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ABSTRACT
In this paper, we study the Robin-Dirchlet problem (P,) for a wave equation with the

1 )
term — g u2(%, t), n € N. First, for eachn € N, under suitable conditions, we prove
n
=1

the local existence and uniqueness of the weak solution u™ of (P,). Next, we prove that
the sequence of solutions u™ of (P,) converges strongly in appropriate spaces to the weak

I~ 5
solution w of the problem (P), where (P) is defined by (P,) by replacing — Z uZ(%, t)
n
i=1
1
by / uz(y,t)dy. The main tools used here are the linearization method together with

the %‘aedo—Galerkm method and the weak compact method. We end the paper with a
remark related to a similar problem.

Keywords:Robin-Dirichlet problem, Faedo-Galerkin method, linearization method, weak
compact method.

1 Introduction

In this paper, we study the Robin-Dirichlet problem for a wave equation as follows

Uy — (1 + (S’nu)(t)) Upe = [Tt u,ug,uy), 0<xz <1, 0<t<T,
(P ua0,) = Cu(0,1) = u(1, 1) =0, (1.1)
u(z,0) = ug(x), u(x,0) =a,(z),

where f, 1, u; are given functions and ¢ > 0 is a given constant and

(Sou)(t) = %Zu%%,t), nen. (1.2)
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The idea of considering Prob. (1.1) comes from the study of initial boundary value problems
for the wave equation in the form

— (1 + /1 uQ(y,t)dy) Uz = [ (2, 8,0, Uy, uy) (1.3)
0

associted with the initial boundary conditions (1.1)s_3. Note that, Eq. (1.3) with the case

f = 0 is related to Carrier-type equations. Precisely, Carrier [1] studied the vibration of an

elastic string when the changes in tension are not small, of which the model was constructed
in the form .

EA

huy — [ 14+ = [ «?*dx ) uge = 0, 1.4

Pt ( LT, ) (1.4)

where u(z,t) is the x-derivative of the deformatlon, Tp is the tension in the rest position, £

is the Young modulus, A is the cross-section of a string, L is the length of a string, p is the

1 1
density of a material. When f = 0, and replacing / u?(y,t)dy by / u?(y,t)dy, the Eq. (1.3)
0 0
is known as Kirchhoff-type equations that the original equation was introduced by Kirchhoff [6]

Eh (%,
phuy = <P0 + — x(y,t)dy) Upe, (1.5)
2L

decribing free vibrations of elastic strings taking into account the changes in length of the
string produced by transverse vibrations, where u is the lateral deflection, L is the length of
the string, h is the area of the cross-section, E is the Young modulus of the material, p is
the mass density, and F, is the initial tension. For many decades, numerous of studies about
Kirchhoff-Carrier type equation have been published, for example, we refer to the works of
Cavalcanti et. al. [2]- [4], in which the results of global existence, exponential, uniform decay
rates, and asymptotic behavior for the different models of Kirchhoff-type equations have been
obtained. Indeed, Cavalcanti et. al. [2] proved the existence of global solutions and exponential
decay for the following nonlinear problem
( 2

%—M </Q|Vy|2dx> Ay—%Ay:f, in @ =Q x (0,00),
y=0,on % =TIy x(0,00),

(/|V|d)_JF—(%):g,onzO:rOx(O’m% (1.6)

y(0) = ¢, 5(0) , in €,

\

where M is a C'-function and M(\) > \g > 0, YA > 0. Naturally, some studies paid attention
to extending in mathematical context of Kirchhoff-Carrier equations, see in [7], [9], [12], [15],
[16], [18], [19]. In [7], Long proved the solvability and established an asymptotic expansion in a
small parameter of solutions for a nonlinear wave equation of Kirchhoff-Carrier type as follows

uy — B (ta ||u”2 ) HuxHQ) Ugy = f (a:,t,u, Uz, Ut HuH2 ’ HuiEH2) ’

U(ZE, 0) = ’Ilo([[‘), ut(xa O) = al(x)a
where hg > 0, hy > 0 are constants and B, f, ug, @1 are given functions, afterward, these
results were extended in [16]. In [19], Yang and Gong established the blow-up of solutions for
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the following viscoelastic equation of Kirchhoff type
t
u(z,t) — M (HVqu) Au+ / g(t — ) Au(z, s)ds +u; = [u|’ " u, (1.8)
0

associated with Dirichlet boundary conditions. We also refer to [13] and [14] for some various
results of blow-up phenomenon of solutions for the Kirchhoff-type equations.

On the other hand, the idea for considering Prob. (1.1) also comes from the study of
problems containing the partitions of domain, for example, see [5], [11], [17] and the references
therein. In [5], II'in established the uniqueness theorem for generalized solution to the mixed
problem for a wave equation with nonlocal boundary conditions (also called multi-point type
conditions)

Uy —Uge = 0,0 <z < L, 0<t <T,

k
u(0,t) = pu(t), w(L,t) =Y au(tu(é,t), 0 <t <T, (1.9)
i=1
UJ(xvo) = ﬂo(l’), Ut(l’,O) = ﬂ1(1")’ 0<z </,
where &1, -+, & are positive constants, 0 < & < -+ < & < L, and oy(t), i = 1,---, k are

given functions. In [11], Nhan et. al. considered the Robin problem for a nonlinear wave
equation with source containing multi-point nonlocal terms as follows

U — Uy = [ (z, t,u(x, ), u(n, t), - ulng, t),w(z,t), 0<z <l 0<t<T,
Uz (0,¢) — hou(0,t) = uy(1,t) + hyu(l,t) =0, (1.10)
U(I7 0) = aO(I)7 ut(xa 0) = al(x)u

where f, tg, @; are given functions and hg, hy > 0, 11, - -, 1, are given constants with ho+h; >

_ 1 & ,
0,0<m <---<n, <1. Here, we note more that, if we put (S,u)(t) = — ZuQ(%,t), then
n
_ i=1

(Spu)(t) can be considered as a combination of the unknown values u(n;,t), - - -, u(n,, t) of Prob.

(1.10) in the case of ¢ = n and n; = =21,

Motivated by the above mentioned works and based on the recent result of Ngoc et. al. [10]
for a strongly damped wave equation with arithmetic-mean terms, because of mathematical
context, we study the existence and some properties of the solution for Prob. (1.1).

Let us explain in some detail which are our main results. First, for each n € N fixed, we
prove the existence and uniqueness of a local weak solution u™ of Prob. (P,). Then, we can
consider the behavior of solutions u", ¥n € N. Tt is clear to see that, if u € L>(0,T; H') then

the function y — u?(y, t) is continuous on [0,1], a.e. ¢t € [0,T], it leads to

(Spu)(t) = %Zzﬁ(%,t} — /0 Pz, t)de = ||lu(t)]]*, as n — oo.

Therefore, it is possible that Prob. (P,) have a close relationship in a certain sense with
Prob. (P), it is Prob. (1.3), (1.1)2_3. We shall prove this relationship to obtain a solution of
Prob.(P) via approximate solutions u™.

This paper is organized as follows. Section 2 is devoted to preliminaries. In Section 3, for
each n € N, we prove the local existence and uniqueness of a weak solution u" of Prob.(F,). In
Section 4, we consider the relationship between Prob.(P,) and Prob. (P), where we show that
the sequence {u"} in appropriate spaces strongly converges to a weak solution u of Prob.(P)
as n — oo. The main tools used here are the linearization method together with the Faedo-
Galerkin method and the weak compact method. We end the paper with a remark related to
a similar problem.
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2 Preliminaries

Put © = (0,1). We will omit the definitions of the usual function spaces and denote them by
the notations LP = LP(Q), H™ = H™ (). Let {-,-) be either the scalar product in L? or the
dual pairing of a continuous linear functional and an element of a function space. The notation
||| stands for the norm in L? and we denote by |||/ the norm in the Banach space X. We call
X' the dual space of X. We denote LP(0,T; X), 1 < p < oo the Banach space of real functions
u: (0,T) — X measurable, such that [[ul| ;1) < +00, with

T 1/p
(/ Hu(t)\|’§<dt) i 1<peco
- 0

||u||LP(O,T;X) .
esssup ||u(t)|| y if p=oc.
T

Let u(t), v/ (t) = ue(t) = a(t), u”"(t) = uu(t) = i(t), uy(t) = vu(t), uz.(t) = Au(t), denote
u(w, t), P(x,t), 94 (2, 1), 54(x, 1), $5(x, 1), respectively.

On H', we shall use the following norm

ol = (ol + flox]2) (21)

We put
V={ve HQ):v(l) =0}, (2.2)
a(u,v) = /o Uz (z)vy(z)dx + Cu(0)v(0), u,v e V. (2.3)

V is a closed subspace of H' and on V three norms v — [|v|[1, v — |Jv] and v —

|v]|, = v/a(v,v) are equivalent norms.

We have the following lemmas, the proofs of which are straightforward hence we omit the
details.

Lemma 2.1. The imbedding H* — C°(Q) is compact and
V]l oy < V2|l g1 for allv e H. (2.4)
Lemma 2.2. Let ( > 0. Then the imbedding V — C°(Q) is compact and

{ [0l co@y < llvall < lvll, 2.5)
75 [0l < Nloall < Hlvll, < VISl

forallveV.

Lemma 2.3. Let ( > 0. Then the symmetric bilinear form a(-,-) defined by (2.3) is continuous
onV x V and coercive on V.

The weak solution of Prob. (1.1) is defined in the following manner.

Definition 2.4. A function u is called a weak solution of the initial-boundary value problem
(1.1) ifu e Vp ={ue L>®0,T;VNH?) :u' € L>(0,T;V), u" € L>(0,T; L*)} and u satisfies
the following variational equation

(W (t), w) + plu](t)au(t), w) = (flu](t), w), (2.6)
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forallw € V, a.e., t € (0,T), together with the initial conditions

u(0) = @g, u'(0) = 1y, (2.7)
where
flul(z,t) = f(z,t,u(x,t), ujﬂ(m,t), u'(z,t)), (2.8)
p(t) = pluf(t) =14 (Shu)(?),
(St = =" (51

3 Main results

3.1 Existence of a local weak solution

To study the existence and uniqueness of a weak solution of Prob. (1.1), for each n € N, we
make the following assumptions:

(Hy) : (g, @) € (VN H?) x V, igs(0) — Ciig(0) = 0;
(H,) : f e CL([0,1] x [0,T%] x RY).

Let T* > 0, for every T € (0,T*], we put
Ve = {ve L™0,T;VNH?*):v e L20,T;V), v € L*(0,T; L*)},
Wi(T) = C([0,T]; V) nC([0,T]; L?),
it is well known that Vi, W1 (T') are two Banach spaces with respect to the norms (see Lions [8])

||UHVT = mnax {HUHLOO(O,T;VOH?) ) “U,HLOO(O,T;V) ’ HU”HLOO(O,T;L?)} )
||U||W1(T) = ||U||C’([0,T];V) + HU/HCl([O,T};LQ)'
For every M > 0, we put
W(M,T) ={veVy:|ovl, <M}

Now, we establish the recurrent sequence {u,,}. The first term is chosen as uy = 0, suppose
that
U1 € W(M,T), (3.1)

we associate Prob. (1.1) with the following problem.
Find u,, € W(M,T) (m > 1) satisfying the linear variational problem

(U (), w) + pim ()a(tm (t), w) = (Fo(t), w), Yw € V,
{ U (0) = Qo ul,(0) = a4, (3.2)
where
Fo(@,t) = flum1](z,t) = f (2,8, tm1(2,8), Vi1 (2, t), ul,_ (2,1)) (3.3)

— Q _ l - 2 i—1
(1) = 1+ (Spttm_1)(t) =1+ n;um_l( =L 1)

Then, we have the following theorem.
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Theorem 3.1. Let (Hy) — (Hz) hold. Then, there are positive constants M and T such that,
for ug = 0, there exists a recurrent sequence {u,,} C W(M,T) defined by (3.1)-(3.3).

The proof of Theorem 3.1 is based on the linear approximation, the Faedo-Galerkin method
(introduced by Lions [8]) together with the techniques of prior estimates. This is similar to the
argument in [10] and [11].

Using the results given in Theorem 3.1 and the arguments of compactness, we get the main
result in this section as follows

Theorem 3.2. Let (Hy) — (Hz) hold. Then there exist the constans M > 0 and T > 0 chosen
as in Theorem 3.1 such that

(1) Prob. (1.1) has a unique weak solution w € W (M, T).

(13) The recurrent sequence {u,,} defined by (3.1)-(3.3) converges to the solution u of Prob.
(1.1) strongly in Wy(T).

Furthermore, we also have the estimation

[tm — ullyy, () < Crky', for allm € N, (3.4)
where 0 < kr < 1 and Cr is a positive constant depending only on T, f, Uy, u; and k.

Proof. The proof is also similar to the argument in [10] and [11], so we omit the details. [

3.2 Relationship between (F,) and P

In this section, we consider the following problems

uy — (1+ ||u(t)||2) Ure = f (Tt uyup ), 0 < <1, 0<t<T,
(P) ux(ovt) - Cu(ovt) = u(lvt) =0,
u(z,0) = tg(x), uz,0) =u(x),
and _
uy — (14 (Spu) () uge = f (2,6, u,uz, ), 0<2 <1, 0<t<T,
(P,) ] u.(0,t) — Cu(0,t) = u(l,t) =0,
U(ZE, O) = ﬂg(!)ﬁ), U’t(m’ 0) = ﬂ’1<m>
In what follows, we shall analyze the relationship between (P,) and (P).
By Theorem 3.2, for each n, (P,) has a unique weak solution u™, i.e. u" satisfies the following
variational equation

(), w) + (14 (Saw) (1)) alu(£), w) = (F (-, u"(8), ul(E), u (1) ,w), (3.5)
for all w € V, a.e., t € (0,T), together with the initial conditions
u™(0) = g, uy(0) = 1. (3.6)
Moreover, there exist positive constants M, T independing on n such that u™ satisfies
u" € W(M,T), for all n € N. (3.7)

From (3.7), we deduce that there exists a subsequence of {u"} (still use the same symbol)
such that
u —u in L®(0,T;V N H?) weak*,
up =o' in L®(0,T; V) weak*, (3.8)
uf. —u” in L*>(0,T; L*) weak*.
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Applying the lemma of Aubin-Lions [8], there exists a subsequence of {u"} (still use the
same symbol) such that

u* —wu in  C([0,T]; V) strongly, (3.9)
up — o' in  C([0,T]; L?) strongly. '
On the other hand, we have
_ _ l &
(G0 = (Ba)®] € 237 1620 = (0] o (3.10)
i=1
< 2M ffu(t) = u(@®)]ly
< 2M [u () = u(®)llcqo vy -
By (3.9); and (3.10), we obtain
| S = Spul|,, or < 2M [[u(t) = w®)lleory — 0. (3.11)

Because u” is the unique weak solution of (P,), so
[t petar s [ atewwgti s [ Saowao.uen @12
= [ G0 0.020.550) ~ 1 () 0. 0) ) (0
b [ a0, 00) ) o0, Vo € V.V € CRO.T)

By (3.8)3 and (3.9); we get

/O (ug (1), w)p(t)dt — / u”( (t)dt, (3.13)

/0 a(u (1), w)p(B)dt — /0 a(u(t), w)p(t)dt.

LF ot u™ (), wp (8), uf () = f (- 8, ult), us(8), o' (1))
< 2K (f) [l (8) = u@)ly + llug' (1) = ' @],

We note that

where

En(f) = [fller(an)
Ay = [0,1] x [0,T%] x [=M, M] x [—V2M,/2M] x [-M, M].
Then
Hf( ) maut> - f('7t7u7u$7u/>|‘L2(QT) (3'14)

< 2Kn(f) [Hun —ulleqomyvy T 14 = Wl ooz | = 0
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Therefore, we conclude that

jg (F (ot 2 (8)) — f (bt e (0) (1)) ) o(8)d =5 0. (3.15)
To check that
(A@wwmwmwwwﬁlnwWwwmwwﬁ (3.16)

we need the lemmas below.

Lemma 3.3. The following convergence is valid

1
0

Proof. Note that

2

/T
L2(0,T) 0

23oa(5) = [ atwan, vae (o). (3.18)

Since u € L>®(0,T;V) < L>(0,T;C°(£2)), so the function y — u(y,t), a.e. t € [0,T],
belongs to C°(Q2), then

2
dt -0, as n —oo0.  (3.17)

Snu(t)—/o u?(y, t)dy

q 1~ o gin /1 2
1 i , 1
(Spu)(t) " ;:1 u? (5 t) — i u”(y,t)dy, as n — oo (3.19)
On the other hand
~ Igm ,(i—1 1 ) )
= = <= < .
[(Sau)(8)] n;fb(n,Q_n;N%@u_M, (3.20)

1
/u%ﬁ@kn%ww§w,
0

SO

1
‘(Snu)(t) - / u?(y,t)dy| < 2M? for all n € N and a.e. t € [0, T]. (3.21)
0

Applying the dominated convergent theorem, (3.17) is confirmed. Hence, the lemma is proved.

O
Lemma 3.4. The following convergence is valid
/ C (G (a(u () w) (Bt / I au(t), w)o(t)d, as - oo
0 0
Proof. Note that, by (3.12) and Lemma 3.3, it implies that
‘ Spu™ — 1 u?(y, -)dy (3.22)
0 L2(0,T)

1
&u—/zﬂ%»@
0

< [Snu” = Sl ooy +

L2(0,T)

IN

— 0, as n — o0.
L2(0,T)

1
2M [Ju" — U||L2(0,T;V) + ‘ Sntt — / u?(y, -)dy
0
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Due to (3.9) and (3.22), it leads to

/0 (St (t)a(u (8), w) p(t)d — / ()| ault), w)p(t)dt (3.23)

< / [ [(Saa™)(0) — ()] alu™ (), w)p(t)| de+
/0 a1 [ala™ (£) — u(t), w)o (b)) de

||unHL2(0,T;V) Jwll, ||90Hc([0,T})

S ‘
L2(0,T)

1
S — / 2 (y,)dy
0

+ M? |u” — ull 20 vy lwlla 1€l eom)

1
0

— 0, as n — oo. (3.24)
Hence, the lemma is proved. O]

+ M\/T ||Un - UHC([O,T};V) M HwHa ||90HC([O,T])
12(0,T)

Finally, using Lemmas 3.2 and 3.4 and the convergences (3.14) and (3.16), after letting
n — oo in (3.13), we conclude that v € W(M,T) satisfying the equation

/0 (" (), w)p(t)d + / (1 -+ Ju(®)[2) atut), w)p(t)dt (3.25)
- / OF (b ut), s (1), o (1)) ) o(b)dt,

for all w € V, p € C°(0,T), together with the initial conditions
w(0) = i, u'(0) = . (3.26)
Consequently,

(u"(t), w) + (1 + ||U(t)||2)<?f(zt(t)><%§) D)) eV

= tu(t), u(t), v (t)),w), Yw eV,
a(0) = iig, /(0) = iy, (3:27)
ue W(M,T).

The uniqueness of a weak solution of (P) is not difficult to prove, let us omit the proof here.
Therefore, we have the following theorem.

Theorem 3.5. Let (Hy) — (Hz) hold. Then there exist positive constants M and T such that
(1) Prob. (P) has a unique weak solution v € W(M,T).
(13) The sequence {u"} converges to the weak solution u of Prob. (P) in the sense

u —u in L®(0,T; H*NV) weak*,

up — ' in L*(0,T;V) weak™, (3.28)
ul. =" in L=(0,T; L*) weak*, ’
u —u n C([0,T]; V)N CY[0,T); L?) strongly.

103



Nguyen Vu Dzung, Tran Trinh Manh Dung -Volume 5 — Special Issue - 2023, p.95-105.

3.3 A remark

The methods used in Sections 3, 4 can be applied again to obtain similar results for
Prob.(1.1), where (S,u)(t) is defined as follows

(Sou) () = % o (1)

where 0; € [0,1), i = 0,n — 1 are given constants.
Acknowledgment. The authors wish to express their sincere thanks to the editor and the
referees for the valuable comments and important remarks for the improvement of the paper.
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