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Asymptotic behavior of solutions to wave
equations with a memory condition at the
boundary *

Mauro de Lima Santos

Abstract

In this paper, we study the stability of solutions for wave equations
whose boundary condition includes a integral that represents the mem-
ory 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.

1 Introduction

The main purpose of this work is study the asymptotic behavior of solution of
the wave equation with a boundary condition of memory type. For this, we
consider the following initial boundary-value problem

g — (o(t)uze =0 in (0,1) x (0, 00), (1.1)
uw(0,t) =0, wu(l,t)+ fotg(t —s)u(s)uz(1,8)ds =0, Vt>0 (1.2)
u(z,0) = up(x), ui(z,0) =wui(xz) in (0,1). (1.3)

The integral in (1.2) is a boundary condition which includes the memory effect.
Here, by u we denote the displacement and by g the relaxation function. By
pt = pu(t) we represent a function of W,5>°(0,00 : R), such that u(t) > po > 0
and p/(¢) < 0 for all ¢ > 0. 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, 15, 16] among others.
In these works existence of solutions and exponential stabilization were proved
for linear and for 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
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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 considered a linear
electromagnetic model with boundary condition of memory type and proved
the existence, uniqueness and asymptotic stability of solutions. While in [13]
showed the existence of global smooth solution for the one dimensional nonlinear
wave equation, provided the initial data (ug,u1) is small in the H® x H2-norm,
moreover he showed that the solution tends to zero as time goes to infinity. In all
the above works was left open the rate of decay. Rivera & Andrade [7] consider a
nonlinear one dimensional wave equation with a viscoelastic boundary condition.
They proved the existence, uniqueness of global smooth solution, provided the
initial data (ug,u;) is small in the H? x H'-norm and also that the solution
decays uniformly in time (exponentially and algebraically). Finally, in [14] Qin
proved a blow up result for the nonlinear one dimensional wave equation with
memory boundary condition. 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 k the resolvent
kernel of ¢’ (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

C2

d d -
—_ < — -t T < - e (1 L f)a+1
dtﬁ(t) < Clﬁ(t) + coe or dtﬁ(t) ~ Cl‘c(t> + (1 + t)aJrl

for some positive constants ¢y, c2, a and . To study the existence of solution of
(1.1)-(1.3), we introduce the space V := {v € 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 ¢y, ¢a, . ..) 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 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 the existence and regularity of solutions for the
(1.1)-(1.3). We assume that the kernel g is positive and k satisfies:

0 < k(t) < boe ™0t

—bik(t) < K (t) < —bok(t), (2.1)
—bsk!(t) < K"(t) < —baK'(t)
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for some positive constants b;, i = 0,1,...,4, and ~y. To facilitate our analysis,
we introduce the following binary operators:

(fO)(t) = / £t - )lp(t) — (s)Pds,

(f*o)) = / £t — $)p(s)ds,

where * is the convolution product. Differentiating (1.2) we arrive to the
Volterra integral equation

1, -
pu(t)uq (1,8) + PO ptyus(1,) = —

Using the Volterra inverse operator, we obtain

1
wut(l,t)

1
9(0)

With 7 = ﬁ and using the above identity, we write

w(t)ug (1,t) = — {ug(1,t) + Kk« ug(1,8)}.

p(t)ug(1,8) = —7{us(1,t) + k(0)u(1,t) — k(t)ug(1) + k" * u(1,¢)}. (2.2)
The following lemma state an important property of the convolution operator.

Lemma 2.1 For f,¢ € C'([0,00[: R) we have

[ re=she)ise. = —5101e0F + 510
0
5 [f2e = ([ rasier] .

The proof of this lemma follows by differentiating the term fOp.
We summarize the well-posedness of (1.1)-(1.3) in the following theorem.

Theorem 2.2 Let (ug,u1) € V x L?(0,1), then there exists only one solution
to the (1.1)-(1.3) satisfying

ue C([0,T]: V)N CH([0,T] : L*(0,1)).
Moreover, if (ug,u1) € H*(0,1) NV x V satisfies the compatibility condition
1(0)ugo (1) = —7Tui (1), (2.3)
then u € C([0,T] : H*(0,1)NV)NCL([0,T] : V).

This theorem can be showed using the standard Galerkin method, for this reason
we omit it here.
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3 Exponential Decay

In this section we show that the solution of (1.1)-(1.3) decays exponentially.
Our point of departure will be to establish some inequalities for the solution of
system (1.1)-(1.3). For this end, we introduce the functional

P =5 [l + n(Ol e + SO0 - K (ODu(1,0).

Lemma 3.1 For a strong solution of the system (1.1)-(1.3),

d

ZFO < =Sl 0P + ZROoWP + ZF O, 0

1 1
—zkz”(t)Du(l,t)+—/ W |ug | da.
2 2 Jo

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

1d

1 1
——/ lue | 4+ p(t) Jug|?de = p(t)ug (1, t)us(1,t) + —/ W |ug |2 de. (3.1)

Using (2.2) and Lemma 2.1 the conclusion follows. Q.E.D.
The following Lemma plays an important role in the construction of the
Lyapunov functional. Let us define the functional

1
w(t):/ TUu urd .
0

Lemma 3.2 The strong solution of (1.1)-(1.3) satisfies

2
+ck(0)k(t)|u(1,1)]? + ck(0) |k |Du(1,t).

GO0 < =5 [l o))+ (10 + ek 0o (D

Proof. From (1.1) it follows that

d 1 1
d—w(t) = /mumutdx—i—/ TUL U dT
t 0 0
Lt od, I d
_ 5/0 vl fde 5 [ () P (3.2)
1t 2 2 1 o 1 2
= =5 [ (el +p®)lus")dz + Slue(1, )7 + Sa)lua (1, )]
0
Note that

—k(0)u(1,t) — k' *u(1,t)
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/ K (t— $)u(l, ) — u(l, 8)]ds — k()u(1, )

IN

/|k’ |ds P Ou(, ]2 + k() a1, b) (3.3)

— K(O)|[IK1Bu(1, ]2 + k() u(1, 1)].

IN

Using (2.2) and (3.3), it follows that
p(t)|u(1,1)]? (3-4)
< c{lue(1,OF + B (0)uo(1)* + k(0)[K[Du(1, 1) + kO)k(t) u(L, 1)}

Substituting (3.4) into (3.2), the conclusion of the lemma follows. Q.E.D.
Let us introduce the functional

L(t) = NF(t) +¥(t), (3.5)
with N > 0. It is not difficult to see that £(t) satisfies
qF(t) < L(t) < @ F(t), (3.6)

for some positive constants ¢y and ¢;. Finally, we shall show the main result of
this Section.

Theorem 3.3 Assume that the initial data (ug,u1) € V x L?(0,1) and that the
resolvent k satisfies (2.1). Then there exist positive constants a1 and v2 such
that

F(t) < ape ™'F(0), Vt>0.

Proof. We will suppose that (ug,u;) € H?(0,1) NV x V and satisfies (2.3);
our conclusion will follow by standard density arguments. Using Lemmas 3.1
and 3.2 we get

d
L0 < —INu(LOP + INROluo(D + S NK (0)u(1,0)

1
—%Nk”[lu(l,t) - % / (Jue]?® + p(t)|ug|?)dx + clug(1,1))?
0
ek () |uo(1)|* + ck(0)k(t)|u(1,)* + ck(0)|K'|Ou(1,t). (3.7)
Then, choosing N large enough we obtain
L (1) <~ F (1) + AR (OF(0),

where g2 > 0 is a small constant. Here we use (2.1) to conclude the following
estimates for the corresponding two terms appearing in Lemma 3.1.

—5k"0u(1,t) < c1k'Du(l,t),
Tk u(1,t)]* < —erklu(1,0)]?.
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Finally, in view of (3.6) we conclude that

d

L) < —mL(t) + k> () F(0).

Using the exponential decay of the resolvent kernel k we conclude
L(t) < {L£0) + ce

for all ¢t > 0, where 75 = min(yo,71). From (3.6) the conclusion follows.
QED.

4 Polynomial rate of decay

The proof of the existence of global solutions for (1.1)-(1.3) with resolvent kernel
k decaying polynomially is essentially the same as in Section 2. Here our atten-
tion will be focused on the uniform rate of decay when the resolvent k decays
polynomially such as (14 ¢)~P. In this case, we will show that the solution also
decays polynomially with the same rate. We shal use the following hypotheses:

0 < k(t) < bo(1+1)7P
bk < K(t) < —bok (4.1)
ba(—K/(£) 7 < KV(£) < ba(—K' (1)) 71

where p > 1 and b;, i = 0,1...,4, are positive constants. Also we assume that
> 1
/ K'(O)"dt < oo if r>—m" (4.2)
0 P+ 1

The following lemmas will play an important role in the sequel.

Lemma 4.1 Let m and h be integrable functions, 0 <1 < 1 and q > 0. Then,
fort >0,

/|mtfs s)|ds
A|mu_sw+;| lds) /|mt—s|w<|w)

Proof. Let
v(s) = m(t — )" T R(s)| 7T, w(s) = [m(t — 5)| 7T |h(s)| T .

Then using Hélder’s inequality with § = _43 for v and §* = ¢ + 1 for w, we
arrive to the conclusion. Q.E.D.
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Lemma 4.2 Letp>1,0<r <1 andt>0. Then forr >0,

1+A-r)(p+1)

(W Du(1, ) T
< 2(/; |k/(5)|Td8||u||%m((O,T),H1(0,1))) T (I |“F 7 Ou(1, 1)
and forr =0,
(K[ Ou(1, 1)) 77

t 1
p+T 1
< 2 / s ) o,y st )| o, ) " (K77 Du(1, )

Proof. The above inequality is a immediate consequence of Lemma 4.1 with
m(s) = K (s)], h(s) = |u(z,t) —ulz,s)]?, q=(0-r)(p+1),
and t fixed. Q.E.D.
Lemma 4.3 Leta >0, 8 > a+ 1, and f > 0 be differentiable function satis-
fying / e -
fio) < f0)= (1+1)8

fort > 0 and some positive constants ¢1, ¢a. Then there exists a constant ¢z > 0
such that fort > 0,

F)te +

£(0)

ft) <

Proof. Let ¢ >0 and

Then
F' = f =261 +t)~ Y f(0)
—C1 4l = —(a+1)
S 1 f « 02(1+t) f(0)7
f(0)=
where we used 0 > a + 1. Hence
' —C 1+1 —(a+1) 1+1 —C iyl
< —= (e 4+ f(0)T=) < e
f(0)= F(0)~
Integration yields
F(O) c C3
< < <
F() < 3 s < g @ benee 10 < 20 1(0)

for some ¢z, which proves Lemma 4.3. Q.E.D.
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Theorem 4.4 Assume that (ug,u1) € V x L*(0,1) and that the resolvent k
satisfies (4.1). Then there exists a positive constant ¢ for which

F(0).

c

F@)Sm

Proof. We will suppose that (ug,u1) € H2(0,1)NV x V and satisfies (2.3); our
conclusion will follow by standard density arguments. We define the functional
L as (3.5) and we have the equivalence to the energy term F as given in (3.6)

again. The negative term
—ck(t)lu(1,1)|?

can be obtained from Lemma 3.2 and estimate
1
MOl < [ (bl
0

From Lemmas 3.1 and 3.2, using the properties of k" from the assumption (4.1)
for the term .
—§k”Du(1,t),

we obtain

d

SL) < —af / e 2 + () otz Pl + k() (L, )2

FN(—K) A Du(l,t)) + k(1) F(0). (4.3)
Applying Lemma 4.2 with » > 0 we obtain

(=K 751 Ou(1, 1)
C

(f(;5 |K'|"ds) =D F(0) =P GFD

((—K")Bu(1, 1))+ =D

(with ¢ = ¢(r)). On the other hand, we have
! 1
(k()|u(1, 1) +/ ug|? + pu(t) Jug |2de) T TG
0

1
< PO T (OLOP + [ Juf? + pt)fusfdr).
0

From (4.2) and (4.3) and using the last two inequalities, we conclude that

d
Eﬁ(t)
1
< @, + / a2 + p(8) e [2d) TG
F(0) TG 0

+((=K)Bu(1, 1)) TEE ] 4 ok (1) F(0).
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Using (3.6) and the above inequality can be written as
d 1
CLi) < ———S  L()"TTIET 4 ck?(H)F(0). (4.4)
dt L(0)T=1GFD

Applying the Lemma 4.3 with f = £, a = (1 —7r)(p+ 1) and § = 2p we have

L(t) < £(0). (4.5)

Choosing r such that

<r< —,
p+1 p+1

and taking into account the inequality (4.5), we obtain

IS F(s)ds < c [;° L(s)ds < ¢L£(0), (4.6)
a0l .0 < ctElE) < c£(0), (47)
fot [[u(., 3)”%{1(0,1) < Cfooo L(t)dt < cL(0). (4.8)

Estimates (4.6)-(4.8) together with Lemma 4.2 (case r = 0) imply that

(=K ET Ou(1, t) > ((—K)Du(1,t))

F(0)7
Using the same arguments as in the derivation of (4.4), we have

d c 141
%ﬁ(t) < —mﬁ(t) T 4 ck?(t)F(0).

Applying Lemma 4.3, we obtain

Then from (3.6), we conclude

Cc

F(t)ﬁm

F(0),
which completes the present proof. Q.E.D.
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