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EXPONENTIAL DECAY OF SOLUTIONS OF DAMPED WAVE
EQUATIONS IN ONE DIMENSIONAL SPACE IN THE L*
FRAMEWORK FOR VARIOUS BOUNDARY CONDITIONS

YACINE CHITOUR! AND HOAI-MINH NGUYEN®*

Abstract. We establish the decay of the solutions of the damped wave equations in one dimensional
space for the Dirichlet, Neumann, and dynamic boundary conditions where the damping coefficient
is a function of space and time. The analysis is based on the study of the corresponding hyperbolic
systems associated with the Riemann invariants. The key ingredient in the study of these systems is
the use of the internal dissipation energy to estimate the difference of solutions with their mean values
in an average sense.
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1. INTRODUCTION

This paper is devoted to the decay of solution of the damped wave equations in one dimensional space in the
LP-framework for 1 < p < 400 for various boundary conditions where the damping depends on space and time.
More precisely, we consider the damped wave equation

Ot — Oggt +a0iu = 0 in Ry x (0,1),
( (1.1)
U

0,-) =wug, Ou(0,-)=wu; on (0,1),

equipped with the following boundary conditions:

Dirichlet boundary condition: u(t,0) = u(¢,1) =0, for ¢t > 0, (1.2)
Neumann boundary condition: d,u(t,0) = dyu(t,1) =0, for t > 0, (1.3)

and, for k > 0,
dynamic boundary condition: d,u(t,0) — kOpu(t,0) = dyu(t, 1) + kdsu(t,1) =0, for ¢ > 0. (1.4)

Keywords and phrases: Damped wave equations, damped hyperbolic system, exponential decay, Riemann invariants.

1 Laboratoire des signaux et systémes, Université Paris Saclay, France.
2 Laboratoire Jacques Louis Lions, Sorbonne Université, Paris, France.

* Corresponding author: hoai-minh.nguyen@sorbonne-universite.fr

© The authors. Published by EDP Sciences, SMAI 2024

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.1051/cocv/2024027
https://www.esaim-cocv.org
https://orcid.org/0000-0002-5690-6026
mailto:hoai-minh.nguyen@sorbonne-universite.fr
https://creativecommons.org/licenses/by/4.0

2 Y. CHITOUR AND H.-M. NGUYEN

Here ug € W12(0,1) (with uo(0) = ug(1) = 0, i.e., ug € Wg'*(0,1), in the case where the Dirichlet boundary
condition is considered), and u; € LP(0,1) are the initial conditions. Moreover, a € L (R x (0,1)) is assumed
to verify the following hypothesis:

a>0, and 3N g9 >0, (zg — €g,20 + €0) C (0,1) such that a > X on Ry X (zg — €g, xo + €0), (1.5)

i.e, a is non-negative and a(t,z) > A > 0 for ¢ > 0 and for z in some open subset of (0,1). The region where
a > 0 represents the region in which the damping term is active.

The decay of the solutions of (1.1) equipped with either (1.2), or (1.3), or (1.4) has been extensively inves-
tigated in the case where a is independent of ¢, i.e., a(t,z) = a(z) and mainly in the L?-framework, i.e. within
an Hilbertian setting. In this case, concerning the Dirichlet boundary condition, under the additional geometric
multiplier condition on a, by the multiplier method, see e.g., [1, 2], one can prove that the solution decays
exponentially, i.e., there exist positive constants C' and - independent of u such that

0t 20, + 19t 20,1y < Ce™ (100, 2o, + 10500, V20 ) 2 0. (16)

The assumption that a satisfies the geometric multiplier condition is equivalent to the requirement that a(z) >
A > 0 on some neighbourhood of 0 or 1. Based on more sophisticate arguments in the seminal work of Bardos,
Lebeau, and Rauch on the controllability of the wave equation [3], Lebeau [4] showed that (1.6) also holds
without the geometric multiplier condition on a, see also the work of Rauch and Taylor [5]. When the damping
coefficient a is also time-dependent, similar results have been obtained recently by Le Rousseau et al. in [6]. It is
worth noticing that strong stabilization, i.e., the energy decay to zero for each trajectory, has been established
previously using LaSalle’s invariance argument [7, 8]. The analysis of the nonlinear setting associated with (1.1)
can be found in [9-15] and the references therein. Similar results holds for the Neumann boundary condition
[3, 6, 13, 15]. Concerning the dynamic boundary condition without interior damping effect, i.e., a = 0, the
analysis for L2-framework was previously initiated by Quinn and Russell [16]. They proved that the energy
exponentially decays in L?-framework in one dimensional space. The exponential decay for higher dimensional
space was proved by Lagnese [17] using the multiplier technique (see also [16]). The decay hence was established
for the geometric multiplier condition and this technique was later extended in [18], see also [19] for a nice
account on these issues.

Much less is known about the asymptotic stability of (1.1) equipped with either (1.2), or (1.3), or (1.4) in
LP-framework. This is probably due to the fact that for linear wave equations considered in domains of R?
with d > 2 is not a well defined bounded operator in general in LP framework with p # 2, a result due to Peral
[20]. As far as we know, the only work concerning exponential decay in the LP-framework is due to Kafnemer
et al. [21], where the Dirichlet boundary condition was considered. For the damping coefficient a being time-
independent, they showed that the decay holds under the additional geometric multiplier condition on a for
1 < p < +00. Their analysis is via the multiplier technique involving various non-linear test functions. In the
case of zero damping and with a dynamic boundary condition, previous results have been obtained in [22] where
the problem has been reduced to the study of a discrete time dynamical system over appropriate functional
spaces.

The goal of this paper is to give a unified approach to deal with all the boundary considered in (1.2), (1.3),
and (1.4) in the LP-framework for 1 < p < +oo under the condition (1.5). Our results thus hold even in the case
where a is a function of time and space. The analysis is based on the study of the corresponding hyperbolic
systems associated with the Riemann invariants for which new insights are required.

Concerning the Dirichlet boundary condition, we obtain the following result.

Theorem 1.1. Let 1 < p < +00, g9 >0, A >0, and let a € L*>® (R+ x (0, 1)) be such thata >0 anda > X >0
in Ry X (zg — €0,%0 + €0) C Ry x (0,1) for some zp € (0,1). Then there exist positive constants C' and ~y

depending only on p, Ha||Loo (JR+><(0 1)), €0, and A such that for all ug € W01=P(()7 1) and uy € LP(0,1), the unique
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weak solution u € C([0,+00); Wy?(0,1)) N C1([0, +00); LP(0,1)) of (1.1) and (1.2) satisfies
[0su(t, )l Lro,1) + [10zu(t, )l Lr0,1) < Ce_ﬂ’t(||u1||m(o,1) + Ha:L’UOHLP(O,l))a t>0. (1.7)

The meaning of the (weak) solutions given Theorem 1.1 is given in Section 2 (see Def. 2.1) and their well-
posedness is also established there (see Prop. 2.5). Our analysis is via the study of the decay of solutions of
hyperbolic systems which are associated with (1.1) via the Riemann invariants. Such a decay for the hyperbolic
system, even in the case p = 2, is new to our knowledge. The analysis of these systems has its own interest and
is motivated by recent analysis on the controllability of hyperbolic systems in one dimensional space [23—26].

As in [21, 27], we set

p(t,x) =uz(t,z) +ue(t,z) and E(t x) = uy(t, ) — ue(t, x) for (¢, z) € Ry x (0,1). (1.8)

One can check that for a smooth solution u of (1.1) and (1.2), the pair of functions (p, &) defined in (1.8) satisfies
the system

pr — pz = —3a(p — &) in Ry % (0,1),
gt +£z = %a(p - 5) in ]R+ X (07 1)7 (19)
p(ta 0) - §(t,0) = (t7 1) - €<t7 1) =0 in R+'

One cannot hope the decay of a general solutions of (1.9) since any pair (c¢,c) where ¢ € R is a constant
is a solution of (1.9). Nevertheless, for (p, &) being defined by (1.9) for a solution u of (1.1), one also has the
following additional information

/1 p(t,z) + &(t,x)dx =0 for t > 0. (1.10)
0

Concerning System (1.9) itself (i.e., without necessarily assuming (1.10)), we prove the following result, which
takes into account (1.10).
Theorem 1.2. Let 1 < p < 400, g >0, A >0, and a € L™ (R+ x (0, 1)) be such that a > 0 and a > A >0

in Ry x (xg — €0, 20 +€0) C Ry x (0,1) for some xg € (0,1). There exist a positive constant C and a positive
constant v depending only on on p, Ha||Loo (R x(0.1))’ €0, and A such that the unique solution (p,&) of (1.9) with
+%(0,

the initial condition p(0,-) = po and £(0,-) = & satisfies
||<p - COag - CO)(t7 ')HLP(O,I) < Ce_7t||(p(07 ) - COag(Ov ) - cO)”L”(O,l)a t> 0) (111)

where

1
co = %/0 (p(0,2) + £(0,2)) dz, (1.12)
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In Theorem 1.2, we consider the broad solutions. It is understood through the broad solution in finite time:
for T'> 0 and 1 < p < +00, a broad solution u of the system

pr — px = —3za(p — &) in (0,7) x (0,1),
=Lla(p— n
gt +€:c - 2 (,0 5) (OvT) X (071)7 (113)
,D(t, O) - f(t,O) = (tv 1) - f(t, 1) =0 in (OaT)v
(0

p(ov) = po, 6(03) 260 in

is a pair of functions (p, &) € C([0,T]; [LP(0, 1)]2) N o([o,1]; [LP(O,T)]Q) which obey the characteristic rules,
see e.g., [24]. The well-posedness of (1.13) can be found in [24] (see also the appendix of [28]). The analysis
there is mainly for the case p = 2 but the arguments extend naturally for the case 1 < p < +o0.

In the LP-framework, the Neumann boundary condition and its corresponding hyperbolic systems are dis-
cussed in Section 5 and the dynamic boundary condition and its corresponding hyperbolic systems are discussed
in Section 6. Concerning the dynamic boundary condition, the decay holds even under the assumption a > 0.
The analysis for the Neumann case shares a large part in common with the one of the Dirichlet boundary
condition. The difference in their analysis comes from taking into account differently the boundary condition.
The analysis of the dynamic condition is similar but much simpler.

The study of the wave equation in one dimensional space via the corresponding hyperbolic system is known.
The controllability and stability of hyperbolic systems has been also investigated extensively. This goes back
to the work of Russel [29, 30] and Rauch and Taylor [5]. Many important progress has been obtained recently,
see, e.g., [31] and the references therein. It is worth noting that many works have been devoted to the L2-
framework. Less is studied in the LP-scale. In this direction, we want to mention [23] where the exponential
stability is studied for dissipative boundary condition.

Concerning the wave equation in one dimensional space, the exponential decay in L?-setting for the dynamic
boundary condition is also established via its corresponding hyperbolic systems [16]. However, to our knowledge,
the exponential decay for the Dirichlet and Neumann boundary conditions has not been established even in
L2-framework via this approach. Our work is new and quite distinct from the one in [16] and has its own interest.
First, the analysis in [16] uses essentially the fact that the boundary is strictly dissipative, i.e., kK > 0 in (1.4).
Thus the analysis cannot be used for the Dirichlet and Neumann boundary conditions. Moreover, it is not clear
how to extend it to the LP-framework. Concerning our analysis, the key observation is that the information of
the internal energy allows one to control the difference of the solutions and its mean value in the interval of
time (0,7 in an average sense. This observation is implemented in two lemmas (Lem. 3.2 and Lem. 3.3) after
using a standard result (Lem. 3.1) presented in Section 3. These two lemmas are the main ingredients of our
analysis for the Dirichlet and Neumann boundary conditions. The proof of the first lemma is mainly based on
the characteristic method while as the proof of the second lemma is inspired from the theory of functions with
bounded mean oscillations due to John and Nirenberg [32]. As seen later that, the analysis for the dynamic
boundary condition is much simpler for which the use of Lemma 3.1 is sufficient.

An interesting point of our analysis is the fact that these lemmas do not depend on the boundary conditions
used. In fact, one can apply it in a setting where a bound of the internal energy is accessible. This allows us to
deal with all the boundary conditions considered in this paper by the same way. Another point of our analysis
which is helpful to be mentioned is that the asymptotic stability for hyperbolic systems in one dimensional
space has been mainly studied for general solutions. This is not the case in the setting of Theorem 1.2 where the
asymptotic stability holds under condition (1.10). It is also worth noting that the time-dependent coefficients
generally make the phenomena more complex, see [28] for a discussion on the optimal null-controllable time.

The analysis in this paper cannot handle the cases p = 1 and p = +oo. Partial results in this direction for
the Dirichlet boundary condition can be found in [21] where a is constant and in some range. These cases will
be considered elsewhere by different approaches.
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The paper is organized as follows. The well-posedness of (1.1) equipped with one of the boundary conditions
(1.2) and (1.3) is discussed in Section 2, where a slightly more general context is considered (the boundary
condition (1.4) is considered directly in Sect. 6; comments on this point is given in Rem. 6.5). Section 4 is
devoted to the proof of Theorem 1.1 and Theorem 1.2. We also relaxed slightly the non-negative assumption on
a in Theorem 1.1 and Theorem 1.2 there (see Thm. 4.1 and Thm. 4.2) using a standard perturbative argument.
The Neumann boundary condition is studied in Section 5 and the Dynamic boundary condition is considered
in Section 6.

2. THE WELL-POSEDNESS IN LP-SETTING

In this section, we give the meaning of the solutions of the damped wave equation (1.1) equipped with
either the Dirichlet boundary condition (1.2) or the Neumann boundary condition (1.3) and establish their
well-posedness in the LP-framework with 1 < p < 4+00. We will consider a slightly more general context. More
precisely, we consider the system

{ Opptt — Oppt + adpu + bOyu +cu= f in (0,T) x (0,1), 1)
u(0,+) =up, u(0,:) = uy in (0, 1),
equipped with either
Dirichlet boundary condition: u(t,0) = u(t,1) = 0 for t € (0,7, (2.2)
or
Neumann boundary condition: d,u(t,0) = d,u(t,1) =0 for t € (0,T). (2.3)

Here a,b,c € L*>((0,T) x (0,1)) and f € LP((0,T) x (0,1)).
We begin with the Dirichlet boundary condition.

Definition 2.1. Let 7> 0, 1 < p < +00, a,b,c € L®((0,T) x (0,1)), f € L((0,T) x (0,1)), up € Wy*(0,1),
and u; € LP(0,1). A function u € C([0,T]; W, *(0,1)) N C*([0,T]; LP(0,1)) is called a (weak) solution of (2.1)
and (2.2) (up to time T) if

u(0,) =wup, Owu(0,-) =wuq in (0,1), (2.4)
and
a2 [t 1 1
@/0 u(t, x)v(x) dx —|—/O Ug (L, 2)vg () d —|—/0 a(t, x)u(t, z)v(z) de

+/() b(t,m)uw(t,aﬁ)v(x)dx—i—/o c(t,x)u(t,x)v(x)dx:/o ft,z)v(x)dx (2.5)

in the distributional sense in (0,T) for all v € C1(0,1).

Definition 2.1 can be modified to deal with the case p = +o00 as follows.
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Definition 2.2. Let T > 0, a,b,¢ € L=((0,T) x (0,1)), f € L®((0,T) x (0,1)), ug € Wg*(0,1), and u; €
L*>(0,1). A function v € L°°([0 T] Wy™(0,1))N VV1 ([0, T]; L°°(O 1)) is called a (weak) solution of (2.1) and
(2.2) (up to time T) if u € C([0,T]; Wy2(0,1)) N C([0, T]; L*(0,1))" and satisfies (2.4) and (2.5).

Concerning the Neumann boundary condition, we have the following definition.

Definition 2.3. Let T >0, 1 < p < +00, a,b,c € L=((0,T) x (0,1)), f € LP((0,T) x (0,1)), ug € WHr(0, 1),
and u; € LP(0,1). A function u € C([0, T); WP(0,1)) N C*([0, T); LP(0,1)) is called a (weak) solution of (2.1)
and (2.3) (up to time T') if (2.4) is valid and

d2 1 1
FTe) u(t, z)v(x) da + / Uy (8, )V, () do
0 0

1 1 1
+/0 b(t, z)u.(t, z)v(z) dx+/0 c(t, x)u(t, z)v(x) dx+/0 a(t, x)u(t, x)v d:c—/ ft,z)v(x)de (2.6)

holds in the distributional sense in (0,7 for all v € C'*([0,1]).
Definition 2.1 can be modified to deal with the case p = 4+oc as follows.

Definition 2.4. Let T > 0, a,b,c € L>((0,T) x (0,1)), f € L*=((0,T) x (0,1)), ug € Wt>(0,1), and u; €
L>°(0,1). A function u € L ([0, T]; W1>°(0,1)) N W°°([0,T]; L>°(0,1)) is called a (weak) solution of (2.1)
and (2.3) (up to time T) if u € C([0,T]; W12(0,1)) N C*([0,T]; L*(0,1))?, (2.4) is valid, and (2.5) holds in the
distributional sense in (0,7 for all v € C([0, 1]).

Concerning the well-posedness of the Dirichlet system (2.1) and (2.2), we establish the following result.
Proposition 2.5. Let T > 0, 1 < p < +oo, and a,b,c € L>((0,T) x (0,1)), and let ug € Wol’p(O7 1), us €
LP(0,1), and f € LP((0,T) x (0,1)). Then there exists a unique (weak) solution u of (2.1) and (2.2). Moreover,
it holds

10cu(t, ) Le(o,1) + 10zu(t, )llLro,1) < C(HUlHLP(o,l) + 10zuo0 |l L 0,1y + I £l t>0 (2.7)

LP((O,T)X(OJ)))’

for some positive constant C = C(p, T, ||a|| Lo, ||bl|=, ||c||L=) which is independent of ug, u1, and f.
Concerning the well-posedness of the Neumann system (2.1) and (2.3), we prove the following result.

Proposition 2.6. Let T >0, 1 < p < +oo, and a,b,c € L>((0,T) x (0,1)), and let ug € WHP(0,1), uy €
L?(0,1), and f € LP((0,T) x (0,1)). Then there exists a unique (weak) solution u of (2.1) and (2.3) and

10cu(t, )lLeo,1) + [0zult, ) l|Lr(0,1) < C(HulHLP(o 1) + 10zu0l| e 0,1y + (I £l t>0 (2.8)

Lp((o,T)x(o,l)))’

for some positive constant C = C(p, T, ||a||Le, ||bl|z=, ||c||L=) which is independent of ug, uy, and f.

Remark 2.7. The definition of weak solutions and the well-posedness are stated for p = 1 and p = +00 as well.
The existence and the well-posedness is well-known in the case p = 2. The standard analysis in the case p =2
is wia the Galerkin method.

1By interpolation, one can use C([0, T; W01’2(0, 1)) N CL([0,T]; L?(0, 1)) instead of C ([0, T7; W01’2(0, 1))NC1([0,T]; L?(0,1)) for
any 1 < g < 4+o00. This condition is used to glve the meaning of the initial conditions.

2By interpolation, one can use C([0, T]; Wa'2(0,1)) N C([0, T}; L2(0,1)) instead of C([0, T]; W1:2(0,1)) n C1([0, T]; L2(0, 1)) for
any 1 < g < 400. This condition is used to glve the meaning of the initial conditions.
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The rest of this section is devoted to the proof of Proposition 2.5 and Proposition 2.6 in Section 2.1 and
Section 2.2, respectively.

2.1. Proof of Proposition 2.5

The proof is divided into two steps in which we prove the uniqueness and the existence.
e Step 1: Proof of the uniqueness. Assume that v is a (weak) solution of (2.1) with f =01in (0,7) x (0,1)
and ug = u; = 0 in (0,1). We will show that w = 0 in (0,7) x (0,1). Set

g(t7 l‘) = _a(t7 x)atu(t7 1’) - b(t7 x)@xu(t, I) - C(tv I)U(t, I) (29)
Then u is a weak solution of the system

Ot — Opgt = g in (0,7) x (0,1),
u(t,0) =u(t,1) =0 for t € (0,T), (2.10)
u(0,-) =0, 9Jwu(0,-)=0 in (0,1).
Extend u and ¢ in (0,7) x R by appropriate reflection in z first by odd extension in (—1,0), i.e., u(t,z) =
—u(t,—z) and g(t,x) = —g(¢t, —z) in (0,T) x (—1,0) and so on, and still denote the extension by u and g. Then

u e C([0,T); WHP(—k, k)) N C*([0,t]; LP(—k, k)) and g € LP((0,T) x (—k,k)) for k> 1 and for 1 < p < +o0,
and similar facts holds for p = +00. We also obtain that «(0,-) = 0 and dyu(0,-) = 0 in R, and

Ot — Qg = g in (0,T) X R in the distributional sense. (2.11)

The d’Alembert formula gives, for ¢ > 0, that

1 t x+t—T1
u(t,z) = f/ / g(7,y) dydr. (2.12)
2 0 Jax—t4T1
We then obtain for ¢ > 0
1 t
Ou(t,r) = 5/ g(r,x+t—71)+g(r,x —t+71)dr (2.13)
0
and
1 t
Oyu(t,x) = 5/ glr,e+t—71)—g(r,x —t+7)dr. (2.14)
0

Using (2.9), we derive from (2.12), (2.13) and (2.14) that, for 1 < p < +oc0 and for ¢ > 0,
1
/ |Oyu(t, )P + |Opu(t, ) |P + |Opu(t, z)|P dx
0

<c| t / (10, )P + s )P + o)) dyds, - (215)
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and, for p = +o0,

lw(t, Lo (o,1) + 10eult, )l Lo (0,1) + 10xu(t, )|l Lo (0,1)

< Ct(llatU(t, )l + 19z ut, -)] + [lut, )l 2.16)

P ((0.)x(0.1)) P ((0.)x(0,1)) Loc((o,t)x(o,n))’ (

for positive constant C only depending only on p, T, ||a| e, ||b||zs<, ||¢||ze. In the sequel, such constants will
again be denoted by C.

It is immediate to deduce from the above equations that u = 0 on [0,1/2C] x (0,1) and then v = 0 in (0,7") x
(0,1). The proof of the uniqueness is complete.

e Step 2: Proof of the existence. Let (ay), (bn), and (c,) be smooth functions in [0,7] x [0,1] such that
SUpp @y, SUpp by, supp ¢, N0 x [0,1] = 0,

(@n, by ) = (a,b,c) weakly star in (L"O((O,T) x (0, 1)))37
and
(an,bn,cn) — (a,b,c) in (Lq((O,T) X (O,l)))3 for 1 < g < +o0.
Let ug,n, € C(0,1) and uq,, € C2°(0,1) be such that, if 1 < p < 400,
Up,n — Up in Wol’p(O, 1) and wy, — ug in LP(0,1),
and, if p = 400 then the following two facts hold
Uy, — up weakly star in Wy °(0,1)  and  wup, — u; weakly star in L>(0, 1),
and, for 1 < g < 400,
Ug,n, — Up in Wol’q(O, 1) and w1, — uwi in L9(0,1).
The existence of (an,bn,cyn) and the existence of ug, and u; , follows from the standard theory of Sobolev
spaces, see, e.g., [33].
Let u,, be the weak solution corresponding to (ay,, by, ¢,) with initial data (ug 5, u1,n). Then u, is smooth in
0,77 x [0, 1]. Set
gn(t,2) = —an(t, ©)Opun (t, ) — by (t, 2)Opun (t, ) — cn(t, ©)un(t,2) in (0,T) x (0,1).

Extend uy, g,, and f in (0,T) x R by first odd refection in (—1,0) and so on, and still denote the extension by
u, and g,, and f. We then have

Opttty, — Opattny = gn + f in (0,T) x R, (2.17)
The d’Alembert formula gives
1 t rc+t—T 1 1 T+t
ut) =5 [ [ o) + 5@ dydr + 5 (w0 = 0+ 00w+ 0) + 5 [ Own0)dy
0 r—t+T1 x—t
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As in the proof of the uniqueness, we then have, for 1 <p < +ooand 0 <t < T,
1
/ [tn (t, ) [P + |Opun (8, 2)|P + |Optn (¢, z)|P dz
0
t pl
<¢ [ [ (ts ) +10.u(s.9)P) dyds
o Jo

t 1
+c(|un<o,~>|€V1,p+||atun<o,~>||zp+ [ If(s,y)l”dyds), (2.18)

and, for p = 400,
[, o (0,1) + [[0u(t, )| e 0,1) + 10zu(t, )l L<0,1)
< Ot (10000 gy 20) *+ 10508 (10
+.0 (a0, Y wooe + 1000 0. e + 171 oy ) - (219

Letting n — 400, we derive (2.8) from (2.18) and (2.19).

To derive that w e C([0,T];W,*(0,1)) N C([0,T]; L?(0,1)) in the case 1 < p < +oo and u €
C([0,T); W, 2(0,1)) N C([0, T]; L2(0,1)) otherwise, one just notes that (u,) is a Cauchy sequence in these
spaces correspondingly.

The proof is complete. O

Remark 2.8. Our proof on the well-posedness is quite standard and is based on the d’Alembert formula. This
formula was also used previously in [21].

Remark 2.9. There are several ways to give the notion of weak solution even in the case p = 2, see, e.g.,
[34, 35]. The definitions given here is a nature modification of the case p = 2 given in [34].

2.2. Proof of Proposition 2.6

The proof of Proposition 2.6 is similar to the one of Proposition 2.5. To apply the d’Alembert formula, one just
needs to extend various function appropriately and differently. For example, in the proof of the uniqueness, one
extend v and g in (0,7") x R by appropriate reflection in z first by even extension in (—1,0), i.e., u(t, z) = u(t, —x)
and g(t,z) = g(t,—x) in (0,T) x (—1,0) and so on. The details are left to the reader. O

3. SOME USEFUL LEMMAS

In this section, we prove three lemmas which will be used through out the rest of the paper. The first one
is quite standard and the last two ones are the main ingredients of our analysis for the Dirichlet and Neumann
boundary condition. We begin with the following lemma.

Lemma 3.1. Let 1 < p < 400, 0 < T < Ty, and a € L>®((0,T) x (0,1)) be such that a > 0 in (0,T) x
(0,1). There exists a positive constant C depending only on p, Ty, and ||a||p~ such that, for (p,§) €
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[L7((0,T) x (0,1))]7,
T 1 p d d Omp pr Z 27
—&P(t, t < 3.1
/0 /0a|p S 2) d {C(mp—l—m,z,/p) if1<p<2, (31

where

1 ,T
m, = /0 /0 alp— &) (plplP~2 — €IEP2) (¢, ) dt da. (3:2)

Proof. The proof of Lemma 3.1 is quite standard. For the convenience of the reader, we present its proof. There
exists a positive constant C}, depending only on p such that

e for 2 < p < 400, it holds, for a, 5 € R,

(o = B)(alalP™ = BIBIP~?) = Cyla — BI;

e for 1 < p < 2, it holds, for a, 8 € R3
(= B)(alalP~2 = BIBP~2) > Cpmin {|a — BIP, | — B[}

Using this, we derive that

T 1 T 1
/ / a|p—§|pdxdt—|—/ / alp — E[>P2 Az dt < m,.
o Jo o Jo

[p—€|>1 [p—€|<1

This yields

T 1
/ / alp —&P(t,z)dedt < Cmy if p > 2, (3.3)
o Jo

and, using Holder’s inequality, one gets

T 1
/ / a|p—§|p(t,x)d;vdt§C(mp+m127/p) ifl<p<2 (3.4)
o Jo

The conclusion follows from (3.3) and (3.4). O

The following lemma is one of the main ingredients in the analysis of the Dirichlet and Neumann boundary
conditions.

Lemma 3.2. Let 1 <p < 400, 0 <T < Tp, g9 >0, A >0, and a € L=((0,T) x (0,1)) be such that T > 4e,
a>0anda>X>0in (0,T) x (o — 0,20 + €0) C (0,T) x (0,1) for some xo € (0,1). Let (p,&) be a broad
solution of the system

{ pe—pe=—3alp—&) in (0,T) x (0,1), (3.5)

1 .
gt + gz = §a(p - g) m (07T) X (07 1)
3Using the symmetry between a and 3, one can assume |a| > || and by considering 3/|a/, it is enough to prove these inequalities

fora =1and 8 € (—1,1). One finally reduces the analysis for 8 € (0,1) and even 3 close to one. The conclusion follows by performing
a Taylor expansion with respect to 1 — .
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Set

1 ,T
my = /0 /0 alp — ) (plplP~2 — €[EP2)(t, x) dt du. (3.6)

Then there exists z € (xg — €0/2, o + €0/2) such that, with Ty =T — 4eq,
60/2 T1 50/2 Tl
[ [ et s —pteaparast [T [ e sz e zpacds
0 0 0 0
T T 1
[t ~eeapars [ [ alp-epiea) doar
0 o Jo

Cmy, ifp>2,
< , (3.7)
C(m,+my/?) ifl<p<2.

for some positive constant C depending only on eo, \,p, Ty, and lal| zos -

Proof. Set
T2 =T - 2€0.

Then T > Ty > T7 > 0.
We have, for s € (—&¢/2,e0/2) and y € (xg — €0/2,x0 + €0/2),

p(t+2s,y) — p(t,y) = (p(t +2s,y) — p(t+ s,y + s)) + (p(t +s,y+s)—E{t+s,y+ s))

+ (et +s,y+9) =) + (6ty) - p(t,y). (33)

By the characteristics method, we obtain

€+ s+s) ety = 5 [ alt+ry+n)(pe+ry+r) e+ ny+n)dr (3.9
0
and

p(t+2s,y) — p(t+ s,y + )

1 2s
:5/ a(t+7,y+23—T)(p(t+7'7y—|—25—7)—f(t—i—T,y—i—Qs—T))dT. (3.10)

Combining (3.8), (3.9), and (3.10), after integrating with respect to ¢ from 0 to T3, we obtain, for 0 < s < g¢/2,

T1 T2
/ ot +25,y) — p(t,y)P dt < 4P~} (/ oty +5) = &(ty +5) dt
0 0

Ty p1 T
+2/0 /0 aP|P*f\P(t,x)dtdx+/0 |P(t,y)§(t,y)|1’dt>_
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Integrating the above inequality with respect to s from 0 to ¢/2, we obtain

eo/2 T
[ [ 25 = st aras
0 0

zo+eo
< 4P / / (t,x) — &(t,z)|P dt dz
To—EQ
T 1 T
veo [ oty — gl [ f ap|p—5|P<t,x>dtdx>. (3.11)
0 0 0

Similarly, we have

eo/2 T
[ [ e+ 2 - ey aras
0 0

zo+eo
< 4P / / (t,z) — &£(t,x)|P dt dx
Xo—EQ

T 1 T
+50/0 |p(t,y)—§(t,y)|pdt+so/0/0 ap|p—§|p(t,x)dtda:>. (3.12)

Take y = z € (xg — €0/2, o + €0/2) such that

zo+Eo

T
/0 lp(t, 2) — &(t, 2)|P dt < 6— / lp — &IP(t, z) dz dt. (3.13)

Zo—¢€o

By choosing y = z in (3.11) and (3.12), then by using (3.13) and the fact that (itself consequence of (1.5))

To+E€o
/ / (t,z) — &(t,z) P dtdz < C(a,p) / / allp — &|P(t, x) dt du,
To—EQ

for some positive constant C(a,p) only depending on a,p, one gets the conclusion. O

The next lemma is also a main ingredient of our analysis for the Dirichlet and Neumann boundary conditions.

Lemma 3.3. Let 1 <p < 4oo and L >1>0, and let u € LP(0, L 4+ 1). Then there exists a positive constant C
depending only on p, L, and | such that

/OL lu(z) — ][OL u(y) dy|? dz < O/Ol /OL lu(z + 8) — u(z)|P dz ds. (3.14)

Here and in what follows, f; means 31— f; for b > a.

Proof. By scaling, one can assume that L = 1. Fix n > 2 such that 2/n <1< 2/(n —1).
One first notes that, for = € [0, 1],
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z+1/n Jensen z+1/n :c+1/n
uw-f  ul)dy St 4 ~ u(y)|” dedy

][erl/n

2/n p1
<n /0 /0 lu(z 4+ 8) — u(z)|P deds (3.15)

and

z+1/n at+2/n Jensen z+1/n z+2/n
][ u(s)ds — ][ t)dt ][ ][ —u(t)|P dtds
x z+1/n x

+1/n

2/n pl
2 —u(2)|? dz ds. .
<n /0 /0 lu(z +s) —u(z)Pdeds. (3.16)

For 0 <k <n-—1,set

k/n+1/n
ap = f u(s) ds.
k/n

We then derive from (3.16) that, for 0 <i < j<mn-—1,

laj — ai” < (laip1 — ai + -+ +|a; — a;1])"

<P (Jaipn — afP -+ Jag — aja]P)

2/n pl
< nPtt / / lu(z + s) — u(z)|P da ds.
0 0

This implies, for 0 < k <n —1,

1 p
ak—/ u(t) dt
0

p

1 n—1
< |- Z lax — ai
n-
=0

n—1 2/n
1
- ! — u(z)[Pdzd 1
_n;mk a;l n / /|u:17+5) u(z)|P deds.  (3.17)
We have
1 1 p n—1 k/n+1/n 1 p
[ @ = [Cuway] ar=3" [ uw) - [ uway| o
0 0 o/ k/n 0
k/n+1/n n—1 1 p
< 2P~ 12/ z) — ax|” dx + 2P~ 12 ak—/ u(y)dy|  (3.18)
0

k=0

The conclusion with C' = 2PnP*! now follows from (3.15), (3.17), and (3.18) after noting that L = 1 and
2/n <. O
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Remark 3.4. Related ideas used in the proof of Lemma 3.3 was implemented in the proof of Caffarelli-Kohn-
Nirenberg inequality for fractional Sobolev spaces [36].

4. EXPONENTIAL DECAY IN LP-FRAMEWORK FOR THE DIRICHLET
BOUNDARY CONDITION

In this section, we prove Theorem 1.1 and Theorem 1.2. We begin with the proof Theorem 1.2 in the first
section, and then use it to prove Theorem 1.1 in the second section. We finally extend these results for a which
might be negative in some regions using a standard perturbation argument in the third section.

4.1. Proof of Theorem 1.2

We will only consider smooth solutions (p,&)*. The general case will follow by regularizing arguments.
Moreover, replacing (p,£) by (p — co,& — co), where the constant ¢y is defined in (1.12), we can assume that

1
/ (po + &) dz =0.
0

Multiplying the equation of p with p|p|P~2, the equation of & with £|£|P~2, and integrating the expressions with
respect to x, after using the boundary conditions, we obtain, for ¢ > 0,

L9 ot e+ L [ ato— ool el e mar =0 (4.1)
vai J, ot , 2 ), v plp , =0. :
This implies
1 1 [tt 1
UM +5 [ [ alo=Olol? — e )t 0 dodt = hpn o)l (42

Integrating the equations of p and &, summing them up and using the boundary conditions, we obtain

1
it/ (p(t,x) —|—§(t,x)) dz =0 for ¢t > 0.

It follows that

/01 (p(t,x) +£(¢, x)) dz = /01 (p(O,x) + {(0,:5)) dz =0 for ¢t > 0. (4.3)

By (4.2) and (4.3), to derive (1.11), it suffices to prove that there exists a constant ¢ > 0 depending only on
lallLos (R, x(0,1))» €0, ¥, and p such that for any T' > 2, there exists ¢z > 0 only depending on p, T, a so that

T 1
[ ato=0olor = €lep=2)(t.) dadt > erl (o0, ) 0 (4.4

By scaling, without loss of generality, one might assume that

ll(pos €o)llzr(0,1) = 1 (4.5)
—

e thus assume that a is smooth. Nevertheless, the constants in the estimates which will be derived in the proof depend only
on p, |la||Lee, A, and €g.
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Set

T 1
mp= [ [ ato= bl €l )t ot

Applying Lemma 3.1, we have

T 1
/ / a|p—§\P(t,x)dxdtSC’(mp—i—mf)/p). (4.6)

o Jo

By Lemma 3.2 there exists z € (zg — €0/2, o + €0/2) such that

60/2 T 50/2 T
[ [ et s - psaparast [T [l s - gl 2 aras
0 0 0 0

+ / Iplt, 2) — E(t, 2P dt < Climy +m2/P). (4.7)
0

By Lemma 3.3, we have

T c0/2 T
/ lo(t,z) — AP dt < C/ / lo(t+s,2) — p(s,2z)|P dtds (4.8)
0 0 0
and
T 80/2 T
/ €(t2) — AelPdt < c/ / €(t+ 5, 2) — (s, 2)|P dt ds. (4.9)
0 0 0
where we have set
T T
A, ::][ p(s,z)ds, A ::][ &(s, z) ds. (4.10)
0 0

Combining (4.7), (4.8), and (4.9) yields

T T T
|ttt = arar o [Vl - apdt v [t - geapde < Clm, + m). (41)
0 0 0
We next prove the following estimates
1
/ 19(0,2) — Ael? dzx < C(mp +m2/?) (4.12)
0
and

1
/O €0, ) — Ap[P dz < C(my, +m2/P). (4.13)
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The arguments being similar, we only provide that of (4.12). For = € (0, 1), one has, by using the boundary
condition at x = 0, i.e., p(-,0) = &(+,0),

p(0.) = (p(0.2) = p(.0)) + p(x,0)
= (0(0.2) - p(a,0) ) +€(,0)
= (0(0.2) = p(,0)) + (§(2.0) = §(a +2,2)) +&(a + 2,2),

which yields, after substracting A¢ to both sides of the above equality,

1 1 1
[ 00,0 - A aw <37 ([ 1p0.0) = g0 @+ [ letw0) - ot 2,8 aa
0 0 0
1
+/ |€(z + 2,2) — AP dx). (4.14)
0

We use the characteristics method, and (3.9) and (3.10) to upper bound the first two integrals in the right-hand
side of (4.14) by C(m, + m}z}/p) thanks to Lemma 3.1. Indeed, we have, as in (3.10),

p(0,) — p(z, 0) = —% /Ox alta— 1) (plt.z — 1) ~ €(t.x — 1)) d.

Using Holder’s inequality, one derives that, since a is bounded and non-negative,

1 1 x
| 1p02) = pwopar<c [ [ atto - vlptta 1) - o - P drdo
0 0 0

11
§C’/ / alp — &P (¢, z) dt dz.
0o Jo

By Lemma 3.1, one obtains the upper bound for the first integral. Similarly, one reaches the upper bound for
the second integral.

As for the third integral in the right-hand side of (4.14), we perform the change of variables t = = + z to
obtain

1 z+1
/ §(@ + 2,2) — Ag|” de/ £(t,2) — Ag|” dt
0 z

T
< [ lets) - P
0

which is upper bounded by C(m, + mf)/p) according to (4.11) (The condition T" > 2 is used here.). The proof
of (4.12) is complete.
We now resume the argument for (4.4). We start by noticing that, for every ¢ € (0,7)

|4y = Ae| < [Ap = p(t, 2)[ + [Ae = £(t, 2)| + |p(t, 2) — £(¢, ).
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Taking the p-th power, integrating over ¢t € (0,7) and using (4.11), one gets that
|A, — Ael? < C(my, +m2/?). (4.15)
Similarly, for every z € (0, 1),
A, + Ag = (A, = £(0,2)) + (Ac — p(0,2)) + (p(0,2) + £(0,2)).
Integrating over x € (0,1) and using (4.3), then taking the p-th power and using (4.12) and (4.13) yield
| Ay + Ael? < C(my, +m2/?P). (4.16)
Still, for z € (0, 1), it holds
1007 + 160, 0) < C(14, — p(0.2)] + | Ac — £0.2)) + AP + |Al).
Integrating over x € (0,1) and using (4.5), one gets
1 < C(|ApP + |Ael?) + C(my, +m2/P). (4.17)

Since it holds |a|? + [b? < |a + b|P + |a — b|P for every real numbers a,b, one deduces from (4.15), (4.16) and
(4.17) that

1< C’(mp—l—mf)/p)

and hence m,, > c3 for some positive constant depending only on ||al| &, x(0,1)), €0, 7, and p (after fixing for
instance T = 3). The proof of the theorem is complete. O

4.2. Proof of Theorem 1.1

Using Theorem 1.2, we obtain the conclusion of Theorem 1.1 for smooth solutions. The proof in the general
case follows from the smooth case by density arguments. O

4.3. On the case a not being non-negative

In this section, we first consider the following perturbed system of (1.9):

pr— pe = —5a(p— &) — b(p— €) in Ry x (0,1),
ft + fm = %CL(p - 6) + b(/) - 5) in R+ X (07 1), (418)
p(t,0) —&(t,0) = p(t,1) — £(,1) =0 in Ry.

We establish the following result.

Theorem 4.1. Let 1 < p < +00, 69 >0, A >0, and a,b € L‘X’(R+ x (0, 1)) be such that a >0 anda >\ >0
in Ry x (xg — €0,20 +€0) C Ry x (0,1) for some z¢ € (0,1). There exists a positive constant « depending only
on p, |la||L=, €0, and X\ such that if

bl < a, (4.19)
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then there exist constants C,~y > 0 depending only on p, ||a||L=, €0, and X\ such that, if fol po+ & dx =0, then
the solution (p,&) of (4.18) satisfies

1o )(t.)Izr(0,1) < Ce™ " (po, &0)llLr(0,1): t = 0 (4.20)

Proof. Multiplying the equation of p with p|p|P~2, the equation of £ with £|£|P~2, and integrating the expressions
with respect to z, after using the boundary conditions, we obtain

1d !

o3 | Gt + e Py ot 5 [ ato= plol e (e, da

1
+ [ 0o = 9o — el t.0) do = .
0

This implies

1 1 t 1
5||(p,g)<t,-)||gp(0)1) + 5/0 /O a(p—&)(plplP~t = EJEP)(t, ) da dt

t gl
_ _ 1
[ ] o= 0lol — lep=)t.)de = <00y (420
Integrating the equation of p and £ and using the boundary condition, we obtain

i/l <p(t,$) + g(t,@) dx =0, for ¢t > 0.
0

It follows that
1 1
/ (p(t,x) + §(t,x)) dz = / (p((),:v) + f(O,x)) dz =0, for ¢ > 0. (4.22)
0 0

By (4.21) and (4.22), to derive (4.20), it suffices to prove that there exists a constant ¢ > 0 depending only on
lall Lo (R, x(0,1))» €0, ¥, and p such that for T = 3%, it holds

T 1
| ato=0lo —€lep=2)(t.2) dadt > el 0. 0) 0 (4.23)

Using the facts that @ > 0 and b is bounded, a simple application of Gronwall’s lemma to (4.21) yields the
existence of a > 0 depending only on ||b]| o (&, x(0,1)) SO that

10, )t M 01y < (0, (0, [ g1 For ¢ € [0,T1. (4.24)

5Tt holds for T' > 2 with ¢ = cp.
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Let (p1,£&1) be the unique solution of the system

= pa=—zalp—&) —blp—&  inRyx(0,1),
§10+ &0 = zalpr —&1) +b(p— &) in Ry x (0, 1),
p1(t,0) =& (t,0) = pi(t,1) =& (¢,1) =0 in Ry,
01(0,-) =£1(0,-) =0 in (0,1).

(4.25)

Thus —b(p — &) and b(p — &) can be considered as source terms for the system of (p1,&1). We then derive from
(4.24) that

(o1, €0l zecr,y < Call(p )0, ) 501y (4.26)
Set
p=p—p and E=E-&
Then
Pr = P = —3alt,z)(7 — &) in Ry x (0,1),
& +& = alt,2)(p - £) in Ry x (0,1), @3
p(t,0) = £(,0) = p(t,1) = £(t,1) =0 in Ry,
p(0,-) = po, £(0,-) =&o in (0,1).
Applying Theorem 1.2, we have
1. E)(T, 2w < ell(7,€)(0, )| s (4.28)

for some positive constant ¢ depending only on ||la||Le, €9, and A. The conclusion now follows from (4.26) and
(4.27). O

Regarding the wave equation, we have

Theorem 4.2. Let 1 <p < 400, g9 >0, A >0, and a,b € L™ (R+ x (0, 1)) be such that a >0 and a > XA >0
in Ry X (xg — 0,20 + €0) C Ry x (0,1). There exists a positive constant o depending only on p, |lal|p=, €o,
and X\ such that if

bl < a, (4.29)

then there exist positive constants C and + depending on p, |lal| €0, and X\ such that for all ug €

L (R4 x(0,1))”
W3P(0,1) and uy € LP(0,1), the unique weak solution u € C(]0, +00); Wy (0,1)) N C([0, +00); LP(0,1)) of

Ot — Opput + (a(t, x) + b(t, J;))@tu =0 Ry x(0,1),
u(t,0) =u(t,1) =0 in Ry, (4.30)
U(O, ) = Uo, atu(oa ) = U in (07 1)a
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satisfies
10t 0.1y + 10t W1y < Ce a1y + 102015, ) ¢ 0. (4.31)

Proof. The proof of Theorem 4.2 is similar to that of Theorem 1.1 however instead of using Theorem 1.2 one
apply Theorem 4.1. The details are left to the reader. O

5. EXPONENTIAL DECAY IN [P-FRAMEWORK FOR THE
NEUMAN BOUNDARY CONDITION

In this section, we study the decay of the solutions of the damped wave equation equipped the Neumann
boundary condition and the solutions of the corresponding hyperbolic systems. Here is the first main result of
this section concerning the wave equation.

Theorem 5.1. Let 1 < p < 400, g9 >0, A >0, and let a € L™ (R+ x (0, 1)) be such thata >0 anda > XA >0

in Ry X (2o — 0,20 +€0) C Ry x (0,1) for some xg € (0,1). There exist positive constants C' and v depending

only on p, ||aHLOC (R (0 1)), €0, and \ such that for all ug € WP(0,1) and u; € LP(0,1), the unique weak
+x(0,

solution u € C([0,+00); WHP(0,1)) N C([0,4+00); LP(0,1)) of (1.1) and (1.3) satisfies
10cu(t, )|l e 0,1y + [0zult, ) Lr(o,1) < Ceﬂt(l|u1||m(o,1) + HaruoHLp(o,U), t>0. (5.1)

As in the case where the Dirichlet condition is considered, we use the Riemann invariants to transform (1.1)
with Neumann boundary condition into a hyperbolic system. Set

p(t,z) = ug(t,x) +u(t,z) and  £(t,x) = ug(t,z) — u(t,x), for (¢,2) € Ry x (0,1). (5.2)

One can check that for smooth solutions u of (1.1), the pair of functions (p,&) defined in (1.8) satisfies the
system

pr— pe = —5a(p — &) in Ry x (0,1),
& +€ = La(p—¢) in Ry x (0,1), (5.3)
plt,0) + E(8,0) = p(t,1) + £(t,1) =0 in Ry

Concerning (5.3), we prove the following result.

Theorem 5.2. Let1 <p < +400,e9>0, A >0, anda € L™ (R+ x (0, 1)) be such that a >0 anda > XA > 0 in
Ry x (zo — €0,%0 + €0) C Ry x (0,1) for some xo € (0,1). Then there exist positive constants C,~y depending

only on on p, Ha||Loo (R+x(0,1))’ €o, and X\ such that the unique solution u of (5.3) with the initial condition

p(oa ) = Po and f(oa ) = 60 SGtiSﬁBS
(0, €)(t, ) Lr(0,1) < Ce™ " [|(po, &)l L (0,1)- (5.4)

The rest of this section is organized as follows. The first subsection is devoted to the proof of Theorem 5.2
and the second subsection is devoted to the proof of Theorem 5.1.

5.1. Proof of Theorem 5.2

The argument is in the spirit of that of Theorem 1.2. As in there, we will only consider smooth solutions
(p, &). Multiplying the equation of p with p|p|P~2, the equation of & with £|¢]P~2, and integrating the expressions
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with respect to z, after using the boundary conditions, we obtain, for ¢t > 0,

Ld o+ e x>|”>dx+1/la< — (ol — EleP)(t x) dr = 0 (5.5)
ai J, ot : 2 ), plp : =0. :
This implies
1 1t ! 1
RIS AN / / alp = Ol = Pt ) dedt = 0.y (5)

By (5.6), to derive (5.4), it suffices to prove that there exists a constant ¢ > 0 depending only on ||a|| L (&, x (0,1)),
€0, v, and p such that for any T > 2, there exists ¢y > 0 only depending on p, T, a so that

T 1
[ [ ato=0olol —€lep=2)(t.) dadt > erl (o0, 0) 0 (5.7)
By scaling, without loss of generality, one might assume that

l[(po, €0)llLr(0,1) =1 (5.8)

Set

T 1
myi= [ [ alo=olol €l )t .

Applying Lemma 3.1, we have
T 1
/ / a|p—§\p(t,x)dxdtSC(mp—i—mf,/p). (5.9)
o Jo
By Lemma 3.2 there exists z € (zg — €0/2, o + €0/2) such that
50/2 T 60/2 T
/ / p(t+ 5, 2) — p(t, 2)[P dtds + / / €(t+ 5, 2) — (1, 2)|P dt ds
0 0 0 0
T
+/ lp(t, z) — &(t, )P dt < C(my, +m2/P). (5.10)
0
Applying Lemma 3.3, we obtain

T T c0/2 T
/ In(t, 2) —][ p(s,2) ds|P dt < c/ / Ip(t+ 5,2) — p(t, 2)[P dtds (5.11)
0 0 0 0

and

T T c0/2 T
z) — s.z)ds|Pd C S, z) — 2)|P dt ds. .
/Olf(t,) ]ﬁa,) Pdt < / /0|§<t+,> (2P dt (5.12)
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Combining (5.10), (5.11), and (5.12) yields
T T T T
|t £ smaarpars [Clgen - f ez arpar
0 0 0 0

T
+/0 lp(t, z) — &(t, 2)|P dt < C(my, +m2/P).  (5.13)

Using the characteristics method to estimate p(7,0) by p(7 — z,2) and &£(7,0) by &(7 + z, z) after using the
boundary condition at 0 and choosing appropriately 7, we derive from (5.9) that (5.13) that

][OT p(t,z)dt + ]{)T &(t, z)dt

As done to obtain (4.12) and (4.13), we use the characteristic methods to estimate p(0, -) via £(t, z) and £(0,-)
via p(t,z) after taking into account the boundary conditions (at « = 0 for p(0,-) and at x = 1 for £(0,-)), we
derive from (5.9) and (5.13) that
T
][ &(t, z)dt
0

][OT p(t, z)dt

Combining (5.14) and (5.15), we derive (after choosing T' = 3) that there exists a postive constant cs only
depending on ||al|Le (&, x(0,1)), €0, ¥, and p such that m, > c. The proof of the theorem is complete. O

p
< C(mp +m2/7). (5.14)

p

p
+ > 1—C(my, +m2/?). (5.15)

5.2. Proof of Theorem 5.1

The proof of Theorem 5.1 is in the same spirit of Theorem 1.1. However, instead of using Theorem 1.2, we
apply Theorem 5.2. In fact, as in the proof of Theorem 1.1, we have

1
/ Ou(t, z) — Buu(t, )P + [Dyu(t, z) + Dyu(t, 2)[P da
0

1
< Cefvt/ |0pu(0, 2) — O,u(0, z)|P + |0pu(0, z) + Opu(0, z)|P da.
0

Assertion (5.1) follows with two different appropriate positive constants C' and ~. O

Remark 5.3. We can also consider the setting similar to the one in Section 4.3 and establish similar results.
This allows one to deal with a class of a for which a is not necessary to be non-negative. The analysis for this
is almost the same lines as in Section 4.3 and is not pursued here.

6. EXPONENTIAL DECAY IN LP-FRAMEWORK FOR THE
DYNAMIC BOUNDARY CONDITION

In this section, we study the decay of the solution of the damped wave equation equipped the dynamic
boundary condition and of the solutions of the corresponding hyperbolic systems. Here is the first main result
of this section concerning the wave equation.

Theorem 6.1. Let 1 < p < 400, kK > 0, and a € L™ (R+ x (0, 1)) non negative. Then there exist positive

constants C,~ depending only on p, k, and ||a||Lw (R (0 1)) such that for all ug € WP(0,1) and uy € LP(0,1),
+x(0,



EXPONENTIAL DECAY OF SOLUTIONS OF DAMPED WAVE EQUATIONS 23

there exists a unique weak solution u € C([0,400); WP(0,1)) N CL([0,+00); LP(0,1)) such that dyu,d,u €
C([0,1]; L*(0,T)) for all T > 0 of

Opt — Oggs +aliu = 0 in Ry x (0,1),
Oz u(t,0) — kOu(t,0) = Ogu(t,1) + kOu(t,1) =0 in Ry, (6.1)
u(0, ) =ug, Au(0,-) =uy in (0,1),
satisfies
l0cu(t, )|l Le 0,1y + [0zult, )l Lr(0,1) < Ceﬂt(l|u1||Lp(o,1) + HaxuoHLP(O,l))a t>0. (6.2)

Remark 6.2. In Theorem 6.1, a weak considered solution of (6.1) means that Oyu(t,x) — Opgu(t,z) +
a(t,x)0:u = 0 holds in the distributional sense, and the boundary and the initial conditions are understood
as usual thanks to the regularity imposing condition on the solutions.

As previously, we use the Riemann invariants to transform the wave equation into a hyperbolic system. Set
p(taz) :Ux(t7$)+ut(t,$) and f(t,I) :uzc(tv'r) 7Ut(t,iE) for (t,l‘) € ]R-‘r X (071) (63)

One can check that for smooth solutions u of (1.1), the pair of functions (p,&) defined in (1.8) satisfies the
system
pr = pe = —za(t,z)(p = §) in Ry x (0,1),
ft + gm - %a(tv x)(p - f) in R-i— X (07 1)a (64)
f(t7 O) = COp(ta 0)7 p(ta 1) = le(t7 1) in RJru
where ¢ =1 = (k—1)/(k+ 1).
Regarding System (6.4) with ¢, ¢; not necessarily equal, we prove the following result.

Theorem 6.3. Let 1 < p < +00, ¢g,¢1 € (—1,1), and a € L™ (R+ x (0, 1)) non negative. Then there exist
positive constants C, vy depending only on ¢y, ¢1, and ||a||Loo< ) such that the unique solution u of (6.4)

with the initial condition p(0,-) = po and £(0,-) = & satisfies

Ry x(0,1)

1P, &), )| Le(0,1y < Ce™ " [[(po, €0)lLo(0,1): = 0. (6.5)

The rest of this section is organized as follows. The proof of Theorem 6.3 is given in the first section and the
proof of Theorem 6.1 is given in the second section.

6.1. Proof of Theorem 6.3

We will only consider smooth solutions (p, ). Multiplying the equation of p with p, the equation of £ with &,
and integrating the expressions with respect to x, after using the boundary conditions, we obtain, for ¢t > 0,

131

S5 | ettty e+ 5 [ a0 (plol et e

(= lal)ee P + 1=l 0r) 0. (65)
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This implies

1 1 T 1
SNy +5 [ [ alo= b2~ leP)0,0) dwa

17 ) i
+ 5/0 ((1 — e )€ 1P + (1 — \CO‘P)‘p(t,O)V’) dt = 2 [l(p0,&0) [ 72(0,1)-  (6.7)

To derive (6.5) from (6.7), it suffices to prove that there exists a constant ¢ > 0 depending only on

llall Lo (&, x(0,1)) €0, €1, €0, 7V, and p such that for for T' = 3%, it holds

T rl T
| ato = elolr® =~ eleptardude + [ (6 )P + o OP) dt = ellion, &g (65)
0 0 0

After scaling, one might assume without loss of generality that

l(po, €0)ll Lr0,1) = 1

Applying Lemma 3.1, we have

T 1
/ / alp — &P (t,z) dadt < C’(mp_|_m§/17)7
0 0

where

T 1
myi= [ [ alo=olol €l )t .

Using the characteristics method (in particular Egs. (3.9), (3.10)), we derive that

T T 1
- OT Mo <€ [ (it 0P ot 0P) at+C [ [ arlo et do

As a consequence of (6.7), (6.9), (6.10), and (6.11), we have
T 1 T
|| ato=0olol 2~ gl e aydwaer [ (jee P+ ot 0P de =
0o Jo 0

The proof of the theorem is complete.

(6.10)

(6.11)

O

Remark 6.4. In the case a = 0, one can show that the exponential stability for 1 < p < +oco by noting that

I(p(t +1,0), p(t + 1, 1)) || < max{|eol, [ex [} (o(t, 0), p(t, 1))

The conclusion then follows using the characteristics method.

6Tt holds for T > 2 with ¢ = cp.
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6.2. Proof of Theorem 6.1

We first deal with the well-posedness of the system. The uniqueness follows as in the proof of Proposition 2.5
via the d’Alembert formula. The existence can be proved by approximation arguments. First deal with smooth
solutions (with smooth a) using Theorem 6.3 and then pass to the limit. The details are omitted.

The proof of (6.5) is in the same spirit of (1.7). However, instead of using Theorem 1.2, we apply Theorem 6.3.
The details are left to the reader. O

Remark 6.5. One can prove the well-posedness of (1.1) and (1.4) directly in LP-framework. Nevertheless, to
make the sense for the boundary condition, one needs to consider regular solutions and then a is required to be
more regular than just L°°. We here take advantage of the fact that such a system has a hyperbolic structure as
given in (6.4). This give us the way to give sense for the solution by imposing the fact d;u, 0,u € C([0,1]; LP(0,T))
for all T > 0.
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