the following condition

W(t) < =G(h(t), VtERy,

where G is a convex function which appeared in many papers, see [11,20,34,26].

Recently, Mustafa in [28] established an explicit energy decay result where the exponential and the
polynomial decay rates are recovered, under a general condition on the relaxation function, h'(t) <
—((t)hP(t), with 1 < p < 2. In [29], the same author established an optimal explicit and general decay
result when the relaxation function h satisfy

W(t) < =C()G(h(t)), VtERy, (1.5)

where G is an increasing and convex function. For some works used (1.5), we refer to read [30,23,6,17]

Time delays arises in many applications and practical problems and in many cases, even small delay
may destabilize a system which is asymptotically stable in the absence of delay, in this sense, see [15,5,31].
A large part in the literature is available addressing the stability, instability and the connection between
the memory term, the frictional damping and the delay terms. In particular, for wave equation with
constant or variable delay, we refer to read [3,31,32]. They showed that the frictional damping term is
strong enough to stabilize the system when the weight of the delay be sufficiently small. In [19], Kirane
and Said-Houari considered the following wave equation

uy(t) — Ault) + /0 h(t — s)Au(s)ds + pqu(t) + poue(t —7) =0,

where 1, and py are positive constants. They established the energy decay under the condition py < gy
in the case of relaxation functions satisfy (1.4). Recently, there are different results according to the
general decay for several problems with internal or boundary feedback and for constant or variable delay.
For instance, Chellaoua and Boukhatem in [13] considered the following abstract viscoelastic equation
with time-varying delay

up(t) + Au(t) — /0 h(t — s)Bu(s)ds + pyui(t) + pou(t — 7(t)) = 0.

They established optimal decay results of the stability of energy for a wider class of kernel memory
functions; condition (1.5), under the condition |uy| < 2(21:;) y, where the constant d satisfies 7/(¢t) < d <
1, for all ¢ > 0. In [12], the same results have been established by the previous authors for problem (1.1)
in the absence of source term (F = 0) and infinite memory. For more papers have been concerned with
the study of general decay results in the case of constant or varying time delay, see [27,7,21,9,18,8] and
references therein.

In this work, we are interested in giving optimal, explicit and general decay rates of solution of
problem (1.1) under some suitable assumptions. More precisely, we are intending to extend the results of
Messaoudi [23] and Mustafa [30] to the abstract viscoelastic equation with time delay in Hilbert spaces;
the system (1.1). To the best of our knowledge, there is no decay result for problems with delay where
the relaxation functions satisfy (1.5) in the abstract form and the presence of source term. Moreover, our
problem generalizes the earlier problems without time delay term to those with time delay.

The paper is organized as follows. In Section 2, we state and prove some preliminary results under
suitable hypothesis. In Section 3, we present some technical lemmas needed for our work. Then, we
establish the decay results of the energy by using the energy method to produce a suitable Lyapunov
functional in the Section 4. Finally, Section 5 is devoted to give some concrete applications to illustrate
our abstract result.
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2. Preliminary results
In this section, we present some material that we shall use in order to present our results and we state
the existence result of problem (1.1). Let us consider the following assumptions:
(A1) There exist positive constants a, b and d satisfying

2 1|2 1|2 1
byl gHBzuH gaHAML‘ . Vue D(A%), (2.1)

1 2 1 2 1
HAEUH gdHBiu‘ . Vue D(AF). (2.2)

(A2) The kernel memory function h : R, — R is nonincreasing function of class C* satisfying

h(0) >0, ho— /m h(s)ds < . (2.3)
0 a

Moreover, there exists a C! function G : [0,400) — [0, +00) which is linear or it is strictly increasing
and strictly convex C? function on (0, 7], » < h(0), with G(0) = G'(0) = 0, such that

B'(t) < —C(t)G(h(t)), Vt>0, (2.4)

where ¢ : Ry — R4 is a nonincreasing differentiable function.
(A3) The functions F' is locally lipschitz mapping and there exist a continuous and differentiable
1
mapping Z : D(A2) — [0, 400) satisfying D.# = F and

(F(u),u) > F(u), Yue D(A?). (2.5)

Moreover, there exists an increasing continuous function ¢ : [0, +00) — [0,400), with ¥(0) = 0, such
that

(F(u),0)| < (HA-UH) HA%UH HA%U . Vu,v € D(A%). (2.6)

Remark 2.1. If G is a strictly increasing and strictly convex C* function on (0,7], with G(0) = G'(0) =
0, then G has an extension G which is a strictly increasing and strictly convex C? function on [0,+00).
Moreover, we can define G by

G(t) = th +(b—cr)t+ (a + 57"2 - br) . for t>m, (2.7)
where a = G(r), b= G'(r) and ¢ = G"(r).
Lemma 2.1. For § and t1 be positive constants, we have

h'(t) < —6h(t), Vte€|0,ty].

Proof: Similarly to [30], from assumption (A2), we clearly deduce that lim;_, . h(s) = 0. Therefore,
there exists t; > 0 large enough such that

h(ty) =r and h(t) <r, Vt>t. (2.8)

By using the fact that h and { are positive nonincreasing continuous and G is a positive continuous
function, we get, for all ¢ € [0, 1],

which gives, for two positive constants d; and d2,

b1 < C(H)G(h(t)) < b2
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Consequently, for all ¢ € [0, 1],
——h(t). (2.9)

O

In the following remark, we present the inequality of Jensen which will be used in establishing our
main result.

Remark 2.2. If Q is a convex function on [a,b], f : Q@ — [a,b] and h are integrable functions on
Q, h(z) >0, and [, h(z)dz =k > 0, then Jensen’s inequality states that

Q|; [ r@ntas] < § [ Q@i

In the following result, we state, without proof, the local existence, uniqueness and regularity of
(2.10), see [7,10].

Proposition 2.1. Under the assumptions (A1)-(A3), for an initial datum (ug,u1) € D(A2) x H, the
system (2.10) has a unique local mild solution u such that

ued (O,T;D(A%)) N CH0,T; H).
Moreover, if (ug,u1) € D(A%) x D(A%), then the solution of (2.10) satisfies (classical solution)
uGC(O T;D(A ))m01 (0 T: D(A ))002(0 T H).
In order to state and prove the desired results, as in [31], we introduce the variable z by

z(p,t) = wi(t — p7), pe€(0,1), >0,

therefore, the problem (1.1) takes the following form

wg (t) + Au(t fo h(t — s)Bu(s)ds + pyue(t) + paz(1,t) = F(u(t)), t € (0,+00),

Tz(pst) + Zp(pv t) =0, pe(0,1), t>0,

2(p, 0) = fo(—p7), pe(0,1), (2.10)
2(0,t) = u(t) t>0,

u(0) = uo, u(0) = u, t>0.

Now, let us define the modified energy functional E associated with problem (2.10) by

E(t) = % (HA%UHQ - / h(s)ds HB%u\f + [[ue])® + (h o BRu)(t) — 27 (u) +€T/01 ||z<p,t>||2dp) ,

(2.11)
for all £ € R4 and the initial energy is given by
1 1 2 2 o 0 2
E(t) = 5 (|[Atuo| + lual = 27 o) + &7 [ fols)I? ds ) (2.12)
where .
1 1 1 2
(ho Biu)(t) = / (e ) [ BEu(t) — Brus)| " ds (2.13)
0

and ¢ is a positive constant (note that £ exists according to (1.2)) such that

o] <& <20y — | g (2.14)
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Lemma 2.2. Assume that (A1)-(A3) hold. Then, the energy functional defined by (2.11) satisfies

Vi € R,. (2.15)

f— 3

E'(t) < %(h’ o B3u)(t) <0

Proof: By using the first equation of (2.10), we get

1d

La (|ut||2+HA2uH 27 ))+u1||ut||2+u2<z<1,t>,ut>= /Othu—s) (Bu(s),us(t)) ds.  (2.16)

On the other hand, we can easily check that

t t 2 2
2/ h(t — ) (Bu(s), us(t)) ds = % [/ h(s)dsHB%uH - (hoB%u)(t)} + (W o B¥u)(t) — h(t) HB%uH .
0 0
(2.17)
Similarly, by the second equation of (2.10), we have
d 2 9 2 _
Er— 2o )] +€a—p||2(p, HlIF =
Integration over (0, 1), with respect to p, yields
td 2 2 2
ET/O 27 O dp = € (Jlu:O1* = 12(1, 1) - (2.18)

Then, by using Cauchy-Schwarz’s and Young’s inequalities and inserting (2.17) and (2.18) in (2.16), we
get

1 1
) < 5ot - 5 [+ (- §) o+ (Y- §) o
1 1 1 1
< o Bru)(t) — 2h(t) || Bl — O (lu)I? + 20, 0))
e bl € €l
, Iz 0
C:mm{m 5‘5’5‘7?}

which is positive by (2.14). This completes the proof of the Lemma. m|

By using Lemma 2.2, we prove the global existence of solution of problem (2.10) under small initial
conditions.

Theorem 2.1. Assume that (A1)-(A3) hold and there exist a positive constant p, such that for any
(uo, u1, fo) € D(A2) x H x L2(—7,0; H) satisfying

1
0 b
Qm%dﬂmﬁ+/nh@W@ < o,

The problem (2.10) admits a unique mild solution u on [0, +00).

Proof: From the proposition 2.1, the problem admits a unique local solution » in a maximal time interval
[0,T). Now, similarly to [1] and by using (2.5), (2.6) and (2.12), we have

1 1 1 2 1 2
B(0) > gl + 3 [Aduo| — P (o) = Shl? + § [ 43w >0

if (HA%uH) < L where | = (1 — ahg). Furthermore, we show that if

" (HAUH) <£ and ¥ <2 <@>> < i, (2.19)
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then
2 " his)d 2
BW) > glu@)? + 5 [[43u0) —WHB%UQ)H — Z(ult))
2 2
> )l + 5 A~ 2| B - £ i)
1 l 2
> §||ut(t)|\2+ZHA%u(t)H, vt e [0,7). (2.20)

Now, let consider r the supremum of all s € [0,7") such that (2.20) holds true for any ¢ € [0, s]. Suppose
r < T. By continuity of the function E, we obtain

E(r) > %Hut(r)Hz + i HA%U(T)HQ > 0. (2.21)

Hence, from (2.21), we have

sl <o (2(52) ) <o (= (5)) <4
which gives
Br) > glunl? + e Adu()| - 2
> §|ut<r>|2+(§——) [4bue)|| = %Hut( 2+ & |adue)]”

This contradicts the maximality of r. Let

l l
Po = %—Z/J_l <1> > 0.

then 1 (HA%UH) < L. For any ug € D(A2), u; € H and fo) € L2(—7,0; H) such that

(Aol + gtz + [ Ifo(8)||2d8>% <p (2.22)

This assumption implies that HA%uOH < po, S0, we have

o (Jatnf) < o= (Lot (1)),

Moreover, by using (2.5) and (2.6), we obtain

IN

1, o 19,1 10 )
EO) < glnl?+5 [AFu| +5 [ Ifo()ds

<HA%U()H + Jug || + /OT ||f0(s)|2d8) <p?

and, by definition of p,, we deduce that

SACSIRIGIOR

IN
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In addition, under the assumption (2.22) and (2.19), we get
1 2 l 1 2 2
0 < Sl + 5 [au)| < B@) < BO) <0, (2.23)

Thus, the energy function is nonnegative on [0,7) and bounded which means that the solution exists on

[0,400) and from (2.23), we have
) < <2 (ETO)> ) < i, vt > 0. (2.24)

(ol <o (2(52)

This completes the proof of Theorem 2.1. O

=

3. Technical Lemmas

In the section, we state and prove some technical Lemmas in order to prove the desired results.

Lemma 3.1. Let u be the solution of (2.10). Then the functional
L) = (ue(t), ult)), (3.1)
satisfies, for 61 > 0 and for allt >0
110 < (14 4 ) lal? = (5 = S0+ b)) a2+ G2 o Brayo + B2 o @2
for any 0 < a < 1, where

= +°°7h2(5) s an =« —n
C"‘_/o oyl and k() = ah(t) (), (3.3)

Proof: Differentiating (3.1) with respect to ¢, we find
L(t) = uel® + (wee (1), (1))
On the other hand, multiplying the first equation of (2.10) by u(t), we have
t
(uge(t), u(t)) + (Au(t), u(t)) — </ h(t — s)Bu(s)ds,u(t)>
0
Fh (ue(t), u(t)) + po(2(1,1), u(t)) = (F(u(t), u(?)),

By the definitions of Az and B2, we have

oo = ful’ —HAzuH +/h ds ‘B?u” +< h(t — s)B¥ (u(s) ())ds,B%u()>
0
=y (e (t), u(t)) — po(z(1,t),u(t)) + (F(u(t)), u(t) (3.4)
By using Cauchy-Schwarz’s and Young’s inequalities and (2.1), we have, for §; > 0
apy 6
o n(t),u(t)) < B )2 + 22 b (3.5)
1 alpsld 12
o (1L, 8), u(®) < % (1.0 + % e (36)
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and, using (2.6) and (2.24), we obtain
1 1 2 l 1 2
s < v () b < g o] o9

Moreover, we have

2

/0 h(t — $)B3 (u(s) — u(t))ds

ht = s) | B2 (uls) - ut))|| s 2
0

: 2
< </0 NG }i(t —9) ) Vah(t =)~ Wt~ 5) | B (u(s) - u(t)) ds>

IN

s)—h(t—s
< (/O #%ds) /0 (ah(t—s) — I (t — s)) HB%(u(s) - u(t))H2 ds
< ColkoBzu)(d). (3.9)
Substituting the inequalities (3.5), (3.6), (3.7) and (3.9) in (3.4), we get (3.2). mi

Lemma 3.2. Let u be the solution of (2.10). Then the functional

Bt = - (ul), [ h(t — s)(u(t) - u(9)is ). (3.10)

satisfies, for € > 0 and for allt >0

L) < (e-/Oth(s)dsﬂut||2+sHA%uHQ+u2 <z(1,t),/0th(t—s)(u(t)—u(s))ds>

Co+1

+u(k03%u)(t), (3.11)
€

wherec:max{%,d—i—s—i— %—i—g—z—l—a—gg + "‘TQ}

Proof: Differentiating (3.10) with respect to ¢, we find

t

1500 = = (), [ At~ 8)(u(t) - uo)ds) = (uo), [ Wt s)(ult) ~ u(o)ds) [ noyishu?

Then, using the first equation of (2.10) and using the definitions of A2 and B2, we get

o - - [ (sl + 1 (wio). [ At — s)(u(t) - s )
e (2010, [ At — ) (u(t) - u)ds) = (Fluto), | (e — s)(u(t) - u)ds)
- (. [ Wt s)(ult) ~ s )+ (atuto, [ At~ 5) A% (u(t) — us)ds)

0
—/th(s)d5<3%u(t),/oth(t— s) B (u(t) —u(s))ds> (3.12)
2

0
+ /0 h(t — s)BzZ (u(s) —u(t))ds|| .

(3.13)
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By using Cauchy-Schwarz’s and Young’s inequalities, (2.1), (2.2), (2.3) and (3.9) , we get, for e > 0

2

(o), [ th(t_5><u<t>_u<s))ds> < Sl + 45 | [ - o - uisyas
< Sful? 2f (ko BHu)()
<A2u /ht—s % (u(t) — u(s))d8> < ‘A uH + - /ht—s % (t) —u(s))ds 2
< o4t 2+£(k<>B2u)()
and
—<B%u(t),/0th(t—s)3%(u(t)—u(s))ds> < 2ihOHA% [ +ah§f"‘(k<>3%u)(t).
Then, by using (2.6) and (2.24), we get
<F(u(t)),/0t Kt — s)(u(t) —u(s))ds> < Z HA%u g zfﬁcb (ko BYu)(t). (3.14)

On other hand, we have

- (w0, [ W s)ut) — s )
= (u. [ k(- 5)(u(t) - uo)ds) = (o), [ ot~ s)(ult) ~ u)ds)
< S + (/ VEE= ) VR =) u(t) — u(s >||ds) +—(/ht—s||u ) — uls >||ds)

£ 5 [y k(s)ds  a2C, 1 5 5 da?C, 1
< — 2 < — — 2
< o) +< O 4 200 (ko Bhuy(n) < SOl + (5 + 22 ) (ko Bru)o),

where ¢ = ahg + h(0). Then, inserting these five inequalities and the inequality (3.9) in (3.13), we get
(3.11). O

Lemma 3.3. Let u be the solution of (2.10). Then the functional

1
B(t) = 7¢" [ e a(o.0)ds, (3.15)
0
satisfies, for allt >0

1
Iy(t) < —27/0 I2(p, )17 ds + €7 [|ue]|* — [|2(1, ). (3.16)
Proof: By using the second equation of (2.10), we get
1
L) = 20 [ e alpit), 0,0 dp
0

1
= 2 [ s )Py



10 H. CHELLAOUA AND Y. BOUKHATEM
Then, by integrating by parts and z(0,t) = u(t), we get
I(t) = —27e /01 e |[z(p, 1)|Pds + €7 [lue|* = 2(1, )],
which is (3.16) by using the fact that e 277 > e=27, for any p €]0, 1[. O
Lemma 3.4. Let u be the solution of (2.10). Then the functional
t 2
’ = /0 7t = 5) || BEugs)| s (3.17)
where f(t) = ft+oo h(s)ds, satisfies,
L) < —%(ho BEu)(t) +3(1 1) HA%uH2 . w0 (3.18)
Proof: By differentiating (3.17), we get
Ii(t) ’BQ’U,H +/ f't—s) ‘B2u H

Then, by using Young’s inequality and the fact f’'(¢t) = —h(¢)

IO O) 20 ey ] P
< hOHB%uHQ—/Oth(t—s)HB%(u(t)—u(s))H2dS—2<B%u,/0th(t—s)3%(u(t)—u(s))ds>.
But
-4<B%5[h@—w3ﬂww—u@»w> < EQ%M?A%@—ﬁuBﬂww—u@Mfw
+2ho HB%uHQ.
Moreover, as [! h(s)ds < f(0) = ho and by using (2.1), we get (3.18) where ahy =1 — L. o

4. Stability results

In this section, we shall state and prove explicit and general decay rate results of the energy function
E. For this purose, we construct a Lyapunov functional L equivalent to F, with which we can show the
desired result. Let

3
L(t) = ME(t) + > NiIi(t), (4.1)

where M, Ny, Ny and N3 are positive constants.
Lemma 4.1. Assume that (A1)-(A3) hold, there exist two positive constants c1 and ca such that
() < L(t) < cB(). (1.2)

Proof: Using Cauchy-Schwarz’s and Young’s inequalities, we have

IL(t) = ME®)| < Ni|{us,w)| + No <ut(t),/ h(t—S)(u(t)—u(s))ds>‘+N3¢e2f/ e 27| 2(p, t)||2ds
< P+ g At PR o Br® ¢ Nare /” oI
< CE(),

Then, by choosing M so large, we have L ~ F. O
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Lemma 4.2. The Lyapunov functional L defined in (4.1) satisfies
Lﬁ)g—a1—UHAaﬂ2—mMP+iwoB%ma% V> b, (4.3)
under a suitable choice of M, N1, Ny and Ns.

Proof: Combining (4.1), (2.15),

(3.2), (3.11) and (3.16). Then, by using (3.3) and for h; = fo s)ds >
0, where ¢; was introduced in (2.8)

, we have, for all ¢t > tq,

l 2

D) < =t —oNe = (1 4L ) M= Nae | el = [ (5 = 0100 + 1al) ) Ny = eVa]

1
Ay

+ g <z(1,t),N2/ h(t — s)(u(t) — u(s))ds> + %(hoB%u)(t) - 2N37'/ [1z(p, t)Hst

M _ _dCatl) o — (v, = 2l 2
5 B Ny B N2:| (kOB2u)(t) <N3 43, N, ||Z(1,t)|| .

By using Cauchy-Schwarz’s and Young’s inequalities, (2.1) and (3.9), we get

(a1, 82 [ (e = 3)(ute) — u(oDds ) < ol (5121012 + G N30 B0

Consequently, by taking ¢ = we obtain

L
INy’

I l l a l 1 2
/ o o 2T 2 -z _ 3
L'(t) < h1Na 1 (1 + 451) N; — Nse ] [l | {(2 bél(ul + |u2|)> Ny 4] HA uH

M aCq . (Ca+1)N2_ |M2|CO‘N22] (koB%u)(t)-Fﬂ(hOB%U)(t)

2 2l € 20 2

N 1
- [ bl (B2 + 3)| et - 200 [ (o0

At this point, let take §; =

bl
I ER ) and choose N; large enough so that

l l
-Ny——>4(1-1).
PR Sl
Then, let pick N3 and Ny big enough so that

Ny 1
N3 — |pis] <4—51 + 5) >0,

! 27
h1 N —Z—<1+451>N1 Nze“™ > 1.

Now, as % < h(s) and by using the Lebesgue dominated convergence theorem, we have

oo ah?(s)
aCa—/O mds—)() as a — 0.

Consequently, there is 0 < ap < 1 such that if o < «g, then
1

aC, < .
8&N+ (4 + 5) N3]

Then, we choose M large enough such that (4.2) is satisfied and

M  4c
— —ZN2>0
7 7Y
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then, for M fixed, we choose « so that

1
a—w<a0,

which gives
M dc o, |12 2
5 lN2 Cy {%Nl—i—(l % Ny | > 0.

Therefore, we arrive at
L2 1 \ !
Lﬁ)é—ﬂl—bw@uH—HWW+ZwoBﬂMﬂ—2Nﬂ/‘W@¢M%&
0

which yields (4.3). o

The stability results is ensuring by the following theorem.

Theorem 4.1. Assume that (A1)-(A3) hold. Then there exist a positive constants ki, ka, ks and kqy
such that the solution of (1.1) satisfies, for all t > t,

—ko f:l ((s)ds’

E(t) < ke if G is linear (4.4)
t
E(t) < k4G1_1 <k3/ C(s)ds) , if G is nonlinear, (4.5)
where Gy (t ft GG (9) , which is strictly decreasing and convex on (0,7], with lim;_,o G1(t) = +00.

Proof: By using (2.9) and (2.15), we conclude that, for any ¢ > ¢;,

f 1 2 —h(0) (™ 1 2

/ h(s) HBE(u(t) —u(t—s))H ds < 5—/ K (s) HBE(u(t) —u(t—s))” ds < —cE'(t).  (4.6)
0 1 Jo

Inserting this estimate in (4.3) and introducing the following function F' which is equivalent to E by

F(t) = L(t) + cE(t).

On the other hand, we have for some constant m > 0 and for all ¢ > 1,

2 < 300 |4k~ Jul? + 3o Brut)
< —mE(t) + c(h o Bru)(t)
t . 2
< —mE(t)—cE’(t)+c/tl (o) || B (ut) —utt — )| ds
which gives \
F'(t) < —mE(t)+c/t h(s) HB%(u(t)—u(t—s))szs. (4.7)

Let consider the following two cases.
Case 1: @G is linear.

By multiplying (4.7) by ¢ and using (A2) and (2.15), we get

COF() < —mdﬂE@+wdﬂ/%M$HBﬂMﬂ—UQ—ﬁﬂr@
< —me)B0+ e [ On) B te) - e - ) o
< —m((t)E(t)—c/t W) || B (u )—u(t—s))szs
< —mCE() — cE(),
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by using the fact ¢ is nonincreasing, we deduce
(CF +cE)' (t) < —mC(t)E(t), Vt>t,.
Consequently, by integrating this last over (¢1,¢) and using the fact that (F' + ¢E ~ E, we obtain

E() < ke " €%

vt > t,
where k1 and ko be a positive constants.

Case 2: (G is nonlinear.
Firstly, we introduce the following function

Li(t) = L(t) + 14(2),

which is nonnegative by using Lemmas (3.4) and (4.2). Moreover, it satisfies

112 1 1
L5(t) < —(1 =) |[Abu||” = fluel? = 3 (h o BRu)(t) < ~BE®).

Hence,

B/ E(s)ds < Lq1(t1) — L1(t) < L1(t1),

this gives
“+o0
/ E(s)ds < +o0. (4.8)
0

Let now define the function I by

Hﬂ=plf

where p be a positive constant, so I(t) > 0, for all ¢ > ¢;, otherwise (4.7) leads to an exponential decay.
Furthermore, by a particular choice of p so that

2
B (u(t) — ult — s))H ds, Vt>t,

I(t) < 1. (4.9)

We also define the function A by

A(t):—/th’(s)HB%(u(t)—u(t—s))szs, .

t1
for t; small enough and by (2.15), we observe that
A(t) < —cE'(t). (4.10)
Since G is strictly convex on (0,7] and G(0) = 0, then

G(0z) <0 G(x), forsome 0€0,1] and x € (0,r].
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By using the assumption (A2), (4.9) and Jensen’s inequality, we get

M) = ]%(t) /t:w) () p || BE )~ ult - 5 s
> Z%(t) /tfut)as)G( p ||BHt) —utt — 5))| " as
> % / GU@RE [ -t - || ds

vV
‘J\ =
=
S~—
Q
7N
S
==
SN—
:\w
~
—
N
hS]

B (u(t) — u(t — s))szs)
2

- (s [l

where G is an extension of G, which is strictly increasing and strictly convex C2 on [0, +00), see Remark
(2.1). The use of this fact and since ( is a positive nonincreasing function, we obtain

/tt B(s)|| B (u(t) - u(t - 5))H2 is<t@™ (m) |

P ¢(t)
F'(t)< —m E(t) +c¢ (E)_1 <—> , V>t (4.11)

BE (u(t) — u(t — s))H2d5>

and (4.7) becomes

Let 0 < r; < r, then we define the functional F; by

At =G (rl j;igg))) F(t) + E(t),

by using (4.11) and the fact that E/ <0, G’ > 0 and G” > 0, we conclude that F} is equivalent to E and

R = n 2ie (n 20 <>+G( E((O))) 1)+ (),

—m E0)C (m E(((?)) ( ) ( ) FE®W). (412)

Let G be the convex conjugate of G in the sense of Young (see [4] pp. 61-64), which is given by

IN

G'(s)=s (6) 5)-C [(G ) (s)] (4.13)
and it satisfies the following Young’s inequality
AB <G (A) +G(B). (4.14)
By taking » B) A
A=G (rl E(O)) and B = (G) <T>a
and using (4.14), we obtain
— E(t)\ =\ -1 A(t) —x (=1 E(t) A(t)
7 (n 20) @ (%) < T 0 2m) + i
E(t)— E(t) — E(t) A(t)
< n 200 (0 59) -° (" 20) + S
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then, using the fact that G is nonnegative, we get

E(0) ¢(t) E(0) E(0)

Inserting (4.15) in (4.12), we arrive at

F(t) < —m E()G (7"1 g((é))) e g(((?)@’ (7"1 g(?)) e 22O L gy,

)
then, multiplying by ((¢) and using (4.10) and the fact that, as rl% <, G (7"1 %) =G’ (rl %)
to obtain

COF0) < -m COBOG (i T +er (OIS (rn ot ) — e ')

On the other hand, the functional F» = (F} + cE is equivalent to E which means for some v, and 7y,
we have

Y1 Fa(t) < E(t) < v Fa(t), (4.16)

and under a suitable choice of 1 and for a positive constant k, we find

F(t) < —k C(t)%(l’ (1"1 %) — k C()Ga (%) , (4.17)

where Ga(t) = tG'(r1t). Since G4(t) = G'(r1t) + r1tG" (r1t), and using the strict convexity of G on (0, r],
we find that G2, G5 > 0 on (0, 1]. Finally, with

_ B()
- 71 E(O) )

R(t)
then, by using (4.16) and (4.17), we have R ~ E and for some positive constant ks, (4.17) gives

R(t) < —k3 ((t)Ga(R(t)), Vt >t

A simple integration over (t1,t), we find

b _R(s
GQR d8>/€3/<

Since r1 R(t1) < r, we obtain

TlR(tl
Gk = [ TGy 2k / ((s)ds.

Using the fact that Gy is strictly decreasing function on (0, 7] and lim—,0 G1(t) = +00. Then

t
R < Lar (/c ¢<s>ds) ,
Tl tl

consequently, by using the fact that R is equivalent to E, the stability estimate (4.5) is established. This
completes the proof. O

Remark 4.1. The decay rate of E given by (4.1) is optimal in the sense that it’s consistent with the
decay rate of h given by (2.4) where (4.4) and (4.5) provide the best decay rates expected under the very
general assumption on h.



16 H. CHELLAOUA AND Y. BOUKHATEM

Example 4.1. Assume that (A2) holds with G(s) = sP, where 1 < p < 2. Then, the decay rate of E is
given by

ce=0Jo <@ if p=1
E@t) < . =L / (4.18)
Co (1 + fo C(s)ds) , if 1<p<2.

In this example, we can show that h not be necessarily of exponential or polynomial decay but under
general assumption on the relazation function h which gives a much larger class of functions h, the
uniform stability of the system (1.1) is established with an explicit formula of the decay rates of the
energy.

For more examples of relaxation functions and the decay rates of the energy, see [29,6,8].

5. Applications

We can seek our result in many problems. In this section, we present only three applications. Let
be a bounded and regular domain of R™, with n > 1.

5.1. More general model
Our first application is the abstract system (1.1) with more general form
ug (t) + Au(t fo (t — s)Bu(s)ds + C1Ciu(t) + CoCius(t — 1) = F(u(t)), t € (0,400),
Czut(t—T) fo(t—T) te(0,7),
u(0) = ug, u(0) = uq,
(5.1)

where C; : W; — H be bounded linear operators and W; be real Hilbert spaces with norm ||.||w;,.
Moreover, we assume that

30<p<l, [|Cully, <plClully,, Yue H. (5.2)

5.2. Wave equations

We consider the following equation

ug(t) + Au(t) + fo (t — s)Au(s)ds + pyue(t) + pour(t — 7) = |u(t)|"u(t), t e (0,400),

u(z,t) =0, z € 08, (5.3)
u(0) = ug, u(0) = uy, x € Q, '
Ut ( ) fO(t ) te (077-)7

with initial data (ug,u1, fo) € [H2(Q) N HL(Q)] x HE(Q) x H(—7,0; L?(2)) and ~ be a positive number.
Our results hold with H = L?(Q) and the operators A, B are given by

A:D(A) — H :uws — Z 8( (x)%),

i,5=1
B:D(B) — H :u— —Au,
where D(A) = D(B)) = H*(Q) N H}(Q). a;; € CH(Q), is symmetric and

n

Ela‘() > Oa Z al](x)<J<1 2 CL0|<|2, S ﬁa < = (Clv U aCn) € R™.

i,j=1

: : . : - 2
The function F(u) = u|u|” satisfies the assumption (A3) with 0 < v < —=5
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5.3. Coupled systems
We can also consider the following coupled systems with Dirichlet condition:

t

wy(t) — aAw(t) + /0 h(t — s)div(ay(x)Vw(s))ds + pwe(t) + powe(t — 1)
+v(t) = fi(w(l)), t € (0,+00),
v (t) — BAv(t) + / h(t — s)div(az(x)Vu(s))ds + pyve(t) + pove(t — 7)
0 (5.4)
+dw(t) = fa(v(t)), t € (0, 400),
w(z,t) =v(z,t) =0, x € 09,
UJ(O) = Wo, U(O) = o, T € Q,
UJt(O):U)l, ’Ut(O):’Ul, Z‘EQ,
we(t —7)=1lo(t —7), w({t—7)=mo(t—7) te(0,7),

where o and 3 are positive constants, ai, az € C1(Q), ai(z), az(z) > 0. The above system is
equivalent to (1.1) where u = (w,v), fo = (lo,mo) and H = (L*(Q2))? with

((wy,v1), (wa,v2)) = / wywa + v1vodx.
Q

We take D(A) = D(B)) = (H*(Q) N H}(2))? and the operators A, B are given by
Au = —(aAw, BAV) + d(v, w),

Bu = —(div(ai(x)Vw), div(az(z)Vw)).
The function Fy(u(t)) = (f1(w(t)), f2(v(t))) satisfies (A3).

Conclusion

In conclusion, this work improves the previous results; we have considered a semilinear abstract
second-order viscoelastic equation with time delay. For a much larger class of kernel functions, we have
established explicit and general decay results of the energy solution by introducing a suitable Lyapunov
functional and some properties of the convex functions. Moreover, we have given some applications in
particular case of Hilbert space.
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