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GLOBAL EXISTENCE AND ASYMPTOTIC BEHAVIOR OF
SOLUTIONS TO THE VISCOELASTIC WAVE EQUATION WITH A
CONSTANT DELAY TERM *

Melouka Remil and Ali Hakem

Abstract. In this paper, we investigate the following viscoelastic wave equation with
a constant delay term

u'(z,t) — koAu + a/(; g(t — 8)Au(x, s)ds + p1 (v’ (x,t) + pe(t)u' (z,t —7) =0

in a bounded domain and under suitable assumptions. First, we prove the global
existence by using Faedo-Galerkin procedure. Secondly, the multiplier method is used
to establish a decay estimate for the energy, which depends on the behavior of a and g.
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1. Introduction

This paper is concerned with the following Cauchy problem of the form

u(x,t) — koAu + 04/0 g(t — s)Au(z, s)ds

+p1 () (z,t) + pe(t)u/ (z,t — 7) = 0, on 2x]0, +o00[
(1.1) u(z,t) =0, on 90x]0, +o00[

u(z,0) = uo(x), ut(x,t) = ur(x), on Q

up(z,t —7) = folz,t — 1), on Qx]0,¢[

Where Q is a bounded domain in IR" (n € IN*) with a smooth boundary 9. The
initial data wg, u1, fo belong to a suitable space. Moreover, 7 > 0 is the time delay
term and pq, po are real functions that will be specified later. Furthermore, kg is
a positive real number and ¢ is a positive non-increasing function defined on IR™.
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In recent years, the PDEs with time delay effects have become an active area
of research. Many authors have focused on this problem ( see [1],[16],[17],[2],[3],[4],

[5],(81,[9],[10])-

The presence of delay may lead to a source of instability. In [2] for example,
R. Datko, J. Lagnese and M. P. Polis proved that a small delay may destabilize a
system.
S. Nicaise, C. Pignotti studied in [8] the wave equation with a linear internal damp-
ing term with constant delay and determined suitable relations between po and
1 > 0 in which the stability or alternatively instability takes place.

After that, they studied in [11] the stabilization problem by interior damping
of the wave equation with boundary or internal time-varying delay feedback in
a bounded and smooth domain. By introducing suitable Lyapunov functionals,
exponential stability estimates are obtained if the time delay effect is appropriately
compensated by the internal damping.

It is worth mentioning that recently Z. Y. Zhang et al. [14] have investigated
global existence and uniform decay for wave equation with dissipative term and
boundary damping under some assumptions on nonlinear feedback function. They
have obtained the results by means of Galerkin method and the multiplier technique.
More precisely, they introduced a new variables and transformed the boundary value
problem into an equivalent one with zero initial data by argument of compacity and
monotonicity. More details are present in [14]. Later on, Zhang et al. [21] studied
the wellposedness and uniform stability of strong and weak solutions of the nonlin-
ear generalized dissipative Klein-Gordon equation with nonlinear damped boundary
conditions. Also, the authors proved the wellposedness by means of nonlinear semi-
group method and obtain the uniform stabilization by using the perturbed energy
functional method. In another works, Zai-Yun Zhang and al ([20],[14],[15]) consid-
ered a more general problem than (1.1). Their proof of the existence is based on
the Galerkin approximation. For strong solutions, their approximation requires a
change of variables to transform the main problem into an equivalent problem with
initial value equals zero. Especially, they overcome some difficulties, that is, the
presence of nonlinear terms and nonlinear boundary damping bringing up serious
difficulties when passing to the limit, by combining arguments of compacity and
monotonicity.

F. Tahamtani and A. Peyravi [12] investigated the nonlinear viscoelastic wave
equation with dissipative boundary conditions:

'’ — koAu + Q/Q(t — 8)div[a(s)Vu(s)]ds + (k1 + b(z)|[u'|"?)u' = [uP|u

They showed that the solutions blow up in finite time under some restrictions on
initial data and for arbitrary initial energy in some case. In another case, they
proved a nonexistence result when the initial energy is less than potential well
depth.
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Wenjun Liu in [6] studied the weak viscoelastic equation with an internal time-
varying delay term

u’(x,t) — koAu + aft) /g(t — s)Au(x, s)ds + apu/(z,t) + aru’(z,t — 7(t)) =0

in a bounded domain. By introducing suitable energy and Lyapunov functionals, he
establishes a general decay rate estimate for the energy under suitable assumptions.
A. Benaissa, A. Benguessoum and S. A. Messaoudi [1] considered the wave equation
with a weak internal constant delay term:

u’(z,t) — Au+ pr(t)u' (2, ) + pe(t)u’(x,t —7) = 0 on [0, +00[

In a bounded domain. Under appropriate conditions on u; and peo, they proved
global existence of solutions by the Faedo—Galerkin method and establish a decay
rate estimate for the energy by using the multiplier method.

However, according to our best knowledge, in the present paper, we have to treat
Eq.(1.1) with a delay term and it is not considered in the literature. The proof of
the existence is based on the Galerkin approximation.

The content of this paper is organized as follows. In Section 2, we provide
assumptions that will be used later. We state and prove the existence result. In
Section 3, we establish the energy decay result that is given in Theorem 4.1.

2. Main results

In the following, we will give sufficient conditions and assumptions which guarantee
that the problem 1.1 has a global solution.

(H1) g is a positive bounded function satisfying:

(2.1) ko—a/tg(s)ds=l>0, a>0,
0
and there exists a positive non-increasing function 7 such that for ¢ > 0 we have
(2.2) g'(t) < —n(t)g(t), n(t) >0
(H2) p1 is a positive function of class C! satisfying:
(2.3) i (t) < M, M >0

(H3) pg is a real function of class O such that:

(2.4) p2(t) < Bui(t), 0<p<1

We also need the following technical Lemmas in the course of our investigation.
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Lemma 2.1. (Sobolev-Poincare’s inequality). Let 2 < p < 2" . The inequality
(2.5) lully < ColIVullz for we HA(®)

holds with some positive constant Cs.

Lemma 2.2. [7] For any g € C* and ¢ € H}(0,T) we have

26) / /Q (t — s)pprdrds = —% (1(9 0 ¢)(t) — %/Otg(s)dsngb@)

( Mellz + (g ° P)(t)

(g0 B)(t //t—sms o(t) 2dz ds

Lemma 2.3. [7] Let E:IRY — IR™ be a non-increasing function and
¢:RT = IRT a strictly increasing function of class C' such that

where

¢(0) =0, ¢(t) > 400 when t— 400

Assume that there exist p > 0 and w > 0 such that

“+oo 1
VS >0, / EPTH(t)g/ (t)dt < ~[E(0)PE(S),
S w

then E has the following decay properties
if p=0 then E(t) < E(0)e!~«?®)  vt>0

ifp>0then E(t) < E(O)(le;(f(t)), V>0

In order to prove the existence of solutions to the problem (1.1) we introduce as in
[8] the unknown auxiliary
2(z,p,t) =u' (v, t —71p), €, pe(0,1), t>0
Then we have

th(iE, P t) + Zp(xv 12 t) = O
Therefore, the problem (1.1) takes the form

t
u”(z,t) — koAu(x,t) + a/ g(t — s)Au(x, s)ds
+pa () (m,8) + pa(t)2(x, 10, t) =0, on 2x]0, 00|

(2.7) (T, p,t) + zp(w, p,t) =0 xeNpe(0,1),t>0
u(z,t) =0, on 0§2x]0, +o0[
u(z,0) = up, v (x,t) = uy, on
z(z, p,0) = fo(z, —7p) on 2x]0, ¢
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Now, we are in the position to state our main result, namely the theorem of global
existence.

Theorem 2.1. Let (ug, u1, fo) € H(Q)xIL*(Q)x L (2% (0, 1)) be given. Assume
that assumptions (H1) -(H3) are fulfilled. Then the problem (2.7) admits a unique
global weak solution (u, z) satisfying

u € C([OvT);Hé(Q))v u' € C([OuT);H(%(Q))v z € C([0,T); I[P(Q x (0,1))

To prove this theorem, we need the following lemma. First, we define the energy
associated to the solution of the problem (2.7) by

1 ko « ¢
B0 = 313+ (5 = § [ ateas) 19ul

(2.8) 1
+56o V00 + 560 [ [ e tapa

Where € is non-increasing function such that

(2.9) TB<(<T(2-0), t>0

Where  £(t) = Cpun ().

Lemma 2.4. Let (u,z) be a regular solution of problem (2.7). Then the energy
functional defined by (2.8) satisfies

20) <~ () - 2 20) e gy 2

_(ﬁ_m_(f)
2T 2

(2.10)
)z, 182 <0

Proof. Multiplying the first equation in (2.7) by wu/(z,t), integrating over {2 and
using Green’s identity we obtain

1d
2dt

— a/otg(t —s) /Q Vu(z,s)Vu'(z,t)dzds = 0

(1013 + kol V) + o (0013 + a®) | w1, )
(2.11) @

We simplify the last term in (2.11) by applying the lemma 2.2, we get

t
- a/ g(t — s)/ Vu(z, s)Vu'(z,t)dzds = gi(g o Vu)

d t
=500 0V + 59OVl =55 | gls)ds|Vul

(2.12)
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Replacing (2.12) in (2.11) we arrive at
ko « t 2 .y
LI+ (2~ 2 [ gts)ds) IVull3 ~ 290 Vu)) = 2(¢' o Vu(1)
dt 2 2/ 2 2
(2.13) )
= 3OITul = a1 = att) [ 1,0

Multiplying the second equation in (2.7) by (T)Z, where £(t) satisfies (2.9) and
integrating over Q x (0, 1), we obtain

(2.14) 5 dt// (x,p,t dpd:c—l——// 2(x, p,t)dxdp = 0

which gives
1 d 1 It 1

_ &) /Q 2%(x,1,t)dx + ? /Q u?(x,t)dz =0

(2.15)

2T T

A combination of (2.13) and (2.15) leads to
d t
(1 + (o —a [ go)is)|7ulp)

%( (g0 Vu) + &(t /Q/ (z,p,t dpdx)

a 1
5(9 o Vu) = 59(s )IVall3ds — pr (8)]|ur, |l5ds — pa(t) /QZ(%LS)U’dI

SOl £) £(t)
2 - - 2 12
+ 2 /Q/o (@ p t)dpde 27 ,/QZ (,1,t)dz + 27 /Qu (x,t)dx

Using the definition (2.8) of E(t), we deduce that

(1) = gow—igunwnz i (1) [, | 3ds

2(

(2.17) —ug(t)/Q 2(z, 1, s)u'dz + // (z, p, t)dpdx
—%/Szzz(x,l,t)dw—i-%/ﬂua(:v,t)dx

Due to Young’s inequality we have
« 1 t t
(1) < 2(9' 0 Vu) - Lo)|Vulds - (m(0) ~ 22— 20 e 2

2T 2
(0 =0y o1,

(2.18)
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Using the assumption (2.9) for £(¢) we see that

01:u1<t>—%—”22(t) >0, 02:%—“22“) >0,
then we easily deduce that
o 201) < () - 52— E20) e gy 2
(29 20y .12 < 0

This completes the proof of the lemma. O

3. Global existence
We will use the Faedo-Galerkin method to prove the global existence of solu-
tions. Let (wn)new be a basis in H(2) and W, be the space generated by
W1, .oy Wy, n € IN. Now, we define for 1 < i < n the sequence p;(x,p) as fol-

lows @;(x,0) = w;(z).Then, we may extend @;(z,0) by @;(x, p) over (IL? x [0,1])
and denote V,, to be the space generated by ¢, ...,on, n € IN.

We consider the approximate solution (un(t), z,(t)) as follow for any given ¢

Un (t) = Z Cin (t)wi? Zn(t) = Z Tin (t)SDi
=0 =0

which satisfies

t
/ux(t)widx—ko/ Aun(t)widx—i—a/ g(t—s)/ Ay (s)w;dzds
Q Q 0 Q

(3.1)
) [ wide +paft) [ aale1 e =
Q Q
and
(3.2) / (Tznt(z, p, t) + 2np(z, p, t))pide = 0.
Q

The system is completed by the initial conditions:

un(0) = Zcm(O)wi —wuy in Hy(Q) when n — oo
i=0

ul, (0) = Zc;n(())wZ —wuy in HJ(Q) when n— oo

n
1=0
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= Zﬁn(o)%‘ — fo in IL?(Qx(0,1)) when n — oo
=0

Then the problem (2.7) can be reduced to a second-order ODE system and we
infer that this problem admits a unique local solution (uy(t), z,(¢)) in [0, t,[ where
0 < t, < T. This solution can be extended to [0;T[, 0 < T < 400 by Zorn lemma.
In the next step we shall prove that this solution is global.

1. First estimate. Multiplying the equation in (3.1) by ¢, (¢) and summing
with respect to ¢ we obtain

/Qu;;(t)u;(t)dx + ko /Q YV, (t)Vu, (t)dr — a/o g(t —s) /Q YV (s)Vu,, (t)dzds
+ pa(¢) /Q uw? (t)dx + pa(t) /Q Zn(z, 1, t)ul, (t)dz = 0,

then

k
(113 + 5 190l2) + i O + pat) [ s 1,1, 0o

DO =
Sl

(3.3) .
- a/o g(t —s) /Q Un (8)Vuy, (t)drds = 0.

We use the lemma 2.2 to simplify the last term in (3.3)

¢ , ad
" - 04/0 g(t —s) /Q un (t)Vu,, (t)dxds = §d—(g o Vuy)(t)
2 o VU0 + SOV - 54 [ o(o)isI T

Replacing (3.4) in (3.3) and integrating over (0,t) we arrive at

1 /2 ko « t
sl + (3 =5 | oas) 190l = Gl o V)0
3.5 _g K / l ! 2 ! 712
(35) =5 [ (¢ oVu)(s)ds+35 [ g()[Vunlds + | pu(s)lu,3ds
0 0 0

t 1 k
4 [ ats) [ oyt 0dads = Fnall + 51Vl
0 Q 2 2

Multiplying the equation (3.2) by 7, (¢), summing with respect to ¢ and inte-
grating over 2 x (0, 1), we obtain

(3.6) // dpdx—l——// 2(x, p, t)dzdp = 0,
2 dt Jq ad
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which gives

(3.7) %dtét // 2(z, p, t)dpda — € (f)/Q/Olzi(w,p,t)dpdx

£(t) £(t) 2 B
+5= 97 / 2(w, 1, t)dw — ?/Qun(x,t)dx—o.

Integrating (3 7) over (0,t) we get

e [ [ 2tendots— [ [ [ €0s2eniin]

(3.8) / Q{ 2(z,1, s)dxds

1 / [ ez anas = Sz
T Jo Ja

Combining (3.5) and (3.8) we find

1, , .9 ko a/t 5 1 //1 )
- (2= ds) || Vun||% + =~£(t .0, t)dpd

+ 50 vu)0 =5 [0 Vu)@ds+ 5 [ o)Vu s
39+ [ s+ / pa(s) [ 1,590 () dads

__// / §'(8)2 (x, p, s )dpda:ds—l——/ 22 (2,1, s)dzds
Q
>/ /Qw)u:%(w,t)d:cds:§|u1n||2+§|Vuon|2+@||fo|2

Using Holder’s and Young’s inequalities on the eighth term of (3.9) we obtain

¢ ¢
/ ,ug(s)/ 2(z,1, s)u,, (t)dzds < 1/ ,ug(s)/ 2%(x,1,8)dxds
0 Q 2 Jo Q

1 t
+—/ ug(s)/ u? (t)dxds
2Jo Q
Then the equation (3.9) takes the form
a [t I 9
Bat) = 5 [ (4o Vun)()ds +5 | g(s)]|Vun3ds
0 0
t
&(s) _ p2(8) 12
+ (u1<s>—7 120 o s

// / € (s)22(x, p, s)dpdads

+/0 (% B u22(s)) /in(x,l,s)da:ds < B, (0),

(3.10)

(3.11)
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where
1 k a [*
B = gl + (3 =5 [ o(s)ds) 193
0
(3.12) ) .
+ 5o Vu)0 + 560 [ [ wp.00dpds,
2 2 aJo
and
1 k £(0
(313) 5.(0) = glunal + 22 vugn? + £ 1

Since ugy, U1p, fo converge, we can find a constant L; > 0 independent of n
such that

1 k a [*
S+ (=5 [ ote)ds) |vu
(3.14) 10 .
+ %(g o Vuy,)(t) + 55@‘)/ / 22 (x, p,t)dpdr < Ly.
QJ0

So this estimate gives
uy, is bounded in 1.2(0, c0; H} ()

u!, is bounded in IL°°(0, oo; H(Q2))

2y, is bounded in IL*°(0, oo; L() x (0,1)).

. Second estimate. Multiplying the first equation in (2.7) by u//(¢) and sum-

ming with respect to ¢ we obtain
@)+ ko [ Tun()Vt)do
Q
t
(3.15) - a/ gt — s)/ Vo, (8)Vul (t)dxds
0 Q

+ g1 ()|, (8) |7 + pa (2) /Q (@, 1, )y, (t)dw = 0

Exploiting the Holder’s, Young’s and Poincaré’s inequalities and the assump-
tions (H1), (H2) we have the following estimates

k
(316) [k | Vun()Vui@)dr| < Bonl| V(1)1 + 3 V(1)

o) ’ — a/otg(t —s) /Q Vun(s)VuZ(t)dxds‘ < an||Vul(t)3
3.17

(ko Z) /t 2
+ Vun,(s)||5ds
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M

(3.18) ‘ug(t)/zn(x,l,t) " dx‘<0577|\Vu”()H2 i 22(z,1,t)dz
Q

Q

Substituting these three estimates into (3.15) and using (3.14) we deduce that

[l ()% + pa (2) /Ilu (s)[7ds < (ko + o + Cs) |V ()13

(3.19)
(2k0—l ﬁM/ (o.1,0)d

We easily get the estimate

2ko — 1 BM
u!(t 2ds<( 0 +M+—)L
20) i ()as < (= ) o
+ (ko + o+ C5) ||Vl (t)]|2
Choosing 1 > 0 small enough in (3.20), we obtain the second estimate below

(3.21) lun @13 < Lo,

where Lo is a positive constant independent of n € IN and ¢ € [0,T). We
observe for estimates (3.14) and (3.21) that

u,, is bounded in IL?(0, co; H} (Q))

!, is bounded in IL>°(0, co; HJ (2))

u” is bounded in IL°°(0, oo; H(Q2))

2, is bounded in (0, oo; IL2(Q) x (0, 1)).
Applying Dunford Pettis theorem, we deduce that there exists a subsequence
(ug,2i) of (un,2,) and we can replace the subsequence (u;,z;) with the se-
quence (U, z,) such that

u, — u weak star in IL%(0, T; H}(Q))

ul, — o’ weak star in IL°°(0,T; H} (2)

ull — " weakly in IL>°(0,T; Hi(Q))

2z, — z weak star in IL°°(0, 7; IL3(Q) x (0,1))

Moreover u! is bounded in IL*°(0, T} H&(Q)) then v is bounded in IL2( ) T; H} (Q)).
The same method is used to prove that u/, is bounded in IL?(0,T; H}(f2)).
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Consequently u/, is bounded in H'(0,T; H}(£2)). Furthermore, by Aubins-
Lions theorem [5] there exists a subsequence (u;) still represented by the
same notation such that

uf; — u’ strongly in IL*(0, T; H(2))
which implies

ul —u a.e. on Q x (0,7T).

zj =z a.e. on Qx(0,T).
And we have for each w; € IL*(Q),v; € IL*(Q)

/ (u;/ — koAu; + a/ g(t — s)Au,ds + ulu; + u22j>wid:6
Q Q

— / (u” — koAu + a/ g(t — s)Auds + ayu’ + azz) w;,
Q Q
and

/ T(2jt + 2jp)vidr — / T(2¢ + 2p)vid.
Q Q

When j — co. Then, problem (1.1) admits a global weak solution w.

4. Asymptotic behavior

In this section, we shall investigate the asymptotic behavior of our problem. Our
stability result, namely the exponential decay of the energy is obtained by the
following theorem.

Theorem 4.1. Let (ug,u1, fo) € (HE(Q) x IL3(Q) x IL?(Q x (0,1))) be given. As-
sume that the assumptions (H1)-(H3) are fulfilled. Then for some positive constants
K, k we obtain the following decay property

E(t) < E(0)e!7ke®)

Proof. Given 0 < S < T < oo arbitrarily. We multiply the first equation of (2.7) by
EP¢'u, p € IR where ¢ is a function will be chosen later satisfying all the hypotheses
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of Lemma 2.1 and we integrate over (S,T) x  we obtain

(4.1)

T T
O:/ Ep¢’/uu"(x,t)dxdt—ko/ E”(b’/ ulAu(z, t)dzdt
S Q S Q
T ¢
+a/ Ep(b’// g(t — s)Au(x, s)udsdxdt
S o Jo

T
+/S Ep¢'u1(t)/ﬂuu’(ac,t)+Ep¢'u2(t)/ wu'(z,t — 7)dxdt

Q

T T T
= {quﬁ’ uu/dx}s —/ (Ep(b’)/ uu’dxdt—/ EP¢ | u*dxdt
Q

Q S S Q

T T
+k0/ E”¢'/ |Vu|2dxdt+a/ EP¢'(g o Vu(z,t))dt
s Q s

T t T t
=5 [ reiva? [ gsat -5 [ Eo [ (o) vulPasas
2 S 0 2 0

S

T T
—i—/S Ep¢'u1(t)/ﬂuu’(:v,t)dxdt+/s Ep¢'u2(t)/ﬂuu’(:v,t—7)d:v

Multiplying the second equation of (2.7) by EP¢'&(t)e 27Pz and integrating over
(S,T) x Q% (0,1) we find

0= /S ' /0 B (et /Q o dudpdt
4 /S " prge (e /Q /0 e dpdedt
— %[ /0 1 EPHE(t)e 2P /Q ZdedpE
-3/ ' / 1 [ Eroeoeey
+ [5 ' EP¢ /Q /0 lﬁ(t)(%dip(e%pzz)—i—wQTPZQ)dpd:vdt
1o | o]
-3/ ' / 1 [ Eroeoe ey asdp
+r /S " g /Q /0 L2020

1t / —27 2 2
+§/ Ep(b{(t)/g(e z°(x,1,t) — 2%(,0,t))dzdt.

S
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Summing (4.1) and (4.2) and taking A = min(1,7e¢~2") we get
T T T
A / ErH g dr < —[quﬁ’ uu’} n / (EP¢'Y / wil' dadt
S 0 S S Q
+%/ qus/ \vu||2dsdt—/ EP¢ s (t )/uu'(x,t)dxdt
Q
- / B palt) [ ur(o. 160
S Q
T ! T
(4.3) — = / EP¢'&(t)e 2P / z%xdp}

/ / /Q e"2P(BP Y E(t)) 22 dwdpdt

—§/S Brye(t )/( 20205 1 4) — 22(a, 0, 1))dadt

Q

T
+ = / EP¢ | w?dxdt
s Q

Now assume that ¢ is a strictly increasing concave function. So ¢’ is a bounded func-
tion on IR™. Denote A the maximum of ¢'. By the Cauchy Schwarz’s, Young’s and
Poincaré’s inequalities and the fact that ¢’ is bounded and since E is an increasing
function, we have

(4.4) ’quﬁ’ /Q uu'(x,t)da:’ < e  EPL(2),

where ¢; = max (1, CTQ) . From (4.4) we deduce the following estimates
’/ (EP¢"Y | wu da:dt} = ’/ pE'EP7 ¢ | wu(z,t)dxdt
Q

(4.5) / E%S"/uu (x,t dwdt}

< Aewp / P(—E')dt + e, EPYY(S / ¢ (t)
S
< A E(S)PTH

where ¢y = ¢; max(p, 1) and
(4.6) 3 / EP¢/ / s)||Vul|®dsdt| < AesE(S)PH,

where ¢3 = M By the hypothesis (H2), Young’s and Poincaré’s inequalities and
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(4.4), we have

€

‘/ST EP¢ uy(t) /z wu'(z, t)dxdt

4.7 r
(4.7) < AMBEPTL 4 ) / EP(—E')dt
S

< Ay EPTY (9),

where ¢4, = M ¢, and
T
(4.8) }/ quﬁ’ug(t)/ wz(z, 1, t)dzdt] < Aes EPT(S),
s Q
2
where ¢5 = max (BMCTS, 1) and

T 1
(4.9) I/ / Ep(b/{(t)e_%p/z2dxdpdt§7'/\E(p+IS),
2 s Jo Q

therefore

6_2Tp (EP¢'E(t)) 2% dxdpdt

bl

T
m\’ﬂh
o\éy\

% E'EP-1g/€(t)e 2P / 22dzdpdt
Q

T T 1

(4.10) +5 /S / / e PTPEPY"E(t) 2 ddpdt
. 0
. T 1

+3 / / e TPEPY E (1) 2 dadpdt

S

NS

<Arp | EP(-=E)dt+TEP"(s /¢” (t)dt + TAEPTL(s)
S

< AegE(S)PTH,

where ¢g = 7 max(1,p) and

I —27_2 ’ 2
5/5 Epﬁ(t)/ge z (x,l,t)dwdtg)\/s EPE(t) /Qz (x,1,t)dzdt
T
(4-11) < /\/ EP(—E')dt
s

< AE(S)PT!
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and we have

T
1/ EPQE(t) /Qz%a:,(),t)da:dt

2 /s
(4.12) 1 T -y o
= 2/5 E ¢§(t)/ﬂu (z,t)dzdt
<TA2 - B)E(S)P
3 T
4.13 — P A 2 p+1
(4.13) 2/5 E ¢§(t)/ﬂu dzdt < 3AEPT(S).

From (4.3) and the estimates (4.5), (4.6), (4.8),(4.2), (4.9), (4.12) we obtain

T
(4.14) /S E(t)PT¢'dt < CE(S)PH,

where C = Amax(c¢;,3,7(2— ), i = 1,...,6. Applying the lemma 2.3 we get the

decay property. This ends the proof of Theorem 4.1. [
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