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I Introduction
I.I" Background

The Boussinesq system comprises a set of nonlinear partial differential equations that model wave dynamics in fluids with
small amplitude and long wavelengths. Originally formulated by the French mathematician Joseph Boussinesq in the 19th
century to describe shallow water waves (Boussinesq, 1871), since then, the system has been recognized as a model for
various physical phenomena, including ocean currents, atmospheric circulation, and heat transfer in fluids. Consequently,
the Boussinesq system remains an essential tool in numerous fluid dynamics, with broad applications in fields such as
meteorology, oceanography, and engineering.

In more recent studies, Bona et al. (2002, 2004) introduced a four-parameter family of Boussinesq systems to describe
the motion of small-amplitude long waves on the surface of an ideal fluid under gravity, particularly in scenarios
where the motion is predominantly two-dimensional. In particular, Bona et al. (2002, 2004) investigated the following
system:

n+ o, +aw,,, - bntxx + a1 Wy + blntxxxx
= (o), + b(nw). ., — &' (nw,),,
@y + My + CMyxx — dwrxx + C1Mxxxxx + dl D pxxx
= —ww, — (W), — (MM,,), + b 0,0, + poo,,,.

(1.1)
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2 Asymptotic Analysis 0(0)

In this context, n represents the elevation of the fluid surface from its equilibrium position, while @ = @, denotes the hori-
zontal velocity of the flow at a height 64, where 4 is the undisturbed depth of the fluid and 6 is a constant within the interval
[0, 1]. The variables x and ¢ correspond to space and time, respectively, and the physical parameters a, b, ¢, d, a,,c;, b, d,
must satisfy the following relationships:

a+b=%<92—§), c+d=1(1-02),
2
_ 1 2 1 5 1
<Cll—b1——z<0 _§>b+ﬁ<9 —g) N
cr—dy =20 =+ 20 -7 (02 - 1),

a’=a+b—%, pl=c+d-1, p=c+d.

Stabilization results for the higher-order system (1.1) on the periodic domain were established in Bautista and Pazoto
(2020b) under the conditions a; = ¢; = 0, with general damping applied to each equation. Furthermore, the local exact
controllability of system (1.1) was investigated in Bautista et al. (2021), where the control is localized within the interior
of the domain and influences only one equation.

Negative controllability results are explored in Bautista and Pazoto (2020a) and Sierra Fonseca and Pazoto (2022) when
the third- and fifth-order Korteweg—de Vries (KdV) terms are removed from the system mentioned above, that is, (1.1)
with a = a; = ¢ = ¢; = 0. In this case, the system consists of two coupled Benjamin—Bona—Mahony-type equations. The
authors demonstrated that the linear model is approximately controllable but not spectrally controllable. This implies that
although any state can be brought arbitrarily close to another, no finite linear combination of eigenfunctions, other than
zero, can be driven to zero.

Let us now consider b = d = b; = d; = 0 and make a scaling argument to obtain the fifth-order Boussinesq system

ur + , + AW,y + A1 Oy = _(nw)x - a’(ﬂwxx)x, (1 2)
@ 1y F e + C g = — OO, — C(wwx)xx - (nrlxx)x + ﬁ/wxwxx + pow,,,.

In the above system, we note that ¢, a; > 0. Thus, we consider the following case:
a=c>0, and ¢; =a; > 0. (1.3)

It is important to highlight that, to the best of our knowledge, there are no existing results that combine a damping
mechanism with a boundary time-varying delay to achieve stabilization of the higher-order Boussinesq system associated
with (1.2). This gap forms the main motivation for the present work. It is also worth emphasizing the practical prevalence
of time delays in control systems, a phenomenon that is virtually unavoidable due to factors such as the lag between
sensors, actuators, and data processing. In light of this, significant efforts have been made to mitigate or eliminate the
effects of constant time delays. For example, stability results under smallness conditions on the domain length L and the
initial data have been established in Baudouin et al. (2019) and Valein (2022) for the KdV equation and in Capistrano-Filho
et al. (2023) for the Kawahara equation. In the case of time-dependent delays, similar results have been obtained in Parada
et al. (2023) for the KdV equation and Capistrano-Filho et al. (2024) for the coupled KdV-KdV system.

[.2 Notations and Main Results

This article is concerned with the following system:
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_
n,+ow,+aw,,

+ a0, = —(M0), — & (Ho,,),, in R* x (0, L),
o, + 1, + e F C e = —O@, — (OO, .,

(M), + oo, + pow,,,, in RT X (0,L),

11(6.0) = n(t, L) = 1,(t,0) = n,(t. L) = 1,,(1,0) = 0, te R, (1.4)
o(t,0) = w(t, L) = w,(1,0) = w,(t,L) = 0, t € RY,
o, (L) =an, (L) + pn. (t—1@),L), t>0,
Nt —7(0),L) = z(t — 7(0)) € %0, 1), 0<t<17(0),
(10, x), (0, x)) = (1y(x), wy(x)) € X, x € (0,L),

where the parameters a, c,a,, ¢, verify (1.3). Moreover, we assume that there exist positive constants z,, M, and d < 1
such that the time-dependent delay function z(¢) satisfies the following standard conditions:

O<ty<t® <M, T()<d<l1l, Vt>0, (1.5)
T € W2=([0,T)), T>0. '
Finally, the feedback gains & > 0 and f must obey the following constraint:
. —2a,a + || —a,p . . .
The matrix ®, , = ! ! is negative definite. 1.6
“s ( —af IBId—1)) "% (1.0

The condition (1.6) ensures the dissipation of system (1.4). It is worth mentioning that a similar condition is used for other
types of delayed dispersive systems (see, for instance, Capistrano-Filho et al., 2024; Parada et al., 2023). Furthermore,
recalling that 0 < d < 1 and a; > 0, one can readily check that (1.6) is fulfilled if, for instance, the feedback gains a and

p satisfy
a?+1-d
LY g
2a, 1-d

Next, let X, := L*(0, L) x L*(0, L), and the state space
H =X, x L*0,1)
equipped with the inner product
((n,w,2), (71, @,2), = ((n, @), ({, &)y, + |Bl7(®) (2. 2) 20,1y »
for any (n, w; 2), (j, @; Z) € H. Moreover, we shall consider the space
B:= C([0,T],X,) N L*(0, T, [H;(0,1)]*),
whose norm is

17, )|l 5 = sup [|(n(2), a)(t))||X0 + 1107, @)l 207,220,112
1€[0,T] 0

To present our first result, let us introduce the following space:
2
X, = {(n, ) € [H30,L) n HX0,1)]” | 7,(0) = 0} . 1.7)

The first result of this manuscript ensures the local well-posedness of system (1.4).
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Theorem 1.1. Let T > 0 and suppose the parameters a, c,a,, c, verify (1.3). Then, there exists @ = 0(T) > 0 such that,
for every (1, wy; zp) € X3 X L*(0, 1) satisfying

k)

s a) <
” (10: o) ”[H3(0,L)nH§(O,L)]2

the system (1.4) admits a unique solution (n, w) € C([0, T]; X5). Moreover

01, D)l cqro.rmo.mnm20Lr) < € ” (110 10 ||[H3(0,L)an(0,L)]2 ,

for some positive constant, C = C(T).

Our second result is closely related to the total energy associated with system (1.4) that is defined in H by

L 1
E(t) = % / #*(t,x) + 0*(t,x)) d x + l;ﬂr(t) / n2.(t—t(t)p,L)dp. (1.8)
0 0

Indeed, the second result of the article guarantees that the energy E(¢) associated with the following system:

s

N+ o, +aw,,, + a0 =0, in R* x (0, L),
@, + 1, + My + C M = =0, in R* x (0, L),
n(t,0) = nt, L) = n(t,0) = n(t,L) = n,(t,0) =0, r€R*,
10(,0) =w(t,L) =w.(,0)=w/(,L)=0, t € RY, (1.9)
o, (t,L) = an(t,L) + pn,( — (), L), t>0,
N (t = 7(0), L) = z,(t — 7(0)) € L*(0, 1), 0<t<7(0),
| (7(0,x), (0, x)) = (m0(0), wy(x)) € X, x € (0,L),

decays exponentially, even in the presence of delay, and provides an estimate of the decay rate. The result is expressed as
follows:

Theorem 1.2. Let the parameters a, c,a,,c; verify (1.3) and 0 < L < \/(5a, /3a)x. Suppose also that the time-dependent
delay function satisfies (1.5). Then, there exist two positive constants

_ L+max{u L, p,}

= , (1.10)
T—max{p, L, iy
and
7% (5a,7% — 3al? 1—d
A<mind 2 (Say ),”2( ) L (1.11)
D+ mD M+ )

such that the energy E(t) given by (1.8) associated with system (1.9) satisfies
E(t) < CE)e™, forallt>0.
Here y, and p, are two positive constants small enough to be well-chosen.

The main contribution of this work is to establish the local well-posedness of system (1.2) and prove the exponential
stability of system (1.9). These results extend and refine those obtained in Capistrano-Filho et al. (2024) and Parada et al.
(2023) in several significant directions. More specifically, unlike Capistrano-Filho et al. (2024), where the nonlinear cou-
pling appears only in one equation through the term (y®),, our model introduces an additional nonlinear coupling term of
the form (yw,,),. Furthermore, while Capistrano-Filho et al. (2024) feature a single uncoupled nonlinear term, our system
includes four additional uncoupled nonlinear terms of higher order, making the analysis more intricate and requiring care-
ful handling of the extra terms in the computations. In particular, in our case, the higher-order spatial derivatives (of order



Bautista et al. 5

three and five) appear with positive signs, leading to conflicts between the H' and H*-norm terms during integration by
parts. Compared to Parada et al. (2023), the situation is even more complex: the problem in Parada et al. (2023) involves a
single uncoupled equation with only one nonlinearity and a highest-order derivative of three. Finally, and importantly, in
contrast to Capistrano-Filho et al. (2024) and Parada et al. (2023), we employ the transposition method (Capistrano-Filho
et al., 2019) to address the well-posedness of our system.

1.3 Outline

The structure of the paper is as follows. In Section 2, we establish the well-posedness of the nonlinear problem (1.4),
namely, we show Theorem 1.1 starting with an analysis of the linear system (1.9) using the variable norm technique of
Kato, followed by the application of the Fixed Point Theorem to prove well-posedness of the full nonlinear problem.
Section 3 focuses on the stability result presented in Theorem 1.2, along with a discussion of the optimal decay rate.
Finally, we conclude the paper with further remarks in Section 4.

2 Well-Posedness Results

In the sequel, we will assume a = ¢ > 0 and a; = ¢; > 0in (1.4) as well as in (1.9). We will first examine the well-
posedness of the linear system (1.9) and subsequently analyze the properties of the nonlinear problem (1.4) in suitable
spaces.

2.1 Linear Problem

Consider the following linear Cauchy problem:

d _
{aUm—AwU@,f>Q Q2.1

where A(?) : D(A(¢)) C H — H is densely defined, and D(A(t)) is independent of time ¢, that is, D(A(?)) = D(A(0)), for all
t > 0. The next theorem ensures the existence and uniqueness of the Cauchy problem (2.1).

Theorem 2.1 (Kato, 1970). Assume that:
(1) Z = D(A(0)) is a dense subset of H and D(A(t)) = D(A(0)), for all t > 0.
(2) A(r) generates a strongly continuous semigroup on H. Moreover, the family {A(t) : t € [0, T1} is stable with stability
constants C and m independent of t.
(3) 0,A(@) belongs to LY ([0, T], B(Z, H)), the space of equivalent classes of essentially bounded, strongly measurable
functions from [0, T into the set B(Z, H) of bounded operators from Z into H.
Then, problem (2.1) has a unique solution U € C([0, T], Z) n C'([0, T, H) for any initial datum in Z.

The task ahead is to apply the above result to ensure the existence of solutions for the linear system (1.9). Arguing as
in Xu et al. (2006), Nicaise and Pignotti (2006), and Nicaise et al. (2009), let us define the auxiliary variable

Z(t’ p) = nxx(t - T([)p’L)3

which satisfies the transport equation:

{T(t)zz(t’ p) + (1 —i()p)z,(t,p) =0, 1>0,pe(0,1), 2.2)

2(t,0) = n,.(t, L), 200, p) = zy(=7(0)p), t>0, p€ (0,1).
Now, we pick up U = (1, w; z)T and consider the time-dependent operator

A(t): DY) C H — H,
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given by

H)p—1
A(t) (’I’ w, Z) = <_wx T AWy — A1 WOy —Hyx = Ay = A My TZP> ’ (23)

with a domain defined by

. 5 2 2 1
D) = {(n, ,7) € H; (n,0) € [H(0,L)n H2(0,1)]”, z € H'(0, 1), } o4

M (0) = 0,2(0) = 1, (L), @, (L) = an,, (L) + pz(1)

This allows us to write problem (1.9) in the abstract form (2.1) by using (2.2)-(2.4). Additionally, it is noteworthy that
D(A(1)) is independent of time ¢ since D(A(f)) = D(A(0)).

Now, taking the triplet {A,H, Z}, with A = {A(¢) : t € [0, T]}, for some T > O fixed and Z = D(A(0)), we can state
and prove the well-posedness result of (2.1) related to {A, H, Z}.

Theorem 2.2. Let the parameters a,c,ay,c; verify (1.3). Assume that a and f are real constants such that (1.6) holds.
Taking U, € H, there exists a unique solution U € C([0,+o0), H) to (2.1) whose operator is defined by (2.3)—(2.4).
Moreover, if U, € D(A(0)), then U € C([0, +00), D(A(0))) N C'([0, +0), H).

Proof. The result will be proved in a standard way (see, for instance, Nicaise et al., 2009). First, it is not difficult to see
that Z = D(A(0)) is a dense subset of H and D(A(?)) = D(A(0)), for all + > 0. Thus, the requirement (1) of Theorem 2.1 is
fulfilled.

Concerning the condition (2) of Theorem 2.1, let us note that simple integrations by parts together with the boundary
conditions yield

(ADOU,U), - k() (U, U), < % (et L. 1t = 7(0), 1)) @y 5 (1. L) (e = 70). 1))

where

02 + 1)1

0 =0

Owing to (1.6), it follows that
(AWMU, U), - k(1) (U, U), < 0.

Consequently, A(f) = A(f) — x(¢)] is dissipative.
Now, we claim the following:

Claim 1. For all ¢t € [0, T], the operator A(¢) is maximal, or equivalently, we have that AI — A(¢) is surjective, for some
A>0.

In fact, let us fix t € [0,T]. Given (f;.f,,h)' € H, we seek a solution U = (,w,2)T € D(A(f)) of the equation
(Al =AU = (i, />, h), that is,
/1'7 + Wy + AWy + A1 D xxxx =fl >

Aw + Ny + ANy + A M =f2’

1=t0p) . _
<’1”< () )Zﬂ_h’ 2.5)

n(0) = n(L) = n,(0) = n(L) = 1,,(0) = 0,
(0) = o(L) = 0,(0) = @, (L) =0,
| ©ulL) = @ (L) + f2(1), 20) = 11, (L).
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One can readily verify that z is given by

p

N (L)e 4707 4 z(p)e=470r / "D h(5) do, if #(t) = 0,
0

2p) =

110} .
el 0 In(1-%(1)p)

? h D 1M ln(l-iDe .
(L) + / %e Ao A0 g5 | i #(r) £ 0.
1=

Thereby, z(1) = #1,,(L)gy(#) + g,(1), in which

oo if #(1) = 0,
8ol1) = 0 n(1—z .
° oM e a () # 0,

and

1
(t)e=47® / "% j()do, if #(f) = 0,
0

g;,(t) =

1

0 (- h(o)T(t) —A20 1n(1—z )

e T(z))/ ue A IMA=F09) 40 if 1) £ 0.
o 1—170c

Combining the latter with (2.5), it follows that # and w are solutions of the system

{ﬂ.f’] + Wy + AWy + A Dy :fl’ (2 6)

Aw + My + Al yxx + A Mxxxx =f2’

and satisfy the boundary conditions

n(0) = n(L) = 1,(0) = (L) = n,(0) =0,
@(0) = (L) = ,(0) = o (L) =0,
®,,(L) = (a + fgoO)n, (L) + Bg,0).

Now, let ¢p; € C*([0, L]) be a function such that ¢;(0) = ¢{(L) = ¢ .(0) = ¢ (L) = 0 and ¢, (L) = 1. Next, we define
a function y(x, ) = ¢, (x)fg,(-) € C=([0, L]) and let & := @ — y. This, together with (2.6), implies that # and w satisfy

/1’7 + , + AW, + A1 D exxx =f1 - (Wx + Wix + Wxxxxx) ::fl’
Aw + Myt Al + A M nx =f2 - /h// =:f2’

as well as the boundary conditions

n(0) = n(L) = 1,(0) = (L) = n,(0) =0,
@(0) = o(L) = ©,(0) = w (L) = 0,
@, (L) = (a + fgoO)n, (L)

Let us mention that for the sake of simplicity, we still use w after translation. Then, we can verify that 0 < g,() < 1
(see, for instance, Capistrano-Filho et al., 2024). Thus, thanks to (1.6), we deduce that & := a + fg,(t) > 0. Consequently,
showing the Claim 1 is equivalent to proving that A/ — A is surjective, where A is given by

A(”I? ) = (_wx T AWy = A Oyxyxes —My = AMyyx — alr’xxxxx)’

with a dense domain

D) := { ) € [H20,1) A HO, D] £ 1,0) = 0, 0, (1) = @ (D) | € X,
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Now, observe that adjoint of A, denoted by A*, is defined by

A*(u,v) = Uy + aut e + A Uy Ve F AV F A1V 005
with
D@A*) := {(u, v) € [H30, L) n HX(0,1)]” : v, (0) = 0, uy (L) = —&VH(L)} .
Since
(A, @), (n.w)), = —a,an; (L),
and

(A*(u,v), (u, v)>X0 = —aq,@? (L),

we can claim that the operators A and A* are dissipative. Therefore, the desired result follows from the Lummer—Phillips
theorem (see, e.g., Pazy, 1983). This shows the Claim 1. Consequently, A(f) generates a strongly semigroup on H and
A = {A(t),t € [0,T]} is a stable family of generators in H, whose stability constant is independent of ¢. Thus, the
condition (2) of Theorem 2.1 is satisfied.

Lastly, since 7 € W2([0, T]) for all T > 0, we reach that

1/2

0H0) (1) (t(t)* + 1)

k(1) = -
2e(t) (202 + 1) 27(1)?

is bounded on [0, T'] for all T > 0 and

%A(t)U = (0, 0, @)z ()p — T1(O(E(0p — l)zp> '

7(1)?

Moreover, the coefficient of z » is bounded on [0, 7], and the regularity (3) of Theorem 2.1 is satisfied.
To sum up, we verified the assumptions of Theorem 2.1 and hence for each U, € D(A(0)), the Cauchy problem

U,t)=A00@), t>0,
0(0) = U,,

has a unique solution U € ([0, ), H) and T € C([0, ), D(A(0)))NC ([0, 00), H). Thus, the solution of (2.1) is explicitly
given by U(?) = efo K(s)ds UG@). O

We also have the following result.

Proposition 2.3. Let the parameters a,c,a,,c, verify (1.3). Suppose a and f are real constants such that (1.6) holds.
Then, for any mild solution of (2.1), the energy E(t) defined by (1.8) is nonincreasing and

T
d _ l nxx(t’ L) nxx(t’ L)
TR <nxx<r - r(t>,L>> P (nx,c(t - r(r>,L)> ’ @D
where matrix @, 5 is given by (1.6).

Proof. The proof is straightforward and hence omitted. O

We now proceed to prove the Kato smoothing property, along with several a priori estimates. These results are crucial
for establishing the well-posedness of the system (1.4). In the following, (S,(s)),»( represents the two-parameter semigroup
of contractions associated with the operator A(f). We are now prepared to state the following result:
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Proposition 2.4. Let the parameters a, c,ay, c, verify (1.3) and o and f are real constant such that (1.6) holds. Then, the
following estimate holds:

(7, w)llffO + IﬂIIIZIILz(0 y S II(no,wo)IIX + 18lllzo(=7(0)- )IILZ(OJ), (2.8)
Furthermore, for every initial condition (ny, w,, zy) € H, we have that
”’7){){( L)lle(() T) + ”Z( l)llLZ(O T = < ”(’10’ wO)”X + ”ZO( T(O) )”LZ(O 1) (29)

On the other hand, for the initial datum, we have the following estimates:

1
1610, @), < Z N0 @720 7ix,) + QA+ IBDILC DI 7y + 1BHIZC Dl (2.10)
and
20— < o) (2T + 12 DIz ) @.11)

Finally, for 0 < L < v/(5a,/3a)x, the Kato smoothing effect is verified

/ / w2+ @) dxdr < CL T, @) (100, @0, + 27Oy ) (2.12)

and the map
(19> @0 29) € H = (1, w32) € Bx C(0,T; L*(0, 1))

is well-defined and continuous.

Proof. Using (2.7) and the fact that @, ; is a symmetric negative definite matrix, we deduce the existence of a positive
constant C, such that

/! _ 1 'Ixx(t’L) ! nxx(t’L) 2 2
E®=3 < ) > d>a,ﬁ< ) > <—C(n2(t.L)+ 2, 1)).

Thus, it follows from the above estimate that
E'(t)+ nfx(t, L)+t 1)<0. (2.13)

Integrating (2.13) in [0, s], for 0 < s < T, we get

E(s) + / n2(t,L)dt + / 2(t, 1) dr < E(0),
0 0

and (2.8) is obtained. Taking s = T and since E(¢) is a nonincreasing function (see Proposition 2.3), the estimate (2.9)
holds.

Secondly, the proof of estimates (2.10) and (2.11) is analogous to that of Capistrano-Filho et al. (2024), and we will
omit the details.

Now, we show the inequality (2.12) provided that 0 < L < 4/(5a,/3a)x. Initially, multiplying the first equation of (1.9)
by xw and the second one by x. Next, adding the results, then integrating by parts over (0, L) X (0, T') and invoking (2.8)
and (2.9), we obtain

// "+ w’ dxdt——// 11 +co dxdt+—// 11 +a) dxdt

= 7 i ( 2 (L) + a) (t,L)) dr — /0 x (n(t, x)(t, x) — ny(x)wo(x)) dx

< ctoaa) (10, @0l + lzo(=7O)2x ) (2.14)
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for some positive constant C(L,a,a;). Since 0 < L < 4/(5a,/3a)x, from Poincaré inequality, there exists C; =
(1/2)(5a,x* — 3al?) > 0, such that

3q [T 1t 5a, [T [t
CL/ / n +a) dxdts—y/ / (r/f+ca)2€) dxdt+7/ / (n§x+a))2“) dxdr. (2.15)
o Jo o Jo

Thus, from (2.14) and (2.15), we obtain (2.12). O

The next result ensures the existence of solutions to the fifth-order KAV-KdV system with sufficient regular source
terms.

Theorem 2.5. Suppose that (1.5) and (1.6) hold. Let Uy = (1o, ®y,2,) € H and the source terms (f,,f>) € L'(0,T; X,).
Then, if the parameters a,a, verify (1.3), there exists a unique solution U = (n,w,z) € C([0,T], H) to

n+o +aw,.,, +a,0..=f t>0xe(,L),
@, + N+ an +a N =5, t>0,x€(0,L),

with boundary conditions as in (1.4). Moreover, for T > 0, there exists a positive constant C such that the following
estimates hold

l(n, w3 Z)”c([OT] o < C (”(”Io’wo’zo)“H + (S, g)”L‘(OTXO))
00 10,2 DI, e < € (10005 @00 20) 1 + 1D, )

and, for 0 < L < \/(5a, [3a)x,

1(n, w)”LZ(o,T,Hg(o,L)) <C (Il("IO’a)O’ZO)“H + 1|, g)“Ll(O,T,XO)) .

Proof. This proof is analogous to that of Capistrano-Filho et al. (2024, Theorem 2.5), and hence we omit it. O

2.2 Nonlinear Problem

In this subsection, we show the well-posedness of the nonlinear problem (1.4) by using the approach of Capistrano-Filho
et al. (2019), where the solutions are obtained via the transposition method and the existence and uniqueness by using the
Riesz-representation theorem.

To prove the well-posedness result for system (1.4), we consider the nonhomogeneous system

(1, + O, + a0 + A Oy = By, in (0,7) x (0, L),
@, + N, + af + A ey = Moo in (0, T) x (0, L),

) n(t,0) =n@t, L) = n(1,0) = n, (1, L) = n,(1,0) =0, 1€ (0,7), 2.16)
o(t,0) =w(t, L) = 0,(1,0) = w,(t,L) =0, te (0,7),
o, (t, L) =f(?) te(0,7),

[(1(0, %), w(0, %)) = (1p(x), wp(x)) , x € (0,L),

where the parameters a, a, verify (1.3). Remember the definition of X5 given by (1.7), and also consider the following set:

X, = {((p, W) € [H30,L) n H20,1)] 0.(0) =y (L) = o} .

We define a solution by transposition as follows, see Lions and Magenes (1968, 1986), to justify the choice of formula
(2.17) below:

Definition 1 (Solution by transposition). Let T > 0, (1, ®,) € X, f € L*(0, T) and

(hy, hy) € L*(0,T,[H7%(0,L)]%).
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A solution of problem (2.16) is a function (1, @) € C(0, T'; X5) such that, for all o € [0, T] and (¢, y,) € 5(3 the following
identity holds

<(7’](O'), w(d))’ (q’o—? Wg) >[H3(0,L)OH§(0,L)]2 = < (’707 (00) ’ (@(O)a W(O))>[H3(0,L)OH§(O,L)]2

+ /0 f(t) (pxx(lv L)dt + '/0 < (hl(t)’ h2(t)) s ((p(t)’ W(t))>(H‘2,HS)2 dta (217)

where the pair (¢, y) is the solution of

o,y —ay,.. +aW . =0, in (0,L) X (0, 6),
Vit @ =A@ + 1P = 0, in (0,L) X (0, 0),
190,01 = o(L,1) = ¢,(0,) = p,(L,1) = ¢,,(0,1) =0, on(0,0), (2.18)
v(0,0 =y, =y, 0,0) =y, (L,1) =y, (L1)=0, on(0,o0),
px,0)=9@,, wxo0)=y,, on (0, L).

\

Thanks to Capistrano-Filho et al. (2019, Corollary 2.5 and Proposition 2.6), the following well-posedness result for
system (2.18) is established:

Proposition 2.6. For all (p,,w,) € X3, system (2.18) admits a unique solution (@, y) € C([0, c]; X;), which satisfies
||((P(t),II/(I))H[HB(o,L)nH(Z)(o,L)]Z < C”((PmW,;)||[H3(0,L)0H(2)(0,L)]2, vt € [0,0]. (2.19)

Additionally, we have that

/0 |0 (L DI + 1w (0,01 A1 < Cl(@0 Wl g (2:20)

The following result gives us the existence and uniqueness of the solution for system (2.16).

Lemma 2.7. Let T > 0, (15, ®y) € X5, (hy,hy) € L*(0,T;[H%(0,L)]%) and f € L*(0,T). There exists a unique solution
(n,w) € C([0, T1; X3) of system (2.16). Moreover, there exists a positive constant Cy, such that

ez | (o) @21)

I1r(@), (D0 vz op < Cr <” (10~ 2o) “ LZ(O,T:[Hg(o,L)]2)> ’

[H3(0.LNHZ(0.L)2

forall 6 € [0,T].

Proof. Let us define A as the linear functional given by the right-hand side of (2.17), that is

A (g w,) = ([0 @0) » @O1YON) s ooy + / f(@) @1, Lydt
0
+ / (@, 1), @O, WD)} 2 o A
0
We infer from (2.19), (2.20), and the Cauchy—Schwarz inequality that

|A (¢0'7Wo') | < ”(’70,wo)”[HB(o,L)an(o,L)]z”(Q’g, Wg)||[H3(0,L)nH[2)(0,L)]2 + ||f”LZ(o,T)”(PXX(L)”LZ(QT)

+ Cll(@g w)ll [H3(0.L)NHZ(0.L)]2 IRy, h2)”L1(O,T:H*2(0,L)

<Cy (||(’7()’wo)”[m(o,L)mHg(o,L)p + |l f||L2((),T) + ”(h],hz)”Ll(o,T;H—Z(o,L)) I(®, lllo')||[H3((),L)ﬂH§(o,L)]27
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and we obtain that A € L([H?(0,L) n HS(O,L)]Z; R). Thus, from the Riesz-representation theorem, there exists one and
only one (1, ®,) € [H*(0, L) N H3(0, L)]* such that

{A (7o) = () ’((p”’W")>IH3(0,L>nH§(o,L)P (2.22)

with ||A||C([H3(0,L)nH§(O,L)]2;R) =l (15, ) ”[H3(O,L)r1H§(O,L)]27

and we obtain the uniqueness of the solution to problem (2.16). Now, in order to prove the estimate (2.21), we define the
map (7, w) : [0, T] — [H*(0, L) N H;(0, L)]* as

(n(o), w(o)) := (n,,w,) forall 6 € [0, T],
and we conclude from (2.22) that

(o), (oD lz0.nm20.00r = 1A 2 0.nm20.LER)

< ([ mmo0)

+ Wl 20,y + ||(h1’h2)’

|[H3(0,L)an(o,L)]2 LZ(O,T:[HS(O,L)]2)> '

Finally, the fact that (,w) € C([0,T];X;) was already proved in Capistrano-Filho and Gallego (2018) and
Capistrano-Filho et al. (2019), and hence we omit the details. O

Now, we pass to show the well-posedness of the nonhomogeneous feedback linear system associated with (2.16)

Lemma 2.8. Let T > 0. Then, for every (1), ) in X5 and (h,, h,) in L*(0, T; [H%(0, L)]?), there exists a unique solution
(n, ) of system (2.16) such that (n, w) € C([0,T]; X3), with f(t) = an,(t,L) + pn,(t — ©(t), L), where a and f belong to
R. Moreover, for some positive constant C = C(T), we have

(@), 0Ol 230 ynm20.000 < € (”(’70’0)0) ”

+ [ (o :
[H3(0,LNH2(0,L)2 (1. ) 2(0T;(H2(0.L)12)

forallt €[0,T].
Proof. Note that if (1, w) € C([0, T]; X3), from the trace theorems, it follows that

f(t) = any(t, L) + pn,(t — ©(1), L) € L*(0,T).

We claim that: there exists a positive constant C, ;5 such that

1/2
I fllz20.r) < CopT 2\, O)llcqo.r1m0.LnH20.LP)- (2.23)

Indeed, note that

T
1oy < 1 PCTIAI o pysc0) + 181 / In(t = =(0), L) *ds
0

ds.

T—2(T)
<P CT oy + WP [ iD=

By using the conditions in (1.5), we deduce the existence of some positive constantC,, such that

C
2 2 2 M T 2
||f||L2(0,T) —< |a| C |ﬂ| _ ||nllc([0’T];H3(0’L))’
1-d

giving the claim.
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Now, let 0 < y < T to be determined later. For each (7, w,) € X3, consider the map

I': C([0,7]; [H*(0,L) n Hy(0, L)1) — C([0,7]; [H*(0,L) n Hy(0, L)]*)
1, @) — T(n, ) = (W, v),

where (w, v) is the solution of (2.16) with f(t) = an,(t, L)+ fn,. (t —7(¢), L). By Lemma 2.7 and (2.23), the linear operator
I' is well defined. Furthermore, there exists a positive constant C, such that

1T, @)l o e 0.0m20.07) <€) (” ('70’@0)H[H»*(O,L)nygm,m]z + ”(hl’hz)

+ lane (L) + e (—7(), Dll 2, -

L2(0,7:[H2(0.L)12)

From (2.23), it follows that

IEr. Ol cqo o nomonm <€ <|| (0, o) H[H-*(O,L)an(o,L)P * ”(h"hz) L2(o,y:[H-2(o,L)]2)>

1/2
+ Copy 2, “’)”C<[0,T];[H3<0,L)nH5(0,L>12)-

Let (1, w) € BR(0), where

Ba(0) = { (1,0) € C (10,71 H©0. 1) n 3O )P) < 11070l cqopammomizonny SR }

and

k=26, <”(;10’600)”[H%O,L)mHS(O,L)I2 * ”(hth) 'LZ(O’T"HZ(O'L)'2)> '

Choosing y such that
1
c 4\ < 2,
(l,ﬂ}/ —_ 2
it follows that

TG, )l o o.onmzonr) < R
and

1
10y @) = T @)l (om0 mnmonry < 5101 @1) = (s @)l o1 0.n0m20.072):

Hence, I' : Bx(0) — B(0) is a contraction, and by Banach Fixed Point Theorem, we obtain a unique (1, w) € B(0) such
that I'(y, ) = (n, ) and

G, )l co 1200002001 < 2Cr <H(’10’w0) ” Lz(o,T:[H—2(o,L)]2)> .

[H3(0,.LNH2(0,L) 2 + “ (h1s o)
LNH2(0,

Since y is independent of (#,, @), the standard continuation extension argument yields that the solution (1, w) belongs to
C(0,T);[H3*(0,L) N HS(O, L)]?), and the proof ends. O

The first main result of the article ensures the existence of local solutions to (1.4) and is proved below.
Proof of Theorem 1.1. Let 7 > 0 and ||(#,, 600)||[H3(0,L)an(0, Lp < 6, where 6 > 0 will be determined later. We know from
Capistrano-Filho et al. (2019) that for (1, @) € C([0, T];[H?*(0,L) N HS(O, L)]%), there exists a positive constant C, such

that the following inequalities hold true:

1/2 2
e lzoraon < CT N0 O g s oz oner

172 2
Im@llzorzom < G100 O o pamo.omy
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and
1/2 2
In@wlliz0.7:020,00 < CT N, w)”C(O,T;[H3(O,L)nﬂg(o,L)]Z)'

Thus, the nonlinearities
(hy, hy) = (—(qw), — &' (Mo, —0, — c(W,),, — (1), + f o0, + poo,..)

belong to L*(0, T; [L?(0, L)]?), and

1/2 2
ANl 20 mr200.0y) < 2+ 21" NC, T 2\, a))”C((),T;[H3(o,L)an(o,L)]Z)’ (2.24)

1/2 2
Wl iz < G+ 4lel + 181+ 1oDCT 20N 1o o

Taking this into consideration, we define the following map:
r: (10,73 [0, n HO.D]" ) — € (10.73: [H©0.L) n H30, 1))
1, ) — I'(n, ) = (7, @),
where (7, @) is the solution of (2.16) with
(. hy) € L3O, T3 [L(0, L)) € LX(0, T3 [H(0, D)),

as defined above, and with f(¢) = an,,(t, L) + pn,(t — 7(¢), L). From Lemma 2.8, we find that I" is well defined and there
exists a positive constant C; such that

”F('L w)“C([O,T]Z[I'p(O,L)HH(?;(O,L)]Z) S CT <|| (’/IO’ (,00) |’[H3(0,L)OH5(O,L)]2 + || (hl ’ hZ) LZ(O,T:[HS(O,L)]Z)) :

On the other hand, from the inequalities (2.24), we have that

+ Cr13KC T || (n, )7 (2.25)

T )l o, onmonr) < Cr H (0, ) ” CAOTHH O.LH2O0.LR)

[H3(0.L)NHZ(0.L)]?

where K = max {1, |c|, ||, |f'|, |p|}. Now, we consider the ball
Bg(0) = {(n.®) € C([0,T1 : [H*(0,L) N Hy(0, D)P) : |1, @)l cqormomnmone < R):

with
R =2Cr||(ny, wo)||[H3(o,L>an(o,L)]2-
The inequality (2.25) leads to

R R
T, @)l cqo,rim 0,002 0.01) < 7t Cr13KC TR < 5T C326KC, T'*0R,

for all (, w) € Bg(0). By choosing 6 such that

1
C226KC,T'?0 < T

we obtain that I'(Bg(0)) C Bg(0). Finally, following the same argument as done in Lemma 2.8, we can conclude that I is a
contraction in By(0), then, the Banach Fixed Point Theorem guarantees the existence of a unique (7, @) € B(0) such that
I'(n,w) = (n, ®) and

<
01 leqorrimoncmgonry <207 | 00s0) | e

achieving the proof. O
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Remark 1. In (1.5), the time-dependent delay is assumed to be positive for all # > 0. This requirement is relaxed in

Nicaise et al. (2011) since 7 is allowed to degenerate. Notwithstanding, the problem in Nicaise et al. (2011) is linear and
hence simpler than ours. The key idea of the proof in Nicaise et al. (2011) is to consider a new delay .. defined by

T.(f) == e + 7.(1),

where 0 < € < €, for some € > 0. Therefore, 7, satisty (1.5) and hence problem (2.1) has a unique solution U,. The whole
task is to tend e to 0 under more regularity on the solution. We have tried to adopt this approach, but we faced difficulties
because of the nonlinearities in our problem.

3 Long-Time Behavior of Solutions

In this section, we are in a position to prove the second main result of our work. First, we demonstrate that the energy
associated with (1.9) is exponentially stable. Moreover, we establish that the solutions decay at an optimal rate.

3.1 Proof of Theorem 1.2

Recall that Theorem 2.2 (see also Proposition 2.3) guarantees the L? a priori estimate for the linear system (2.1) whose
operator is defined by (2.3)—(2.4). Therefore, the solutions of system (1.9) are globally well-posed. Whereupon, we can
treat the exponential stability for this system.

To proceed, consider the following Lyapunov functional

V() = Et) — Vi (1) + iy Vo),

where p,, 4, € R* will be chosen later. Here, E(¢) is the total energy given by (1.8), while

L
Vl(t)=/ xn(t, x)w(t, x)dx
0

and

1
v = Bleo [0 = o= s0p. 4.

Observe that,
(1 — max{, L, i DE@®) < V(@) < (1 + max{, L, y, DE(1), 3.1)

by assuming 0 < y; < 1/Land 0 < p, < 1.
On the other hand, using system (1.9) and the boundary conditions, we get that

L L
VI(t):/ xr]twdx+/ xno,d x
0 0
_al( naD \ (@+1 ap ( Meets L)
2\t —2(),L) ap ) \n, (e —7(),L)
B R 3a [, Sa; [Yo,
+ = (a) +11)dx—— (co +n)dx+— (a) +7 )dx. 3.2)
2 0 2 0 X X 2 0 XX XX

In addition, from (2.2) and by integration by parts, we deduce that

1
/0 (1 = et - 20p. Ddp + L 1), (33)

Thus, from (2.7), (3.2), and (3.3), we have that

VIO + AV =S, + S, + S, (3.4)



16 Asymptotic Analysis 0(0)

where

Sl = % <T/‘l’”2 (’/Ixx(t’ L)7 r]xx(t - T(t)7 L))’ (r’xx(t’ L)v nxx(t - T(t)’ L))) >

_ allp, (> +1 af |Bluy (10
‘Pﬂ|,ﬂz_¢a,ﬂ+ 2 ( (lﬂ ﬂz +T 0 0 )

L L L
Szz—ﬂ (w2+n2)dx+%/ (a)2+n2)dx+£/ (112+co2)dx
2 Jo 2 Jo o 2 Jo

L L
Sa
+/41'1/ xnad x — ;ﬂl/ (@F, +n7,) dx,
0 0

with (recall (1.6))

and
$o= -2 [ = e o — v g+ Wy / i 0. Ly
+4 2'f”r(t) /0 (1= oy 200, D,
respectively.

The objective is to show that V'(r) + AV(r) < 0. To do so, let us deal with each term S; in (3.4), fori = 1,2, 3.
Estimate of S,: Since the matrix ®, ,; (see (1.6)) is negative definite, it follows from the continuity of the trace and
determinant functions that one can choose u,, 4, € (0, 1) sufficiently small so that the new matrix ¥ 1ot is also negative
definite. Thus,

H

Sl S O.
Estimate of S,: Observe that using Poincaré inequality, we get

2 L 3 L 5 L
SZSL—/I(1+,M1L)/ (w2_+n2)dx+ﬂ/ (w2+n2)dx—ﬂ/ (co2 +112)dx
272 0 x x 2 0 X x 2 o XX XX

I? L? 5a,py L 2 2
< [2_7r2 </1 (l + ,ulL) 2 + 3a,ul> - ‘/0 (a)xx + nxx) dx.

Thus,
S, <0,
if
wyn? (5a,7* — 3al?)
LA+ py)

Estimate of S;: We proceed as in Capistrano-Filho et al. (2024), choosing

(1 = d)
MO+ p,)’

it follows that
S5 < 0.
Therefore, for the estimates above, we have

d
—V@®)+ AV() L0,
4 O+ AV(@) <

and, since V(¢) satisfies (3.1), we deduce that
E(t) < CEW)e ™™, V>0,

for ¢ > 0 and A > 0 fulfilling (1.10) and (1.11), respectively. This achieves the proof of the theorem. []
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3.2 Decay Rate: An Optimal Result

We can optimize the value of A in Theorem 1.2 to obtain the best decay rate for the linear system (1.9) in the following
way:

Proposition 3.1. If the constant y, given in Theorem 1.2 is chosen as follows:

(3.5)

2aja = |1 ~d) — a;|p]
U, € |0, )
L(1 — d)(a? + a?)

then A has the largest possible value.

Proof. Define the functions f and

Qaya = |pN(1 = d) - a;|p|
g:10, - R
L(1 — d)(a;] + a?)
by
wy (Salzrz - 3aL2)

T = v D

and
Qaya = |1 - d) = @] - L(l - )@} + Py

M (2a,a(1 —d) — a?| ] — L(1 — d)(@® + a®)p; )
respectively. On the other hand, let us consider A(y;) = min{ f(y,), g(#,)}. Thus, we have the following claims.

d),

gluy) =

Claim 2. The function f (respectively, g) is increasing (respectively, decreasing) in the interval

0 Qaya = A1 = d) = a;| |
T L -d)(@ +a?) '

A simple computation shows that
f(uy) >0, forall p; >0
and hence f’(u,) > 0 for

Qaja — |1 — d) — a2 ||
Hy € ’ .
L(1 —d)(af + a?)

Furthermore, one can rewrite g as follows:

1—d 1pI(1 = d)? 1
gy = - 5 > s
M ML(1 — d)(a} + a?) | 2ae0-d-alpl _
L(1—d)(@+a?) !
and thus
(1-dy 1
§' ()=~ 18] <0.

ML(1 - d)(@® + a?) <2ala(1—d>—aflﬂ| )2
TNl iay M1

L(1-d)(a’+a?)
This ascertains the Claim 2.

Claim 3. There exists only one point y, satisfying (3.5) such that f(u;) = g(p)).
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Indeed, since

2a,0 — 1 —d)—a?
10) =0, <<a1a 1B)(1 - d) allﬂl>>0’

L(1 - d)(a; + a?)

and

Qaja = |pH(1 = d) - ajlpl
0) >0, =0,
s> § ( L(1 - d)(@ + a?) )

the existence of this point is a direct consequence of the mean value theorem, applied to the function F = f — g. The
uniqueness follows from the fact that the function F = f — g is increasing in this interval, and Claim 3 holds.

Lastly, thanks to the Claims 2 and 3, the maximum value of the function 4 is obtained when y, satisfies (3.5), where
f(uy) = g(u,), and the proof of Proposition 3.1 is achieved. O

4 Conclusion

This paper establishes the existence and uniqueness of a solution for a higher-order nonlinear Boussinesq system in a
bounded domain, even when a time-dependent delay is present in one of the boundary conditions. Additionally, we prove
that solutions to the linearized problem are exponentially stable, both results being obtained under certain conditions
related to the system’s parameters and the delay. These findings extend the results of the second and third authors in
Capistrano-Filho et al. (2024) for a higher-order dispersive system. Further comments on our results are provided below.

(1) It is worth mentioning that the solutions of system (1.4) obtained in Theorem 1.1 are local. Proving the global
existence of solutions remains a challenge due to the absence of an a priori L? estimate. Specifically, it is challenging
to tackle this problem within the energy space for the nonlinear system that includes a delay term.

(2) Observe that the restriction 0 < L < 4/(5a,/3a)x in Theorem 1.2 arises from the Kato smoothing effect, which
does not occur in the lower-order Boussinesq system (see, e.g., Capistrano-Filho et al., 2024). This difference is
because in system (1.4), we have spatial derivatives of order three and five, both with positive signs. Thus, after
performing some integration by parts, the left-hand side of (2.14) contains the H'-norm with a negative sign and
the H?-norm with a positive sign. To recover the H2-norm, the Poincaré inequality must be applied, which imposes
this restriction on the size of L.

(3) A version of the higher-order Boussinesq system was proposed by Olver (1984, equations (4.7) and (4.8), p. 283)
and is given by:

(1, + 10, + L0 (307 = 1) gy + -7 (250 = 100> + 1)
+alqu), + %aﬁ (0> -1) (nu), =0,
w4 B[ (1= 0) = |+ 7| 2 (60 = 607 +5) + £ (602 = 1) |

+auu, + af [(nnxx)x + (2 - 92) uxuu] =0.

Through scaling, we arrive at the following system:

M+, — au +a,(qu), + a; (i) + bty =0, in (0, L) X (0, o),
U, + 1, — an +auu, + as (nnxx)x +auu, + by, =0, 1in(0,L) X (0, 00), 4.1)
n(x, 0) = ny(x),  ulx, 0) = uy(x), in (0, L),

where a > 0,b > 0,a # b,a; > 0,a, < 0,a; > 0 and a, > 0. System (4.1) was studied in Capistrano-Filho
et al. (2019). Using the same boundary conditions as in problem (1.4), we believe that similar results proved in our
work can be obtained for system (4.1) without the restriction over L since the sign of the third derivatives in (4.1)
is negative instead of positive unlike our case (see system (1.4)).

(4) Itisimportant to point out that system (1.4) is shown to be locally well-posed, and hence we are unable to establish
any exponential stability for the nonlinear problem. One interesting research avenue is to show the stability for the
nonlinear problem.
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