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Abstract

In this work, we are interested in a detailed qualitative analysis of the Kawahara
equation, which models numerous physical phenomena such as magneto-acoustic
waves in a cold plasma and gravity waves on the surface of a heavy liquid. First, we
design a feedback control law, which combines a damping component and another
one of finite memory type. Then, we are capable of proving that the problem is well-
posed under a condition involving the feedback gains of the boundary control and the
memory kernel. Afterward, it is shown that the energy associated with this system
exponentially decays by employing two different methods: the first one utilises the
Lyapunov function and the second one uses a compactness—uniqueness argument
which reduces the problem to prove an observability inequality.
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1 Introduction
1.1 Background and Literature Review

Water wave models have been studied by many scientists from numerous disciplines
such as hydraulic engineering, fluid mechanics engineering, physics as well as math-
ematics. These models are in general hard to derive, and complex to obtain qualitative
information on the dynamics of the waves. This makes their study interesting and
challenging. Recently, appropriate assumptions on the amplitude, wavelength, wave
steepness, and so on, are invoked to investigate the asymptotic models for water waves
and understand the full water wave system (see, for instance, [1, 6, 24] and references
therein for arigorous justification of various asymptotic models for surface and internal
waves).

As a matter of fact, it has been noticed that the water waves can be considered
as a free boundary problem of the incompressible, irrotational Euler equation in an
appropriate non-dimensional form. This means that there are two non-dimensional
parameters 8:=% and e:=7, where the water depth, the wavelength, and the amplitude
of the free surface are respectively denoted by %, A and a. On the other hand, the
parameter p, known as the Bond number, measures the importance of gravitational
forces compared to surface tension forces. We also note that the long waves (also called
shallow water waves) are mathematically characterized by the condition § < 1. There
are several long-wave approximations depending on the relation between ¢ and §.

The above discussion leads to note that, instead of studying models that do not
give good asymptotic properties, one can rescale the parameters mentioned above to
find systems that reveal asymptotic models for surface and internal waves, like the

Kawahara model. Precisely, letting ¢ = <, w= % + vs%, and the critical Bond

number pu = _%, the so-called equation Kawahara equation is put forward. Such an
equation was derived by Hasimoto and Kawahara [17, 22] and takes the form

1
£2W; +3WW, _VWxxx'i‘EWxxxxx =0, (1.1
or, after re-scaling,
Wi +aW, + BWyry — Wigxxx + WW, =0. (1.2)

The latter is also seen as the fifth-order KdV equation [7], or singularly perturbed KdV
equation [28]. It describes a dispersive partial differential equation with numerous
wave physical phenomena such as magneto-acoustic waves in a cold plasma [23], the
propagation of long waves in a shallow liquid beneath an ice sheet [19], gravity waves
on the surface of a heavy liquid [15], etc.
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Note that valuable efforts in the last decades were made to understand this model in
various research frameworks. For example, numerous works focused on the analytical
and numerical methods for solving (1.2). These methods include the tanh-function
method [4], extended tanh-function method [5], sine-cosine method [33], Jacobi ellip-
tic functions method [18], direct algebraic method and numerical simulations [27],
decompositions methods [21], as well as the variational iterations and homotopy per-
turbations methods [20]. Another direction is the study of the Kawahara equation from
the point of view of control theory and specifically, the controllability and stabilization
problem [3], which is our motivation.

Whereupon, we are interested in the analysis of the dynamics of the solutions to
(1.2) in a bounded interval. More precisely, our primary concern is to analyze the
qualitative properties of solutions to the initial-boundary value problem associated
with the model (1.2) posed on a bounded interval under the presence of damping and
memory-type controls.

Now, we will go over some previous results that dealt with the asymptotic behavior
of solutions for the Kawahara model (1.2) in a bounded domain. One of the first
outcomes is due to Silva and Vasconcellos [30, 31], where the authors studied the
stabilization of global solutions of the linear Kawahara equation, under the effect of
a localized damping mechanism. The second endeavor is completed by Capistrano-
Filho et al. [3], where the generalized Kawahara equation in a bounded domain is
considered, that is, a more general nonlinearity W79, W, with p € [1, 4) is taken into
account. It is proved that the energy of the solutions of the Kawahara system decays
exponentially when an internal damping mechanism is applied.

Recently, a new tool for the control properties of the Kawahara operator was pro-
posed in [11]. In this work, the authors treated the so-called overdetermination control
problem for the Kawahara equation. Precisely, a boundary control is designed so that
the solution to the problem under consideration satisfies an integral condition. Fur-
thermore, when the control acts internally in the system, instead of the boundary, the
authors proved that this integral condition is also satisfied.

We conclude the literature review with three recent works. In [10, 14] the stabi-
lization of the Kawahara equation with a localized time-delayed interior control is
considered. Under suitable assumptions on the time delay coefficients, the authors
proved that the solutions of the Kawahara system are exponentially stable. This result
is established using either the Lyapunov method or a compactness—uniqueness argu-
ment. More recently, the Kawahara equation in a bounded interval and with a delay
term in one of the boundary conditions was studied in [8]. The authors used two dif-
ferent approaches to prove that the solutions of (1.2) are exponentially stable under a
condition on the length of the spatial domain. We point out that this is a small sample
of papers that were concerned with the stabilization problem of the Kawahara equation
in a bounded interval. Of course, we suggest that the reader, who is interested in more
details on the topic, consults the papers cited above and the references therein.

Let us now present the framework of this article.
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1.2 Problem Setting and Main Results

Consider the system (1.2) in a bounded domain 2 = (0, £), where £ > 0 is the spatial
length, under the action of the following feedback:

do(t, x)+adw(t, x) + B2w(r, x) — Dw(r, x)

xe, t>0,
+ wP(t, x)0 w(t, x) =0,
wt,0)=w(, ) =0, t >0,
dw(t,0) = d,w(r, £) =0, t>0, (1.3)
Bw(t, £) = F(t), t>0,
2w(t,0) = z0(t), tel,
(0, x) = wp(x), x € Q,

with wq, zo are initial data and F(¢) is the feedback law that combines damping and
finite memory terms:

-1
f(r):zvlafw(z,owrvz/ o(t —$)%w(s, 0)ds. (1.4)

-1

Here, @ > 0 and B > 0 are physical parameters that appear because we can consider
the regime ¢ = 8«1, w= % + ve%, the critical Bond number ;& = % and re-scaling
the resultant equation (1.1). Moreover, p € {1, 2}, whereas v; and v, are nonzero real
numbers. Inturn, 0 < 71 < 1 corresponds to the finite memory interval (f — 1,  —12).
Furthermore, 7 = (—13, 0), and the memory kernel is denoted by o (s). Of course, the
presence of a memory term is usually ubiquitous in practice. Particularly, memory is
of great importance in systems control as they are governed by equations, where the
past values of one or more variables involved in the system play a crucial role. On the
other hand, the impact of a memory term in some systems can be deleterious as it can
affect their performance [12, 13, 26]. Last but not least, we indicate that the memory
term, that arises in the boundary control (1.4), could reflect the case of a compressible
(or incompressible) viscoelastic fluid. The latter is regarded as the simplest material
with memory [2, 16].

On the other hand, let us note that the energy associated with the full system (1.3)
is given by

5(:)=/ wz(t,x)dx+|vz|/ 50 (s) (/ (aﬁw)z(z—s¢,0)d¢> ds, t > 0.
Q M Qo
(1.5)

Naturally, as we are interested in the behavior of the system (1.3), we need to check
whether the feedback law, given by (1.4), represents a damping mechanism. In other
words, we would like to see if, in the presence of the boundary memory-type feedback
law, the energy of the system (1.5) tends to zero state with some specific decay rate,
when ¢ goes to 0. This situation can be presented in the following question:
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Question Does £(t) —> 0, ast — oo? If it is the case, is it possible to come up with
a decay rate?

To answer the previous question for the system (1.3), we will assume, from now on,
that the memory kernel o obeys the following conditions:

Assumption 1 The function o € L°°(M), where M:=(ty, 12). In turn, we assume
that

o(s) >0, ae.in M.

Moreover, the feedback gains vy and v, together with the memory kernel satisfy

lvi| + |v2|/ o(s)ds < 1. (1.6)
M

Some notations, that we will use throughout this manuscript, are presented below:

(i) We denote by (-, -)p2 the canonical inner product of R?, whereas (-, -) denotes the
canonical inner product of L?(€2) whose induced norm is || - ||.
(i) For T > 0, consider the space of solutions

Yr = C(0, T; L*(2)) N L0, T; H3 ()

equipped with the norm

Ivll3, = (é‘&?‘,’;) v, -)||)2 + /OT 100t )2 .
(iii) Let 9 = (0, 1) and Q:=( x M. Then, we consider the spaces
H:=L*(Q) x L*(Q), M:=L*(Q) x L*(Z x M),
respectively equipped with the following inner product:
(@2 @ = .0+ ol [ [ 506)206.950.5) dods.
M JIQq
{((,2), (0, Y))H = (@, v) + [12] /I/MG(S)Z(r,S)y(r,S)dsdr-

Subsequently, we can state our first main result:

Theorem 1.1 Under the Assumption 1 and assuming that the length £ fulfills the

smallness condition
3B
O<tl<m—, (1.7)
o
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there exists r > O sufficiently small, such that for every (wqo,z0) € H with
[(wo, z0)llg < r, the energy of the system (1.3), given by (1.5), is exponentially
stable. In other words, there exist two positive constants k and [ such that

E@) < kE(0)e 2™ ¢ >0, (1.8)

where E(t) is defined by (1.5).

The proof of this result uses an appropriate Lyapunov function, which requires the
condition (1.7) (see Remarks 1.3 below). In turn, such a requirement can be relaxed
by using a compactness—uniqueness argument [29] (see [3, 8, 9, 30, 31]). The proof
is based on the following outcome [8]:

Lemma 1.2 Let{¢ > 0and consider the assertion: There exist{ € Candw € HO2 ()N
H>(Q) such that

to(x)+ o' (x)+ 0" (x)—a""(x) =0, x € Q,
w(x) =o' (x) =" (x) =0, x € {0, £}.

If (¢, 0) € C x H}(Q) N H3(Q) is solution of (1.2), then » = 0.
We have:

Theorem 1.3 Suppose that Assumption 1 hold. Moreover, we choose £ > 0 so that the
problem in Lemma 1.2 has only the trivial solution. Then, there exists ¢ > 0 such that
for every (wg, zo) € H satisfying ||[(wo, z0)llg < o, the energy (1.5) of the problem
(1.3) decays exponentially.

1.3 Further Comments and Paper’s Outline

As mentioned above, the exponential stability result of the system (1.3) will be estab-
lished using two different methods. The first one evokes a Lyapunov function and
requires an explicit smallness condition on the length of the spatial domain £. The
second one is obtained via a classical compactness—uniqueness argument, where crit-
ical lengths phenomena appear with a relation with the Mobius transforms (see for
instance [8]). This permits us to answer the question raised in the introduction.

Remarks Let us point out some important comments:

e Considering v» = 0 and o« = 0, the authors in [9] showed the stabilization property
for (1.3) using the compactness—uniqueness argument. Since they removed the drift
term a0 w, the critical lengths phenomena did not appear.

e The main concern of this work is to deal with the feedback law of memory type as
in (1.4). One needs to control this term to ensure well-posedness and stabilization
results.

e Our results are valid for the general nonlinearities u?d,u, p € {1, 2}, and also can
be extended for linearity like ciudsu + czuzaxu. To draw more attention to the
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first general nonlinearity, the decay rate in (1.8) depends on the values of p since
we have (see Section 3)

: { 2| vale 0728 1
WU < min ' 573
2(1+ pafv2)) 2651+ Lp1)(p +2)

—2n252—%r1’] }

[(p +2G7% - at?)

e [tisimportant to point out two facts about Theorem 1.1. Assumption 1 is paramount
to getting the well-posedness results for the system under consideration and is
quite common in the memory type problems (see, for instance, [8, 12]). Finally,
the spatial length £ fulfilling the condition (1.7) comes from the fact that we are
using the Lyapunov function defined by

Eq(t) = f xa?(x, t)dx,
Q

where w is the solution of (1.3). Due to this, condition (1.7) is essential and it
remains an open problem to remove this restriction.

We end our introduction with the paper’s outline: The work consists of three
parts including the Introduction. Section?2 discusses the existence of solutions for
the full system (1.3). Section 3 is devoted to proving the stabilization results, that is,
Theorem 1.1 and Theorem 1.3.

2 Well-Posedness Theory

In this section, we are interested in analyzing the well-posedness property of the system
(1.3). The first and the second subsections are devoted to proving the existence of
solutions for the linearized (homogeneous and non-homogeneous) system associated
with (1.3), respectively. The third subsection deals with the well-posedness of the full
system (1.3).

2.1 Linear Problem

As in the literature (see for instance the references [32] and [25]), the homogeneous
linear system associated with (1.3) is:

dor(t,x) + adyw(t, x) + Bw(t, x) — w(t,x) =0, (1, x) e Rt x Q,

s0rz(t, @, 8) + 0pz(t, ¢, 5) =0, (t, ¢,s)eRTxQox M,

(r,0) = w(t, ) = 0w, 0) = dw(r, £) =0, t>0,

Bw(t, £) = v92w(t, 0) + v2[ o(s)z(t, 1,8)ds, t>0, 2D
M

a)(ovx) = a)o(-x)v X € Q,

2(0, ¢, 1) = zo(—¢r), (@.r) € Qo x (0, 72),
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where z(t, ¢, s) = 83a)(l — ¢s, 0) satisfies a transport equation (see (2.1)7). Letting

0 ——0y

wl(t,-) o o
A(t) = , Ao = , one can rewrite this system abstractly:
® [z(t, Loy ] Zo(—¢~)} y y
A (1) = AA(t t
A0) =Ap e H,
where
—ady — B3 +37 0
A = 1 9

whose domain is given by
(w,2) € H,

D(A):= | (@.2) € H(Q) N Hj (),
zeL? (M; H‘(Qo)) :

32w (0) = z(0, ),

2w () =182 (0)+ 1, f o(s)z(1,5)ds
M

The following result ensures the well-posedness of the linear homogeneous system.

Proposition 2.1 Under the assumption (1), we have:

i. The operator A is densely defined in H and generates a Co-semigroup of con-
tractions ¢'A. Thereby, for each Ay € H, there exists a unique mild solution
A € C([0, 400), H) for the linear system associated with (1.3). Moreover, if
Ao € D(A), then we have a unique classical solution with the regularity

A € C([0, +00), D(A)) N C' ([0, +00), H).

ii. Given Ay = (wo, 20(-)) € H, the following estimates hold:

T
19500, )17 7 +/0 /M 50 (8)2%(t, 1, 5) dsdt < Cll(wo, zo(-) 1%,

(2.3)

1970320, 7:12(c) < Cll@0, 20D 117 (2.4)
T

12001720y < N12(T - 20y + fo fMo<s>z2(t, L,s)dsdt, (2.5

and

TlwoOI < 101172 7.2 + TI1:@ O 172 7 (2.6)
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iti. The map
G: Mo = (@0, 20()) € H > AC) =™ Ag € Y7 x C (10,71 12(Q))

is continuous.

Proof of item i. This part can be proved by using the semigroup theory. In fact, note first
that for given A = (w, z) € D(A), it follows from the Cauchy—Schwarz inequality

that
! !
/ a(s)z(l,s)dsf(/ a(s)ds) </ a(s)(z(l,s))zds> . 2.7
M M M

Thus, using integration by parts and (2.7) yields

1 2 2
(AA, A) == [(ulafw(owrvz/ o()z(1, 5) ds) _ (afw(O))
2 M
—Ivzlf o (5) (2(1, 5))? ds+|vz|(afw(0>)2f o(s)ds]
M M

5% [(afw(O))z <v12 — 1+ |0 /Ma(s) ds> (2.8)

21 (agw(O)) </M o()z(1, 5) ds)

2 [val 2 _l
+ <v2 — —HMHZ) (/Ma(s)z(l,s) ds) :| = 2(GX, X)R2,

where
32w(0)
X = / o(s)z(1, s) ds
M
and
v12—1+|vz|/ o(s)ds IR
_ M
6= g ml
SN NZOIE

Due to (1.6), we have

—1 2
detG=|v2|<f U(S)ds) {|:1—|v2|<f o(s) ds):| —vlz} >0
M M
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and

—1
G < oi|(vil = 1) — vy 2] (/Mam ds) <0,

since |v1| < 1. Moreover, it is not difficult to see that G is a negative definite matrix.
Putting this previous information together with (2.8), we have that A is dissipative.
Analogously, considering the adjoint operator of A as follows

A%(v,y) = | @dyv + Bo7v — 97v, —dpy
S
with domain
[v2]
2

et 22u() = 21, 5),
D(A*):={ (@.2) € H(Q) N Hj (%), v

ye Lz(M; HI(QO)); 831)(0) = vlafv(ﬂ) + |vo| fM o(s)y(0,s)ds

)

we have that for (v, y) € D(A*),

2
(A, ), @, ) + [ = 102l 157 122 0 </M 7=y, s)ds> 2.9)

1
= §<G*Za Z)v
where
Z= (afv(z)f o (s)y(0, s)ds>
M
and
214 |vZ|/ o)ds  wvl
Gy = M
vi |y v — vl
lvo ()12

Again, thanks to the relation (1.6), we have det G, = det G > O and trG, = trG < O,
since |v;| < 1. Thus, using the fact that G is negative definite in (2.9), we have that
A* is also dissipative, showing the item i.

Proof of itemii. First, remember that e’ is a contractive semigroup and therefore, for
each Ag = (wo, zo) € H, the following estimate is valid
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@), z(t, - Ny = loOI* + 112, -, )70,
< llwol® + llzo(=)l72(g)s Y1 € 10, T1. (2.10)

Moreover, the following inequality holds

/ / 56 (s) [2(t, 1, $)] dsdt 5—/ / [vals6 (s) [ZO( ¢s)]dsd¢
| 2| Qo

+ ///lvﬂso(s)z dsdedt.
T1|v2| 0 JayJM

@2.11)

Indeed, multiplying the second equation of (2.1) by ¢o (s)z, rearranging the terms,
integrating by parts and taking into account that s € M = (71, 12), we have

T
/ / so(s) (z(t, 1, )% dsdt <—f / / lvalo(s) (z(t, ¢, 5))> dsdpdt
0 [v2] Q0

f $lalo(s)s (20, ¢, $)* dsde

|V2|

f f 2160 (5)s (T 6. 5))° dsdg
Il Q0

///s|v2|a(s)(z(t ¢,5)? dsdgdt
Tl|V2| Q0

+ = f f Plv2lo (5)s (z0(—¢s))* dsde
|V2| Qo J M

This proves the estimate (2.11). As a consequence of (2.10), (2.11) and the hypothesis
of 11 <s <1 and ¢ < 1, we also have

r (%) T
fo fM 509) (@0, 1,5)? dsdr = - (; + 1) (ol + 1z0(=6)12: 0, ) -

(2.12)

Now, we are in a position to prove (2.3). Multiplying the first equation of (2.1) by
w, integrating over [0, T'] x [0, £], and using the boundary conditions, it follows that

T 2
19701720, ) = llwoll* + /0 (83w(e)) dt — lw(T)|?

T 2
< ||co0||2 -I—/(; (vlafa)(O) + /Mo(s)z(', l,s)ds> dt

T
1=||w0||2+/ (I1 + L)*dr. (2.13)
0
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To estimate the integral (I + I>)* on the right-hand side of (2.13), we use Young’s
inequality together with the Cauchy—Schwartz inequality, to obtain

(1) + I)?

IA

V2 (8§w(t, 0))2
1 1
+2|v1||vz|(a§w(t,0)) (/ a(s)ds) (/ o(s)z2(~,1,s)ds>
M M

; 5

—i—v% ((/ G(s)ds) (/ U(s)zz(.,l,s)ds>>
M M
|: +%</ a(s)ds>:| (8%0)([,0))2
+[29v12+v§ </ o(s)ds)](/ a(s)zZ(.,Ls)ds). (2.14)
M M

Thereafter, inserting (2.14) into (2.13), we find

2
[1 2 ;—; (/M a(s)ds):| 10201122 1,
T
< llwol® + [zev% +v2 (f a(s)ds>i| ([ / o ()Z2(, l,s)dsdt).
M 0 JM

(2.15)

Thanks to (1.6), one can choose 6 > 0 large enough so that

1 —v? — g (/ U(S)ds) > 0. (2.16)
M

This, together with (2.15) and (2.12), yields

1970 )72 7 < <|w0||2 / f SU(S)Z(,I,s)dsdt>

<c(1+ miﬂ( +1)) lanl?

Cn T !
+T1|V2| + ”ZO( ¢S)”L2(Q)
= € (llwol’? +||zo<—¢s>||iz(g)). @.17)

Clearly, combining (2.12) and (2.17), we get (2.3).
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Now, let us prove (2.4). Multiplying the equation (2.1) by xw, integrating by parts

over (0, T) x 2, and isolating the term ||8§a)||i2(0 .12y Ve obtain

2 12 X 2 PR
”8)(('0”[‘2(0’7';[‘2(9)) SL gwo(x)dx + g”wHLZ(O,T;LZ(Q))

£ 2 T
+-[uf+—2<[ o(s)ds)]/ (32w(t, 0))*
5 2e M 0
[t e (from)]f [ o0
+ = |2ev] + 3 / o(s)ds / / o(s)z°(t, 1, s)dsdt
5 M 0 JM

¢ 2 ¢ 2
Eg”w()” + g”w”LZ(O,T;Lz(Q))

T T
+C |:/ (32w (t, 0))> +[ / o (s)22(t, 1, s)dsdti| ,
0 0 M

where (2.14) is used and

Cr—max L ]07 4 2 ds) |, £ 2e0? 112 d
| = max 3 UI+Z</MU(S) s> ,§|:6v1+v2</Ma(s) s>i| .

Now, taking into account the fact that ¢4’ is a semigroup of contractions and using

£
(2.3), we obtain (2.4) with the constant C = max 3’ %, Cit.

Finally, let us show (2.5) and (2.6), respectively. For (2.5), multiply the second
equation in (2.1) by o (s)z and integrates by parts over (0, T') x Q, to obtain

//sa(s)z2(0,¢,s)dsd¢§/ / 5o ()22(T, ¢, s) dsdé
Qo JM Qo J M

T
+/ f a(s)Z2(t, 1, 5) dsdt,
0 JM

showing (2.5). To prove (2.6), we multiply the first equation in (2.1) by 2(T — ¢)w and
integrating over [0, T'] x [0, £], to find

2 2 r 2 2
T”a)()” =< ”w“LZ(O T;L2(Q)) T/ <8xw(0)) dl»
I 0

giving (2.6). Last but not least, it is worth mentioning that the above estimates remain
true for solutions stemming from Ao € H, giving item ii, thanks to a density argument.

Proof of itemiii. Follows directly from (2.4) and from (2.10). O
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2.2 Non-Homogeneous Problem
Let us now consider the linear system (2.1) with a source term f € L0, T; L*())

in the right-hand side of the first equation. As done in the previous subsection, the
system can be rewritten as follows:

Ai(t) = AA() + (p(t,-),0), t>0,

(2.18)
A0) = Ag € H,

where A = (w, z) and Ay = (wo, zo(—-)). With this in hand, the following result will
be proved.

Theorem 2.2 Under the Assumption (1), it follows that:

(a) If Ao = (wo, z0(—-)) € H and ¢ € L', T; LZ(SZ)), then there exists a unique
mild solution

A = (w,2) € Yr x C([0, T]; L*(Q))

of (2.18) such that

1@, D010 = € (I1@0. 0=y + 101310 72 120) - 219)
and
loly, <C (n(wo, 20(=DIF + ||¢>||il(o,T;L2(Q») : (2.20)

for some constant C > 0, which is independent of Ao and ¢.
(b) Given

w e Yr =C0,T; L*(R) N L*O0, T; H3 ()
and p € (1,2}, we have wPd,w € L'(0, T; L>(R)) and the map
F:weYr > oPdwe L0, T; L*(Q) (2.21)

is continuous.
Proof of item (a). Since A is the infinitesimal generator of a semigroup of contractions

e and g € L'(0, T; L?()) it follows from semigroups theory that there is a unique
mild solution A = (w, z) € C([0, T]; H) of (2.18) such that

t
A@t) = e Ao + / =94 (¢, 0)ds
0
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and hence, we get
l(w, Dllcqo,r;m) < C (”(w()s zo(=Nlu + ||<P||L1(0,T;L2(Q)))-
Young’s inequality gives
@, D o710 = 2€2 (@0, 20(=D 1 + 101310 7120 ) -

which proves (2.19). To complete the proof of item (a), we must verify the validity of
(2.20). For this, observe that from (2.19), we have

max ol <2€” (0. 20D + Mol @) - 222

t€l0,

In turn, if we multiply the second equation in (2.18) by ¢o (s)z, integrating over
[0, T] x [0, 1] x [t1, 2] and arguing as for the proof of (2.11), we obtain

T
f / so(s) (z(t, 1, )% dsdt
0o JM

T2

T
< ol (; + 1) (Ila)oll2 + ”ZO(_¢’S)||iz(Q) + ||<p||il(01T;L2(Q))) )

(2.23)

Now, multiplying the first equation in (2.18) by w, integrating over [0, T] x [0, €],
and thanks to (2.23), we get

T 2
1950 )72 7 < lleoll? +f0 (vlafw(O) + 12 /Ma(s)z(~, l,s)ds) dt
T
+2<m51x lo(t, x)||>/0 lp(t, x)| dr. (2.24)

Now, replacing (2.14) in (2.24), we find

120 Ry - < ool + | v+ 22 / o (s)ds /T<32w(t,0)>2dt
L~(0,T) 20 M 0 x

+[29u$+v§([ a(s)dsﬂ (/ / a(s)zz(~,l,s)dsdt)
M T 0 JM

+2 (tg[l&% IICU(I,)C)II)/0 o, x)| dt.
(2.25)
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Isolating ||83a)(0) ||%2 ©0.7) and using Young’s inequality for the last term of the right-

hand side, we reach

2
|:1 2 ;—; (/M U(S)ds)i| ||a§w(0)||12(0’r)

T
5||w0||2+[29v12+v§<f a(s)ds)] (/ / a(s)z2(-,1,s)dsdt>
M 0 JM

2
2
+ (tgll(i?;] ||a)(t,x)||) 1071 0.7:120) (2.26)

Thanks to (1.6), (2.16) and (2.26), the estimate (2.19) becomes

1%
1970 )72 7y <Ci (2 +Ct (;1 + 1)) llevo |

ro (2 (i) 4146 ) 120(=09)2
— —os
T1lv2| \ 71 2) %0 L*(Q)

+C1(L+ C)l9l71 0.7 1200

<C (||(wo, 20(—=p)IIy + ||¢||il(0,T;L2(Q») : (2.27)
Now, multiply the Eq. (2.18) by xw and integrate by parts over (0, 7) x (0, £) and
then perform similar calculations to those of the previous item to get

5 2 12
EHanHLZ(O,T;LZ(Q))
12 aT
= 30l + € (@0, 20(=@sDIE + 1917 1 71202 )

¢ 2 2 ¢ 2
+ EC (”(a)(), ZO(_¢S))||H + ||(P||L1(0’T;L2(Q))> + §||§0”L1(0,T;L2(Q))
1)2
2 2 2
a_ (/M U(S)dS) Cc (||(600, ZO(_¢S))”H + ||§0||L1(0,T;L2(Q)))

N

— |V

201 26
l T

+ — | 2ev? +13 / o(s)ds 2 —+1
27y M [v2| \ 71

x (@0, 20N I + 191310 71200 ) (2.28)

where we have used Cauchy—Schwarz inequality, Young inequality, estimates (2.14),
(2.23), and (2.27). Therefore, taking any € > 0 in (2.28), there exists C > 0 such that

1901220 72y = 19200 2007120 <€ (160 20(=$DIG+10 13 10 71200 )
(2.29)
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The estimate (2.20) follows directly from the estimates (2.22) and (2.29), and item (a)
is achieved.

Proof ofitem (b). Given w, v € Y7 we have, for p = 1, that

T T
ool <k [ Toligltold <k [ ol gdr

< klloly, < oo, (2.30)
where £ is the positive constant of the Sobolev embedding L%(Q) < L*°(R). There-

fore, wo,w € Ll(O, T; LZ(Q)), for each w € Y7. Thus, using the triangle inequality,
together with the Cauchy—Schwarz inequality, we get the classical estimate

IF (@) — F) 10,7120 < kllwo = vly; (lolly, + vlly,). foranyu,v e Yr.
2.31)

Therefore, the map F is continuous concerning the corresponding topologies. On the
other hand, when p = 2, we have for w, v € Y7 that

T
IF @012 = k||w||C(0,T;L2(sz))/0 ”w”?#(g)dt < k||, < +oo.

(2.32)

Hence, F(w) is well-defined and for any u, v in Y7, we have

3k
1@ = FOlporzen <5 (1017, + 1013, ) lo = vy, 233)

Thereby, the map F is continuous for the corresponding topologies. O

2.3 Nonlinear Problem

We are now in a position to prove the main result of the section. Precisely, the next
result gives the well-posedness for the full system (1.3).

Theorem 2.3 Suppose that (1.6) holds. Then, there exist constants r, C > 0 such that,
forevery Aoy = (wo, z0(—-)) € H with ||A0||%1 < r, the problem (1.3) admits a unique
global solution w € Y7, which satisfies |w|ly, < CllAolla.

Proof Given Ag = (wo, z0(—*)) € H such that ||A0||%{ < r, where r is a positive
constant to be chosen, define a mapping Y : Y7 — Y7 as follows: Y (w) = y, where
y is the solution of (2.18) with a source term ¢ = w9, = F(w), p € {1,2}. The
mapping Y is well defined because of item (a) of Theorem 2.2, from which we obtain
thanks to (2.20) that

1Ty, <C (||Ao||%, + ||f<w>||il(0,T:Lz(m)).
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Note that T (w) — Y (v) is a solution of (2.18) with initial condition Ay = (0,0) € H
and source term ¢ = F(w) — F(v). It follows from (2.20) that

IT(@) = YOy, < CIF@) = FOI710.7:12)°

where the constant C > 0 above does not depend on Ag and ¢.
Now, considering p = 1, we have from (2.30) that

If@I}, <€ (r+k0l}, ), Yo e rr,

while from (2.31), we have that

2 2 2 2 2 2

17 (@) =Ty, < Ck (IIwIIYT + IIvIIYT) lo—vlly,, Yo,v e Yr.

Thus, when ||a)||%,T < R we get

IT@)I}, <C(r+k*R%), Yo € B,

(2.34)
IT(@) = YW}, <4CER*|w -]}, , Yo,v € B.

5R —
and r =

Next, pick R = Forw € B={o € Yr;|ollj, <R}, we

1
V5k2C

have that

A

R, Yo € B,

I (@)II3,
(2.35)

A

4
1T (w) — T(U)II% < gllw - vll%yT, VYo,v € B.
On the other hand, when p = 2, we have from (2.32) that
IT@I}, =€ (r+#10lf, ). Yo ¥r

and from (2.33), we have that

2
1T (@) — YWy, <C 3k 1ol + 1012 ) o — vl Yo,ve ¥
Yr = 2 Yr Yr Yro ’ T-

Thus, when ||a)||§T < R, we get

IT@I3, < C(r+k*R%), Yo € B,
(2.36)
IT(@) =TI}, <9CK*R*||lo —v||},, Yo, v € B.
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and r = —— and we will have that

Therefore, just take R = =
4k~/C 64kC>

IT@)}, <R, Vo€ B,
(2.37)
1T (@) — T3 <3|| —v)?3 , Wo,veB

w v YT_16a) UYT, w, v .

Consequently, due to (2.35) and (2.36), the restriction of the map A to B is well-
defined, and A is a contraction on the ball B. As an application of Banach Fixed Point
Theorem, the map A possesses a unique fixed element w, which is the unique solution
to problem (1.3). Finally, the solution is global thanks to the dissipation property.
Indeed, the energy £(¢) (see (1.5)) of the system (1.3) satisfies

5/(t)< 1(GX X)ip2 <0
_z , A)r2 = U,

where G and X are given in Proposition 2.1. O

3 Exponential Stability of Solutions
In this section, we will prove the two main outcomes of our work. The first sta-
bilization result will be proved via the Lyapunov approach. The second one shows

an observability inequality which will be proved by the compactness—uniqueness
argument.

3.1 Proof of Theorem 1.1

Initially, let us remember that the energy of the system (2.18), for ¢ = w?d,w, with
p € {1, 2}, is defined by

E@D =AMy = lo®? + 12017 o)

1
where ||z(t)||iz(g) = |n| /M 50 (s) /0 22(t, ¢, s)d¢ds. Thus, using (2.18), we get

E') =2{Ai (1), A = 2(AN(1), AD)) 1 + 2{(@P0x, 0), AD))

— +1
= (GX, X>R2+2/Qw17 dyoodx G.1)
p+2 ¢ p+2 0

where G and X were given in (2.8). Let us now define a Lyapunov function

S@)=E@) + 1 E1(t) + n2Eax(t), t >0,
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where E1(t) and E»(t) are given by
El(t)=/xa)2(x,t)dx and Ez(t)=|v2|/ / 5 %6 ()2%(t, ¢, s)dsd ¢,
Q Qo J M

@1 and po are positive constants to be determined and § > 0 is arbitrary constant.
Note that

mEla):m/ xa?(x, 1)dx sml/ W2 x. Ddx = Ly o]
Q Q
and

M2 Er (1) < M2|V2|/ / so(s)zz(t,qﬁ,s)dsd(]b = M2||Z(Z)II§Z(Q)-

Qo J M
Consequently,
w1E1(t) + uoEx(t) < max{€puy, ua}E(t)

and, therefore

() = @) = (1 +max{lur, ua}) EQ). (3.2

Differentiating £ (#) and E»(¢), using integration by parts and the boundary conditions
of (1.3) and (2.1), we get

2
E/t: 2_3 a 2_5 82 2 _/ p+2d
1) = allo] Blloxll 95 ell” + P A

w, I:v]2 (afw(t, 0))2 + 2v1; (afw(t, 0) (f o ()2t 1, s)ds)
M

2
+v3 (/ o (8)z(t, l,s)ds) ] (3.3)
M

and

B3ty =~1val [ e“”o(s)(z(r,1,s)>2ds+|vz|(f o(s)ds) (200.0))
M M

—|va] / / sse 2o (s)Z2dpds. (3.4)
M JIQ
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Thus, for ®(¢r) = E(t) + w1 E1(t) + u2 Ez(t), we find that
(1) +2uP (1) = (GX, X)pz + a1 |ol* = 381l 0l* — Sp1l|9 ]

21 / 2 2 (52 2
+ wPTdx + ¢ [U (8a)t,0)
42 ) M1 |V | 0y (,0)

+2v11; (afa)(t, 0)) (f o ()2t 1, s)ds)
M
2
+v§ (/ o(s)z(t, 1, s)ds) :|
M

— p2|v2 f e o (s) (z(t, 1,5)* ds
M

T 12w < / a(s)ds> (afw(t, 0))2
M

—,u2|vz|/ / 5se %o (5)Z2dpds
M JQy

+ 2l + 220172, + 20m1 /Q xa’ (x, 1)dx

+ 2upr vl f / 5¢ 5 (5)z(t, p, 5)dsdg.
Qo J M

Next, let

2
_ h ViV _ |V2|/ o(s)ds 0
G _ME(VM vy ) Cra = 02 0 0

and

2w(t,0)
o(s)z(t, 1,s)ds
M

Thus, we have that
d)’(t) +2ud((t) = (G + Gm + GHZ)X, X)g2 + (apy + 2/L)||a)||2
—3Builldcol? = Spilldtol?

2
] /a)p+2dx—u2|\)2|/ e o (s)(z(t, 1,5) % ds
p+2Jq M

—;1,2|v2|/ / sse %o (s)2dpds
M JQy

200 g + 201 [ 3020
Q
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+2/L,LL1|V2|/ / se o (5)z(t, ¢, s)dsd
Qo JM

< (G + Gy 4 Gup) X, X2 + (apuy +20(1 + p110) ]?
—3Buildxol® = 5p1)192w]?

2
= / wPT2dx — povale™ / o(s) (z(t, 1,5))* ds
p+2Jq M

—/LQ|V2|8_6T25/ f so (s)z22dpds
M JQ

+ 2001201250, + 2111102 /Q /M 50.(9)2(t, ¢, 5)dsdg.
0

Now, observe that

2
. _ i ViV |v2|fM o(s)yds 0O

is a continuous map of R? on the vector space of square matrices M>>(R) and that
the determinant and trace are continuous functions of M»> ., (R) over R, we have that
hi(ur, o) = det T (wq, u2) and hy(uy, o) = trT (i, (p) are continuous from R2
over R. Therefore, knowing that #;(0,0) = detG > 0 and 2(0,0) = trG < 0,
it follows that for w1, o small enough, one can claim that 41 (uy, u2) > 0 and
ha(p1, u2) < 0. Thereby, G + G, + G, is negative defined for wy, no small
enough. Moreover, using the Poincaré inequality!, we find

£2
@' (1) +2ud (1) < [; (apr +2u(1 + pi)) — 3;9#1} lxeol® = Sprll7e]®

2

[ o= palvale® [ o) 192 ds
p+2Jq M

+ (201 + palval) = p2lvale™28) 120172 g) - (3.5)

Now, we are going to estimate the integral

ﬂ/ P 2dx.
p+2Ja

To do so, applying the Cauchy—Schwarz inequality and using the fact that the energy
of the system £(¢) is non-increasing, together with the embedding H(} (RQ) — L*®(Q),
we have, for ||(wo, z0)||g < r, that

2 2 20
L/ 0P 2dx < &”w”%“(ﬂ)/ wPdx < M1 ||3xa)||2/ wldx
Q p+2 Q p+2 Q

ZZ
Uel? < =5 laxol?, forw € H (),
T
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25#1 _p 205

< Sl o) < Wnaxwuznm,zo)nz
26277/,L1r

< ﬁnaanz. (3.6)

Combining (3.6) and (3.5) yields

2

£
(1) +2ud (1) < [; (a1 +2u(1 + p10)) — 3ﬂm} 19, 0l* = Sp1 1197l

282_%/“;"”

+—||axw||2—m|vz|e—5’2/ o (s) (z(t, 1,5))* ds
p+2 M

+ (20 + pilnal) = palvale™28) 20172,

e 2025 1y rP
< {—2 (et + 21+ p10) = 38u1 + —— | 3,0
b4 p+2

= Suildzol® + (21 + pilval) = palvale™28) 120172 o)
(3.7)

Note that ®'(¢) + 2u® () < 0 when

2u(1 4+ pilval) — palvale ™8 < 0

and
0 222_%/“ r?
— (apr +2pu( + p16) =31 + ———— <0,
T p+2
which holds for i > 0 satisfying, respectively
palvale™028

< _—
2(1 + pqlv2))
and

w1
202(1 4+ €ur)(p+2)

0<pu< [(p +2)(3728 — al?) — 2n252—§rl’] ,
where we need to take r > 0 satisfying

(p+2)372B — al?) — 2722 717 > 0

or, equivalently, r > 0 must satisfy

((p + (B2 — ez))i

2720275
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Thus, for 1, (o small enough and an arbitrary § > 0, taking

((p +2)(37?%8 — a£2)>11’
r <

2m202 %
and
. { 2l vale 0728 M1
W < min ' 573
2(1 + pylv2l) 2621 + L) (p +2)
X [(p +2)(37%B — al?) — 2712627%’1’]} ,
we get that

D' (1) +2ud (1) <0 < D) < D(0)e 2.
Lastly, from (3.2), we get
E(t) < ®(1) < ®(0)e M < (1 + max{lu, L) E0)e " < k E(0)e M,

for « > 1 + max{€u, >}, proving the theorem. O

3.2 Proof of Theorem 1.3

First, we deal with the linear system (2.1) and claim that the following observability
inequality holds

T
llooll® + llz0l132 (g, < € / ((8§w<r,0>)2 + /M so ()22 (1, Ls)ds) dt,
0

3.8)
where (wg, z0) € H and (w, z2)(t) = etA (wo, z0) is the unique solution of (2.1). This
leads to the exponential stability in H of the solution (w, z) to (2.1). The proof of this

inequality can be obtained by a contradiction argument. Indeed, if (3.8) is not true,
then there exists a sequence {(a)(’} z{’))}n C H such that

log 1 + 1251720y = 1 (3.9)
and

32" (-, 0)

2
o + /M sa(s)z22(t,1,5)ds — Oasn — 400,  (3.10)

where (0", 7") (1) = €' (@}, z)- Then, arguing as in [8], we can deduce from
Proposition 2.1 that {"}, is convergent in L> (0, T, LZ(Q)). Moreover, {wj}, is
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a Cauchy sequence in L2(2), while {z§}n is a Cauchy sequence in L?(Q). Thereafter,

let (w0, z0) = lim, o0 (), 2§) in H and hence [lwoll* + Ilzoll3 » (@) = 1. by virtue

of (3.9). Next, take (w, z) = ¢4 (wo, z0) , and assume, for the sake of simplicity and
without loss of generality, that « = 8 = 1. This, together with Proposition 2.1 and
(3.10), implies that w is solution of the system

B,w—i—axw—i—a;w—afa)zo, xe,t>0,
w0,t) =wl,t) =0yw(, 1) = 0w(0,1)

= 2w(l, 1) = 32w (0,1) =0, t>0,
w(x,0) = wo(x), x € Q,

with [|@oll2(q) = 1. The latter contradicts the result obtained in [8, Lemma 4.2],
which states that the above system has only the trivial solution (see also Lemma 1.2).
This proves the observability inequality (3.8).

Now, let us go back to the original system (1.3) and use the same arguments as
in [29]. First, we restrict ourselves to the case p = 1 as the case p = 2 is similar.
Next, consider an initial condition || (wo, zo) |z < o0, Where o will be fixed later. Then,
the solution w of (1.3) can be written as w = w| + w;, where w; is the solution of
(2.1) with the initial data (wq, zg) € H and w> is solution of (2.18) with null data and
right-hand side ¢ = wd,w € LY(0, T: L2()), as in Theorem 2.2. In other words,
is the solution of

o) — Doy + Bw + 01 =0, xeQ,t>0,
wi(t,0) = w1, £) = dxwi(t,0) = drw1(7,6) =0, 1 >0,
-7
2w (t, £) = 1132w (1, 0) + v2/ ot —5)dw(s,0)ds, t>0,
-1
w1 (t,0) = z0(1), 1 € (-1, 0),
w1(0, x) = wo(x), x € Q,

and wy is solution of

0y — Biwz + 830)2 + 0ywy = —wiyw, xe,t>0,
wa(t,0) = wy(t, £) = dywa(t, 0) = dyeawn(t, £) =0, t>0,
t—1
Zan(t, £) = vlafa)z(t,())—l-\)z/ o(t —5)3%w(s,0)ds, t € (—mn,0),
-1
32wy (t,0) =0, X € Q,
w2(0,x) =0, x € Q.

In light of the exponential stability of the linear system (2.1) (see the beginning of this
subsection) and Theorem 2.2, we have

1@, 2Tl = x @0, 20) 1 + Clol 20 7 200 3.11)
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in which x € (0, 1). Subsequently, multiply (1.3) | by xw and performing the same
computations as for (3.3), we get

/xa) (T, x)dx+3/ / (0xw(t, x)) dxdt—i—S/ / 820)(1 x)) dxdt
2
/ /w (t, x)a’xdt—l—ﬁ/ (vlafw(t,0)+v2/. o(s)z(t, 1,s)ds> dt
M

+/ xa)%(x)dx—f-—/ fw3(t,x)dxdt. (3.12)
Q 3Jo Ja

On one hand, multiplying the first equation of (1.3) by w and arguing as done for (2.3)
(see (2.13)), we get

2

T
/ (vlafw(t, 0) + v2/ o(s)z(t, 1,s) ds) dt < C||(wo, Z0)||%{.
0 M
(3.13)

On the other hand, using Gagliardo—Nirenberg and Cauchy—Schwarz inequalities,
together with the dissipativity of the system (1.3), we deduce that

T
/0 /Q Wdxdt = CT) @0, 201 101 20,1 122)-

Applying Young’s inequality to the last estimate and combining the obtained result
with (3.12)—(3.13), we reach

101320 7209y = € @0, 2001 (14 @0, 201, ) (3.14)

Finally, recalling that || (wo, z0)|| g < 0, and inserting (3.14) into (3.11), we get

l@(T), 2T)lli = ll@o, z0) 1 (x +Co +Ca?).

Given n > 0 sufficiently small so that x 4+ n < 1, one can choose o small such that
0 +0° < £, to obtain

(o (T), z2(TH g < (x +n) [ (wo, zo)ll i -

Lastly, using the semigroup property and the fact that x + n < 1, we conclude the
exponential stability result of Theorem 1.3. O

4 Conclusion

This article presented a study on the stability of the Kawahara equation with a
boundary-damping control of finite memory type. It is shown that such a control
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is good enough to obtain the desirable property, namely, the exponential decay of the
system’s energy. The proof is based on two different approaches. The first one invokes
a Lyapunov functional and provides an estimate of the energy decay. In turn, the sec-
ond one uses a compactness—uniqueness argument that reduces the issue to a spectral
problem.

Finally, we would like to point out that our well-posedness result (see Theorem 2.3)
is shown for the nonlinearity w?d,w, where p € {1, 2}. Notwithstanding, we believe
that using an interpolation argument, this finding should remain valid if p € (1, 2).
The same remark applies to the second stability result (see Theorem 1.3). It is also
noteworthy that our first stability outcome (see Theorem 1.1) is established for a more
general nonlinearity w?”d,w, p € [1, 2].
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