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Abstract

In this paper we consider the semilinear viscoelastic equation
t
uy — Au +/ g(t — 7)Au(r)dr =0,
0
in a bounded domain, and establish a general decay estimate for weak solutions.
This result generalizes and improves earlier ones in the literature.
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Introduction
In this paper we consider the following problem
¢
u(x,t) — Au(z, t) + [ g(t — 7)Au(z, 7)dT =0, in Q x (0, 00)
0

w(z,t) =0, x€9Q, t>0
u(z,0) = ug(x), ulx,0)=ui(z), =€,

where 2 is a bounded domain of IR" (n > 1) with a smooth boundary 92 and g is a
positive nonincreasing function defined on IR". Cavalcanti et al. [5] studied (1.1) in
the presence of a localized damping cooperating with the dissipation induced by the

viscoelastic term. Under the condition

—&19(t) < g'(t) < —=&y9(t), t >0,

with ||g|[£1((0,00)) sSmall enough, they obtained an exponential rate of decay. Berrimi et
al. [2] improved Cavalcanti’s result by showing that the viscoelastic dissipation alone
is enough to stabilize the system. To achieve their goal, Berrimi et al. introduced a
different functional, which allowed them to weaken the conditions on g as well as on
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the localized damping. This result has been later extended to a situation, where a
source is competing with the viscoelastic dissipation, by Berrimi et al. [2]. Cavalcanti
et al. [6] considered

uy — koAu + /div[a(w)g(t — 7)Vu(r)ldr + b(z)h(u) + f(u) =0,

under similar conditions on the relaxation function g and a(z) + b(z) > 6 > 0
and improved the result in [5]. They established an exponential stability when g is
decaying exponentially and h is linear and a polynomial stability when ¢ is decaying
polynomially and h is nonlinear. Though both results in [1] and [6] improve the
earlier one in [5], the approaches are different. Another problem, where the damping
induced by the viscosity is acting on the domain and a part of the boundary, was
also discussed by Cavalcanti et al. [5]. An xistence and uniform decay rate results
were established. A related problem, in a bounded domain, of the form

t
|ue|Pug — Au — Auyy + / g(t — 1) Au(r)dr — yAu, = 0, (1.2)
0

for p > 0, was also studied by Cavalcanti et al. [4]. A global existence result for v > 0,
as well as an exponential decay for v > 0, has been established. This last result has
been extended to a situation, where a source term is competing with the strong
mechanism damping and the one induced by the viscosity, by Messaoudi and Tatar
[8]. In their work, Messaoudi and Tatar combined the well depth method with the
perturbation techniques to show that solutions with positive, but small, initial energy
exist globally and decay to the rest state exponentially. Furthermore, Messaoudi
and Tatar [11], [12] considered (1.2), for v = 0, and established exponential and
polynomial decay results in the absence, as well as in the presence, of a source term.
We also mention the work of Kawashima and Shibata [7], in which a global existence
and exponential stability of small solutions to a nonlinear viscoelastic problem has
been established.
For nonexistence, Messaoudi [9] considered

¢
Uy — Au + /g(t — 7)Au(7)dT + aut|u|™ = blu|"u, in Q x (0, 00)
0

and showed, under suitable conditions on g, that solutions with negative energy blow
up in finite time if v > m and continue to exist if m > . This blow-up result has
been pushed to some situations, where the initial energy is positive, by Messaoudi
[10]. A similar result has been also obtained by Wu [13] using a different method.

In the present work we generalize our earlier decay result to solutions of (1.1).
Precisely, we show that the solution energy decays at a similar rate of decay of the
relaxation function, which is not necessarily decaying in a polynomial or exponential
fashion. In fact, our result allows a larger class of relaxation functions. The paper
is organized as follows. In Section 2, we present some notations and material needed
for our work and state a global existence theorem, which can be proved following
exactly the arguments of [5]. Section 3 contains the statement and the proof of our
main result.



2 Preliminaries

In this section we present some material needed in the proof of our main result. Also,
for the sake of completeness we state, without a proof, the global existence result of
[5] and [6]. We use the standard Lebesgue space LP(£2) and the Sobolev space H}(£2)
with their usual scalar products and norms.

For the relaxation function g we assume
(Gl) g : Ry — IR, is a differentiable function such that

[e.o]

g(0)>0, 1 —/g(s)dsz [ > 0.

(G2) There exists a differentiable function ¢ satisfying

g'(t) < —=&(t)g(t), t >0,

g'(t) /
£(t) ‘ <k &t)>0, @) <0, Vi>0.

Remark 2.1.There are many functions satisfying (G1) and (G2). Examples of such
functions are

g(t) = a(l+1t)", v<-1
g(t) = aeP™V 0 <p<1.

for a and b to be chosen properly.
Remark 2.2. Since ¢ is nonincreasing then £(t) < £(0) =
Remark 2.3 Condition (G1) is necessary to guarantee the hyperbolicity of the system

(1.1).
Proposition Let (ug,u;) € Hy (Q) x L* () be given. Assume that g satisfies (G1).
Then problem (1.1) has a unique global solution

ueC ([0, 00);Hy (), weC ([0, 00);L* (D). (2.1)

We introduce the "modified” energy functional

it (1—/9 )Hw OB+ 5l + 500 V), (22

where

g(t — 7)||v(t) —v(7)||3dT. (2.3)

(gov)(

O\w



3 Decay of solutions
In this section we state and prove our main result. For this purpose we set
F(t) == E(t) +e1P(t) + e2x(?), (3.1)

where £, and &5 are positive constants and

U(t) = E@) / wusd (3.2)

Q

x(t) = =€) [w [ gt = )(u(t) — u(r)drda.

Q

Lemma 3.1 If u is a solution of (1.1), then the "modified” energy satisfies

£(t) = 50’ o Vu)(t) ~ 59| Vu(t)|” < 5o 0 Vu)() <0. (33)

Proof. By multiplying equation (1.1) by u; and integrating over €2, using integration
by parts, hypotheses (G1) and (G2) and some manipulations as in [9], we obtain (3.3)
for regular solutions. This inequality remains valid for weak solutions by a simple
density argument.

Lemma 3.2. For u € H}(Q), we have

/ ( ot =) - u(r))dr> dz < (1= 1)C (g0 Vu)(b)

where C,, is the Poincaré constant.
Proof.

2

/ (/tg(t —7)(u(t) — u(T))dT) dr = / (/t \/g(t — T)\/g(t — 7)(u(t) — U(T))dT) do.

By applying Cauchy-Schwarz inequality and Poincaré’s inequality, we easily see that

t g(t — 7)(u(t) —u(r))dr | dx
i )

< Q/ (O/Q(t - T)dT) (0/g(t —7)(u(t) - U(T))2d7'> dz < (1—1)C%(g 0 Vu)(t).

Lemma 3.3. For ¢, and 5 small enough, we have

a1 F(t) < E(t) < axF(t) (3.4)
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holds for two positive constants ay and as.
Proof. Straightforward computations, using Lemma 3.2, lead to

F() < E) + (/2 €0) [ [uPda + (e1/2) €0 [ [ do

+ (e2/2)£(1) / |ue|*dz + (22/2) (1) / (bf g(t = 7)(u(t) - u(T))dT> dx
< E() + [(e1 +22) /2 M [ |we?dz + (e1/2) C2M [ |Vu|* dz
+ (e2/2) C2M(1 2 )(goVu)(t) < 0425(15()2.
Similarly,
F(t) > &£(t) - (51/2)5“)({ w2z — (51/2)5@)05({ [Vl dz
—(e2/2)¢ (t)hf |w*dz — (e2/2) () CH(1 = 1)(g 0 Vu)(t)
> +[5— M(e1+ ) /2 [ dz + (5 = M (1/2) ] | \Vul® dz

+[3 — M (£2/2) C2(L = D](g o Vu)(t) > a1&(1),

for e; and e; small enough.
Lemma 3.4 Under the assumptions (G1) and (G2), the functional

U(t) = f(t)/uutdx
O
satisfies, along the solution of (1.1),
202

z
1+ Tp] £(t) Q/ufdx - Z£0) Q/ Vul?dz +

(1-10

"(t) <
Vi) = 21

Proof.
By using equation (1.1), we easily see that

V() = &) / (wtgy + u2)dz + (1) / wisgdee

Q Q

= &) [uide =€) [ |VuPda
Q Q

+§(t)/Vu(t)./tg(t — 7)Vu(r)drdz —i—ﬁ/(t)/uutdac.

Q

We now estimate the third term in the RHS of (3.8) as follows:

§(t)(g o Vu)(t).

(3.5)

(3.8)

Q/ Vu(t). O/t gt — 7)Vu(r)drde < % Q/ V() 2 + % ! ( j ot — T)yvu(T)ydT) da

< %Q/Wu(t)\?czmég/ (O/g(t—T)(yvu(T) V() +\Vu(t)\)d7> dr.
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We then use Lemma 3.2, Young’s inequality, and the fact that
t 0o

fg(T)dr < [g(T)dT =1—1, to obtain, for any n > 0,

0 0

/ ( / g9t = 7)(|Vu(r) = Vu(t)] + ]Vu(t)\)dr) da (3.10)

< <0ftg(t — (| Vu(r) - Vu(t)\d7>2 dz + f (fg(t - T)\Vu(t)]d7>2 da
+2) (bfg(t — ) (|Vulr) - Vu(t)|d7'> (

2 " 2

<1+ n)gj)’ (({tg(t — T)\Vu(t)]d7> dr + (1 + %)g{ g’g(t —7)(|Vu(r) — Vu(t)|dr | dx
< (14 3)(1 = (g0 Vu)(t) + (1 +0)(1 = U2 [ |Vu(t)Pde.

g(t — T)|Vu(t)|d7'> dx

“ Now 0

By combining (3.8)-(3.10) and using
1
2 2 A2

/uutdx < aC’p/\Vu\ dx + o /utd;v, a>0,

Q Q Q
we arrive at

, 1. 1
€() [ wtde+ 50+ 21— DE@) g0 Tu)(1)
Q

't)

§(t)

%xl—naw@ovwa>

1 e
P* A0

(1) »
_% l1_(1+n)(1—z)2_2

IN

I

aCﬁ] £(t) / Vu())?de  (3.11)

< [1 + ik] £(t) /ufdx + %(1 +
Q

_% 1= (101 =12 = 2kaC2] £(0) [ [Vu(t)d.

By choosing n = 1/(1 — 1) and a = 1/4kC?, (3.7) is established.
Lemma 3.5 Under the assumptions (G1) and (G2), the functional

() = —€(t) / " / gt — 7)(ult) — u(r))drde
Q 0
satisfies, along the solution of (1.1),

(1) < 6e(t) [1+2(1 -1 / IVu(t)2dz

2

+ [{25 + 2_16}(1 -0+ %k] £(t)(g o Vu)(t) (3.12)

2D caer) (~(o o V) 1) +

8(k+1) — /g(s)ds] g(t)/ufdx, 5> 0.

Q
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Proof. Direct computations, using (1.1), yield

X() = / " / gt —7)( )drds
<0 [ Ojg (¢ = 7)(utt) — u(r)drds — €00 ( O]g@ds) [
//g (¢ = 7)(u(t) — u(r)drds
= £(t)/VU(t) (O/tg(t—T)(VU( ) — VU(T))dT> dx (3.13)

/(/tgt—TVu ) (/tgt—T(Vu() Vu(T))dT)dx

0

) [ / gt — T)(ult) — u(r))drdz — £(t) ( / g(s)ds) [ utda

- (t)/ut/tgt—T 7))drdx.

Similarly to (3.8), we estimates the RHS terms of (3.13). So, by using Young’s
inequality, the first term gives

/Vu (/g (t —7)(Vu(t) — Vu(7’))d7’> dx (3.14)

< 5/]Vu]2dx+4—5l(gOVu)( t), Vé6>0.

Similarly, the second term can be estimated as follows

] ( bf gt — s)Vu(s)ds) . ( bf gt — 5) (Vu(t) — Vu(s)) ds) do

Oft gt — s)Vu(s)ds' do+ 4 ' Of gt — 5) (Vu(t) — Vu(s)) ds

2
dz

= <0ftg(t — 8§ (IVu(t) = Vu(s)| + [Vu(d))) ds> do

2

(3.15)

] bf ot — ) (Vult) = Vu(s)) ds| da
< (26 + 4—15>§£ <0ftg(t —8) |Vu(t) — Vu(s)| ds) dx +26 (1 — l)i{ \Vu|? dz
< (26+ 25) (1= D) (go Vu)(t) +26(1 1)2£{ Vul? da.
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As for the third and the fourth terms we have

- / s 0/ gt — ) (u(t) — u(r))drdz < § g[ g |? dr — %Cg(g/ o Vu)(t).  (3.16)

0
and

2

/uto/g (t — 7)(u(t) — u(r))drdx <6/|ut| dx + Z(S (g o Vu)(t). (3.17)

By combining (3.13)-(3.17), the assertion of the lemma is established.

Theorem 3.6 Let (ug,u;) € Hy () x L? () be given. Assume that g and & satisfy
(G1) and (G2). Then, for each ty > 0, there exist strictly positive constants K and
A such that the solution of (1.1) satisfies

E(t) < Ke Mot@E sy (3.18)

Proof
Since g is positive and g(0) > 0 then for any ¢, > 0 we have

t 0
/g(s)ds > /g(s)ds = go > 0, Vit > to. (3.19)
0 0

By using (3.1), (3.3), (3.7), (3.12) and (3.19), we obtain for ¢ > to,

Fl(t) < - [82{90 514 E)} — e (1 + k?gﬂ f(t)g/ufdx

s - =2 czary(f o vu(
_ H - exd {1+ 201 - %) 07l (3.20)

2

N (% pea(24 2 ) -+ k) £(1)(g 0 Vu) (1)

At this point we choose 6 so small that

1
—(S(l—f‘k) > 590

1

202~ J0-
k sz)

é5[1+2(1—l)2} < T

[

Whence 6 is fixed, the choice of any two positive constants €, and €5 satisfying

g0 90

még <egr < k202>

€2 (3.21)
2 (142




will make

k2C?
kl : 262{90—6(1+k)}—81<1+ lp)>0
. _61[
ky _I—525[1+2(1—1)}

We then pick €1 and e5 so small that (3.4) and (3.21) remain valid and, further,
2

(1 90, 1 &
kg._<2—2450 ) <l+52{26+26>(1—l)—5246k>0

Hence

(3 - =222y o vun (3.22)

. (% rea (204 215> ) +e2j;k) (1) (g 0 Vu)()

IN

_{ _ 2_02M}//5 )g(t — 7)|Vu(r) — Vu(t) 2drda
# (2D e (20 215) (1= 0+ 2 2K) €l o Tu)e)
< —ksg(t)(g o Vu)(t),

since ¢ is nonincreasing. Therefore, by using (3.4), (3.20), and (3.22), we arrive at

F'(t) < =B1€(0E() < =Bran&(H)F(t) V= to. (3.23)

A simple integration of (3.23) leads to

F(t) < Flto)e ™ ot vy > g, (3.24)

Thus (3.4), (3.24) yield

E(t) < anF(to)e 1 ot — g i €08 gy sy (3.25)

This completes the proof.

Remark 3.1 This result generalizes and improves the results of [1], [2], [5] and [6].
In particular, it allows some relaxation functions which satisfy ¢’ < —ag”, 1 < p < 2.
This improves early works [2] and [6], where it is assumed that 1 < p < 3/2.
Remark 3.2 Note that the exponential and the polynomial decay estimates, given
in early works [1], [2], [5] and [6], are only particular cases of (3.25). More precisely,
we obtain exponential decay for £(t) = a and polynomial decay for £(t) = a(1+1t)~!
where a > 0 is a constant.

Remark 3.3 Observe that our result is proved without any condition on ¢” and g
unlike what was assumed in (2.4) of [6]. We only need g to be differentiable satisfying
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(G1) and (G2).

Remark 3.4 Estimates (3.18) are also true for ¢ € [0,¢y] by virtue of continuity and
boundedness of £(t) and £(t).

Remark 3.5 A similar result can be established for the semilinear problem

¢
ug(z,t) — Au(z,t) + Ofg(t — 7)Au(z, 7)dT + bluP"2u(x,t) = 0, in Q x (0,00)

u(z,t) =0, x € 00 ,t >0
u(z,0) = ugp(x), u(x,0) =uy(z), x € Q,
(3.26)
where b >0and 2 <p<2(n—-1)/(n—2),ifn > 3.
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