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Abstract

This work is devoted to presenting Massera-type theorems for the Kawahara system, a
higher-order dispersive equation, posed in a bounded domain. Precisely, thanks to some
properties of the semigroup and the decay of the solutions of this equation, we can prove its
solutions are periodic, quasi-periodic, and almost periodic.
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1 Introduction
1.1 Problem Under Consideration

Results of the existence of periodic solutions for differential equations date back to the 50s,
when in 1950, J.L. Massera published a remarkable paper [17] on the existence of periodic
solutions to ordinary differential equations (ODE) with periodic right-hand sides. Precisely,
the corresponding linear setup Massera’s theorem is as follows: Consider the ODE of the
form

x=AMx +b(t), xeR", (1.1)
with the matrix A(z) and the vector b(¢) continuous on R, and periodic with the same

period 7. Then, the system (1.1) has a periodic solution with period 7 if and only if it has a
bounded solution on R .
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So, in this context, we are interested to prove some periodic properties of the following
Kawahara equation in a bounded domain

Wp + Uxxx — Uyxxxx T Uy =0, (x,t) el xR,

u©,0) =), u(l,t) =u,(1,1) =u,(0,t) =0, teR, (1.2)
U (1, 1) = o, (0, 1), teR,

u(x,0) =up(x), xel,

with a boundary force ¢(¢) in a bounded domain 7 = (0, 1) and a damping term o, (0, t),
where || < 1. Precisely, we are interested to understand if the system (1.2) has good prop-
erties when we investigate its solutions, considering the context introduced to Massera.
Roughly speaking, we are interested in the study of the existence and qualitative property of
recurrent solutions. This kind of property may be reformulated in the following question.

Question A: Are there periodic solutions for the system (1.2)?
1.2 Physical Motivation

Under suitable assumption on amplitude, wavelength, wave steepness, and so on, the prop-
erties of the asymptotic models for water waves has been extensively studied to understand
the full water wave system.' In this spirit, formulating the waves as a free boundary problem
of the incompressible, irrotational Euler equation in an appropriate non-dimensional form,
one has two non-dimensional parameters § := % and ¢ := 7, where the water depth, the
wavelength and the amplitude of the free surface are parameterized as 4, A and a, respec-
tively. Moreover, another non-dimensional parameter u is called the Bond number, which
measures the importance of gravitational forces compared to surface tension forces.

The physical condition § < 1 characterizes the waves, which are called long waves or
shallow water waves, but there are several long-wave approximations according to relations
between ¢ and §. So, if we consider

1
e=8"«1 and M:g—i—ve%,

and in connection with the critical Bond number u = %, we have the so-called Kawahara
equation which is an equation derived by Hasimoto and Kawahara in [12, 14] that take the

form

:|:2u, + 31414)5 — VlUyyx + Euxxxxx =0.

Rescaling this equation, we will study in this paper the following system
Up Uity + Uyry — Upxxex = 0.
1.3 Historical Background

Before answering the Question .A, let us introduce a state of the art related to the Kawahara
equation. As mentioned before, problems related to higher-order dispersive systems are ex-
tensively studied. Precisely, stabilization and control problems have been studied in recent
years.

ISee for instance [1, 3, 15] and references therein, for a rigorous justification of various asymptotic models
for surface and internal waves.
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A pioneer work is due to Silva and Vasconcellos [19]. The authors studied the stabiliza-
tion of global solutions of the linear Kawahara equation in a bounded interval under the
effect of a localized damping mechanism. The second work in this way is due Capistrano-
Filho et al. [2]. In this work, the authors considered the Kawahara equation in a bounded
domain Q7 =(0,T) x (0, L),

Up Uy + Uy — Ugppxx +utty = f (£, X), in Qr,
u(t,0)=u(t,L)=u,(t,0)=u,(t,L) =u,(t,L)=0, on[0,T], (1.3)
(0, x) = uo(x), in [0, L].

In this article, the authors were able to introduce an internal feedback law in (1.3), consider-
ing general nonlinearity u”u,, p € [1,4), instead of uu,. They proved that under the effect
of the damping mechanism the energy associated with the solutions of the system decays
exponentially.

Related to internal control issues in a bounded domain, Chen [8] presented results con-
sidering the Kawahara equation (1.3) posed on a bounded interval with a distributed control
f(t, x) and homogeneous boundary conditions. She showed the result by taking advantage
of a Carleman estimate associated with the linear operator of the Kawahara equation with
an internal observation. With this in hand, she was able to get a null controllable result when
f is effective in a w C (0, L). In [4], considering the system (1.3) with an internal control
f(t,x) and homogeneous boundary conditions, the authors can show that the equation in
consideration is exactly controllable in L2-weighted Sobolev spaces and, additionally, the
Kawahara equation is controllable by regions on L?-Sobolev space.

Recently, a new tool to find control properties for the Kawahara operator was proposed in
[5, 7]. First, in [5], the authors showed a new type of controllability for the Kawahara equa-
tion, what they called overdetermination control problem. They can find a control acting at
the boundary that guarantees that the solution of the problem under consideration satisfies
an integral condition. In addition, when the control acts internally in the system, instead
of the boundary, the authors proved that this condition is also satisfied. After that, in [7],
the authors extend this idea for the internal control problem for the Kawahara equation on
unbounded domains. Precisely, under certain hypotheses over the initial and boundary data,
they can prove that there exists an internal control input such that solutions of the Kawa-
hara equation satisfies an integral overdetermination condition considering the Kawahara
equation posed in the real line, left half-line, and right half-line.

We finish presenting the last works in control theory related to the Kawahara equation. In
[6, 10], under suitable assumptions on the time delay coefficients, the authors can prove that
solutions of the Kawahara system are exponentially stable. The results are obtained using
the Lyapunov approach and compactness-uniqueness argument. We caution that this is only
a small sample of the extant work on control theory for the Kawahara equation.

1.4 Notation and Auxiliary Results

Before presenting the main results of the article, let us introduce some notation and two
auxiliary results. Denote by C!(R) a function space whose elements are continuously dif-
ferentiable complex-valued functions on R and its norm

) I
lullcr g := lullcw + ludllew, VYueC (R).
Set

Cy(R) = {u € C'(R); lullc1 g < +00}.
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Consider by L2(1) the space of all Lebesgue square integrable complex-valued functions on
I with the following inner product

1
(u,v) :=Re </ uﬁdx> . Vu,veL*(),
0

where ¥ denotes the conjugate of v. With the previous inner product, we define in L>(I) the
following norm

1
llull = (u, u)2.

Additionally, let H*(I), s > 0, be the classical Sobolev spaces of complex-valued functions
on I with its classical inner product and norm, denoted by || - || g5 (s). Finally, consider

H(D) ={ue H )| u®0)=0=u®"(1),u>0)=0=u®(1),
u(5i+2)(1) — au(5i+2)(0)},

where the derivatives are of order less than or equal to n — 1. The norm and inner product
of H;(I) are inherited from H*([).

The first result is devoted to proving the well-posedness via semigroup theory, which
is the key to proving the other main results of the article. Precisely, we first prove that the
linear Kawahara operator generates {S(¢)},>0 the Co—semigroup of contraction on L*(D).

Theorem 1.1 There exists w > 0 such that for any k =0,1,2,3,4 and 5, we can find a
positive constant Cy > 0 which the semigroup associated to the linear Kawahara operator
satisfies

”S(t)uO”Hé;([) =< Ckeiwt ”’40”[-1015(1),
forallt > 0.

The previous theorem is the key to proving the existence of the bounded solution for the
Kawahara equation (1.2). For that, pick

X :=Cy(R, H*(I))
with a norm

llullx := sup llu(@) | 221y
teR

and define the following set
X, ={ueX|lullx <p}
The next theorem, thanks to the previous one, ensures that the solutions of (1.2) are bounded.

Theorem 1.2 There exists a constant € > 0 such that for all ¢ € C'(R) satisfying lellcrw) <
€, the system (1.2) admits a unique solution u such that

lullx < Ce,

where C > 0 is a constant independent of €.
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1.5 Massera-Type Theorems and Structure of the Article

With the previous background in hand it is clear that no results concerning the recurrent
solutions for the Kawahara system are presented in the literature. This manuscript is inter-
esting to fill this gap by giving answers for the Question .4 before presented. Precisely, the
next three theorems give us Massera-type theorems for a higher-order dispersive system that
is, the result below ensures that the solution of (1.2) is T—periodic.

Theorem 1.3 Let

lellcrw) <€,

where € is the constant determined by Theorem 1.2. If ¢ is a function T—periodic, thus u
solution of (1.2), given by Theorem 1.2, is also a function T—periodic.

Additionally, the next Massera-type theorem gives some property of the periodicity of
the solution to (1.2). The result can be read as follows.

Theorem 1.4 Let

lellerw) < €.

where € is the constant determined by Theorem 1.2. If ¢ is a quasi-periodic function, the
solution u of (1.2), obtained in Theorem 1.2, is also a quasi-periodic function. Moreover, if
@ is w—quasi-periodic function in t, thus the solution u of (1.2), obtained in Theorem 1.2, is
also w—quasi-periodic function in t.

Finally, let us present the last result of this work. Precisely, we can prove that the solutions
of (1.2) are almost periodic.

Theorem 1.5 Let ||¢|lc1(r) < €, where 0 < € < 1 is obtained via Theorem 1.2. If ¢, ¢’ are
functions almost periodic, the solution u of (1.2), given by Theorem 1.2, is also an almost
periodic function.

The remainder of the paper is organized as follows. In Sect. 2, we present the auxiliary
results that are essential for the proof of the Massera-type theorems, precisely, we present
the proof of Theorems 1.1 and 1.2. After that, in Sect. 3, we present the answer for the
question .4 which is divided into three results, that is, we present the proof of Theorems 1.3,
1.4 and 1.5. Further comments are presented in Sect. 4. Finally, in the Appendix, we give
some properties of the energy associated with (1.2).

2 Preliminaries

In this section, we are interested to prove some properties of the following linear Kawahara
system

Up + Upyy — Ugxoey =0, (x,t)el xR,
u©0,)=u(l,t) =u,(1,t) =u,(0,1) =0, teR, oD
U (1,1) = auyy (0, 1), teR,

u(x,0) =up(x), xel,

which are essential for the rest of the article.
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2.1 Well-Posedness: Linear System

From now on C with or without subscripts denotes positive constants whose value may
change on different occasions. We will write the dependence of constant on parameters
explicitly if it is essential. Additionally, we denote A, > 0O is the smallest constant such that
the following inequality holds
luell® = Aulluell®, w € Hy (D).
Consider the following operator A : D(A) C L>(I) — L*(I) defined by
Ay = —Uxxx T Uyxxxxs

where

D(A)={ue H(I) :u(0) = u(1) = u(0) = u; (1) =0, u,, (1) = au, (0)},
with |a| < 1, and its adjoint A*v = vyyy — Uyyxxy With

DAY ={ve H(I): v(0) =v(1) = v,(0) = v, (1) = 0, v, (0) = @, (1)}.
Thus, the following property holds.
Proposition 2.1 A generates a Cy semigroup of contractions on L*(I).
Proof Since A is a continuous linear operator, using the closed graph theorem, A has the
closed graph. Moreover, as D(A) is dense in L?(I), if we prove that A and A* are dissipa-

tive, thanks to [18, Corollary 4.4] we have that A generates a Cy semigroup of contractions
on L?(I). To do this, by using the definitions of A and A*, we get, integrating by parts that

1, 2
(Au,u) = E(a = D (0)" <0
and
* 1 2 2
(A%v,v) = 5(06 — D (v (1))” <0,
that is, A and A* are dissipative, and so the proof is finished. O
From now on, denote by {S(¢)},;>0 the Cp-semigroup associated with A, so u(t) = S(t)ug
is the mild solution of the linearized system (2.1). The next result ensures some properties

of the solution of the linear Kawahara system.

Proposition 2.2 Let u solution of (2.1). Then, we have for all T > 0 that
@) luG, D §T||Mo||;
@) —Olz)/ ul (0, 0)dt < |luo|*;

0

1 1
@) Nullz2or; 520y < \/5 (1_—{12 +4T>||140||~
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Proof Since {S(t)},>0 is a Cp-semigroup of contractions, item (i) follows. Now, observe that

d
T (I O12)) = 200,10 = 2(Au, 1) = @ = D (u(0))*

and integrating in (0, T') we get (ii).
Now, multiplying (2.1) by xu, integrating by parts, and using the boundary condition we
have that

d
— (/.xuzdx> :2/xuu,dx = —Z/xuuxmdx +2/xuumxxxdx
dt 1 1 1 1
= f wldx =3 / (u)dx + 0? (U (0,1))> =5 / (yy)?dx.
I I I

Integrating both side in (0, T'), holds that

T T
3 / / (uy)*dxdr +3 / / (uyy)’dxdt
0 1 0 1
T T
< / x(ug)’dx + / / wldxdt + / o? (., (0, 1))2dt
1 0 1 0

T T
< / (o) dx + / luolPds + f o (12 (0, 1)),
1 0 0

since |lu(t)|| < |lup|| for al # > 0. So, using item (ii), we obtain

f /(ux) dxdt +3/ /(u”) dxdt < (1
Therefore,

T T T

3lullza, :3/ /uzdxdt+3/ /(ux)zdxdt+3/ /(u”)zdxdt
0 1 1

( >Iluo||2,

showing the result. ]

< 3T |luol* + (1

The next result ensures the decay of the semigroup associated with the Kawahara opera-
tor. This can be proved by using the results shown in the Appendix.

Proposition 2.3 Existe w > 0 e C > 0 tal que

IS@uoll < Ce™ Jlugll, t = 0.

1
Proof Consider E(t) = — ||lu||>() the energy associated with (2.1). So, thanks to the Theo-

rem A.2, we have that

IS@)uoll> =2E ) < Cllugl>e™,
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and taking the square root of both sides in the previous inequality with o = % > 0 the
results holds. g

The next result shows that the solutions of (2.1) are bounded.

Proposition 2.4 There exists C > 0 such that for any t > 0,

1 1
IS@uoll 2y = € T-a27 + Lluoll,

holds for any uy € L>(I).

Proof Define the following function

t
g(t) = /O ISl ds.

t
Applying the mean value theorem we have the existence of T € (0, 5) such that

1
t 2
||S(‘L')M0||§1z(1) : (5) =/0 ||S(S)u0||i12(,)ds.

Thanks to item (iii) of Proposition 2.2, we get

t 2 1
||S(T)M0||i,2(,) : <5) :/0 ||S(€)M0||Hz(,)ds 3 ( ) lluto 1.
1 1 2 4 1 1
2 2_ 2
IS(@Duollyy2y < 3 ( +21> (;) luoll” = 3 (1 T + 1) lluoll
and so,
2V3 [ 1 1 243
||S(T)M0||H2(1)§T T 22t+1” upll < —— 3 1_— +1||M0||

Finally, semigroup properties ensure that

Thus,

IS@uoll g2y = 1St =) S(@uoll g2y < CLllS(@uoll g2y < C1 S Vite ; + Huoll,
and the proof is achieved.
2.2 Proof of Theorem 1.1

Considering k = 0, thus the result is a consequence of Proposition 2.3. Now, taking
uyp € D(A) = H(f (1), semigroup theory ensures that u = S(t)ug € D(A) and u; = Au =
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S(t)(Aup), with Aug € L2(I). Pick v = u,, we have that v satisfies the following initial
value problem

v, = Av, (x,t)el x(0,7), 2.2)
v(x,0) = vo(x) = (Aug)(x) € L2(I), xel. '
Proposition 2.3 yields that

v, D))l < Ce vyl = Ce™ || Aug||.

Since the following norms |[u|| 4 ||Au|| and ||u|| pc4) are equivalents in D(A), we ensure the
existence of two constants M, M, > 0 such that

Milullpay < llull + lJAull < Mallullpa)-
Thus,

IS uoll g3y < M IS@uoll + 1A o))
< M (Ce " [lug|l + Ce™" || Aug|)
< MFICMZe_wT“”(J”HD?(]y

The results for k = 1,2, 3 and 4, are consequences of an interpolation argument. So, Theo-
rem 1.1 is shown. d

2.3 Well-Posendess: Bounded Solutions for the Nonlinear System

Consider the following initial boundary value problem

Up + Uyxy — Uxxxxx T UUY = 0, (X, [) el xR,
u@,) =9, u(l,t) =u,(1,t) =u,(0,1) =0, tekR, 2.3)
uxx(lvt)=auxx(osl), IGR, '
u(x,0) =up(x), xel
Let us study the bounded solution to the system (2.3). To do this, let us consider
yx, ) =ulx, 1) + A(x)e(),
with the function A defined by
Aw ="ty 1
X)=——x"+——x —
a+1 o+1
and ¢ € C'(R). If we suppose that u satisfies (2.3), so we have that y satisfies
yt+yxxx_yxxxxx+yyx+ayx+by:f» (X,I)EIXR,
v, =y(1,1)=0, teR,
(1, 1) = ay(0,1), 1R, 2.4
—2(a — 1)?
yxx(Lt):ayxx(O?t)"_ - 4 (/J(t) IER’
o+1
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with
2
¥ (0,1) = ?w(t) a(x,t)=—AX)e(), bx,1)=—-A"(x)e() 2.5

and
f=AM)¢ (1) — A A (x)¢*(1). (2.6)
Moreover, we consider that y is a mild solution of (2.4) if satisfies the integral equation
t
YO =S =30+ [ SE=n-yn —an byt s @)

for all # > r and each r € R. Thus, as y is a mild solution of (2.4), we have that

ux,t) =y, 1) —Ax)p@)

is a mild solution of (2.3). With this in hand, we are in a position to prove our second
auxiliary result.

Proof of Theorem 1.2 A straightforward calculation shows that by using integration by parts,

we get
© w l o0 w © w w
/ e 27 —dr=/ we‘frﬁd1=/ we TTe” 17 /tdr. (2.8)
0 T 0 0

Pick a function h(t) = e_%’r, with T € R. Since
, w _w 2
h(‘r):(l——t)e T T=",
2 w

2 2
h(t)>0fort < — andh (t) <Ofort > — e yields that

2 2e¢!
h(t)<h|—)=—— VteR.

w w
So we have

- /26’1

e 4 \/?<
w

Therefore,

e 27\/70,"5—/ we i~ % /TdT

B f e~ 4rdr 2.9)
w Jo
2¢~!

=4/
w
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On the other hand,

0 v 2
/ e $Tdr =2, (2.10)
0 w

Thus, Theorem 1.1, Proposition 2.4 and Agmon inequality,? ensure that

H/ St =)y, 8)yx (-, 5)ds

H2(I)

<f’ g t—s g t—s o)y s)
58)Yx (S
</ 5 5 ) yCs)y
t
<G / ) ds
—00 H2(I)
r —%(t—s) 1 2
=CG | e 2V ————+1lyC )y, 9)llds
oo l—a?t—s
' —2(t—s) 1 2
<C e 2V 1—2—+1||y(',5)||1-12(1) lyxC, )l ds
oo —a’t—s
<Clyl} f ey Y
e  E— s.
=5 Ix o 1—a?t—s

Thanks to the previous inequality, taking T =t — s, we get

ds
H2(I)

t—s

N <T> y('a s)yx(’v S)

H/ St —95)y(,8)yc (-, 8)ds

H2(I)

<c| ||2/°Oe*%’ J— \/T+ﬁ dr
=5 1lx 0 I—a?V 1t

o0 w 1
sC||y||§f e 3" \ﬁﬂ dt

0 T
<o(-LiLyye
- Jo o Yl

Now, considering ¢ € C '(R), we have a, b € X. Therefore, we get, using the same compu-

tations as before, that
S " 1
<Clall iyl [ ¥ ({2 +1)ar
H2(I) 0 T

@2.11)

H/ St —s)a(-, )y (-, 8)ds

(2.12)
1 1
<C|—=+—)lalixlyllx
Jo o
3 1
2Agm0n inequality in one dimensional case: [lu||poo(;) < CHM\|22(1)||'4||212(1) <Cllul H2(I) I=(0,1).

@ Springer



5 Page12o0f25 R. de A. Capistrano-Filho, .M. de Jesus

00 N 1
scubnxnynX/ 3 (i) ae
HX(D) 0 T

1 1
<Cl—=+—1)1b .
< (@ﬂu)” I Iyl

Using the change of variable y by y — z in (2.12) and (2.13), respectively, yields that

1 1
<C —+—) lallx lly —zllxy (2.14)
H2(I) <\/5 w X X

and

H/ St —s)b(-, 8)y(-, s)ds

(2.13)

H/ St —s)aC,s)[y(,s) —z(,8)], ds

and

H/ St =9)b(,5)[y(,5) —z(, 5)]ds

1 1
<Cl—4+—=1)1Ib — . (2.15
I (ﬁ w)n lelly —zllx. 215

Additionally, thanks to Theorem 1.1, we have

H/t St —s)f(,s)ds

t
< / 1St =) FC.) e ds
H2(I) -

o0
t
<G, / eI N F ) g ds
—oo (2.16)
t
<Cliflx / e ™ds

oo

© C
=C||f||x/ s = S I flly.
0 w

where in the last line we have used the following change of variable t =t — 5. Also, note
that by analogous process yields that

H/ St =)y, )y, 8) —z(,8)zc (-, 5)]ds

H2(I)

' t—s t—s
= [ IS{—=) S5 ) Doyt =26 9z9)]
—00
g I 1d
<C *7(“-‘)\/_—_1 - Y
N /_ooe T—ali—s szx(y RIS
' —%(1—s) 1 1
<C [ e e IO = D 16+ Dl ds
—00 —o°t—=s
' —%(t—s) 1 1
=Cly—zlixlly +zlix e 2 - + 1ds
—00 1—a?t—s

1 1
Sc<ﬁ+ ;) ly —zlix lly +zllx -

@ Springer
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Set
t
Ty) @) 12/ St —5)(=yy: —ay. — by + f)(-, s)ds. (2.18)
—0o0
Now, using (2.11), (2.12), (2.13) and (2.16), we get that
Wyllx =sup [(¥Y) Ol g2y < 1YY O m2q)
teR
t t
< ‘/ S =)y, s)ds + H/ St —s)(ay) (-, s)ds
—0 H2(I) —00 HX(I)
t t
+H/ St —s5)(by)(-, s)ds +H/ S —s)f(,9)ds (2.19)
—00 H2(I) —00 H2(I)
<c( LYol ==+ L) ialy i
—+— —+—|lla
= «/5 o Yirx \/5 o x IYVlix
1 1 C
Cl—+—)1b — .
+ (@%)” Il + < 11
Thanks to (2.14), (2.15) and (2.17), we get that
Wy —Wz|lx =sup [[(Yy — V) (D)l g2y = 1Py — V) (Ol 2y
teR
t
< / S(t — $)(yys — 22) (. $)ds
—o0 H2(I)
t
+ H/ St —s)(aly —2)x) (-, 8)ds
—00 H2(I)
t
+H / S(t — 5) (b(y — 2) (- 5)ds (220)
—00 HZ(I)
<c( =+ LYy —ziyny+al
=< «/5 ® Y —=2Zlix Iy T 2lx
1 1
+C ﬁ+; lallx ly —zllx
o (2 D bngy -z
\/5 > x 1y —Zlix-
Moreover, we have that
Wyl < (—=+ 1) 2w (= + D) daly+ 16100+ i1y @20)
— 4+ — — 4+ — a — .
Yix = \/5 > 1Y \/5 > X x)P o X
and
1y — el < (2 4 L) oy — 2y + € (== + L) lally + 18150 1y = 21
_ B _ 2\ la — 2l
yZX_\/awaZx ﬂw X x) 1y —2lx
(2.22)
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for y, z € X,,. By hypothesis

lellc,® :=max{sup ()], sup ¢’ ()|} <€,
teR teR

since a(x,t) = —A(x)p(t) we get

1
Ol = O [ (42 + 42+ A 0dx = €0,

1
with C? := / (A* 4+ A2 + A? )dx. So
0
lallx = sup{lp(®)IC} < Cllglic,® < Ce.
teR

Analogously, taking b(x,t) = —A,(x)@(t), ensures that

1
16 )12y, = (@(1))? / (A2 4+ A2, + A2, )dx = (Co(1)™.
0
Thus,

Ibllx = suﬂg{lw(t)IC} =Cliglle;m = Ce.
te

As f(x,1) =AX)@' (1) + A (x)p(t) — A(x) A’ (x)@*(t) and 0 < € < 1, follows that
I fllx <Ce,

where C > 0 independent of €.
Finally, thanks to the previous inequality, let us consider

3C 3C?
p=—Iflly < —°¢.
w w

For € « 1 small enough we have

and

1 1 1

C <ﬁ + ;) (lallx + 151x) < 3

Therefore, thanks to (2.21) and (2.22), the following holds true
Wyllx <p

and

2
Iy = ¥zlix = Flly = zlix,
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respectively. Therefore, using the Banach fixed-point theorem, there exists a unique y € X,
such that Wy = y. Thus, for such y yields that

Iylx =11¥yllx <p
and y is a mild solution for (2.4). As y(x,t) = u(x,t) + A(x)e(t), we get
lullx <Ce,

showing the result. O

3 Massera’s Theorems for the Kawahara Operator

In this section, our goal is to present several Massera’s type theorems associated with the
system

U+ Uyxy — Uyyxx + Uty =0, (x,1) el xR,
u0,)=9p@), u(l,t) =u,(1,t) =u,(0,1) =0, teR, G.D)
U (1,1) = auyy (0, 1), t eR,

u(x,0) =uo(x), xel.

These theorems ensure that this higher-order dispersive equation has recurrent solutions. Let
us start proving the first result in this way.

3.1 Proof of Theorem 1.3

We have that v(x, ) =u(x,t + T) is the unique solution of

Uy + Vxex — Urprxx + 00, =0, (x,)el xR,
v(O0, )= +T)=0e(), t eR,
v(l,t)=v,(1,1) =v,(0,1) =0, teR,
Ve (1, 1) = vy, (0, 1), teR.

The system above is exactly (3.1), so the uniqueness of solutions gives us that
ux,t+7T)=v(x,t)=u(x,1),

for all (x,t) € I x R, showing the result. O

3.2 Quasi-Periodic Solution

In this section, we are interested in analyzing the quasi-periodic solutions of (3.1). Before
it, we present some definitions necessary for this study.

Definition 3.1 We say that the real numbers w;, wy, ..., @y are rationally independent when
miwy + - +mpwy =0,

only happens when m| = ---m; =0, withm, ..., my € Q, where Q is the set of all rational
numbers.
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Let f : 1 x R —> R be a continuous function and e; a unitary vector of R such that the
i-th component is 1 and the others are zero. We have the following definition.

Definition 3.2 A function f(x, ¢) is denoted by @w—quasi-periodic in ¢ uniformly with respect
to x € I, if there are wy, . .., w; € R rationally independent and a function F(x,u) € C(I x
R¥, R) such that

fx,t)=F(x,tw), twy, ..., tey) = F(x,tw), VteRandx el,

where @ = (w1, ..., ) and F(x,u + 2mwe;) = F(x,u), forall u e R and x € I, i =
1,2, ..., k. The numbers wy, ..., w; are called basic frequencies of f.

Definition 3.3 We say that ¢(¢) is w—quasi-periodic in ¢ if there is ®(u) € C(R*, R) such
that

D(u+2me)=bw), YueRFi=1,... k
and
() =d(tw) =D (twy, ..., tay) VteR.
With these definitions in hand, we prove now the second main result of the work.

Proof of Theorem 1.4 Since ¢(t) is w—quasi-periodic function in ¢, by definition, there exists
®(u) € C(R*, R) such that

D(u+2me)=dw),YueRr, i=1,...,k
and
o) =P(tw)=P(twy,...,tay), VteR.
Set @ = (a1, ..., o) € RF and ¢g(t) = ® (@ + t@). Thanks to the Theorem 1.2, for each
boundary force ¢g(f) the equation (3.1) has unique solution ug € Xc. .
Pick now
U, a) :=ug(x,0). (3.2)

Thus, U is well-defined due to the uniqueness of the solutions. We prove the result by several
claims.

Claim 1 ugz(x,t +h) = ugyns(x, 1).
Indeed, noting that
Ohra®) = P(tw+ho +a)=D((t+h)o+o) =ezt +h),

we have that ug(x,t + h) and ugy,z(x,t) are solutions of (3.1) with boundary force
Onz+z(t). The uniqueness of solutions ensures that

ug(x,t +h) =ugpmx, 1),

and Claim 1 is proved.
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Claim2 U(x,o) =U(x, a1, ..., o) has period 2 with respect to each argument ;.
In fact, taking = 0, in Claim 1, we get
ug(x,h) =ugz(x,0)=Ux, a0+ hw), VheR.
As h is arbitrary, we have that
ugz(x,t)=Ux, o +tw), VtelR.
So, (3.2) help us to ensure that
Ux,a+2me;) = ugione; (X, 0),
where {e], ..., e} is the standard basis in R¥. Since
Paiome; (1) = D@+ T +27e;) = D@+ @) = g (1),
holds true, the uniqueness of solution guaranteed by Theorem 1.2, gives
UGone; = U,
therefore
Ux, @ +2me;) = Ugione (x,0) = ug(x, 0) = U(x, @),

and Claim 2 is shown.
Finally, taking @ = (0, ...,0) € R, we have that the external force ¢g(t) = ¢(¢) and
u(x,t) =U(x,tw). Thus, we get u is a w—quasi-periodic solution in ¢. O

3.3 Almost Periodic Solution

In this section the goal is to prove that (3.1) have almost periodic solutions. To do that, let
us begin this subsection with the following definition.

Definition 3.4 Let (Y, d) be a separable and complete metric space and f :R —> Y be a
continuous mapping. The function f is said to be almost periodic if, for every § > 0, there
exists a constant /(8) > 0 such that any interval of length /(§) contains at least a number t
for which

supd(f(t+ 1), f(2)) <34.

teR

Now, we are in a position to prove the last result of the work.

Proof of Theorem 1.5 Consider y, a, b and f satisfying (2.4), (2.5) and (2.6). The straight-
forward calculation, thanks to the following change of variable T = s — o, shows that

t+o
Iyt +0o) = yOllg2p = H/ S(t+0o —s)(—yy: —ay. — by + f)(s)ds

—/Aw—wewfm»—w+ﬂmm

o0

H2(I)
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(3.3)

< Hf St —5) (s +0)y.(s +0) — y(s)y.(s))ds
—0 HZ(I)

4 f S(t = 5) (a(s +0)ys (s +0) — a(s)ys () ds

00 H2(I)

+/ St —s)(b(s+0)y(s +0) —b(s)y(s))ds

oo

H2(I)

+/ S(t =) (f(s +0) — F(f))ds

H2(I)

Set z(-, s) = y(-, s + o) in the expression (2.17), we get

H/ St =) (s +0)yx(s +0) = y(s)yc(s)) ds
—00 H2<[>

\/5 w ’

Therefore, follows by (2.14) and (2.12) with a(- + o) — a(-) instead of a that

Hf St —s)(als +0)y(s+0)—a(s)y(s))ds
> HX(I)

1 1
SC(E-F;) lallxlly(+0) =yOlx (3.5)

1 1
Lc (ﬁ N ;) lat-+ ) —a@lxlylx.

Analogously, we get

H/ St —5) (b(s +0)y(s +0) —b(s)y(s))ds

H2(I)

1 1
§C<ﬁ+;> 16Ix Iy +0) —yO)llx (3.6)

1 1
v (ﬁ N ;> Ib(+ o) — b lIx Iyl

where we have used (2.15) and (2.13) with b(- 4+ o) — b(-) instead of b. Due to the Theo-
rem 1.1 and using the change of variables T = ¢ — s, yields that

=

C
HY() @

Hf SE=95)(fC.s+0) = f(.s5))ds IfC+o)—=fOlx- (3.7
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Now, replacing (3.4), (3.5), (3.6) and (3.7) into (3.3), we ensures that

IyC+0) = yOllx
<c<i+1)n (+a)— YOI
= \/5 > yi-+o Y)lix
1 1
+C<ﬁ+;>(||a||x+||b||x)||y('+0)—y(')||x
1 1
+C<ﬁ+;>(||a('+0)—a(')||x+||b(~+0)—b(')||x) Iy lx

F NP+~ FOly
Thus, taking y € X, and 0 < € < 1 in the proof of Theorem 1.2 such that
2C (L + l) p< :
Jo o 3
and

1 1 1
Cl—+-— b -,
(\/5+w)(llallx+ll |Ix)<3

we have that Theorem 1.2 is still valid and also is verified that
(24 L)y +or—y0lz <20 (= + L) iy +0) = y0l
E— —_— . O’ —_— . —_— —_— . o’ —_— .
\/a ® y y X —= IO \/5 w y y X
1
<§|Iy(-+0)—y(-)llx.

Finally, applying it in (3.8) we have

Iy 4+0)—yOlx

1 1

=2pC <ﬁ + ;) Iy +0)—yOlx
1 1

+C (ﬁ + ;) (lallx + 16101y +0) = yOlix

1 1
+Cp (— + ;) (la(-+0) —a)llx + 16 +0) = b()lIx)

Jo
C
+—lfC+0)—fOllx
w
1 1
< glly(~ +0o)—yOlx+ glly(' +0)—yOlx
+ 2 (laC-+0) —a@lx +1b¢ +0) —b()Ix)

a Wi

+—fC+0)=fOlx
w

(3.8)

3.9
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and follows that

Iy +0)=yOllx <lla(-+0) —a()lx + I1b(- +0) = b()lx
30 (3.10)
t— IfC+0)=FfOllx-

Since a, b, and f are almost periodic functions, y is also an almost periodic function. Ac-
cording to the fact that

y(x,t):=ulx,t) — Ax)p(t),

we obtain that u is also an almost periodic function. Thus, u is almost a periodic solution of
(3.1), and the Theorem is achieved. |

4 Further Comments

In this work were able to present properties for a higher-order dispersive system, namely,
the Kawahara equation, posed on a bounded domain. Many results in the literature, as we
saw in the introduction, treated this equation from a control point of view. Here, we provide
periodic properties for the following initial boundary value problem

U+ Uyxy — Uyyxxx + Uty =0, (x,1) el xR,
u0,))=9p@), u(l,t) =u,(1,t) =u,(0,1) =0, teR, @.1)
U (1,1) = auyy (0, 1), t eR,

u(x,0) =ug(x), xel,

with a forcing boundary term ¢(¢) and a term «u,, (0, ¢) acting as a damping mechanism.
Thus, we have succeeded to prove Massera-type theorems for the solution of (4.1). Con-
cerning the generality of the work, let us make some additional comments.

e Theorems 1.3, 1.4 and 1.5 can be obtained for more general nonlinearities. Indeed, if
we consider u € B:= C(0, T; L*(0,1)) N L2(0, T; H*(0, 1)) and the nonlinearity u”u,,
p € (2,4], we have that

T 1 T
2 2 +2
[ e < il [P <,

by the Gagliardo—Nirenberg inequality. Moreover, recently, Zhou [21] showed the well-
posedness of the following initial boundary value problem

Uy — Upyxxy = ClUly + CoPuy + bitiytiyy + boutttyyy, x€(0,L), t €RT,
u(t,0)=hi(@t), u(,L)=h(1), ut,0 =hs@), teRT,
u,(t, L) =hs(t), u.(t,L)=h(), teRT,

u(0,x) =up(x), x € (0,L).

4.2)

Thus, due to the previous inequality and the results proved in [21], when we consider
by = by = 0 and the combination cyuu, + c,u’u, instead of uu, on (4.1), the main results
of this work remains valid.
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e As in the classical framework of Massera’s theorem, a principal point is to prove that the
initial boundary value problem (4.1) admits a bounded solution, to do that, an important
step is the study of the energy associated with the linear system under consideration, this
analysis was made in the Appendix.

e An important point of the previous remark is to deal with the energy of (4.1) we analyze
the Kawahara operator removing the drift term u,. This term presents an extra problem
because a critical set appears, see [2] for details. In this way, to overcome this difficulty
it was necessary to remove the drift term. Thus, an interesting open problem is to extend
the result presented in this paper for the Kawahara equation (4.1) with the drift term
taking into account that this equation, with ¢(¢) = 0, has the critical set phenomena, as
conjectured in [2].

e It is important to point out that the Massera-type theorem has been extended to many
differential equations as we can see in [9, 11, 13, 16, 22] and the references therein. The
method employed in these works is to prove the existence of periodic solutions if the
solution of the equation under consideration is bounded.

e Finally, there are two important points related to the Massera-type theorems for the Kawa-
hara equation. The first one is that we can work with more general nonlinearities, as men-
tioned before. The second one is the strong relationship between the damping mechanism
(stabilization problem) and the Massera-type theorems in our case.

Appendix: Additional Properties

In this appendix, we present some additional properties of the linear Kawahara system. For
the sake of simplicity, we present the results for the linear system, however, the results
obtained here can be also extended for the nonlinear system. Precisely, let us study the
energy properties for the following linear system

Ml+uxxx_uxxxxx:0a (X,I)EI XR,
u@©,0) =u(l, 1) =ux(1,1) =us(0,1) =0, r1€R, A
uxx(l’t)=auxx(ovt)y teR, ’
u(x,0) =uo(x), xel,
where || < 1. Note that multiplying (A.1) by u and integrating over (0, L) yields
d [t 2 1, 2
— | lu@x, D dx =z (" — D(u,(0)" <0, Vi = 0. (A2)
dt Jy 2

This indicates that the energy E(¢) = %Hu I>(¢) associated with (A.1) is not increasing, and
the term ou,, (0, ) designs a damping mechanism. To ensure that this energy decays ex-
ponentially is natural to show an observability inequality associated with the solutions of
(A.1). Before presenting it, let us first prove a weak observability inequality.

Proposition A.1 Consider u solution of (A.1) belonging in C(0,T; L*(0,1)) N L*(0, T;
H?(0,1)). Thus, we have

qux 0,n)dr, (A3)

—M
lluoll? =57 A

forall T > 0.
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Proof We prove the result for the initial data uy € D(A), the result in L2(0, 1) follows by
density. First, multiplying the system (A.1) by (T —¢)u, integrating by parts in (0, 7') x (0, 1)
and using the boundary conditions we have

T 1 T 1 1 T
gl 5 [ [ aavars S@ =1 [ = 0.0 =
2 2Jo Jo 2 0
or equivalently,

Tl T
1 2 1, 2 T 2
= wdxdt + ("= 1) | (T — 1) (0,0))"dt = —|luoll”.
2Jo Jo 2 0 2

Thus, we get

1 1 T 1 2 1 T
—||Mo||2§—/ / wdxd + )/ 2 0, 1)t
2 2T 0 0 2 0

showing the proposition. ]

Now, we are in a position to prove that the energy associated with (A.1) decays exponen-
tially.

Theorem A.2 There exists C > 0 and pu > 0 such that
E(t) < Clluo|*e™", (A4)
for all t > 0 and u solution of (A.1) with ug € L*(0, 1).

Proof This result is a consequence of the following observability inequality

1 T 1 T
5/ /uMmhgq/|WAQmwu (A.5)
0 0 0

for some constant ¢; > 0 independent of the solution u.
In fact, replacing (A.5) in (A.3), we get

1|| < //u OPdxdr + (L2 /T| 0. 1)1
Uuo _2T ux, X 2 A Uy x N

T

2 1-a? ! 2
<= |uxx (07 t)' dt + ) |uxx (07 t)' dt (A6)
0 0

T
=C/|mAQm%n
0
where C = C(T, a) > 0. As we have that
/ 1 2 2
E(1)= E(a — D(uxx(0,1))” <0,

integrating in (0, ¢) the previous equation and multiplying by (1 + C), where C is the same
constant obtained previously, we have that

(1+C)E(T) <CE(0). (A7)
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Thus,

E(T) <yE(0), where0 <y =

<1,
14+C

with y := y (T, @). Now, the same argument used on the interval [(m — 1)T,mT] for m =
1,2, ..., yields that

E(mT) <yE((m—1DT) <--- <y"E(0).
Thus, we have
E(mT) <e " TE(0)
with

11 l+1 0
v=—1In —]>0.
T C

For an arbitrary positive ¢, there exists m € N* such that (im — 1)T <t <mT, and by the
non-increasing property of the energy, we conclude that

1
E(t)<E(m—1DT)<e " VTEW©0) < —e " E(0),
Y
showing the result. ]
Let us now prove the observability inequality.

Proof of (A.5) We argue by contradiction. Suppose that (A.5) does not hold. Thus, there
exist a sequence {u, },en of (A.1) such that

T pl
/ / wdxdt

0o Jo

T =+

lim %70 00. (A.8)
n—>-—+00

f | (0, 1) |*dt

0

Tt 2 u,(x,1)
Now on, taking X, = / / lu,(x,t)|"dxdt and v,(x,t) = , we have that
0 0 n
. e o u,(x,0)
{vn}nen 1s a sequence satisfying (A.1) with initial data v, (x, 0) = 5 and
T pl 1 (7T !
/ / lva (x, )P dxdt = ﬁ/ / | (x, 1) Pdxdt = 1. (A.9)
o Jo »Jo Jo
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Thanks to the equation (A.8), we have

T
/ |(un)xx(oal)|2dt
0 Az

n

T
lim / [(Un)xx (0, )]*dt = lim
n——+00

n——+o00 0

’ (A.10)
/ | ()52 (0, 1) |*dt

n—+00 T 1 -
/ / lun(x, 1) 2dxdt
0 0

Due the relation (A.3), since (A.9) and (A.10) are verified, we have that {v,(x, 0)},cy is a
sequence bounded in L?(0, 1). Therefore, Propositions 2.1 and 2.2 gives the existence of a
constant M > 0 such that

2
vnll2 0.7 20,17 = M- (A11)

for all n € N. Since HZ (0, 1) < L?(0, 1) compactly, we have {v,},y is relatively compact
in L2(0, T; L*(0, 1)). Thus, there exist a subsequence, still denoted by {v, },en, such that

v, — v weakly in L*(0, T; H} (0, 1)).

Moreover, since v, ; is bounded in L2(0, T; H~3(0, 1)), so thanks to the Aubin-Lions’s the-
orem we have

v, — v strongly in L*(0, T; L*(0, 1)). (A.12)
By (A.9), we get

||U||L2(0,T;L2(o,1)) =1, (A.13)

and so using (A.10) and (A.12), verifies that

T

T
/ v (0, ) Pdt < lim inf / |(v2)2x (0, 1)Pdt =0, (A.14)
0 n—+o00 0
which ensures v, (0, t) =0, for all ¢ € (0, T'). Therefore, the function v satisfies

Ur + Vxxxr — Vxaxx = 0, (x,t) eI xR,
v(0,1) =v(l,t) =v,(1,¢) = v, (0, 1)

=0, (1,1) = v, (0,1) =0, t eR,
v(x, 0) = vy, xel.

(A.15)

The result follows by using [20, Lemma 1.1] that gives us v = 0, contradicting the hypothe-
ses (A.13). Thus, the observability inequality holds. a

Acknowledgements This work is part of the Ph.D. thesis of .M. de Jesus at Department of Mathematics of
the Universidade Federal de Pernambuco. de Jesus would like to thank the Department of Mathematics at
Universidade Federal de Pernambuco for the pleasant and productive period during her Ph.D. at that institu-
tion.

@ Springer



Periodicity for Kawahara Equation Page 25 of 25 5

Funding Capistrano-Filho was supported by CNPq grant number 307808/2021-1, CAPES grant num-
bers 88881.311964/2018-01 and 88881.520205/2020-01, MATHAMSUD grant 21-MATH-03 and Propesqi
(UFPE).

Declarations

Competing Interests The authors declare that they have no conflict of interest regarding the publication of
this paper.

References

1. Alvarez-Samaniego, B., Lannes, D.: Large time existence for 3D water-waves and asymptotics. Invent.
Math. 171(3), 485-541 (2008)

2. Araruna, F.D., Capistrano-Filho, R.A., Doronin, G.G.: Energy decay for the modified Kawahara equation
posed in a bounded domain. J. Math. Anal. Appl. 385(2), 743-756 (2012)

3. Bona, J.L., Lannes, D., Saut, J.-C.: Asymptotic models for internal waves. J. Math. Pures Appl. (9) 89(6),
538-566 (2008)

4. Capistrano-Filho, R.A., de S. Gomes, M.M.: Well-posedness and controllability of Kawahara equation
in weighted Sobolev spaces. Nonlinear Anal. 207, 1-24 (2021)

5. Capistrano-Filho, R.A., de Sousa, L.S.: Control results with overdetermination condition for higher order
dispersive system. J. Math. Anal. Appl. 506(1), 1-22 (2022)

6. Capistrano-Filho, R.A., Gonzalez Martinez, V.H.: Stabilization results for delayed fifth-order KdV-
type equation in a bounded domain. Math. Control Relat. Fields (2023). https://doi.org/10.3934/mcrf.
2023004

7. Capistrano-Filho, R.A., de Sousa, L.S., Gallego, F.A.: Control of Kawahara equation with overdetermi-
nation condition: the unbounded cases. Math. Methods Appl. Sci. (2023). https://doi.org/10.1002/MMA.
9368

8. Chen, M.: Internal controllability of the Kawahara equation on a bounded domain. Nonlinear Anal. 185,
356-373 (2019)

9. Chen, M.: Recurrent solutions of the Korteweg—de Vries equation with boundary force. Indian J. Pure
Appl. Math. 53, 112-126 (2022)

10. Chentouf, B.: Well-posedness and exponential stability of the Kawahara equation with a time-delayed
localized damping. Math. Methods Appl. Sci. 45, 10312-10330 (2022)

11. Fleury, M., Mesquita, J.G., Slavik, A.: Massera’s theorems for various types of equations with discon-
tinuous solutions. J. Differ. Equ. 269(12), 11667—-11693 (2020)

12. Hasimoto, H.: Water waves. Kagaku 40, 401-408 (1970) [Japanese]

13. Hernandez, E.M.: A Massera type criterion for a partial neutral functional differential equation. Electron.
J. Differ. Equ. 2002, No. 40, 17 pp. (2002)

14. Kawahara, T.: Oscillatory solitary waves in dispersive media. J. Phys. Soc. Jpn. 33, 260-264 (1972)

15. Lannes, D.: The Water Waves Problem. Mathematical Analysis and Asymptotics. Mathematical Surveys
and Monographs, vol. 188, xx+321 pp. Am. Math. Soc., Providence (2013)

16. Liu, Q., Minh, N.V., Nguerekata, G., Yuan, R.: Massera type theorems for abstract functional differential
equations. Funkc. Ekvacioj 51(3), 329-350 (2008)

17. Massera, J.L.: The existence of periodic solutions of systems of differential equations. Duke Math. J. 17,
457-475 (1950)

18. Pazy, A.: Semigroups of Linear Operators and Applications to Partial Differential Equations. Appl. Math.
Sci., vol. 44. Springer, New York (1983)

19. Silva, PN., Vasconcellos, C.F.: Stabilization of the linear Kawahara equation with localized damping.
Asymptot. Anal. 58, 229-252 (2008)

20. Silva, PN., Vasconcellos, C.F.: Erratum: Stabilization of the linear Kawahara equation with localized
damping. Asymptot. Anal. 66, 119-124 (2010)

21. Zhou, D.: Non-homogeneous initial-boundary-value problem of the fifth-order Korteweg-de Vries equa-
tion with a nonlinear dispersive term. J. Math. Anal. Appl. 497(1), 124848 (2021)

22. Zubelevich, O.E.: A note on theorem of Massera. Regul. Chaotic Dyn. 11(4), 475-481 (2006)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under a pub-

lishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted manuscript
version of this article is solely governed by the terms of such publishing agreement and applicable law.

@ Springer


https://doi.org/10.3934/mcrf.2023004
https://doi.org/10.3934/mcrf.2023004
https://doi.org/10.1002/MMA.9368
https://doi.org/10.1002/MMA.9368

	Massera’s Theorems for a Higher Order Dispersive System
	Abstract
	Introduction
	Problem Under Consideration
	Physical Motivation
	Historical Background
	Notation and Auxiliary Results
	Massera-Type Theorems and Structure of the Article

	Preliminaries
	Well-Posedness: Linear System
	Proof of Theorem 1.1
	Well-Posendess: Bounded Solutions for the Nonlinear System

	Massera’s Theorems for the Kawahara Operator
	Proof of Theorem 1.3
	Quasi-Periodic Solution
	Almost Periodic Solution

	Further Comments
	Appendix: Additional Properties
	Acknowledgements
	References


