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Abstract

In this paper, we study the stability of solutions for semilinear wave equations whose
boundary condition includes an integral that represents the memory effect. We show that
the dissipation is strong enough to produce exponential decay of the solution, provided
the relaxation function also decays exponentially. When the relaxation function decays
polynomially, we show that the solution decays polynomially and with the same rate.
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1. Introduction

The main purpose of this work is to study the asymptotic behavior of solution of the
semilinear wave equation with a boundary condition of memory type. For this, we consider the

following initial boundary-value problem

up — ((x, t)ug)z +h(u) = 0 in (0,1) x (0,00),  (1.1)

u(0,t) =0, wu(l,t)+ / g(t —s)u(1, s)uy(l,s)ds = 0, Vt>0 (1.2)
0

u(z,0) = up(x), wu(z,0) = wi(x) in (0,1). (1.3)

The integral equation (1.2) is a boundary condition which includes the memory effect. Here,
by u we are denoting the displacement and by ¢ the relaxation function. By p = p(z,t) we
represent a function of Wlifo(O,oo : H'(0,1)), such that u(x,t) > po > 0, ue(z,t) < 0 and
g (z,t) < 0 for all (z,t) € (0,1) x (0,00). We will assume in the sequel that the function
h € C1(R) satisfies the following conditions:

h(s)s >0 VseR, (1.4)
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36 >0:h(s)s>(2+0)H(s), VseR, (1.5)
|h(s) — h(t)| <DL+ |s|? 2+ [t~ 1)|s —t|, Vs,teR, (1.6)
b>0, p>1

where

We refer to [4] for the physical motivation of this model.
Frictional dissipative boundary condition for the wave equation was studied by several authors,
see for example [4, 5, 8, 9, 10, 11, 12, 16, 17] among others. In these works existence of solutions
and exponential stabilization were proved for linear or nonlinear equations. In contrast with the
large literature for frictional dissipative, for boundary condition with memory, we have only a
few works as for example [2, 3, 7, 13, 14]. Let us explain briefly each of the above works. In
[2] Ciarletta established theorems of existence, uniqueness and asymptotic stability for a linear
model of heat conduction. In this case the memory condition describes a boundary that can
absorb heat and due to the hereditary term, can retain part of it. In [3] Fabrizio & Morro
consider a linear electromagnetic model with boundary condition of memory type and proved
the existence, uniqueness and asymptotic stability of the solutions. While in [13] was shown the
existence of global smooth solution for the one dimensional nonlinear wave equation, provided
the initial data (ug,u1) is small in the H3 x H2-norm and also that the solution tends to zero as
time goes to infinity. In all the above works was left open the rate of decay. In [7] Rivera & Doerty
consider a nonlinear one dimensional wave equation with a viscoelastic boundary condition and
proved the existence, uniqueness of global smooth solution, provided the initial data (ug,u1) is
small in the H? x H'-norm and also that the solution decays uniformly in time(exponentially or
algebraically). Finally, in [14] Qin proved a blow up result for the nonlinear one dimensional wave
equation with boundary condition and memory. Our main result is to show that the solution
of system (1.1)- (1.3) decays uniformly in time, with rates depending on the rate of decay of
the relaxation function. More precisely, denoting by & the resolvent kernel of g’ (the derivative
of the relaxation function) we show that the solution decays exponentially to zero provided k
decays exponentially to zero. When k decays polynomially, we show that the corresponding
solution also decays polynomially to zero with the same rate of decay.
The method used here is based on the construction of a suitable Lyapunov functional £
satisfying
d d

%E(t) < —c1L(t) + e or %ﬁ(t) < —clﬁ(t)Hé +

C2
(1 + )+t

for some positive constants c1, ca, @ and . To study the existence of solution of (1.1)- (1.3) we
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introduce the space
V= {ve H(0,1);v(0) = 0}.

The notation used in this paper is standard and can be found in Lions’s book [6]. In the sequel
by ¢ (sometime cq,co,...) we denote various positive constants independent of ¢ and on the
initial data. The organization of this paper is as follows. In section 2 we establish a existence
and regularity result. In section 3 we prove the uniform rate of exponential decay. Finally in

section 4 we prove the uniform rate of polynomial decay.

2. Existence and Regularity

In this section we shall study an existence and regularity of solutions to equation (1.1)-(1.3).
To this end we will assume that the relaxation function g is positive and non decreasing and we

shall use (1.2) to estimate the value of p(1,¢)u,(1,t). Denoting by

(F*o)t) = /0 £t - )p(s)ds,

the convolution product operator and differentiating (1.2) we arrive at the following Volterra

equation

Lo u = —Lu
,U'(lvt)uar(Lt) + mg M(Lt) x(lvt) g(O) t(Lt)'

Using the Volterra inverse operator, we obtain
1

70) {ue(1,t) + kxu(1,8)},

p(l, thu, (1,t) = —
where the resolvent kernel satisfies
1 1
k+ —g k= —)g’.

9(0) (0
With 7 = -k
g

50 and using the above identity, we write
(1, s (1,8) = —r{un(1,) + kO)u(1,1) — k(Buo(1) + K  u(1, 1)} (2.1)

Reciprocally, taking initial data such that ug(1) = 0, the identity (2.1) implies (1.2). Since we
are interested in relaxation function of exponential or polynomial type and the identity (2.1)
involve the resolvent kernel k, we want to know if k has the same properties. The following

Lemma answers this question. Let g be a relaxation function and k its resolvent kernel, that is

k(t) — k= g(t) = g(t). (2.2)
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Lemma 2.1 If g is a positive continuous function, then k also is a positive continuous function.

Moreover,

1. If there exist positive constants co and v with co < v such that
g(t) < Coeiwt’

then, the function k satisfies
T—€—0

)

for all 0 < e < v —cy.

2. Given p > 1, let us denote by c, := sup;cr+ fg(l +t)P(14+t—s)"P(1+s)Pds. If there

exists a positive constant co with cocp, < 1 such that
g(t) < co(L+1)7P,

then, the function k satisfies

k(t) < —0

—(1+1¢)P.
_1—cocp( +1)

Proof. Note that k(0) = ¢g(0) > 0. Now, we take to = inf{t € RT : k(t) = 0}, so k(t) > 0
for all t € [0,t0[. If tox € RT, from equation (2.2) we get that —k x g(tg) = g(to) but this is a
contradiction. Therefore k(t) > 0 for all t € RJ. Now, let us fix ¢, such that 0 < € < v — ¢o and
denote by

ke(t) == e“k(t), gc(t) :=e%g(t).

Multiplying equation (2.2) by e we get kc(t) = ge(t) + ke * ge(t), hence

sup ke(s) < sup ge(s)—i—/ coe“M%ds sup ke(s) < co+ 0 sup ke(s).
0

s€[0,4] e s€[0,4] (v =€) sefog
Therefore
k() < 20 =9
T—€—Co

which implies our first assertion. To show the second part let us consider the following notation
kp(t) .= (1 +t)Pk(t), gp(t) :== (1 +1)Pg(1).

t
Multiplying equation (2.2) by (14+¢)? we get k,(t) = gp(t)—i—/ kp(t—s)(1+t—s)"P(1+t)Pg(s) ds,
0

hence

sup kp(s) < sup gp(s)+cocp sup ky(s) < co+cocp sup ky(s).
s€[0,t] s€[0,t] s€[0,t] s€[0,t]
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Therefore
Co

ky(t) <

~ 1—cocy’

which proves our second assertion. ]

Remark: The finiteness of the constant ¢, can be found in [15, Lemma 7.4].

Due to this Lemma, in the remainder of this paper, we shall use (2.1) instead of (1.2). Let us

denote by

(fOR)t) = /0 £t = 8)|o(t) — p(s)[ds.

The following lemma states an important property of the convolution operator.
Lemma 2.2 For f,o € C1([0,00[: R) we have

| 1= siepise. = —31Ole0F + 50
0

s [rme— ([ sopasir].

The proof of this lemma follows by differentiating the term fOp.
The first order energy of system (1.1)-(1.3) is given by

B = 5 [ Tl + el + 28 + S0 0,07 - K@50.0).
We summarize the well-posedness of (1.1)-(1.3) in the following theorem.
Theorem 2.1 Let k € C*(RT) be such that

k,—k k" >0. (2.3)

If (ug,u1) € H2(0,1) NV x V satisfies the compatibility condition

P05 (1) = ~7us(1), 2.4

then there exists only one solution u of the system (1.1)-(1.8) satisfying
u e L®0,T; H*(0,1) N V) nWhe(0,T; V) N W2>(0,T; L?(0,1)).

Proof. To prove this Theorem we shall use the Galerkin method. Let {w;} be a complete
orthogonal system of V' such that

{U’Oa Ul} € Span{w07 U)l}-

Let us consider the following Galerkin approximation

u™(t) = Z hjm (t)w;.

Jj=0
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Standard results about ordinary differential equations guarantee that there exists only one so-

lution of the approximate system,

1 1 1
m ou™ Ow; m
/0 upyw;dx —|—/0 w(x, t)Wa—Jd +/ h(u™)w;dx
= —7{uf"(1,t) + k(0)u(1,1) — k(t)uo(1) + K"+ u(L,) }w; (1), (2.5)
for 0 < j < m, satisfying the following initial conditions
u™(0) = ug, ui*(0) =uy.

Our first step is to show that the approximate solutions remain bounded for any m € N. To do

this, let us multiply equation (2.5) by h'» m(t) and summing up the product results in j we get

1
- / P + e O P+ 28 o = [ (a2 Pda
{1, 02 + kO)u(1, Dus(1,1) — k()uo(Dug(1,8) + K * u(l,Dus(1,0)}.  (2.6)
Using Lemma 2.2 for the term
K s u(1,t)ug(1,t)

and the properties of k, £’ and k” from assumption (2.3) we conclude by (2.6)

d
—F <cF ™.
SE(tu™) < cE(0,u™)

Taking into account the definition of the initial data of u” we conclude that

E(t,u™) <e¢, Vte|0,T], VmeN. (2.7)
Next, we shall find an estimate for the second order energy. First, let us estimate the initial
data u!?(0) in the L? — norm. Letting t — 07 in the equation (2.5), multiplying the result by
R ,,(0) and using the compatibility condition (2.4) we get
1 1 1
I O = [ o 0)u Ot O)de + [ o, 0 O)uy 01 = [ o)y (0)d

Since ug € H?(0, 1), the hypothesis (1.6) for the function h together with the Sobolev’s imbed-
ding imply that h(ug) € L?(0,1). Hence

luff (0)][3 < 1, ¥m €N,

Differentiating the equation (2.5) with respect to the time, multiplying by h;»’ym(t) and summing

up the product results in j, we arrive at

1 1 1
s [ wonsa = 3 [t 0P [t s
0 0

1
—/0 B (u™)u upy dx — T|u?§(1,t)|2
—7k(0)u (1, 6)ujf (1,t) + 7k (t)uo(1)ugy (1, 1)
—7(K *u(1, )t (1,1). (2.8)
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Note that

1 1
| e = (L 0ur 0w - [ s
0

0
1
- / Lt d.
0
Using the elementary inequality 2ab < a? + b?, the hypothesis on u and the inequality

(L0 < eflu (L)1 + 0™ (1,6
k(O)|K'[Ou™(1,1) + k(0)k(t)[u™ (1, 8)*}

we obtain
1
/MtU?uﬁtd»’U < efuf (L)1 + k(1) uo(1)* + k(0)[K|Du™ (1, 1)
0
1
O™ (1O + Fl (L 0P + ¢ [P
0
1 1 1
—|—c/ |ugf|2dac+—/ lu™ |*da. (2.9)
0 2.Jo
Note that

(K xu™(1,t)) = K (0)u™(1,t) +/0 E'(t — s)u™(1,s)ds
=K (t)uo(1) + /0 K'(t — s)ul*(1,s)ds. (2.10)

Substituting the inequality (2.9) and identity (2.10) into (2.8) and using Lemma 2.2 we arrive
at

1 1
o[ oy < 5 [ w0+, of
2dt 2 Jo
+R2 (1) uo (1)]? + k(0)|K'[Ou™ (1, 1)
1
OO (L OPY +e [P
0
! 2
_/0 B (W™ uiugp do — ]u?f(l,t)]
R (1,0 - gk"mu;"u,t)

+Ii KO (1,2) = k(6) " (1, 6]

/ ™ [2de. (2.11)

From the condition (1.6) and from the Sobolev imbedding we have

/Olh'(um)ufgbu;gdxgcUol(wyumy da:] [/ | dm] [/ o ]dx}
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Taking into account the first estimate (2.7) we conclude that

1 1 1
/ B (W™ u uyde < c {/ [u™ |2 da +/ |u;’g|2dac} . (2.12)
0 0 0

From the approximate system (2.5) we get

1 1 1 1
/ plu™ [2dz :/ ugunydx —/ qu?ug;dwr/ h(u™)ul dx.
0 0 0 0

Using the elementary inequality, the Sobolev’s imbedding and the hypothesis (1.6) we obtain

1 /1 1 1
5/0 |ug;|2dm§c{/0 |ugf|2dm+/0 |u?|2dm} (2.13)

m 1 ! m ou™ T m T m
Eolt,u™) = 3 /0 a2+ e, )| 5 P+ SR ™ (L) — KO (1,1

Denoting by

we find by (2.11)

d 1!
GEa) < 5 [ e e+ eup (1.0F

+k () [uo (D) + k() |K'|Ou™ (1, 1)

1
+k(0)k(t)|u™(1,t)?} +c/0 lul 2 da

1
- [ W argde - T o
0

T m 2 Ton m
+§k (t)’ut (Lt)’ - gk Dut (Lt)

1 1
+§/0 lu™ |*dz. (2.14)

Substituting the inequalities (2.12) and (2.13) into (2.14) and using Poincaré’s inequality , the
hypothesis (2.3), the first estimate (2.7) and applying Gronwall’s inequality we conclude that

Eo(t,ui*) <e¢, Vte[0,T], VYmeN. (2.15)

The rest of the proof is a matter of routine. W

3. Exponential Decay

In this section we shall study the asymptotic behavior of the solutions of system (1.1)-(1.3) when
the resolvent kernel k is exponentially decreasing, that is, there exist positive constants b1, by

such that:
k(0) >0, K(t) < —bik(t), K'(t)> —bok/(2). (3.1)
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Note that this conditions implies that

k(t) < k(0)e b1t

The point of departure of this study is to establish some inequalities given in the next lemmas.

Lemma 3.1 Any strong solution of system (1.1)-(1.3) satisfies

d

B < ——!ut(l t)\2+ Skt

tuo(L)” + 5 k (®)lu(1,1)?

1
/ (2, 1) | ug | de.
0

Proof. Multiplying (1.1) by u; and integrating over [0, 1] we get

1d
2 dt

DO | = >

——]C”
2 (H)0 )+

1 1
ug|> 4+ p(z, t)|ug)® + 2H (u)]de = p(1, t)ug (1, t)ug(1,1) + 3 / ez, t)|ug | ?dz. (3.2)
0 0
From equality (2.1) we have
(1, ) g (1, t)ug (1,8) = —7|ug (1,8) |2 = 7h(0)u(1, t)us (1, 1) + 7k ()ug (1) (1, 1) — & s w(1, t)us (1,1).

Using Lemma 2.2 we get

'« (L ug(L1) =~ K OR(LOP + K Du(L1) — 25 K0u(L,1) - k(1) k() 1, )

Substituting the two above equalities into (3.2), our conclusion follows. W

Let us define the functional

1 T
W(t) = /0 (rug + (% — 0)u)updr + §]u(1,t)|2,

where 6 is a positive number. The following Lemma plays an important role for the construction

of the Lyapunov functional.

Lemma 3.2 Any strong solution of system (1.1)-(1.3) satisfies
Doy < 0 [ jtar-GE-0) [ pwlar—C-o@+o) [ Huwa
dt 0 2 0 2 .
elur (1, 4)]* + (e + zle)k(?f)z\uo(l)!2 + ck(0)k (1) u(1,t)|?
T , 1 [t 5
+(c+ z—e)k(O)\k |Ou(1,t) + 5/ Tpg(z,t)|ug|*de
0

¢ is a positive constant and 0 < 0 < mm(%, 2(2‘15)).

_ Mo
where € = g2,

Proof. Using the equation (1.1) we get

d ! 1 1
D @+~ 0wy < \ut(l | a/ g2z + 2 (1, 6)]ua (1, 6)2
dt J, 2 2

~(1-0) /0 plua i 4 (5~ 0)(1, sz (1,61, 1)
1 1 1
+ ; H(u)dm—(i—ﬁ)/o uh(u)dz. (3.3)
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Using the hypotheses (1.5) we have

1 1
—(% _ 9)/0 wh(u)de < —(2 + 5)(% - 9)/0 H(u)dz. (3.4)
Note that
—k(O)u(l,t) — K *u(l,t) = —/0 K (t—s)u(l,s) —u(l,t)]ds — k(t)u(l,t)

< /0 K/ (5)|ds) 2 [|K'|Du(L, £)] 2 + k(£)|u(L,t)|

< [k(t) — k(0)Z[K|Du(1, )7 + k()u(l,0).  (3.5)

From equality (2.1), from the hypothesis for the function p and from the inequality (3.5) we

have

p(L e (L < effue(1, O + K ()uo (1)

+k(0)[K (1)|Ou(1, ) + k(0)k(t)|u(1,t)*}. (3.6)
From equality (2.1) we have
:U’(la t)um(la t)u(lv t) = _%%W(l? t)‘Q - k(())]u(l, t)|2

+h(uo(Du(l,t) — & *u(l,t)u(l,t).
Using (3.5), Poincare’s inequality and the elementary inequality 2ab < a2 4 b? we conclude that

p(L (L u(t) < =2 Zu(LOP + R @)luo(D)]?

+%(£)|k’|lju(1,t) + chk(0)k(t) u(1, )]

1
+— | |ug|Pdz (3.7)
2 Jo

where ¢ is a fixed positive constant. Substituting (3.6)-(3.7) into (3.3) and fixing € = £2 follows
the conclusion of Lemma. W
Let us introduce the functional

L(t) = NE(t) + (1), (3.8)

with N > 0. It is not difficult to see that L(t) verifies
QE(t) < L(1) < E(?), (3.9)

where ¢o and ¢ are positive constants. We will show later that the functional £ satisfies the

inequality of the following Lemma.
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Lemma 3.3 Let f be a real positive function of class Ct. If there exist positive constants Yo, v1

and cg such that
F'(t) < =0 f(t) + coe™™,
then there exist positive constants v and ¢ such that

F#) < (f(0) + ).

Proof. First, let us suppose that o < 1. Define F'(t) by

Co vt
F(t) = f(t)+ e Mt
2 () 71—
Then
F'(t) = ['(t) - —0—e ! < —gF (1),
71—
Integrating from 0 to t we arrive at
F(t) < F0)e ™ = f(t) < (f(0) + ———)e ",
71—

Now, we shall assume that v9 > ~1. Under these conditions we get
') < —yft)+coe™ ™t = (f(1)) < cp.
Integrating from 0 to ¢ we obtain
() < (£(0) + cot)e ™.
Since t < (71 — €)e =9 for any 0 < € < 1 we conclude that
F(t) < (f(0) + co(y1 — €))e™".

This completes the present proof. M

Finally, we shall show the main result of this section.

Theorem 3.1 Let us suppose that the initial data (ug,u1) € V x L?(0,1) and that the resolvent

k satisfies the conditions (3.1). Then there exist positive constants cy and 1 such that

E(t) < aje ™ E(0), VYt>0.

Proof. We will suppose that the initial data (ug,u;) € H?(0,1)NV x V and satisfies (2.3); our

conclusion will follow by standard density arguments. Using the Lemmas 3.1 and 3.2 we get

d
aﬁ(t)

1 1 1
—INk"Du(l,t) - 0/ lug|?dz — (= — 0)/ p(z, t)ug |2dx
2 0 2 0

6 1
~(5 =02 +8) [ H(u)da + clus(1O + k(1) uo(1)

+ck(0)k(t)[u(1,t)[* + ck(0)|K |Du(1,t).

T T T
I NJug(1, 0 + ZNEE (0o (1) + ZNK (0)u(1, 1)

(3.10)
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Then, choosing N large enough we obtain

9 L£(1) <~ () + KD E©),

where g2 > 0 is a small constant. Here we used the assumptions (3.1) in order to conclude the
following estimates
Tan /
—§k‘ Ou(1,t) < e1k'Du(l,t),

SK (L) < —eikfu(l, )

for the corresponding two terms appearing in the inequality (3.8). Using (3.9) we obtain

%c(t) < —%ﬁ(t) + ek’ (1) E(0).

Using the exponential decay of £ and Lemma 3.3 we conclude
L(t) < {L£(0) +cle Mt

for all t > 0, where 1 = min(vo, g—f). Use of (3.9) now completes the proof. W

4. Polynomial rate of decay

Here, our attention will be focused on the uniform rate of decay when the resolvent k decays
polynomially as (1 + ¢)~P. In this case we will show that the solution also decays polynomially

with the same rate. Therefore, we will assume that the resolvent kernel k satisfies

1

K0) >0, K1) < —bilk]""7, E'(t)> bo[—K (£)]" 751, (4.1)

for some p > 1 and some positive constants by and by. The following lemmas will play an

important role in the sequel.
Lemma 4.1 Let m and h be integrable functions, and let 0 < r < 1 and ¢ > 0. Then, fort > 0:
t t Lier . t )
[ttt = sts)ids < ([ e = 9T b)lds) 71 [ e - 9l |h(s)lds)
0 0 0
Proof. Let
1

v(s) == [m(t — s)[""TT|(s)| 7T, w(s) = [m(t — s)|7 |h(s)| T

Then using Holder’s inequality with § = % for v and 0* = ¢+ 1 for w we arrive at the conclu-

sion. W
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Lemma 4.2 Letp>1,0<r <1 andt>0. Then forr >0,

1+(0=r)(p+1)

(|K'|0u(1,t)) a=nG+D

1

t
< 20N (/0 K )l 2 09,1 0,)) 770 (K] 4 (1, ),

and for r =0
p+2
(IK'[Bu(1, 1)) »+1
! 2 2 Lo
< 2( ; [l )| 0,0)ds + Ellul, )| 1)) P (K] 71 Bu(l, 7).
Proof. The above inequalitiy is a immediate consequence of Lemma 4.1 with
m(s) = [K'(s)], h(s) = |u(e,t) —u(z,s)]® q:=(1—-r)(p+1)

and ¢t fixed. N

Lemma 4.3 Let f > 0 be a differentiable function satisfying
—c

1
f(0)=

for some positive constants ¢1, ¢, a and (8 such that

Fle) e+ E—zf(0>, for t>0,

1) < (1+1¢)8

6>a+1.

Then there exists a constant ¢z > 0 such that
C3
(1+t)e

flt) < f@0), for t=>0.

Proof. Let us denote by

Differentiating this function we have
F'(t) = f'(t) = 2e2(1+ ) *FD £(0).

From hypothesis on f’ and observing that 5 > a + 1 we get

(0)
—c 1+é f(O) 1+é
: F(0)a [f(t) " ((1+t)°‘> ] '
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Noting that

P < £+ (G >H“

(141t)«
we obtain
& 1
F'(t) < ———F(t)'"a.
f(0)=
Integrating the last inequality from 0 to ¢, it follows
cF(0) c
F(t) < < 0).
()= (14+ct)> — (1+t)af( )
Therefore
3
t) < 0).
1) < 2 110)

This complete the present proof. W

Theorem 4.1 Let us suppose that the initial data (ug,u1) € V x L*(0,1) and that the resolvent

k satisfies the conditions (4.1). Then there is a positive constant c¢ for which we have

C

E(t) < W

E(0).

Proof. We will suppose that the initial data (ug,u1) € H?(0,1) NV x V and satisfies (2.4);
our conclusion will follow by standard density arguments. We define the functional £ as in (3.8)

and we have the equivalence to the energy term E as give in (3.9) again. The negative term
—ch(®)|u(1,1)?
can be obtained from Lemma 3.1 and from the estimate
E(t)|u(1,t)> < 0/01 (e, t)|ug|*d.

From the Lemmas 3.1 and 3.2, using the properties of k£” from the assumptions (4.1) for the

term
—%k”Du(l, £)

we obtain

1
GEO < =l [ P+ e + s
PR (1, D)2 + N(—k) 71 0u(1, 1)) + cak?(t) E(0). (4.2)

Let us fix 0 < r < 1 such that

<r< .
p+1 p+1

EJQTDE, 2002 No. 7, p. 14



Under this condition

o o 1
Kr<e| ——  <oo
0 o (1+t)re+y

From the Lemma 4.2 we get

(=K' 7+ Ou(1, 1)
> & (—K)Du(1, ) T
E(0) TG0

(with ¢ = ¢(r)). On the other hand since the energy is bounded we have
1
(k(t)|u(1,t)]* + / lug|? + p(z, t)ug|* + H(u)dm)H(lfr)l(pH)
0
1
< cBO T EOLOP + [l + ol + H)da).
0

From inequality (4.2) using the last two inequalities we conclude:

d c !
GLO) <~ (O OP + [l + p(o. Ol
E(0) T=0G+D) 0

+H(u)dm)1+7(1*”1<?+1> + ((—k’)Du(l,t))Hi(l*T)l(HU] + ck?(t)E(0).

This implies, observing (3.9)
d C 1+—21 2
L)< ——— £()"TTE + ck2(t)E(0). (4.3)
dt £(0) TG0

Applying the Lemma 4.3 with f = £ and 8 = 2p we have:

C

£0) < Trpaer L0 (4.4)
Since (1 —7)(p+ 1) > 1 we obtain from the inequality (4.4)
/0 " B(s)ds < c /0 " L(s)ds < cL(0), (4.5)
(Ol s ) < L) < L), (1.6
o < [ 2o < eco) @7)

With the estimates (4.5)-(4.7) and using Lemma 4.2 (case r = 0) we obtain
(=K 7 Du(L, ) > ——((—K)Du(L, 1) 5.
E(0)77T
Hence, with the same arguments as in the derivation of (4.3), we have
d c

LL) < —— S L) 4 k(1) E(0).
dt L(0)7
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Applying the Lemma 4.3, we obtain

c
and hence by (3.9) we conclude
c

which completes the present proof. W
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