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Abstract

This thesis is devoted to the study of stability and decay rates of solutions for
some wave transmission problems and viscoelastic wave equations with delay, in some
cases the delay is a time function. And the existence, uniqueness of weak solution
to a nonlinear history-dependent boundary value problem, and the same goal for an

evolution of a viscoelastic plate in frictional contact with foundation.

The first part of this thesis is composed of three chapters. In Chapter 2, we con-
sider a transmission system with a delay. We show the well-posedness as well as the
exponential stability of the solution depending on the weight of linear damping and
the weight of the delay term. In Chapter 3, we proved the well-possedness of a system
with delay and memory. In Chapter 4, we prove a decay of a transmission problem
with memory and delay, but in this case the delay is considered as a time-varying

function.

The second part of this thesis is devoted to the study of mathematical models
of contact. More precisely, in chapter 5, we introduce a mathematical model that
describes the evolution of a viscoelastic plate in frictional contact with foundation,
we derive the variational inequality for the displacement field, then we establishe the

existence of a unique weak solution to the model.
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Introduction

Several authors have studied transmission problems in the wave and viscoelastic wave
equations and in thermoelasticity. Different stabilization results have been established.
The authores in [28] studied a transmission problem in thermoelasticity where they
proved an asymptotic behavior of one dimensional bodies composed of two different
types of materials, one of them is of a thermoelastic type, the other has no thermal
effect. They showed that the localized dissipation due to thermal effect is strong
enough to produce exponential decay to zero of the total energy of the system, provided

that the kernel g(t) is positive and decays exponentially to zero. That is, it satisfies

g'(t) < —cg(t),
for all t > 0.
On of the results in this direction was also established by Dautray and Lions in [34].
In their work, the authors discussed the linear transmission problem for hyperbolic
equations and proved existence and regularity of solution using classical methods such
as Fourier series, and the variational formulations.

In general the stability of dissipative wave equation is an active area of research
and many interesting publications have been appeared in the last three decades. For
instance, we mention the work of Zuazua [107] where a uniform decay rate of the solu-
tion was obtained for a large class of nonlinear wave equation with frictional damping

acting in the whole domain.

Zuazua and Freistas in [109] considered the system

g + 2€a(x)up = Ugy,
u(0,t) = u(1,t) =0, (0.0.1)
’LL(I, O) = Sp(x); ut<x7 0) = %U(iﬂ),

1



INTRODUCTION

where € is a positive parameter, a € L>(0, 1), and initial condition (¢, ) are taken to
lie in the energy space X = H,(0,1) x L*(0,1) endowed with the usual inner product
defined by
Lo

(£,9). (w0))x = [ (£ + go)da. (0.0.2)
The authors gave sufficient conditions for the solution of (0.0.1) to be globally asymp-
totically stable in the space X for small values of e. That is, (u(.,t), w(.,t)) converges
to zero strongly in the topology of the space X, as t goes to co.
Similar results were obtained, for example, in [65] where stability is proved for the

following linear problem

uy — Au+ h(z)uy + k(z)u =0,  in(0,+o0) X €,
u(t,z) =0, in (0, +00) x 012, (0.0.3)
U(O,I’) = UO(.T), ut(O,JJ) - ul(x)7 S Q7

where h : 2 — R may have negative values, but in a set which is small if compared
to the set where it is positive. In this way the authors generalized the previous results

in the 1-dimensional case by Freista-Zuazua [109].

Once the stability of the wave equations is obtained, the natural question that arises
is about the rate of decay of the solution (the speed of the convergence of the solution
to the steady state). This was the purpose of some investigations as in [72], where
the authors were concerned with the existence and uniform decay rates of solutions
of the wave equation with a source term and a nonlinear boundary damping. They

considered the system

uy — Au = |ulfu, in 2 x (0, 400),

u=0, on I’y x (0, 4+00),

u(0,2) = up(x), ut(0,2) =uy(z), x€ Q, (0.0.4)
O ) =0, onTy x (0, +00),

uw(x,0) = u’(z), u(z,0)=u'(x), on,

where Q is a bounded star-sharped domain of R", n > 1, with I' = Ty U 'y, T'y # 0;
'y and I'y are closed an disjoint and v represents the unit outward normal to I'. The
authors, in this work obtained an explicit decay estimate of the energy depending on

the damping term (5(u;) and on the size of the initial data. To obtain thier results
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some growth assumption of the function § near the origin were assumed. The linear
wave equation subject to nonlinear boundary feedback has been widely studied. For
instance in (0.0.4) when [(s) = s, for some p > 1 and in the absence of the source
term |u|’u Zuazua in [108] proved that the energy decays exponentially if p = 1 and

polynomially if p > 1. In the later case he proved that the energy

1 2 1 2
E(t) = 2/Qutdx+ 2/Q|Vu| d,
decays with the following rate

E(t) < %, vt > 0,
(141)rT
for some positive constants C'. When no growth assumption at the origin is imposed
on the function [, Laseicka and Tataru in [62] studied the nonlinear wave equation
subject to a nonlinear feedback acting on I';. Considering their work, they were the
first to prove that the energy decays to zero as fast as the solution of some associeted
ODE and without assuming that the feedback has a polynomial growth in zero. More
precisely, they showed that the energy of the solution y(t) associeted to thier problem

defined, for a nonlinear functions f;, by

1
£(0) = S(VUO )+ WO + [ AT+ [ Fo(y)ae

where

Fi(s):/sfi(t)dt, i=0,1,
0
satisfies

E(t) < S <7{ - 1) £(0), Vi>T,>0,

0

where S(t) is the solution of the following ODE:
§'(t) +q(S(t) = 0,

and ¢ is a strictly increasing function which depends on the feedback /3. See also [71]

for a related work. Messaoudi and Mustafa in [81] considered the system

uy — Au+ a(t)g(uy) = 0, in 2 x (0, 00),
u =0, on 99 x (0, 00), (0.0.5)
u(z,0) = ug(x), uz,0)=uy(z), =€,

3



INTRODUCTION

where «, g are specific functions. The authors investigated (0.0.5), in which the damp-
ing considered is modeled by a time dependent coefficient «(t), and they established
an explicit and general decay result, depending on g and a.

It happens frequently in applications where the domain is occupied by several ma-
terials, whose elastic properties are different, joined together over the whole surface
as in the work [8] where the authors considered the wave propagation over a domain
consisting of two different types of materials in a transmission (or diffraction) prob-
lem. From the mathematical point of view, transmission problem for wave propagation
consists of hyperbolic equation for which the corresponding elliptic operator has dis-
continuous coefficients.

Existence and, regularity, as well as the exact controllability for the transmission prob-

lem for the pure wave equation was also investigated in [66].

Subsequently Datko et al in [32], treated the following one dimentional problem

Uit (T, 1) — Uge (2, 8) + 2au4(z,t) + a*u(z,t) =0, 0 <z <1,t>0,
u(0,1) = 0, t>0, (0.0.6)
ug(1,t) = —kuy(1,t — 1), t >0,

which models the vibration of a string clamped at one end and the other end is free.
Here u(z,t) is the displacement of the string and a and k are positive constants and
7 > 0 is the time delay. Here the string is controlled by a boundary control force with

a delay at the free end. They showed that, if the positive constants a and k satisfy

<1, (0.0.7)

then the delayed feedback system (0.0.6) is stable for all sufficiently small delays. On
the other hand if
e 4+ 1
e —1

> 1, (0.0.8)

then there exist a dense open set D in (0,400) such that for each 7 € D, system
(0.0.6) admits exponentially unstable solutions.

The transmission problem for viscoelastic wave equation was investigated by Miinoz
Rivera and Oquendo [82] where they proved the exponential decay of the solution
using regularity result of Volterra’s integral equations and regularizing properties of

the viscosity.
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Marzocchi, Rivera and Naso in [75] considered the system

Uy — AUy + MO, + f(u) = hy, in Qx]0, 400,
(9,5 - k@m + My = hg, in QX]O, +OO[, (009)
Vg — DUgg = hs, in ]Ly, Ly[x]0,00],

where a,b, k and m are positive constants, h; : Q@ — R(: = 1,2) and hy : R — R are
nonlinear functions with some specified properties. The system is subjected to the

following boundary conditions

u(0,t) = u(Ls, t) = 6(0,t) = 0(Ls, 1),
w(Li t) = v(Ly, t), aug (L, t) — mO(L;, t) = bu, (L, t), (i =1,2), (0.0.10)
0.(Li, t) =0, (i=1,2),

and initial conditions

u(z,0) = up(x), w(x,0)=wu(z), =€,
0(z,0) = bp(x), x €Q, (0.0.11)
v(z,0) =wvo(x), wvi(x,0)=wvi(x), x €|Ly, Lo,

and f satisfied
sf(s) =0 Vs € R.

The authors have proved that in the linear homogenous case (f = 0,h; = 0,7 = 1,2),
the solution of the above system tends to zero with an exponential rate, as time goes
to infinity. In the nonlinear case, this property is replaced by the existence of an
absorbing set in the space of solutions provided that p is sufficiently small, where f is
supposed Lipschitz function and p is its Lipschitz constant.

Recently, the stability of solutions in the wave and viscoelastic wave equations with
delay became an active area of research. Nicaise and Pignoti in [84] investigated the
effect of the time delay in boundary or internal stabilization of the wave equation in
domains of R". They gave some stability results under the condition that the weight of
the damping term without delay is greater than the wight of the damping with delay.
On the other hand, they showed that if this later condition is not satisfied, then there
exist some delays for which the system is unstable. In a certain sense, their sufficient

condition is also necessary in order to have a general stability result. More precisely,
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they considered the problem

u (x,t) — Au(z,t) =0, in Qx(0,+00),

u(z,t) =0, on I'p x (0,400),

gu(a:,t) = —pug (2,t) — poug (x,t —7), on Iy x (0,4+00), (0.0.12)
v

u(z,0) =up(x), and wu(x,0)=wui(z), in Q,

w (z,t —71) = fol(z,t —7), in Iy x(0,7),

where  C R" is an open bounded set with a boundary I of classe C? and I' = I'pUT'y
with ' =TpNTy =0 and I'p # 0. Moreover, 7 > 0 is the time delay, p; and ps
are positive constants. Under the assumption ps < p1 they obtained a stability result
in a general space dimension by using a suitable energy-type estimates. In the other
cases, if uo > p1 they showed that there exists a sequence of arbitrary small delays so
that instabilities could occur.

The asymptotic behavior for a coupled system of wave equations was studied by
Rapposo and Bastos [8] by the same method used in [66]. The authors, considered,
for ki, ke and a being positive constants and 0 < Ly < L, the system

g (2, 1) — kg (2,1) + auy (x,t) =0, x € (0, Lg),t > 0,

(0.0.13)
Vg (2,1) — kovgy (2,8) =0, x € (Lo, L), t >0,

satisfying the boundary conditions

uw(0,t) =v(L,t)=0, t>0, (0.0.14)
the transmission conditions

u (Lo, t) =v (Lo, t), kiug (Lo, t) = kovy (Lo, t), t>0, (0.0.15)
and te initial conditions

u(z,0) =u’(z), w(x,0)=ul, z€(0,Ly), (0.0.16)

v(x,0)=2°(z), v (z,0)=0', xe(Ly,L)).

They investigated the asymptotic properties of the above system. The main result of
their work was a theorem in which they showed that the solution of the transmission
problem decays exponentially to zero as time goes to infinity, no matter how large is

the difference L — Ly. The approach used consists of choosing appropriate multipliers
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to build a Lyapunov functional for the system. The energy associated to the equations
(0.0.13)-(0.0.16) is
E(t) = Ex(t) + Ex(t)
with
Loplo, o 2
Ei(t) = 5 [l + kafu, Plda
and
Lok 2
Bs(t) = 5/ [Joe]? + Kolve|2)de.
Lo
They proved that there exist two positive constants C' and ¢ such that:

E(t) = Ei(t) + Ey(t) < CE(0)e™ .

Following their first work [84], Nicaise and Pignoti [85] studied the wave equation
with Dirichlet boundary conditions on one part of the boundary of a domain € and
dissipative boundary conditions with delay on the other part of the boundary. Namely,
they considered the problem

Uy — Au = O, in Qx (O7 +OO) ,

u =0, on Iy x (0,00),

0 T

a—Z(t) +/ i p(s)u(t — s)ds + poug =0,  on Ty x (0,=00), (0.0.17)
T1

u(x,0) =up(z), and wu(z,0)=wuy(z), in €Q,
Uy (ZL’, _t>:f0 (I7 _t)’ on Fl X (Oa72)7

where v(x) denotes the outer unit normal vector to the point x € I" and Ou is the
normal derivative. Moreover, 7y and 75 are two positive constants with 0 < 1;1 < To,
Lo is a positive constant, p : [11, o] — R is an L function, p > 0 almost everywhere,
and the initial data (ug,u1, fo) belongs to a suitable space. The above problem can be
regarded as a problem with a memory acting only on the time interval (7, 7).

If 4 = 0, that is in absence of delay, the energy of the problem (0.0.17) is proved to
decay exponentially to zero. See also some related works such as [33, 106]. Under the

assumption

o > /T2 w(s)ds, (0.0.18)
T1

the authors in [85] proved an exponential stability for problem (0.0.17).

7
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Nig and Yan [110] studied the stabilization of the wave equation with variable coef-
ficients and a delay in the dissipative boundary feedback. By virtue of the Riemannian
geometry methods the energy-perturbed approach and the multiplier techniques, they
established the uniform stability of the energy.

Cavalcanti et al. [26] consdered the viscoelastic wave equation of the form
t
uy — Au + / g(t — s)Au(x, s)ds + h(uy) = f(u), (0.0.19)
0

in © x (0,00), subjected to initial conditions and boundary conditions of Dirichlet

type. In the case where f = 0 and h(u;) = a(x)u;, That is for the problem
t
uy — Au + / g(t — s)Au(x, s)ds + a(x)u; = 0, (0.0.20)
0

in Q x (0,00), where a : 2 — R" is a function, which may be null on a part of the

domain €2 and by assuming a(x) > ag on w C €2 and
—Gy(t) < g'(t) < —Gg(t), Vt=0, (0.0.21)

the authors showed an exponential decay result under some geometric restrictions on
the subset w C €. The result in [26] was improved by Berrimi and Messaoudi [16],
under weaker conditions on both a and g.

Cavalcanti et al.[23] investigated the following problem
t
|| Pue — Du — Auy + / g(t — s)Au(x, s)ds —yAuy =0, t>0, (0.0.22)
0

in Q x (0,00). For v > 0, they showed a global existence result. Furthermore, they
obtained an exponential decay result for v > 0 provided that the function g decays
exponentially.

Fabrizio and Poidoro [37] treated the problem (0.0.20) with a(z) = ag and showed
that the solution decays exponentially only if the relaxation kernel g does. That is to
say the presence of the memory term may prevent the exponential decay. Such decay
always hold for g = 0, due to the linear frictional damping term. Messaoudi in [78]
considered a problem related to (0.0.19) and proved general decay result. In fact, his
result allows a large class of relaxation functions and improves earlier result in which
only the exponential and polynomial rates were established.

Cavalcanti and Oquendo [24] showed, using the piecewise multiple method, some
stability results for a more general problem than the one considered in [26] . More

precisely, they investigated the following problem

gy — koAu + /Ot divia(z)g(t — s)Vu(z, s)|ds + b(z)h(u) + f(u) =0,  (0.0.23)

8
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and proved that, under the same conditions on the function g and for a(x) + b(x) >
p > 0, an exponential stability result if g decays exponentially and A is linear, and a

polynomial stability results for g decaying polynomially, that is

g'(s) < —clg(s)f, p>1,

and h nonlinear. Recently, Messaoudi and Tatar [77] studied (0.0.22) with (7 = 0) and
showed that the viscoelastic damping term is strong enough to stabilize the system.
Cavalclcanti et al.in the paper [21] investigated a problem similar to (0.0.19) with
a nonlinear feedback acting on the boundary of the domain €2 and showed uniform
decay rates of the energy without imposing any restrictive growth assumption on the
damping term.

Viscoelastic wave equation with delay was first considered by Kirane and Said-
Houari in [58] they studied the existence and asymptotic stability of viscoelastic wave
equation with delay, they considered the following linear viscoelastic wave equation

with a linear damping and a delay term:

t
ug(x,t) — Au(z, t) +/ g(t — s)Au(x, s)ds

0
+pug(x, t) + poug(z,t — 1) =0, x e t>0,
u(z,t) =0, x € 00Q,t >0, (0.0.24)
u(z,0) = ug(x), us(x,0) = uy, x € (),
ut(xat_T):fO(:Evt_T)a €Q7t€ (077—>7

where u = u(x,t),t > 0,z € Q, A denotes the Laplacian operator with respect to the
x variable, ) is a regular and bounded domain of RY, (N > 1), uy, po are positive
constants, 7 > 0 represents the time delay and wg, uq, fo are given functions belong-
ing to suitable spaces. The purpose of their work was to study the existence and the
asymptotic stability of problem (3.1.1) by relaxing the assumption in [84]. Introducing
the delay term pouy(z,t — 7), made the problem different from those considered in the
literature. First the authors used the Faedo-Galerkin approximations together with
some energy estimates, and under some restriction on the parameters p; and o, they
showed that the problem (3.1.1) is well-posed. Second under the hypothesis p; < o
between the weight of the delay term in the feedback and the weight of the term with-
out delay, they proved a general decay result of the total energy of the problem (3.1.1).

Gerbi and Said-Houari in [42] treated the following linear damped wave equation
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with dynamic boundary conditions and a delay term boundary term:

Uy — ANu—a AN u =0, xr e t>0,
u(z,t) =0, x €Tyt >0,

0
Uy = — <81:(x,t) + pyug(, t) + poug(z, t — 7')) , vel,t>0,
u(z,0) = up(x), x €,
u(z,0) = ug (), x € Q,
w(z,t — 1) = folx, t — 1), rely,te(0,7),

(0.0.25)

where u = u(x,t),t > 0,z € Q, /A denotes the Laplacian operator with respect to
t and the variable x,  is a regular and bounded domain of RY, (N > 1),0T =

—_— = 0 t
FOUFl,mes(FO) > O,Foﬂrl = @ and M

v
a, uyp and py are positive constants. Moreover, 7 > 0 represents the time delay and

denotes the unit outer normal derivative,

up, u1, fo are given functions belonging to suitable spaces. This type of problems arise
(for example) in modeling of longitudinal vibrations in a homogenous bar in which
there are viscous effects. The term Aw; indicates that the stress is proportional not
only to the strain, but also to the strain rate, see [20]. From the mathematical point
of view, these problems do not neglet acceleration terms on the boundary. Such
type of boundary conditions are usally called dynamic boundary conditions. They are
not only important from the theoretical point of view but arise in several physical
applications. In one space dimension the problem (0.0.25) can modelize the dynamic
evolutionof a viscoelastic rod that is fixed at one end and a tip mass attached to its
free and,(see [19, 5, 29] for more details). In the two dimension space, as in [96]and
in references therein, these boundary conditions arise when we consider the transverse
motion of a flexible membrane 2 whose boundary may be affected by the vibrations
only in a region. Also some dynamic boundary conditions as in problem(0.0.25) appear
when we assume that € is an exterior domain of R?® in which homogeneous fluid is
at rest except for sound waves. Each point of the boundary is subjected to small
normal displacements into the obstacle (see [10] for more details), this type of boundary
conditions are known as acoustic boundary conditions. In [42] the authors gave positive
answers to the following two questions:

e Is it possible for the damping term —Awu, to stabilize system (0.0.25) when the
weight of the delay is greater than the weight of the boundary damping (i.e. when

po = f11)?

10
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e Does the particular structure of the problem prevents the instability result obtained
for the problem studied in [31]7
In answering these questions, the authors built appropriate Lyapunov functional which
led to stability results.

Alabau, Nicaise, and Pignoti in [2] extented the result in [58] and considered the

problem

u(z,t) — Au(z, t) — /OOO w(s)Au(z,t — s)ds + kuy(z,t —7) =0, in Q x (0, +00),

u(z,t) =0, on 98 x (0, 4+00),
u(z,t) = uo(x,t), in Q x (—o0,0],
(0.0.26)

where the initial datum wuy belongs to a suitable space, the constant 7 > 0 is the
delay, k is a real number and the memory kernel x : [0, +00) — [0, +00) is a locally

absolutly continuous function satisfying

i) 1(0) = po >0,

iii) u'(t) < —au(t), for some a > 0,

they recalled that the above problem is exponentially stable for & = 0. Observing
that for 7 = 0 and £ > 0 the model (0.0.26) presents both viscoelastic and stan-
dard dissipative damping. Therefore, in the case, under the above assumptions on the
kernel p, the model is exponentially stable, and exponential stability also occurs for
k < 0, under a suitable smallness assumption on |k|. They noted that the term ku,(t)
with £ < 0 is a so-called anti-damping, namely a damping with an opposite sign with
respect to the standard dissipative one, and therefore it induces instability. Indeed,
in absence of viscoelastic damping, i.e. for ; = 0, the solution of the above problem,

with 7 = 0 and k < 0, grows exponentially to infinity.

The stabilization problem for model (0.0.26) has been studied by Guesmia in [48] by

using a different approach based on the construction of a suitable Lyapunov functional.

In this thesis we study the stability of some transmission problems of wave and

viscoelastic wave equation with delay. The modeling of physical phenomena requires

11



INTRODUCTION

a set of techniques enabling a mathematical representation of the system studied. In
the same sense, it can be said that theoretical modeling requires a precise knowledge
of the phenomena intervening in the system and an ability to represent them by math-
ematical equations. And consequently it conditions the methods which will be used
subsequently, to analyze its properties. The problem of stability is to find conditions
that relate to systems so that they are stable globally, exponentially or polynomially,
so that modeling makes sense. From a practical point of view, and more particularly
in the field of engineering science, it is found that phenomena with delay occur natu-
rally in physical processes. The transmission times of the information are given as the
transfer times of the materials or even the measurement times. Then, in order to get
closer to the real process, better modeling consists in designing the delay systems. The
aim of this work is to study the stability of a transmission problem where a delay term
occurs in the presence of a damping term without a viscoelastic term and the study
of a problem similar to the first one with a Viscoelastic term, and a similar problem
to the second by considering the delay as a time function.

The second part of this thesis is devoted to the study of mathematical models of con-
tact. More precisely, we introduce a mathematical model that describes the evolution
of a viscoelastic plate in frictional contact with foundation. we derive the variational
inequality for the displacement field, then we establishe the existence of a unique weak
solution to the model. At the end of this introduction, this thesis is organized as

follows:

Chapter 1. In this chapter we recall some prelimenaries and basic results on
functional analysis.

Chapter 2. In this chapter, we considered system

U (X, 1) — AUy (x,1) + prug (2, 1) + powg (z,t —7) =0, (x,t) € Q x (0, 400),

Uy (2, 1) — by, (x,t) = 0, (x,t) € (L1, La) x (0,4+00),
(0.0.27)

where 0 < Ly < Ly < L3, Q =10, L1[U]Ls, L[, a, b, uy and s are positive constants
and 7 > 0 is the delay, pyus(z,t) is the damping term and pou(z,t — 7) is the delay
term. By using the Faedo-Galerkin approximation and the semigroup approach, we

proved the well-posedness of our problem. In addition, we established an exponential

12



INTRODUCTION

decay of the energy defined by

B(t) = By(0) + Bt) + 5 [ [ (o pot)dpde,

where

1
Ei(t) = 5/{)uf(m,t)dx+g/ﬂui(x,t)dx,

and

1 L2 2 b L2 2
Es(t) = 5/L v e, t)de+ 2 [ 02w, t)de,

such that 7us < ¢ < 7(211 — pg). The decay proved provided that the weight of the
delay is less than the weight of the damping (i.e.p2 < p1). To achieve the decay es-
timate, we introduced an appropriate Lyapunov functional which leads to the desired
result.

Chapter 3. This chapter is devoted to the study of the well-posedness and stability

of the solutions for a transmission problem. In this problem we considered system

“+oo
Ut — AUgy +/0 g(s)um(x,t - S)dS + Mlut(x7t> + ’/JQ’ ut(xvt - T) = 07 (l’,t) S QX]Oa +OO[>
Vg — by, =0, (x,t) €Ly, La[x]0, +00],
(0.0.28)

where 0 < Ly < Ly < Lz, Q =]0, Li[X] Ly, L[, p1 € RS, and ps € R. The function g
represents the memory, puju;(x,t) is a damping term, and |us|u(x,t — 7) is the delay
term. The constant ps is a real number not necessary positive. By using the semigroup
theory we proved the well-posedness of the problem provided that the weight of the
delay is less than the weight of the damping (i.e. |p2| < p1). Also, a result of stability

of solutions was obtained.

Chapter 4. The goal of this chapter is to investigate the decay of a transmission

problem with memory and time-varying delay. We considered system

t
U (2, 1) — Uiy (7, 1) + /0 9(t — 8)uze(, s)ds + prue(, t)
+|M2|Ut<x’t - T(t)) =0, (I7t) € x (07 +OO)7
vy (z,t) — bug.(z,t) =0, (z,t) € (L1, Lg) x (0, +00),

13
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where 0 < Ly < Ly < L3, Q =0, L1][U|Ls, L3[, a,b, p1, are positive constants, the
constant fp is a real number not necessary positive, 7(¢) > 0 is the delay function.
The memory and the damping, and the time-varying delay are in left-side of the first
equation. We proved an exponential decay of the energy by introducing a Lyapunov
functional under the assumption |us| < 5.

Here, the energy is defined by

E(t) = Ei(t) + Ex(t) + g /Q /ttT(t) u(w, s)dsdz,

with
1 t 1
Eﬁy:Z@ﬁ@¢mx+M)Aﬂy@mm+24@D%mL
and
1 e b L
Bt)= = [ e, t)de+ 2o [ v, t)de
2 L1 2 Ly

where ( is a positive constant defined by

| 12| |12
<< 2y — ,
T e LY

0<d<1,

and the function [ is defined in Lemma 4.2.1 .

Chapter 5. In this chapter we consider a nonlinear initial boundary value problem
in a two-dimensional rectangle. We derive variational formulation of the problem which
is in the form of an evolutionary variational inequality in a product Hilbert space.
Then, we establish the existence of a unique weak solution to the problem and prove
the continuous dependence of the solution with respect to some parameters. Finally, we
consider a second variational formulation of the problem, the so-called dual variational
formulation, which is in a form of a history-dependent inequality associated to a time-
dependent convex set. We study the link between the two variational formulations

and establish existence, uniqueness and equivalence results.

14



e 1
Chapter

Preliminaries of Functional Analysis

1.1 Introduction

This chapter presents preliminary material from functional analysis which will be used
in subsequent chapter in this thesis. Part of the results are stated without proofs, since
they are standard and can be found in many references [17, 34, 50, 68, 52, 54, 91].
Nevertheless, we pay a particular attention to the result which are repeatly used in
next chapters of the thesis, they include the Projection Lemma, the Riez representation
theorem and among others. All the linear spaces considered in this thesis are assumed

to be real linear spaces.

1.2 Definitions and Elementary Properties.

1.2.1 Definitions

Definition 1.2.1. : Let X be a vector space. A scalar product (u,v) is a bilinear
form on X x X with values in R (i.e, a map from X x X to R that is linear in both
variables) such that

(u,v) = (v,u) Yu,v € X (symetry),

(u,u) >0 Vue X (positive),

(u,u) #0 Yu # 0 (de finite).

Let us recall that a scalar product satisfies the Cauchy-Schwartz inequality

M=
N|=

|(u,v)| < (u,u)2(v,v)2, Yu,ve X.

15



1.2. DEFINITIONS AND ELEMENTARY PROPERTIES.

We shall often denote by (|.| (instead of ||.| ) norms arising from scalar products.

Definition 1.2.2. : A Hilbert space is a vector space X equiped with a scalar product

such that X is complete for the norm |.|.

In what follows, X will always denote a Hilbert space.

1.2.2 Useful results

We introduce in what follows some useful results which are valid in Hilbert spaces.
This concerns the projection operator, some properties related to orthogonality and the

Ries representation theorem, Lax-Milgram Theorem, togather with its consequences.

Theorem 1.2.3. (The Banach Fized Point Theorem). Let K be a nonempty closed
subset of a Banach space (X, |.||x). Assume that A : K — K s a contraction, i.e.

there ezists a constant o € [0,1) such that
|Au — Av||x < allu—v|x Yu,v € K. (1.2.1)

Then there exists a unique u € K such that Au = u.

Projection theorem

The projection operators represent an important class of nonlinear operators defined
in Hilbert spaces, to introduce them we need the following existence and uniqueness

result.

Theorem 1.2.4. (The projection Lemma) Let K be a nonempty closed convex subset
of a Hilbert space X. Then, for each f € X there exists a unique element u € K such
that

= fllx = minflo - fllx. (1.2

Definition 1.2.5. Let K be a nonempty closed convex subset of a Hilbert space X.
Then, for each f € X the element u which satisfies (1.2.2) is called the projection of
f on K and is usually denoted Pk f. Moreover, the operator Px :— K is called the

projection operator on K.
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1.2. DEFINITIONS AND ELEMENTARY PROPERTIES.

It follows from Definition (1.2.5) that
f=Pxf<fekK. (1.2.3)
We conclude from (1.2.5) that the element f € X is a fixed point of the projection
operator Py iif f € K.
Next, we present the following characterization of the projection.

Proposition 1.2.6. Let K be a nonempty closed convex subset of a Hilbert space X
and let f € X. Then u= Pg [ if only if

u€ K, (u,v —u)x > (f,v—u)x Vv e K. (1.2.4)

Not that, besides the caracterization of the projection in termes of inequalities,
Proposition 2.5 provides, implicitly, the existence of a unique solution to the inequality

(1.2.2). Moreover, using this proposition it is easy to prove the following results.

Proposition 1.2.7. Let K be a nonempty closed convex subset of a Hilbert space X.

Then the projection operator Pk satisfies the following inequalities:

(Pxu — Prv,v—u)x >0 Yu,v € K, (1.2.5)
|Pru —Pro|lx < |lv—ullx Vu,veK. (1.2.6)

Proposition 1.2.8. Let K be a nonempty closed convex subset of a Hilbert space X
and let G : X — X be the operator defined by

Gru=u—Pgu Yue X. (1.2.7)

Then, the following properties holds:

(Ggu—Ggv,v—u)x >0, Yu,v €K, (1.2.8)
|IGru — Ggol|lx <2||v —ullx, Yu,veK, (1.2.9)
(Gru,u—v)x <0, VYue X,veK, (1.2.10)
Gru=0x iff ueK. (1.2.11)
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1.3. THE THEOREM OF STAMPACCHIA AND LAX-MILGRAM

Duality and weak convergence

It is easy, in a Hilbert space, to write down continuous linear functionals. Pick any
f € X; then the map u — (f,u) is a continuous linear function on X. It is a

remarkable fact that all continuous linear functionals on X are obtained in this fashion.

Theorem 1.2.9. (The Riesz representation Theorem) Let (X, (.,.)x) be a Hilbert space
and let | € X'. Then there exists a unique u € X such that

[(v) = (u,v)x YveX. (1.2.12)
Moreover,
1 xr = [Jullx. (1.2.13)

The Riesz representation theorem also allows to identify a Hilbert space with its
dual and, with its bidual which, roughly speaking, shows that each Hilbert space
is reflexive. Based on this result we have the following important proprety which

represents a particular case of the well-known Eberlein-Smulyan theorem.

Theorem 1.2.10. If X is a Hilbert space, then any bounded sequence in X has a

weakly convergent subsequence.

It follows that if X is a Hilbert space and the sequence {u,} C X is bounded, that
is, sup |lu,|lx < oo, then there exists a subsequence {u,, } C {u,} and an element
u € T}( such that w,, — uw in X, where — means weakly convergence. Furthermore,
if the limit u is independent of the subsequence, then the sequence {u,} converges
weakly to u, as stated in the following result.

Theorem 1.2.11. Let X be a Hilbert space and let {u,} be a bounded sequence of
elements in X such that each weakly convergent subsequence of {u,} converges weakly

to the same limit u € X. Then u, — u in X.

1.3 The Theorem of Stampacchia and Lax-Milgram

Definition 1.3.1. A bilinear form a : X x X — R is said to be

(i) continuous if there is a constant C' such that

la(u,v)| < Clullv], Yu,ve X,
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1.4. ELEMENT OF NONLINEAR ANALYSIS

(ii) coercieve if there is a constant a > 0 such that
a(v,v) > alv] Yve X.

Theorem 1.3.2. (Stampacchia). Assume that a(u,v) is a continuous coercieve
bilinear form on X. Let K C X be a nonempty closed and convex subset. Then, given

any ¢ € X*, there exists a unique element u € K such that
a(u,v —u) > (p,v—u) veK. (1.3.1)

Moreover, if a is symmetric, then u is characterized by the property

uwe K and ;a(u,u) — (@, u) = min,ex {;a(v,v) - <gp,v>} : (1.3.2)

Theorem 1.3.3. (Banach fized-point theorem - The contraction mapping
principal) Let K be a nonempty complete metric space and let S : K — K be a

strict contraction, i.e.,
d(Svy, Sve) < kd((vy,v9) Vo, vo € K with k <O0. (1.3.3)
Then K has a unique fized point, u = Su.

Theorem 1.3.4. (Lax-Milgram) Assume that a(u,v) is a continuous coercive bi-
linear form on X. Then, given any @ € X*, there exist a unique element u € X such
that

a(u,v) = {p,v) Yo € X. (1.34)

Moreover, if a is symmetric, then u is characterized by the proprety

ue X and ;a(u, u) — (p,u) = min,ex {;a(v, v) — (¢, v>} : (1.3.5)

1.4 Element of Nonlinear Analysis

In this study of variational inequalities presented in Chapter 5 of this thesis we need
several results on nonlinear operators and convex functions that we introduce in this

section.
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1.4. ELEMENT OF NONLINEAR ANALYSIS

1.4.1 Monotone operators

The projection operator on a convex subset K of a Hilbert space is, in general, a

nonlinear operator on X . Its properties (2.3) and (2.4) can be extincted as follows.

Definition 1.4.1. Let X be a space with inner product (.,.)x and norm ||.|| and let

A: X — X be an operator . The operator A is said to be monotone if
(Au — Av,u —v)x >0 VYu,v e X.
The operator A is strictly monotone if
(Au — Av,u —v)x >0 Yu,v € X, u #v.
and strongly monotone if there exists a constant m > 0 such that
(Au — Av,u —v)x > m|u—ol3%, Vu,veX. (1.4.1)
The operator A is nonexpensive if
|Au — Av||x < ||lu —v]|x Yu,v € X.
and Lipschitz continuous if there exists M > 0 such that
|Au — Av||x < Mju—v||x Yu,v e X. (1.4.2)
Finally, the operator A is hemicontinuous if the real valued function
0 — (A(u+6v),w)x is continous on R, Vu,v € X.
and A is continuous if
U, —u In X = Au, — Au in X.

It follows from the definition above each strongly monotone operator is strictly
monotone and a nonexpensive operator is Lipschitz continuous, with Lipschitz con-
stant M = 1. Also, it is easy to check that the Lipschitz continuous operator is
continuous and a continuous operator is hemicontinuous. Moreover, it follows from

proposition (1.2.7) that the projection operators are monotone and nonexpensive.

In many applications it is not necessary to define nonlinear operators on the entire
space X. Indeed, in the study of variational inequalities presented in Chapter 5 we
shall consider strongly monotone Lipschitz continuous operators defined on a subset
K C X. For this reason we complete the definition (1.4.1) with the following one.
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1.4. ELEMENT OF NONLINEAR ANALYSIS

Definition 1.4.2. Let X be a space with inner product (.,.)x and norm ||.||x and let
K C X. An operator A : K — X is said to be strongly monotone if there exists a

constant m > 0 such that
(Au — Av,u —v)x > mlu—o|5% Yu,v e K.

The operator A is Lipschitz continuous if there exist M > 0 such that
|Au — Av||x < Mlju—v||x Yu,v € K.

The following result involving monotone operators will be used in Chapter 5 of this

thesis, in the analysis of elliptic variational inequalities.

Proposition 1.4.3. Let space (X, (.,.)x) be an inner product and let A : X — X be
a monotone hemicontinuous operator. Assume that u, is a sequence of elements in X

which converges weakly to the element u € X, 1i.e.
U, —>u nX as n —> 0.
Moreover, assume that

lim sup(Auy,, u,, — u)x < 0.
n——oo

Then, for all v € X the following inequality holds:

1}1@&“1‘1%7 Up —u)x > (Au,u —v)x.

We proceed with the following existence and uniqueness result in the study of

nonlinear equations involving monotone operators.

Theorem 1.4.4. Let X be a Hilbert space and let A : X — X be a strongly monotone
Lipschitz continuous operator. Then, for each f € X there exists a unique element
u € X such that Au = f.

Proof. Since A is strongly monotone and Lipschitz continuous it follows from Definition
(1.4.1) that there exist two constants m > 0 and M > 0 such that (1.4.1) and (1.4.2)

hold. Moreover, we have

M >m. (1.4.3)
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1.4. ELEMENT OF NONLINEAR ANALYSIS

Let f € X and let p > 0 be given. We consider the operator S, : X — X defined by
Syu =u— p(Au — f) Vu e X.

It follows from this definition that
|S,u — Spv||x = [[(u—v) — p(Au — Av)||x Yu,v € X.

and, using (1.4.1), (1.4.2) yields
1Spu = Spollk = ll(u = v) — p(Au — Av)|[%
= [lu —vllx — 2p(Au — Av,u —v) + || Au — Av||%
(1 —2pm + p>M?)||u — v||5Vu,v € X.

2
Next, using (1.4.3) it is easy to see that if 0 < p < ﬁﬂ; then
0<1—2pm+p*M?* < 1.
Therefore, with this choice of p, it follows that

1S,u—Svl|x <k(p)|lu—vlx  YuvelX. (1.4.4)

1
where k(p) = (1 — 2pm + p2M2)§ € [0,1). Inequality (1.4.4) shows that S, is a
contraction on the space X and, using Theorem (1.3.3), we obtain that there exists
u € X such that

Syu=u— p(Au— f)x Yu,v € X. (1.4.5)

Equality (1.4.5) yields Au = f, which proves the existence part of the theorem.
Next, consider two elements v € V and v € V such that Au = f and Av = f. It
follows that

(AU,U—’U)X:(f,U—U)X, 7<AU7U_U>X:<f7u_U)X-
we substract these equalities to obtain
(Au — Av,u —v)x =0,

then we use assumption (1.4.1) to find that u = v, which proves the uniqueness part
of the theorem. O]
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1.4. ELEMENT OF NONLINEAR ANALYSIS

Theorem (1.4.4) shows that if A: X — X is strongly monotone Lipschitz contin-
uous operator defined on a Hilbert space X, then A is inversible. Then properties of

its inverse, denoted A™', are given by the following result.

Proposition 1.4.5. Let X be a Hilbert space and let A : X — X is strongly mono-
tone Lipschitz continuous operator. Then, A™' © X — X s strongly monotone

Lipschitz continuous operator.

1.4.2 Convex lower semicontinuous functions

Convex lower semicontinuous functions represent a crucial ingredient in the study of

variational inequalities. To introduce them, we start with the following definition.

Definition 1.4.6. Let X be a linear space and let K be a nonempty convex subset of
X. A function ¢ : K — R is said to be convex if

(1= thu+ t0) < (1— )p(u) + tip(v), (1.4.6)

for all u,v € K and t € [0,1]. The function ¢ is strongly convex if the inequality in
(1.4.6) is strict for u # v and t € (0, t).

We note that if ¢,¢ : K — R are convex and A > 0, then the functions ¢ + 1

and \p are convex.

Definition 1.4.7. Let (X, ||.||)x be a normed space and let K be a nonempty convex
subset of X. A function ¢ : K — R is said to be lower semicontinuous (1,s,c)at
u € K if

liminf p(u,) > @(u), (1.4.7)

n—aoo

for each sequence u,, C K converging to v in X. The function ¢ is l.s.c. if it is Ls.c.
at every point u € K. When inequality (1.4.7) holds for each sequence w,, C K that
converges weakly to u, the function ¢ is said to be weakly lower semicontinuous at w.

The function ¢ is weakly ls.c. if it is weakly l.s.c. at every point u € K.

We note that if p,9 : K — R are l.s.c. functions and A > 0, then the functions
v + ¥ and Ap are also lower semicontinuous. Moreover, if ¢ : K — R is a con-
tinuous function then it is also lower semicontinuous. The converse is not true and
a lower semicontinuous function can be discontinuous. Since strong convergence in
X implies weak convergence, it follows that a weakly lower semicontinous function is

lower semicontinuous. Moreover, the following results hold.
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1.4. ELEMENT OF NONLINEAR ANALYSIS

Proposition 1.4.8. Let (X, ||.||x) be a Banach space, K a nonempty closed convex
subset of X and ¢ : K — R a convex function. Then ¢ is lower semicontinuous if

and only if it is weakly semicontinuous.

Proposition 1.4.9. Let (X, ||.||x) be a normed space, K a nonempty closed convex
subset of X and ¢ : K — R a convez function. Then ¢ is bounded from below by an
affine function, i.e. there exist | € X' and o € R such that p(v) > I(v) + « for all
veK.

Example.1 The norme function v — ||v||x is weakly lower semicontinuous.
The second example of lower semicontinuous function is provided by the following

result.

Proposition 1.4.10. Let (X, ||.||x) be a normed space, and let a : X x X — R be
a bilinear symmetric continuous and positive form. Then the function v — a(v,v) is

strictly convexr and lower semicontinuous.

In particular, it follows from Proposition (1.4.10) that, if (X, (.,.)x) is an inner
product space then the function v — ||v|| is strictly convex and lower semicontinu-

ous. We now recall the definition of Gateaux differentiable functions.

Definition 1.4.11. Let (X, (.,.)x) be an inner product spacce, ¢ : X — R and
u € X. Then ¢ is Gateaux differentiale at w if there exists an element Vo(u) € X
such that

L et i)~ )

t—0 t

= (Vp(u),v)x Yve X. (1.4.8)

The element Vi (u) which satiffies (1.4.8) is unique and is called the gradient of ¢
at u. The function ¢ : X — R is said to be Gateaux differentiable if it is Gateaux
differentiable at every point of X. In this case the operator Vi : X — X which
maps every element u € X into the elment Vp(u) is called the gradient operator of

. The convexity of Gateaux differentiable functions can be characterized as follows.

Proposition 1.4.12. Let (X, (.,.)x) be an inner product space and let ¢ : X — R
be a Gateauz differentiable function. Then the following statements are equivalent:
(1) ¢ is a convex function,

(ii) ¢ satisfies the inequality

o) —p(u) > (Veo(u),v —u) Yu,ve X, (1.4.9)
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1.5. ELLIPTIC VARIATIONAL INEQUALITIES

(iii) The gradient of ¢ is a monotone operator, that is
(Vo(u) = Ve(v),u—v)x >0 VYu,ve X. (1.4.10)
From the previous proposition we easily deduce the following result.

Corollary 1.4.12.1. let (X, (.,.)x) be an inner product space and let ¢ : X — R be

a convex Gateaux differentiable function. Then, ¢ is lower semicontinuous.

1.5 Elliptic Variational Inequalities

In this section we provide an existence and uniqueness result in Theorem (1.4.4). Thus,
given an Hilbert space X, an operator A: X — X, a subset K C X and an element

f € X, we consider the problem of finding an element u such that
ve K, (Au,v—u)x > (f,v—u)x YveK. (1.5.1)

An inequelity of the form (1.5.1) is called an elliptic variational inequality of the first
kind. The first result we present in the study of the variational inequality (1.5.1) is

the folowing.

Theorem 1.5.1. Let X be a Hilbert space and let K C X be a nonempty, closed convex
subset. Assume that A : K — X is strongly monotone Lipschitz continuous operator.

Then, for each f € X the variational inequality (1.5.1) has a unique solution.

Proof. [102], Let f € X and p > 0 be given. We consider the operator S, : K — K
defined by

Syu = Pk (u— p(Au — f)) Vu € K.
Where Pk denotes the projection operator on K. Using (1.2.7) it follows that
1S,u — Sv||x < ||[(u—2v)—p(Au— Av)||x  Yu,v € K.

Then, using arguments similar to those used in the proof of Theorem (1.4.4) we obtain

ISpu— Spllx < k(pllu—vlx  Vu,v€ K,
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1.6. HISTORY-DEPENDENT VARIATIONAL INEQUALITIES

1
where k(p) = (1 — 2pm + p>M?)2 and m, M are the constants in (1.4.1) and (1.4.2),
respectively. Also, with a convenient choice of p we may assume that k(p) € [0,1). It
follows now from Theorem (1.2.3) that there exists u € K such that

Syu=P(u—p((Au— f)) =u (1.5.2)

We combine now (1.5.2) and Proposition (1.2.6) to see that u satisfies (1.5.1), which
proves the existence part of the theorem.
Next, we consider two solutions u and v to (1.5.1). It follows that v € K,v € K and,

moreover
(Au,v —u)x > (f,v —u)x, (Av,u —v)x > (f,u—v)x.
We add these inequalities to see that
(Au — Av,u —v)x <0,

then we use assumption (1.4.1) to ontain u = v, which proves the uniqueness part.
Assume now the case when K = X. Then, taking v = u F wit is easy to see that the

variational inequality (1.5.1) is equivalent to the variational equation
(Au,w)x = (f,w)x Yw € X

which, in turn, is equivalent to the nonlinear equation Au = f. We conclude from

above that Theorem (1.5.1) represents an extension of Theorem (1.4.4). O

1.6 History-dependent Variational Inequalities

In this section we extend the existence and uniqueness result in Theorem (1.5.1) to a
special class of time-dependent variational inequalities. To this end we need to intro-
duce some background of spaces of functions defined on a time interval with values in

an abstract Hilbert space.

1.6.1 Spaces of vector-valued functions

Let T'> 0 and let X be a Hilbert space. We denote by C([0,T]; X) the space of con-
tinuous functions defined on [0, 7] with values on X. It is well known that C'(]0,T]; X)
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is a Banach space with the norm

) = )l x.
V]| ejo,73;) nax |v(t) | x

We also recall that a function v : [0,7] — X is said to be differentiable at ty € [0, T
if there exists an element in X, denoted v(ty) and called the derivative of v at to, such
that

i 15 (oo + ) = o(t0)) = ilt0)

where the limit is taken with respect to h with ¢ty +h € [0,7]. The derivative at ¢y = 0
is defined as a right-sided limit, and that at tg = T as a left-sided limit. The function
v is said to be differentiable on [0, T if it is defferentiable at every t, € [0,7]. in
this case the function © : [0,7] — X is called the derivative of v. The function v is
said to be continuously differentiable on [0, T if it is differentiable and its derivative
is continuous. We denote by C*([0,T]; X) the space of continuously differentiable
functions on [0, 7] with values in o and we recall that this is a Banach space with the
norm

Ille oy = mas [lv(®)llx + max f[o(t)]]x-

Using the properties of the integral it is easy to see that if f € C([0,7T]; X) then the
function ¢ : [0,7] — X given by

g@:AU@@ vt € [0,7),

belongs to C*([0,7T]; X) and , moreover, § = f. Moreover, we recall that for a function
v € C*([0,T]; X) the following equality holds:

U@ZA%@@ vt [0,7). (1.6.1)

Finally, for a subset K C X we still use the notation C([0, T]; K) and C*([0, T]; K) for
the set of continuous and continuously differentiable functions defined on [0,7] with
values in K, respectively.

We present now a fixed point result which is useful to prove the solvability of nonlinear

equations and variational inequalities with history-dependent operators.
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Proposition 1.6.1. Let A : C([0,7]; X) — C([0,T]; X) be an operator which satis-
fies the following property; there exist k € [0,1) and ¢ > 0 such that

¢
[An(t) = Anz ()|l x < I (t) = m(t)llx + C/O [Im(s) — n2(s)||xds

VN1, o GC([O,T],X), t e [O,T] (162)
Then, there exists a unique element n* € C([0,T]; X) such that An* = n*.

A proof of Proposition (1.6.1) can be found in [102], for instance.
We use below the notation C'([0,77]) for the space of real valued continuous functions
defined on the compact interval [0, 7] C R. The following inequality is useful to obtain
uniqueness result in the study of nonlinear equations and variational inequalities with

history-dependent operators.

Lemma 1.6.2. (The Gronwall Inequality) Let f,g € C(]0,T]) a positive functions,

and assume that there exists ¢ > 0 such that

£(1) < glt) + c/ot f(s)ds Vit e [0,T]. (1.6.3)
Then

ft) <g(t) + C/Otg(s)ec(ts)ds vt € [0,T]. (1.6.4)
Moreover, if g is nondecreasing, then

f(t) < gt)e® vtelo,T). (1.6.5)

A proof of Lemma (1.6.2) can be found [102], for instance.

1.6.2 History-dependent quasivariational inequalities.

In the rest of this section we follow to introduce the concept of history-dependent
quasivariational inequalities for which we provide an existence and uniqueness see
102).

Let X be a real Hilbert space with inner product (.,.)x and associated norm ||.|| x; Let
K be subset of X and consider the operator A : X — X, and S : C([0,T]; X) —
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C([0,7]; X) and let f :[0,7] — X. We are interested in the problem of finding a
function u € C([0,T]; X) such that, for all ¢ € [0, T, the inequality below holds

u(t) e K, (Au(t),v —u(t))x + (Su(t),v —u(t))x
> (f(t),v —u(t)x YveK. (1.6.6)
To avoid any confusion we not that here and below the notation Au(t) and Su(t) are

short hand notation for A(u(t)) and (Sw)(t), for all ¢ € [0,7]. In the study of (1.6.6)

we assume that
K is a nonempty closed convex subset of X, (1.6.7)

and A is strongly monotone and Lipschitz continuous operator, i.e.

(a) There exists m > 0 such that
(Auy — Aug,uy — ug)x > m|juy — us||%
Yug, us € X. (1.6.8)

(b) There exists M > 0 such that
||AU1 — AUQHX <M ||U1 — u2||X ‘v’ul, uy € X.

Moreover, we assume that the operator S satisfies the following condition:
There exists Lg > 0 such that
[Sta(t) = Sus(t)1x < Ls [ lla(s) = wua(s)lx ds (1.6.9)
Yuy, ug € C([0,T]; X), Vt €[0,T].
Finally, we suppose that
feC(o,T]; X). (1.6.10)

Note that condition (1.6.9) is satisfied for the operator S : C([0,7]; X) — C([0,T7]; X)
given by

So(t) = R (/Otv(s)ds + uo) o € C([0,T]: X), ¥t el0,T], (1.6.11)

where R : X — X is a Lipschitz continuous operator and vg € X. It is also satisfied
for Volterra’s operator S : C(]0,T]; X) — C([0,T7]; X) given by

Su(t) :/OtR(t—s)v(s)ds o € C(0,T): X), Vit e[0,T], (1.6.12)
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where R € C([0,T]; £(X)). Indeed, in the case of the operator (1.6.11), inequality
(1.6.9) holds with Lg being the Lipschitz constant of the operator R, and in the case
of the opertator (1.6.12) it holds with

Ls = [ Rllcqomsec) = max [ B#)llcex)- (1.6.13)

Clearly, in the case of the operators (1.6.11), and (1.6.12) the current value Sv(t) at
the moment ¢ depends on the values of v at the moments 0 < ¢ and, therefore, we
refer the operators of the form (1.6.11) or (1.6.12) as history-dependent operators. We
extend this definition to all the operators S : C([0,7]; X) — C([0,T]; X) which sat-
isfies condition (1.6.9) and for this reason, we say that the quasivariational inequalities

of the form (1.6.6) are history-dependent quasivariational inequalities.

The main result of this section is the following.

Theorem 1.6.3. Let X be an Hilbert space and assume that (1.6.7)-(1.6.10) hold.
Then, the variational inequality (1.6.6) has a unique solution u € C([0,T], K).

Theorem (1.6.3) represents a particular case of a more general result obtained in
[102, 101]. Nevertheless, for the convenience of the reader we decide to provide below
a complete proof of this theorem. It is based on a fixed point argument and will be
established in several steps. We assume in what follows that (1.6.7)-(1.6.10) hold.
In the first step let n € C([0,7T7], X) be given and denote by y,) € C([0,T],X) the

function
Yn(ey = Sn(t) vt €0, T]. (1.6.14)

Consider now the problem of finding a function w, : [0,7] — X such that for all
t € [0, 7], the inequality below holds:

up(t) € K (Auy(t), v —uy(t))x + (yy(t), v — uy(t))x
> (f(t), v —uy(t) Yo e K. (1.6.15)

We have the following existence and uniqueness result.
Lemma 1.6.4. There ezists a unique solution u, € C([0,T], K) to problem (1.6.15).

Proof. Using assumptions (1.6.8) and (1.6.9) it follows from Theorem (1.5.1) that there
exists a unique element w, ) that solves (1.6.15), for each t € [0,T]. Let us show that
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uy, : [0,7] — K is continuous and, to this end, consider t;,t, € [0,7]. For the sake
of simplicity we denote w,(t;) = w;, n(t;) = ni, yy(t;) = vi, f(t;) = fi for i = 1,2. Using
(1.6.15) we obtain

u; € K, (Aug, v —uy)x + (y1,v)x — (y1,u1) x
> (f,v—u)x  Yv€EK, (1.6.16)

up € K, (Aug,v —u2)x + (y2,v) x — (Y2, ua) x
> (fo,v —u2)x Vv e K, (1.6.17)

We take v = vy in (1.6.16) and v = vy in (1.6.17), then we add the resulting inequalities
to deduce that

(Auy — Aug,ur — ug)x < (y1,u2)x — (Y1, u1)x + (Y2, u1)x
_<Z/27U2)X + (fl — fa,u1 — Uz)X-
Next, we use assumption (1.6.8)(a) and Cauchy-Schwarz inequality to obtain

mllup — uzllx < |lyr — vellx + [1.f1 — fallx- (1.6.18)

We deduce from (1.6.18) that ¢t —— w,(t) : [0,7] — K is a continuous function,
which concludes the proof. O

In the second step we use Lemma (1.6.4) to consider the operator
A:C(0,T],X) — C([0,T],K) C C([0,T], X), (1.6.19)
defined by equality
An)=u, VYneC(0,T],X). (1.6.20)
We have the following fixed point result.
Lemma 1.6.5. The operator A has a unique fized point n* € C([0,T}], K).

Proof. Let m1,my € C([0,T],X) and let y; be the function defined by (1.6.14) for
n =1, i.e. y; = yn,, for i = 1,2. We also denoted by u; the solution of the variational
inequality (1.6.15) for n = n;, i.e. w; = u,,,7 = 1,2. Let t € [0,7]. From definition
(1.6.20) we have

[Any (8) = A (8)]x = [Jua(t) — ua2(t)] x- (1.6.21)
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Moreover, an argument similar to that in the proof of (1.6.18) shows that

mlluy(t) —uz(t)llx < [ya(t) — ga2(8)l] x- (1.6.22)

Next, we use (1.6.14) and the property (1.6.9) of the operator S to see that

I (6) = O)llx = 1Sm(0) — SOl < Ls [ Im(s) ~m(xds. (1623

and, using this inequality in (1.6.22) yields

lur (8) — uz(t)][x < — /Ilm 2(s)] xds. (1.6.24)

We combine now (1.6.21) and (1.6.24) to see that

143 (6) = Aol < =2 [ () = ) s (1.6.25)

Finally, we use (1.6.25) and Proposition (1.6.1) to obtain that the operator A has a
unique fixed point n* € C([0, 7], X).

Since A has values on C([0, 7], K), we deduce that n* € C([0, 7], K), which concludes
the proof. n

We have all the ingredients to prove Theorem (1.6.3).

Proof. Existence. Let n* € C(]0,T], K) be the fixed point of the operator A, i.e.
An* = n*. It follows from (1.6.14) and (1.6.20) that, for all ¢ € [0, T}, the following
equalities hold:

Y = ST (1), Upe = 17 (1). (1.6.26)

We write now the inequality (1.6.15) for n = n* and then use the equalities (1.6.26)
to conclude that the function n* € C([0,7T], K) is solution to the quasivariational
inequality (1.6.6).

Uniqueness. The uniqueness part is a consequence of the uniquenes of the fixed
point of the operator A can be proved as follows. Denote by n* € C([0,7], K) the solu-
tion of the quasivariational inequality (1.6.6) obtained above, and let n € C([0, 7], K)
be a solution of this inequality. Also, consider the function y, € C([0,7], X) defined
by (1.6.14). Then, it follows from (1.6.6) that 7 is solution to the variational inequality
(1.6.15) and, since by Lemma (1.6.4) this inequality has a unique solution, denoted

u,, we conclude that

n = u, (1.6.27)
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Equality (1.6.27) shows that Ap = n where A is the operator defined by (1.6.20) it
follows that nn = n*, which concludes the first proof of the uniqueness part.
A direct proof of the uniqueness part can be obtained by using the Gronwell argument

and is as follows. Assume that uq,us are two solutions of the variational inequality
(1.6.6) with regularity C([0,T], K) and let ¢ € [0, T]. We use (1.6.6) to see that

(Auy(t) — Aug(t), us (t) — us(t))x,
< (Sui(t), uz(t)) x — (Sur(t), ua(t))x,
+(Sua(t), ur(t))x — (Sua(t), ua(t))x,
= (Sua(t) — Suy(t), uy (t) — ua(t))x,

and then, using assumptions (1.6.8) yields
mllur(t) —ua(t)1x < Sua(t) — Sua(t)llxl|ua(t) — ua(t)]x-

We employ this inequality and assumption (1.6.9) on the operator S to find that

Jus(t) = wa®llx < 5 [ us(s) = ua(s) s

We use the Lemma (1.6.2) to see that uy(t) = uy(t) for all ¢ € [0, 7], which concludes

the second proof of the uniqueness part of the theorem. O
We end this section with the following consequence of Theorem (1.6.3).

Corollary 1.6.5.1. Let X be Hilbert space and assume that (1.6.8)-(1.6.10) hold.
Then there ezists a unique function u € C([0,T], X) such that

(Au(t),v)x + (Su(t),v)x = (f(t),v)x Vv e [0,T]. (1.6.28)

Proof. We consider the problem of finding a function u € C'([0,T], X) such that
(Au(t),w = u(t))x + (Sult), w —ult))x
> (f(t),w—u(t))x Ywe X,Vtel0,T]. (1.6.29)
Assume that (1.6.29) holds and let v € X and t € [0,7]. We successively take
w = u(t) Fv in (1.6.29) to obtain
(Au(t),v)x + (Su(t), v)x = (f(1),v)x,
(Au(t), v)x + (Su(t), v)x < (f(t),v)x,
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which show that (1.6.28) holds, too. Conversely, assume that (1.6.28) holds and w €
X and t € [0,7]. Then we take v = w — u(t) in (1.6.28) to obtain (1.6.29). We
conclude from above that the variational equality (1.6.28) is equivalent with variational
inequality of Theorem (1.6.3) which guarantees the unique solvability of the variational
inequality (1.6.29). O

1.7 Semi-groupes of linear operators

1.7.1 Definition

Definition 1.7.1. Let X be a Banach space and let (S(¢)),-, a family of linear con-
tinuous operators on X. S(t) is a Cy-semigroup if B

1) S(0)=1Id

2) forallt,s >0,S(t+s)=5(t)S(s)

3) forall x € X,t — S(t)z is continue from R, to X. We say that (S(t))wer is a
Cy-semigroup if these properties extend on all negative t and s. We talke about con-
traction semigroup is S(¢) is a contraction for all ¢ > 0 and about compact semigroup
if S(t) is compact for all ¢ > 0. We say that the semigroup is continuous uniformely if
S(t) goes to zero I in L(X) as t — 0.

The definition directly implies the characteristic properties of the semigroup.

Proposition 1.7.2. Let (5(t)),5, be a Cy-semigroup, there exists M > 1 and A € R
such that

VE>0, [IS()]|ee < MeM. (1.7.1)

Proof. For all x € X, (S(t)2)cp,) is bounded in X. From Banch- Stanhaus Theorem
, the family (S(t)z),c( is bounded in £(X) by M > 1. For all t > 0, let n = [t] we

have
15(1)S(1)S(1)....S(1)S(t —n)|| < MM! = Met™mM, (1.7.2)
O

Example : Exponential Matrix

Let A a linear operator, continuous on X; We can define

1
VteR, S(t)=et=>" EA’“. (1.7.3)

k>0
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The exponential properties shows that S(t) is a uniformly continuous group. In addi-
tion, S(¢) is differentialble and

C‘;tS(t)x — AS(t)x = S(t)Ax. (1.7.4)

In an other word, S(t) is the corespondent flo to the differential equation u'(t) = Au(t).

1.7.2 Infinitesimal generator

Inspired by the example above, we try to write all semigroup as an exponential oper-

ator.

Definition 1.7.3. A linear operator A defined by

t —
Av= lim 2BV (1.7.5)
t—0+ t
with its domain of definition
t —
D(A) = {x € X, lim S -v exists inX}, (1.7.6)
t—0t+
is called the infinitesimal generator of the family of semigroups (S(%)),-
Proposition 1.7.4. Let S(t) be a Cy-semigroup generated by A, then
¢
1) w € X,/ S(s)ug € D(A) and
0
t
A (/ S(T)UOdT) = S(t)up — up. (1.7.7)
0
2)  Ifug € D(A), then S(t)ug € D(A) for allt >0, S(t)ug is C* class and
d

1.7.3 The Hille-Yosida and Lumer-Philips theorem

Theorem 1.7.5. (Hille Yosida) A linear operator A is infnitesimal generator of
semigroup S(t) on X satisfying ||S(t)|] < e** with w € R if and only if

1) A is closed with dense domain D(A),

2)  p(A) DJw, +oo[, where p(A) is the resolvant set of A and ,

1
VA A— D! < )
elw,+ool, (4= AN lopo < 5
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Dissipative operators and the Lumer-Phillips theorem
Let X be a Banch space (real or complex)and X* be its dual. From Hahn-Banch
Theorem, for every x € X there exists * € X* satisfying

(@*,2) = |lz|* = [l2**.
Therefore the duality set

T ={a* € X5t x) = [« = [|l2*]*}.
is nonempty for every = € X.

Definition 1.7.6. We say that an operator (A, D(A)) is dissipative if for every z €
D(A) there is * € J such that

R(z*, Az) < 0. (1.7.9)
If X is real space, then the real part in above definition can be dropped.

Theorem 1.7.7. A linear operator A is dissipative if and only if for all A > 0 and
x € D(A),

I = A)al| = Az (1.7.10)
Theorem 1.7.8. (Lumer-Phillips) Let A be a linear operator with dense domain D(A)
mn X.

1) If A is dissipative and there is Ao such that \oI — A is surjective, then A is the
infinitesimal generator of a Cy-semigroup of contractions in X.
2) If A is the generator of a Cy-semigroup of contractions on X, then N[ — A is

surjective for all X > 0 and is dissipative. Moreover, for every x € D(A) and every
z* € J we have R{z*, Az) <0..

1.8 The Hille-Yosida Theorem

1.8.1 Definition and Elementary properties

Definition 1.8.1. An unbounded linear operator A : D(A) C X — X is to be said

monotone or accretive or, (—A) is dissipative, if it satisfies

(Av,v) >0  Yv e D(A).

36




1.8. THE HILLE-YOSIDA THEOREM

It is called maximal monotone if on addition, R(I + A) = X, i.e.,
Vfe X Fue D(A) such that u + Au = f.

Proposition 1.8.2. Le A be a mazximal monotone operator. Then

(a) D(A) is dense in X,

(b) A is a closed operator,

(¢) For every A\ > 0, (I + \A) is bejective from D(A) onto X,(I +\A)™! is a bounded
operator, and ||(I + XA)""|zx) < 1.

Remark 1.8.3. If A is a maximal monotone then AA is also maximal monotone for
every A > 0. However, if A and B are maximal monotone operators, then A + B,
defined on D(A) N D(B), need not be maximal monotone.

Definition 1.8.4. Let A be a maximal monotone operator. For every A > 0, set

Jo=(I+XA)" and A, = i([ — ) (1.8.1)

Jy is called the resolvent of A, and A, is the Yosida approximation (or regularization)
of A. Keep in mind that ||J)[/zx) < 1.

Proposition 1.8.5. Let A be a maximal monotone operator. Then

(a1) Ayv = A(Jyv) Vv € X and Y\ > 0,
(az) Ayv = Jy(Av) Vv € D(A) and VA > 0,
(b) |Ayv| = |Av| Vo € D(A) and VA > 0,
(c) }\ii%J,\v:v Vv e X,

(d) }\IL% Ayv = Av Vv € D(A),

(e) (Ayv,v) >0 Vv € X and VA > 0,
(f) |Ayv| >0 Vv € X and Y\ > 0.

Remark 1.8.6. Proposition (1.8.5) implies that (Ay), is a family of bounded operators
that " approximate" the unbounded operator A as A — 0. This approximation will

be used very often; Of course, in general, ||A,| zx) "blows up" as A — 0.

37



1.8. THE HILLE-YOSIDA THEOREM

The Hille-Yosida theorem in Banach spaces

The Hille-Yosida theorem extends to Banach spaces. The precise statement is the
following. Let F be a Banach space and let A : D(A) C E — E be an unbounded

linear operator. One says that A is m-accretive if D(A) = E and for every A > 0,
I + \A is bijective from D(A) onto E with ||[(I +XA) ™ |zm) < 1.

Theorem 1.8.7. (Hille-Yosida). Let A be m-accretive. Then given any ug € D(A)

there exists a unique function

u e C'([0,+00); E) N C([0, +00); D(A)),

such that
d—u(t)JrA(t)—O [0, +00)
dt wi =1 on ool (1.8.2)
u(0) =0

Moreover,

du
u(@®)|| < [[uoll and IIE(t)IIZ [Au(t)[] < [[Auol] Vvt > 0.

For the proof see [17] The map ug — u(t) extended by continuity to all of F
is denoted by S(t). It is a continuous semigroup of contractions on E. Conversely,
given any continuous semigroup of contractions S(t), ther exists a unique m-accretive
operator A such that S(t) = Sa(t) ¥t > 0. For the proof, see P. Lax, A. Pazy,
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Transmission Problems
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e 2
Chapter

Decay for a transmission wave
equations with delay

2.1 Introduction
In this chapter, we consider a transmission problem with a delay term of the form

{ U (2, 1) — QUgy (2, 1) + pyug (2, t) + poug (2,6t —7) =0, (2,t) € Q x (0, 4+00),

vy (2, 1) — bug, (x,t) =0, (x,t) € (L1, La) x (0, +00),
(2.1.1)

where 0 < Ly < Ly < L3, Q =10, L1[U]Ls, L[, a, b, uy and s are positive constants
and 7 > 0 is the delay.

u(z,t) v (z,t) u(z,t)
LT [T
0 L, L, Ls

System (2.1.1) is subjected to the following boundary conditions and transmission

conditions:
u(0,t) = u(Ls, t) =0,
w(Lit) = v (Lit), i=1,2 (2.1.2)
auy (Lit) = bug (L t), i=1,2
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and the initial conditions:
u(z,0) =wug (z), u (,0) =uy (z), x €8,
u(z,t—7)= folx,t —71), reN tel0,T], (2.1.3)
v (z,0) = v (x), v (x,0) = vy (z), « €|Ly, Lof.
For ps = 0, system (2.1.1)-(2.1.3) has been investigated in [8], for Q@ = [0, L] and the
authors showed the well-posedness and exponential stability of the total energy. Munoz

Rivera and Oquendo [82] studied the wave propagations over materials consisting of
elastic and viscoelastic components, that is

Prutt — Q1 Uze = 0, x €10, Lo[, t >0,

t (2.1.4)
P2V — QoUsy +/ g(t—8) vy (s)ds =0, x€|Loy,L[,t>0,

0

with the boundary and initial conditions
w(0,t) =v(L,t)0,u (Lo, t) = v (Lo,t), t >0,
t
aux(L,t):avx(L,t)—/g(t—s)vx(s)ds, t >0,
e e 0 (2.1.5)

w(@,0) = o (2), e (2,0) =y (1), v € [0, L),
U(l’,O):UO ($)a Ut (l’,O):’Ul (.’E), LS [L(]?L],

where p; and p, are densities of the materials and «q, ay are elastic coefficients and
g is a positive exponential decaying function. They showed that the dissipation pro-
duced by the viscoelastic part is strong enough to produce an exponential decay of
the solution, no matter how small is its size. Ma and Oquendo [70] considered trans-
mission problem involving two Euler—Bernoulli equations modeling the vibrations of
a composite beam. By using just one boundary damping term in the boundary, they
showed the global existence and decay property of the solution. Marzocchi et al. [73]
investigated a 1—d semi-linear transmission problem in classical thermoelasticity and
showed that a combination of the first, second and third energies of the solution decays
exponentially to zero, no matter how small the damping subdomain is. A similar result
has sheen shown by Messaoudi and Said-Houari [79], where a transmission problem in
thermoelasticity of type III has been investigated. See also Marzocchi et al. [74] for a
multidimensional linear thermoelastic transmission problem.

For ps > 0, problem (2.1.1) contains a delay term in the internal feedback. This
delay term may destabilize system (2.1.1)-(2.1.3) which is exponentially stable in the
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2.2. WELL-POSEDNESS OF THE PROBLEM

absence of delays [8]. The effect of the delay in the stability of hyperbolic systems has
been investigated by many people. See for instance [31, 32].
In [84] the authors examined a system of wave equation with a linear boundary

damping term with a delay:

Utt—AUZO, erQ,t>O,
u(z,t) =0, xely, t>0,
ou
%<$,t) :Mlut(x7t)+ﬂ2ut(x7t_7-)7 xerl) t>07 (216)
U(QJ,O):UO(SIJ), LUGQ7
w(z,0) = u(z), req,
u(x,t —7) = go(x,t — 7), reQ, e (01),
and proved under the assumption
M2 < f1, (2.1.7)

that the solution is exponentially stable. On the contrary, if (2.1.7) does not hold,
they found a sequence of delays for which the corresponding solution of (2.1.6) will be
unstable. We also recall the result by Xu et al. [106], where the authors proved the
same result as in [84] for the one space dimension by adopting the spectral analysis
approach.

The aim of this part of this work is to study the well-posedness and asymptotic
stability of system (2.1.1)-(2.1.3) provided that (2.1.7) is satisfied. This chapter is
organized as follows. The well-posedness of the problem is analyzed in Section 2.2 by
two methods first we use the Galarkin method, second we use the semigroup theory.

In Section 2.3, we prove the exponential decay of the energy when time goes to infinity.

2.2 Well-posedness of the problem

2.2.1 First Method : Galerkin Method

The existence of the solution

We begin first to obtaining the vartional formulation of the problem. Let ¢ € H'(Q)
and ¢ € H'(Ly, Ly). Multiplying the first equation of (2.1.1) by ¢ and the second
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2.2. WELL-POSEDNESS OF THE PROBLEM

equation by v and integrate the first equation obtained on {2 and the second equation

obtained on |Ly, L[, we obtain

/utt (x,t) gpdm—a/um (z,t) godx—l-,ul/ut (z,t) cpdx+u2/ut (x,t —T)dr =0,

Q o) 0 )
and

L2 L2

/vtt (x,t) Ydx — b/vm (x,t)dx = 0.

L1 Ll

Integration by parts, and using (Green’s formula) we obtain

/utt (x,t) pdx + a/ux (x,t) ppdr — a|ug (L1, t) o (Ly) — uy (Lo, t) ¢ (La)]

Q Q

+ /ut (z,t) pdx + ug/ut (x,t —7)dr =0,

Lo ’ Lo "’

/Utt ($7t) ¢d$ + b/vm (Jf,t) ¢$dx —b [Uz (L2’t) 1/) (L2) — Uz (th) 77Z) (Ll)] =0.
Ly L

u on €,

Now, we consider the function w € H; (0, L3) defined by w =
vV on ]Ll, LQ[ .

¢ (L) =9 (L),
¢ (L2) =1 (L2)

The previous system becomes, by adding the two equations,

and choose the test functions ¢, ¥ such that {

e (@) edr+a [ w, (@,6) eude+ i [w(@,t) pda
Q Q Q

Lo Lo
f2 /wt (x,t — 1) pdr + /wtt (x,t) Ydx + b/wx (x,t) Ypdx = 0.
Q Ly Ly

So the the variational formulation of the problem takes the form

/wtt (z,t) pdx + a/wx (x,t) pedx + 1y /wt (z,t) pdx
Q Q Q

L2 L2
pa [t =) pdu+ [ (o) vdo+b [ w, (2.8 vpdz =0,
Q Ly Ly

43



2.2. WELL-POSEDNESS OF THE PROBLEM

with initial conditions
u(x,0) =uo (z),u (z,0) =uy (), €,
u(x,t—71)=folx,t—1), reOtell],
v (2,0) =vy (x),v (x,0) =0y (), €Ly, L.

Resolution of the variational problem

Let (ej).., be a special base of H; (0, L3), there exists a sequence (9);51 such that

i>1
+o00 n

w =Y _ gje;. Then, we approach (w,),,~, defined by w, = > g;(t)e;(z) for all n > 1
j=1 a j=1

and satisfying the approximate varational equation as follows

[ @ @ty e +a [ @), (2,8) ouda + i [ (@0), (2,) oda

Lo / (wn); (x,t —T) pdz + / (wWn)y (@, 1) Ydx + b/ (wn), (z,t) Ydx =0, (2.2.1)

where
(un) (,0) = upo () — uo () , (un), (,0) = up1 () — wy (x), x €,
(un) (z,t —7) = fo(z,t —7), xeQtel0,r],
(n) (2,0) = vyo () —> v (2), (vn), (2,0) =vp1 (x) — v1 (x), x € ]Ly, L.
(2.2.2)

System (2.2.1)-(2.2.2) is a system of ordinary differential equations which has,

according to the classical theory of ODE | a local solution on [0, t,] . for some ¢, > 0.

da.
Multiplying (2.2.1) by % and, summing on j = 1,...,n, Then, by taking ¢ = w,

and 1) = w; and integrating over (0,¢), such that ¢ < T < 400, we obtain

= / o (o 1) o~ / )y (o, 0) o+ / (wn), (2.8) da
0 [ (O da + / [ 1) (o) dods
+ 1o /t / (wn), (2,8 = T) (wn), (z, s) dzds + ; 72|(Wn>t (z,t)]” d

0 Q Ly

17 b7 b7
=5 [ @0 de+ 3 [ 1), @ 0)F de =3 [ |wn), (@.0) dz=0.
Ll Ll Ll
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2.2. WELL-POSEDNESS OF THE PROBLEM

Then, using the following Poincaré’s inequality

Poincare’s Inequality. Let 2 C R" be a bounded domain. There exist a positive
constant Cq such that

lull o) < Call Viinwye, Yu € Hy(Q),

we obtain

1 1 C a
ey Oy — 3 Iy + S ) (g0 — o V), (o, 0) i
Q
t t
—i—ul/H(wn)t (iL‘,S)HiQ(Q) d8+u2//(wn)t (x,s — T)w (x,5) deds
0

1
5 1 @n)e O 20,10 ||umuL2LlL2 2/|wn (,0)2 dz < 0,

such that Cy = min (a, b).
Therfore, we deduce that

t
2 2 2 2
[ (wn), (t)HLQ(Q) + Co [[(wn) (t)”Hé(O,L;g) + [|(vn), (t)||L2(L1,L2) + 2 / [ (wn), (S)HL?(Q) ds
0
2 2 2 2
< lunillz2@) + 1vntllzzy pyy + ltnollz ) + lonollzn 2, 1)

—QMQ//(wn)t (x,5 = 7) (wy), (x,s) dxds. (2.2.3)
0 O

Moreover,

/t/ (w")t (x’ § — T) (Wn)t (f, 8) dxds

Q

o\

Up), (x,s —7) (un), (z, s)d:cd8+// ), (x,5 — 7) (un), (x, s) dzds

-/ [
/ (,5 —7) (up), (z,s) drds

I
o

+//(un)t (x,5s = 7) (un), (z,s) dzds. (2.2.4)

T Q
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2.2. WELL-POSEDNESS OF THE PROBLEM

We consider the new variable & = s — 7 in the second term of the right-side of the

equation (2.2.4), we obtain
t T
// W), (x,8 —7) (wn), (, s)dwds-// up), (x,5 — 7) (uy), (x, s) dxds
0 00

+ /t/ (tun), (x,8 = 7) (Un), (, s) dzds

I
4 O~

/ fo), (z,s — 1) (un), (, s)dxds+//ut z, @) (up), (z,a + 7) dedo

< 0D (5= Pl ), ()

t—7

[ 1) @)y (), (@ 7)oy

By using Holder’s inequality we get

1003 G5 = Dl sy 1), (5) ] s

[ 1), (@) 1) 0+ 7l 2 o

(/m%»@m;@d%

0

NI

< (I0fo), (s = Dll 2oy

t

[ m), (@)1, da

0

By using Holder’s inequality for second time we obtain

(1) (5 = Pl 20 é(/Hun S s> +/Hun )}y do
< (I1Cfo), (s - nm@é(/n% nmgd)

+—(/da>2 (/Wuumt«mnéﬁnda)Q
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2.2. WELL-POSEDNESS OF THE PROBLEM

By using Young’s Inégalité we deduce

(1) (5 = 7l 2oy é(/ It (5)]22g6 ds)

+(O/da> (/Hun )l da)é

[NIE

<c H(f(])tHL?(QX[()ﬂ—D + C/ (), (5)”3;2(9) ds +c. (2.2.5)
0
By assuming that
u; € L? (Q) ,
U1 € L2 <L1> Lg) ,
ug € H' (Q), (2.2.6)

v € H' (Ly, Ly)
(fo), € L* (2 x [0,7]).

Then, from (2.2.1), (2.2.5) and (2.2.6), we deduce

t
() ()11 720y + Coll(@n) Ol 0,20 + 1 wn)e B)l1721, 1) + 20 / (), ()72 s
0

t

<et c/ [ atn) ()11 gy ds- (2.2.7)

Moreover, we have in particular;

t
1)y (7o) < e+ C/ (), ()72 .
0
Which leads via the Gronwal lemma to
[Cun)y ()l 2y < € (2.2.8)
Then, by (2.2.7) and (2.2.8), we obtain for each t <,
(un) € L (0,75 H' (),
(un), € L (0,75 L* (),
(va) € L% (0,75 H' (Ly, L)) .
(va), € L (0, T L7 (L, La)) (2.2.9)
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2.2. WELL-POSEDNESS OF THE PROBLEM

and the solution can be extended on the interval [0,7] such that 0 <t <t¢, <T <
+00.
From (2.2.9) we can extract a subsequence still denoted (u,,) such that :
(up) —uw in L™ (O, T; H (Q)) weak stare,
(un), —> uy in L (0,T;L* (Q)) weak stare,
(v,) —> v in L™ (0,T; H (L, LQ)) weak stare,
(vn), — v in L™ (0, T; L (L, LQ)) weak stare.
This allows us to pass to the limit in to deduce the existence of a weak solution
(u,v) of (2.1.1)-(2.1.3) which has the regularity

ue L*(0,T;H' (9)),

u € L (0,T; L7 (),
ve L™ (O T; H' (L17L2))
v € L (0,75 L2 (Ly, Ly)) - (2.2.10)
2.2.2 Second Method : The semi-group theory

In this section, we prove the local existence and the uniqueness of the solution of system
(2.1.1)-(2.1.3) by using the semi-group theory. So let us introduce the following new
variable [84]

y(x, p,t) = w(x, t — 7p). (2.2.11)
Then, we get
Ty (z, p,t) + y,(z, p,t) =0, in Q x (0,1) x (0, +00). (2.2.12)

Therefore, problem (2.1.1) is equivalent to

U (2, 1) — QUgy (x, 1) + prug(x,t) + poy (x,1,6) =0, (z,t) € Q x ]0,400]

Uy (2, 1) — bug, (x,t) =0, (x,t) € |Lq, L[ x ]0, 400
TYe(x, p,t) + yp(z, p, 1) =0, in  x (0,1) x (0, +o0),
(2.2.13)

which together with (2.1.3) can be rewritten as:
U =dU,

(2.2.14)
U(0) = (uo, vo, u, v1, fol., —.7))7,
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2.2. WELL-POSEDNESS OF THE PROBLEM

where the operator <7 is defined by

u @
v (0
| o | = auge — e — p2y(.,1) (2.2.15)
(0 bz
y —2y,,

with the domain

D(of) = { (u,v,0,9,9)" € 5 y(.,0) = p on Q }
where

A = {(H*(Q) x H*(Ly, Ly)) N X} x H'(Q) x H'(Ly, Ly) x L*(0,1, H'(Q)).
Here the space X, is defined by

v (u,v) € HY(Q) N HY(Ly, L) |u(0,t) = u(Ls, t) = 0,
T w(Lat) = v (Lit), auy (Liyt) = buy (L, £), i = 1,2.

Now the energy space is defined by
H =X, x L*(Q) x L*(Ly, Ly) x L*((Q) x (0,1)).
Let
U=(uvevy)', U=@py.7)"
Then, for a positive constant ( satisfying
Tho < ¢ < 7(2u1 — pa), (2.2.16)

we define the inner product in %" as follows:

_ Ly 1
V.0 = [ {ep+auttde+ [ {wd+boayde+¢ | [y pue,p)dpda.
1
The existence and uniqueness result is stated as follows;

Theorem 2.2.1. For any Uy € £ there ezists a unique solution U € C([0,4o00], %)
of problem (2.2.14). Moreover, if Uy € D(<), then

U € ([0, +o00[, D(27)) N CH([0, +-o0[, ).
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Proof. In order to prove the result stated in Theorem 2.2.1, we use the semigroup
theory, that is, we show that the operator &/ generates a Cy-semigroup in .. In this
step, we concern ourselves to prove that the operator 7 is dissipative. Indeed, for
U = (u,,v,%,y)" € D(&), where p(Ly) = 1(Ly) and ( is a positive constant, we

have

Lo
(AU U)p = a/ﬂumgodar—l—b/ Um,@bdx—,ul/ ©*dx
—ug/ 1)pdx — f// z, p)y,(x, p)dpdx (2.2.17)

—I—a/ uxgoxdx—l—b/ VP d.
Q Ly

Looking now at the last term of the right-hand side of (2.2.17), we have
1 10
C/Q/O y(, p)yp(w, p)dpdr = ¢ AQ%yQ(x,p)dpdx

_ g/ﬂ(yz(m,l)—yz(x,()))d:v. (2.2.18)

Performing an integration by parts in (2.2.17), keeping in mind the fact that y(z,0,¢) =
¢(x,t) and using (2.2.18), we have from (2.2.17)

(AU U)w = alusplon + bloat] 13 (2.2.19)

(,ul - ) / O*dr — ,ug/ y(., 1)pdr — QCT/QyQ(a:, 1)dx.

Using Young’s inequality, (2.1.2) and the equality ¢(Ls) = ¥(L2), we obtain from
(2.2.19), that
(U U)» < (m—c—m)/ggﬁdx—(?i_—)/y (x,1)dx. (2.2.20)

2T 2

Consequently, using (2.2.16), then we deduce that (27U, U) » < 0. Thus, the operator
</ is dissipative.

Now to show that the operator .2/ is maximal monotone, it is sufficient to show that
the operator \I — 7 is surjective for a fixed A > 0. Indeed, given (f1, f2, 91,92, )" €
K, we seek U = (u,v, 9,10, y)" € D(o/) solution of

Au— ¢ Ji
Av—1 a1
Ap — atigy + 0y (-, 0) + poy(L 1) | =1 fo (2.2.21)
AY = bz, g2
Ay + %yp h
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2.2. WELL-POSEDNESS OF THE PROBLEM

suppose we have find (u,v) with the appropriate regularity, then
¢ = Au—fi
Y o= Av—gr. (2.2.22)

It is clear that ¢ € H'(Q) and v € H'(Ly, Ly), furthermore, by (2.2.21), we can find y
as y(x,0) = p(z), x € Q , using the approach as in Nicaise & Pignotti [84], we obtain,
by using the equation in (2.2.21)

o
y(x, p) = o(x)e " + Te*ApT/ h(x,0)e do
0

From (2.2.22), we obtain

y(x, p) = Mu(x)e ™" — fi(x)e T + re T /p h(x,0)e do
0

By using (2.2.21) and (2.2.22), the functions u, v satisfying the following equations:

MU — g, + y(,0) + poy(, 1) = fo+Afi
Mo —bu, = g+ Aq (2.2.23)

Since

1
y(x, 1) = gp(:v)e_’\T+Te_’\T/ h(z,0)e*do
0

= due ™V + yo(x),

for x € 2, we have
yo(z) = —fi(z) + 777 /01 h(z,0)e*do
The problem (2.2.23) can be reformulated as
/Q()\%L — AUy + AU A Fpodue ™ wide
= /Q(f2 + Af1 — poAyo(x))wrde,

Lo
/ (A2 — by )wodz

Ly
Lo
= /L (g2 + A\g1)wadz, (2.2.24)

for any (wy,wq) € X,.
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Integrating the first equation in (2.2.24) by parts, we obtain
/ (MU — Uiy + pu + +;L2/\ue_’\T)w1da:
Q
= / Nuwdr — a/ umwldx~|—u1/ )xudx+u2/ \ue NMwide
Q Q Q Q
= / Nuw dx + a/ Uz (w1)dr — [auzwi]ao + #1/ Audzr + ,ug/ \ue Mwydz
Q Q Q Q

= /Q(/\2 + A + prgde N uwidx 4 a /Q Uy (w1)dz — [au,wi]oq (2.2.25)

Integrating the second equation in (2.2.24) by parts, we obtain
Lo Lo Lo
/ (20 — bugg)wadz = [ Mo wpdz +b [ vp(ws)ade — [bugwn].  (2.2.26)
Ly L Ly
Using (2.2.25) and (2.2.26), the problem (2.2.24) is equivalent to the problem

P((u,v), (w1, ws)) = (w1, w2) (2.2.27)

where the bilinear form ® : (X, x X,) — R and the linear form [ : X, — R are defined

O((u,v), (Wi, ws)) = /Q()\2 + A+ prode N uw da + a/qu(wl)xda: — augw o
Lo Lo
+/ A0 wodx + b Vg (wo)pdr — [bvmwg]ff
L1 Ly

and

Lo
l(wi,wy) = /Q(fQ + A1 — p2Ayo(x) )widz +/L (g2 + Agr)wadz

Using the properties of the space X,, it is clear that ® is continuous and coerceive,
and [ is continuous. So applyiyg the Lax-Milgram theorem, we deduce that for all
(w1,wa2) € X, problem (2.2.27) admits a unique solution (u,v) € X.. It follows
from (2.2.25) and (2.2.26) that (u,v) € {<H2(Q) x H?(Ly, Lg)) N X*} . Therefore, the
operator \I — &7 is dissipative for any A > 0. Then the result in Theorem 2.2.1 follows
from the Hille-Yoshida theorem. O

2.3 Exponential decay of the solution

In this section we investigate the asymptotic of the system (2.1.1)-(2.1.3). For any
regular solution of (2.1.1)-(2.1.3), we define the energy as:

Ei(t) = ;/Quf(x,t)dmg/ﬂug(x,t)dx (2.3.1)
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and
1 L2 9 b L2 9
Ex(t) = 2/L1 v (x,t)dx+§ . vi(x, t)dx. (2.3.2)
The total energy is defined as:
1
E(t) = Eq(t) + Ea(t) + g/g/o v (x, p, t)dpdx (2.3.3)

where ( is the positive constant defined in (2.2.16).

Our decay result reads as follows:

Theorem 2.3.1. Let (u,v) be the solution of (2.1.1)-(2.1.3). Assume that pay <

and

a L3 + Ll — L2
- < . 2.3.4
b= 2Ly — Lv) (2:34)

Then there exist two positive constantes C' and d such that
E(t) < Ce™ — vt>0. (2.3.5)

Remark 2.3.2. The assumption (2.3.4) gives the relationship between the boundary
regions and the transmission permitted. It can be also seen as a restriction on the
wave speeds of the two equations and the damped part of the domain. It is known
that for Timoshenko systems [105] and Bresse systems [1] that the wave speeds always
control the decay rate of the solution. It is an interesting open question to show the
behavior of the solution if (2.3.4) is not satisfied.

The proof of Theorem 2.3.1 will be done through somme lemmas;

Lemma 2.3.3. Let (u,v,y) be the solution of (2.2.13), (2.1.3). Assume that p1 > ps.

Then we have the following inequality

dizgt) < <_M1+/;2+2C7_> /Qy2(:£,0,t)d$+ <’U;_ 2C7-> /QyQ(x,l,t)dfb. (236)

Proof. We have from (2.3.3) that

dEq(t
dE(1) = / utt(m,t)ut(x,t)dx+a/ Uzt (2, t) Uy (2, ) dx (2.3.7)
dt Q Q
Using system (2.2.13), and integrating by parts, we obtain
dFEq(t
oo — [ 0) o [ Oy (e 0)de (239
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On the other hand, we have

dEs(t)
dt

Using the fact that

1
dtQ// (z, p,t)dpdr = C/Q/O y(x, p, )y, p, t)dpdx
1
—C// Yo(, p, t)y(z, p, t)dpdx

// d 2(x, p, t)dpdx

_ —;;_/Q(y (z,1,t) —2(2,0,t))dz  (2.3.10)

= blv,v,] 2. (2.3.9)

Collecting (2.3.8), (2.3.9), (2.3.10), using (2.1.2and applying Young’s inequality, then
(2.3.6) holds. Thus, the proof of the Lemma 2.3.3 is completed. O

Following [4], we define the functional

// e*"ul(z, s)dsdx
t—7

and we have the following lemma.

Lemma 2.3.4. Let (u,v) be the solution of (2.1.1)-(2.1.3). Then we have

dI(t) ) _ / 2 - / /t 2
—— < —e 7 — —e 7 . (2.3.11
o _/Qut(:lr,t)dx e Qut(x,t T)dr — e ) tifut(:v,s)dsdx (2.3.11)

The proof of Lemma 2.3.4 is straightforward, we omit the details.

Now, we define the functional Z(t) as follows:

Lo

2(t) = / uwdr + ﬂ/ w’dr + | vvdr. (2.3.12)
Q 2 Jo L
Thus, we have the following estimate.

Lemma 2.3.5. The functional P(t) satisfies the following estimate:

dt.@() < (a—eoco)/ uldr — b idx

Ly

+/ u?d:c—%/ vfdx—l—C(eo)/ v (z,1,t)dx
0 Ly 0
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Proof. Taking the derivative of Z(t) with respect to t and exploiting (2.1.1), we find

i@(t) = /u2d:L'—|—/L2 UQdJZ—CL/qu:L‘—b " vidx (2.3.13)
dt ot P o ! o

L1

— g /Q u(z, t)y(x, 1, t)ds + [auzu],, + [bvxv]éf .

Applying young’s inequality and using the boundary conditions (2.1.2), we have
laugu) 5 + [bvmv]éf = aug(Ly,t)u(Ly,t) — auy (Lo, t)u(Lo,t) (2.3.14)
+bv, (Lo, t)v(La,t) — bu,(Lq, t)v(Ly,t) = 0.

On the other hand, we have by Poincaré’s inequality and Young’s inequality

,ug/ uw(z, t)y(x, 1,t)de < eocg/ uZdr + C(eo)/ y?(z,1,t)dx (2.3.15)
Q Q Q

where €, is a positive constants and ¢ is the Poincaé’s constant. Consequently, plug-
ging the above estimates into (2.3.13), we find (2.3.13). O

Now, inspired by [73], we introduce the functional

L
x_?17 xe[O)Ll]a
Lo+ L
@) =1 = - =, x € [La, Ly], (2.3.16)
Ly — Lz — L, Ly
L)+ L., L
2(Ly — Ly) (z=L)+ 5 @€l

Next, we define the following functionals

Fi(t) = —/Qq(x)uxutdx

and

Fo(t) = — /L2 q(x)vvedx.

L1

Then, we have the following estimates:

Lemma 2.3.6. For any e > 0, we have the estimates:

2

d o 9 a 9 9
<
dt“/l(t) C(e2) /Q uydx + < + 62> /Quwdx + C(er) /Q y- (x,1,t)dx
—*Z {(Ls - L2)Ui(L2, t) + Lwi(Lh t)} (2.3.17)
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and

d L2 — L3 — L1 L Ly
— () < ———— / 2d / bvid
dt 2( ) - 4 (LQ — Ll) < Ly Ve 0% * Ly Yz 0¥

b
+3 ((Ls = La)v2(La, t) + Liv3 (Lo 1)) (2.3.18)
Proof. Taking the derivative of . (t) with respect to ¢ and using equation (2.1.1), we
get
LA = [ a@umandr — [ o)y (2319
dt 1 = Qq T Ut Ut AT Qq T Uz Ut AT ..

= — /Q q(z)ugupdr — /Qq(x)uz (QUgy (2,1) — prug(z, t) — poy (x,1,1)) du.

Using integration by parts, we find

R PR 1 2
/Qq(x)umutd:c =3 /Q ¢ (z)uidx + 3 {q(x)ut}m : (2.3.20)
On the other hand, we have
1 1
/Qaq(m)umumdx =3 /Q aq (z)udz + 3 [aq(m)ui]aﬂ. (2.3.21)
Inserting (2.3.20) and (2.3.21) into (2.3.19), we find
1 1
dt Fi(t) = / urdr + = / aq (z)uzdz — 5 [q(m)uﬂm —5 {aq(m)uﬂm
—l—/ )y (pyu(z, t) + poy (x, 1,t)) d. (2.3.22)

Exploiting Young’s inequality and using (3.3.6), then (2.3.22) becomes (2.3.19), we

find

G0 < 0 [ide s (54 e) [ oo, 5 laond],,

dt
C(es) /Q W2 (2,1,1) do. (2.3.23)

for any €3 > 0. Since ¢(L;) > 0 and ¢(L2) < 0, we have by using the boundary
conditions (2.1.2), that

1

5 la@)],, > 0. (2.3.24)
Also, we have
a alL
-2 la(@)?] = - W2 (L, 1) +u2(0,1)] (2.3.25)
_a(ls = Ly)

T [ (La ) + (Lot
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2.3. EXPONENTIAL DECAY OF THE SOLUTION

Taking into account (2.3.24) and (2.3.25), then (2.3.23) gives (2.3.17).
By the same method, taking the derivative of .%,(t) with respect to ¢, we get

d Lo Lo
%J?(t) = - /L1 q(x)vude — /L1 q(2)v,vn
. 1 L2 , 2 L2 02 b 91 L2
=35/, ¢ (z)vidx — = [ vt 2/ b (x)vodr — = {q(x)vz} L
Ly— Lz — Iy /L2 2 2
< o T d / b2d
- 4(L2—L1) (Ll vt v Ly et
b
+3 ((Ls = La)v2(La,t) + Livi(Ly, 1)) (2.3.26)
which is exactly (2.3.18). O
Proof Theorem 2.3.1. We define the Lyapunov functional Z(t) as follows
ZL(t) = NE(t) + I(t) +72(t) + v3:Z1(t) + 74Fa(t) (2.3.27)
where N, 75,73 and 74 are positive constants that will be fixed later.
Now, it is clear from the boundary conditions (2.1.2), that
2u2(Ly,t) = b*v (L, t), i=1,2. (2.3.28)

Taking the derivative of (2.3.27) with respect to ¢ and making use of (2.3.6),
(2.3.11), (2.3.13), (2.3.17), and taking into account (2.3.28), we obtain

d M2 ¢ 2
dtz() < {N (—u1+ 5 +2 >+1+72+730(62)}/Qutdx

+ {N (“22 - 23) C et aCleo) + C(emg} [ (1, 0da

+{")/2( a+ €och) + Y36 + V2 }/Quidx (2.3.29)
Lo — L Lo
{b Ls ! —'ygb}/ vidw
Ly
Lo t
{ A(L ’Y4+’72}/Ll de:v—e_T/Q/t Tuf(x,s)dsda:

(73 - b%) (L4L2) i(L% t) — (73 - Z%) ajl 2([/1, t).

At this point, we choose our constants in (2.3.29), carefully, such that all the coefficients

+

+

in (2.3.29) will be negative. Indeed, under the assumption (2.3.4), we can always find
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2.3. EXPONENTIAL DECAY OF THE SOLUTION

2,73 and 74 such that

a
Y4+ 72 <0, V3> V2 > % (2.3.30)

Ly—Ls— Ly
4(Ly — Ly)

Once the above constants are fixed, we may choose €5 and ¢, small enough such that

€oca + y3€a < a(y2 — Y3/2).

Finally, keeping in mind (2.2.16) and choosing N large enough such that the first and
the second coefficients in (2.3.29) are negatives.

Consequently, from above, we deduce that there exist a positive constant 7, such
that (2.3.29) becomes

dZ(t) 2 2 2
< _ _
e /Q(ut (x,t) + uy(z,t) + u(z,t — 7))de (2.3.31)
Lo t
—771/L (v2(z,t) + V2 (2, t))dx — m /Q/t ul(x, s)dsdzr, vt > 0.

Consequently, recalling (2.3.3), then, we deduce that there exist also 7, > 0, such that

dZ(t)
dt

On the other hand, it is not hard to see that from (2.3.27) and for N large enough,

there exist two positive constants 3; and [, such that

< —mpBE(t),  Vi>0. (2.3.32)

B E(t) < 2(t) < BE(t), Vit >0. (2.3.33)

Combining (2.3.32) and (2.3.33), we deduce that there exists A > 0 for which the

estimate

Azt
dt( V< Az, w0 (2.3.34)
holds. Integrating (2.3.34) over (0,¢) and using (2.3.32) once again, then (2.3.5) holds.
Then, the proof of the Theorem 2.3.1 is completed. O

o8



e 3
Chapter

Well-posedness of a transmission
problem with viscoelastic term and

delay

3.1 Introduction

In this chapter, we consider a transmission problem in a bounded domain with a
viscoelastic term and delay term. Under appropriate hypothesis on the relaxation
function and the relationship between the weight of the damping and the weight of
the delay, we prove the well-possedness result by using semi-group theory method.
The prove of the general decay result for this problem is provided.

Viscoelastic wave equation with delay was first considered by Kirane and Said-Houari
in [58] they studied the existence and asymptotic stability of viscoelastic wave equation
with delay, they considered the following linear viscoelastic wave equation with a linear
damping and a delay term:

t
ug(z,t) — Au(z,t) +/ g(t — s)Au(x, s)ds

0
+pgu(x, t) + poug(x, t — 1) =0, xeQt>0,
u(z,t) =0, z €00 t>0, (3.1.1)
u(z,0) = ug(x), uy(x,0) = uy (), x € Q,
ut(I,t—T):fo(ZE,t—T), €Q7t€(077—)7

where u = u(x,t),t > 0,z € Q, A denotes the Laplacian operator with respect to the
 variable, Q0 is a regular and bounded domain of RY, (N > 1), 1, us are positive
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3.1. INTRODUCTION

constants, 7 > 0 represents the time delay and ug, u1, fy are given functions belonging
to suitable spaces. The purpose of their work was to study the existence and the
asymptotic stability of problem (3.1.1) by relaxing the assumption in [84]. Introducing
the delay term pouy(x,t — 7), made the problem different from those considered in the
literature. First the authors used the Faedo-Galerkin approximations together with
some energy estimates, and under some restriction on the parameters p; and po, they
showed that the problem (3.1.1) is well-posed. Second under the hypothesis 11 < po
between the weight of the delay term in the feedback and the weight of the term
without delay, they proved a general decay result of the total energy of the problem
(3.1.1).

Alabau et al in [2] treated a model combining viscoelastic damping and time-delay

damping, they considered the problem

it — Au(, t) — /Ooog(s)Au(a:,t —8)ds + kug(a,t —7) =0, in Qx (0, +00),

u(z,t) =0, on 09 x (0,400),
u(z,t) = up(z,t), u(z,0) = uy () in Qx(0,400),
(3.1.2)

where 2 C R" be an open bounded domain with a smooth boundary, the initial data
ug belong to a suitable space, the constant 7 > 0 is the time delay, k is a real number
and the memory kernel p : [0, +00) — [0,400) is a locally absolutely continuous

function satisfying:

i) 9(0) = po > 0;

iii) ¢'(t) < —ag(t), for some « > 0.

For k = 0 the above problem is exponentiallay stable see [43]. The authors showed
that an exponential stability result holds if the delay parameter k is small with respect
to the memory kernel. That is for the energy F(¢) of problem (3.1.2), there exists a
positive constant kg such that for |k| < kg there is ¢ > 0 such that

F(t) < F(0)e'™"" t>0,

for every solution of problem (3.1.2). The constant ky depends only on the kernel g(.)

of the memory term, on the time delay 7 and on the domain €2. They observed that for
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3.1. INTRODUCTION

7 =0 and k > 0 the model (3.1.2) presents both viscoelastic and standard dissipative
damping. They show that exponential stability may also occurs for k£ < 0, under a
suitable smallness assumption on |k|. They noted that the term ku,(¢) with k£ < 0 is
a so-called anti-damping [38] namely a damping with an opposite sign with respect to
the standard dissipative one and therefore it induces instability. Indeed, in absence of
the viscoelastic damping, i.e for ;= 0, the solution of the above problem, with 7 =0
and k < 0, grows exponentially to infinity when ¢ tends to infinity.

The stabilization problem for model (3.1.2) has been studied by Guesmia in [48] by
using a different approach based on the construction of a suitable Lypunov functional.

Let us considere the problem

+o0
Uy — Algy — / 9(8)Uuge(x,t — s)ds
0
Fpnug(z,t) + || ug(z,t —7) = 0, (z,t) € Qx]0, +o0], (3.1.3)
Uy — by = 0, (l’,t) E]Ll, LQ[X]O, +OO[,

where 0 < Ly < Ly < Ls and € :}O, LI[X]LQ,Lg[, S R, and Mo € R. System

* )

(3.1.3) is sudjected to the following boundary and transmission conditions:

u(0,t) = u(Ls, t) =0,
u(Ly, t) = v(Ly, t), i=1,2 (3.1.4)
+o0
aug(L;,t) — / 9(8)Uge(x,t — 8)ds = bug(L;, 1), 1=1,2
0
and the initial conditions:

u(z,0) = up(x), u(z,0) = wy(x), x € Q,
u(z,t —7) = folz,t — 1), reQ, tel0,7], (3.1.5)
v(x,0) = vo(x),ve(z,0) = v1(x), « €|Ly, Lof.

For the relaxation fubction g, we have the following assumptions:
(B1) g:[0,4+00) —> [0, +00) is C! function satisfying

+oo
g(0) >0, a—/ gt)dt =a—j=1>0.
0

(B2) There exists a non-increasing differentiable function £ : [0, +00) — [0, +00)
such that

J() < —€(0g(t), V>0 and /0+oof(t)dt:+oo. (3.1.6)
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3.2. WELL-POSEDNESS OF THE PROBLEM

Transmission problems related to (3.1.3)-(3.1.5) have been extensively studied. Bastos
and Raposo in [8] investigated the transmission problem with frictional damping and
showed the well-posedness and exponential stability of the total energy. Munos et al
in [82] considered the transmission problem of viscoelastic waves and proved that the
dissipation produced by the viscoelastic part can produce exponential decay of the
solution, no matter how small its size is.

Motivated by the above results especially that in [2], we intend to study in this chapter
the well-posedness and the decay result of problem (3.1.3)-(3.1.5), in which the infinite

+o0o

memory term / 9(S)uz(x,t — s)ds is involved. To obtain our goal, we use the
0

semi-group theory to prove the well-possedness, and introduce a suitable Lyapunov

functional to establish the decay result.

3.2 Well-posedness of the problem

In this section, we prove the local existence and the uniqueness of the solution of system
(3.1.3)-(3.1.5) by using the semi-group theory. So let us introduce the following new
variable [84]

y(x,p,t) =w(x, t —7p), €8, pe(0,1), t>0. (3.2.1)
and let us introduce another new variable [30]
n'(x,s) = u(z,t) —u(z,t —s) ,(x,t,s) € Q2x]0,+o0[x]0, +o0l. (3.2.2)

Then we have

Ty(x, p, t) + y,(x, p,t) =0 reQ, pe(0,1), t>0, (3.2.3)
and
ni(x,s) = —ni(x,s) + u(z,t) (x,t,s) € 2x]0, +00[x]0, +00. (3.2.4)

Using (3.2.1) and (3.2.2) we can rewrite (3.1.3) as

+oo
Ut = luxa: + / 9(3)77;;5(%15 - S)dS

0
_ﬂlut(xvt) B ‘MQ‘ y(l', 1:t)7 ('Tat) < QX]Oa +OO[7
Vit — by = 0, (z,t) €] L1, Lo[x]0, +00], (3.2.5)
ni(x,s) = —nt(z,s) + w(z,t), (x,t,s) € 2x]0, 4+00[x]0, +00],
Tye(x, p, ) + y,(z, p, 1) =0, z e, pe(0,1),t>0,
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3.2. WELL-POSEDNESS OF THE PROBLEM

the boundary and transmission conditions (3.1.4) become

w(0,1) = u(Ly, t) = 0,
U(Ll’t) = U(Liu t)7 1= ]-7 27 le (07 +OO) (326)
+oo
lux(Li,t)Jr/ G(s1(Li 8) = bua(Lit), i=1,2, t € (0, +00)
0

and the initial conditions (3.1.5) become

u(, —t) = ug(x,t), u(x,0) = uy(zx), x €,
y(x,0,t) = wy(x,t), y(x,1,t) = fo(x,t,—7), (x,t) € Q x (0,+00), (3.2.7)
v(x,0) = vo(x), ve(z,0) =vi(z), x €|Ly, Ly].

It is clear that

n'(z,0) =0, for all x € Q,
n'(0,s) =n'(Ls,s) =0, forall s> 0, (3.2.8)
n°(z, s) = m(s), for all s > 0.

Let us denote by U = (u, , v, 1, w,y)’. Then we can rewrite the problem (3.2.5) with
(3.1.5) as

U = A)
{ U<O) = (uoaulavoﬂjl,n(),fo(.,—.T))T (329)

where 79 = 1°(, s) in 9Q2x]0, +oo[ and the operator A is defined by

¥
+oo
lugs + [ 9()wea(s)ds — i — |pal (.. 1)
_ (8 (3.2.10)

vy

_ws_i_(p

1
=l

@ g €& ¢ 6 &

with the domain
D(A) = {(u, ,v,9,n,9)" € H; y(,0) = ¢ on O},
where

[ (H2Q) x (L, L) N X) x HAQ)
| xHY(Ly, L) x L2((0, +o00); HA(Q) x L2(0,1, HY()) |
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3.2. WELL-POSEDNESS OF THE PROBLEM

Here the space X, is defined by

(u,v) € HY(Q) N HY(Ly, Ly)|u(0,t) = u(Ls, t) = 0, u(Ly, t) = v(Li, 1), }

* = { lug(Liyt) + [57° g(s)nt(Ls, s) = bv, (Liyt), i =1,2

Now the energy space is defined by

K = X. x LX(Q) x L*(Ly, Ly) x L2((0, +00); HL () x L*(() x

where L2((0,400); Hy(Q)) is the Hilbert space of H'-valued function on (0, +00) en-

dowed with the inner product

(0, X) 12 ((0,4+00) 1A () = /Q (/{:OO 9(8) ¢z (z, 8)xa (2, s)ds) dz.

Let

U= (u,,v,¢,w,y)" and U = (@, p, 9,9, w,7)".

Then, for a positive constant ( satisfying

7 lpe] < C <7201 — |p2l),

we define the inner product in K as follows

- L ~
v,0), = a / [p@de + lugt)d + 1 [ [0 + buyd,]de

Ly

+00
+a/ / ()W, (x, s)dsdx
—i—a(/ / (x,p)y(z, p)dpdzx.

The existence and uniqueness results is stated as follows;

(3.2.11)

Theorem 3.2.1. For any Uy € K there exists a unique solution U € C([0,+oo[, K)

of the problem (3.2.9). Moreover, if Uy € D(A), then

U e C([0, +00], D(A)) N CL([0, +oo], K).

Proof. In order to prove the result stated in Theorem 3.2.1, we use the semigroup

theory, that is, we show that the operator A generates a Cysemi-group in K. In this
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3.2. WELL-POSEDNESS OF THE PROBLEM

step, we restrict ouselves to prove that the operator A is dissipative. Indeed, for
U= (u,p,v,9,w,y)" € D(A) and a positive constant ¢ , we have

(AU, U),, = al/ umgodx—i—bl/ vmwdx—a,ul/ ©%d

—a uzl/ sodera/Q (90 /0+oog(8)wm(8)d8> dx
f// (@, p)yp(x, p)dpdx
+a/ /+OO — W (T, §) + Y)Wy (x, s)dsdx

—i—al/ umgoxdx—l—bl/ VY d. (3.2.12)
Q Ly

We also have

1
/Q/O y(@, p)y,(x, p)dpdr = /2(9 y*(x, p)dpdz (3.2.13)

- 5/9(@/ (z,1) — y*(z, 0)da.

Performing an integration by parts in (3.2.12), and using the third equation in (3.1.4)

we get

L2 L2
al/ umgadx+bl/ vmwda:+al/ uxgoxdx+bl/ VY dx
Q L1 Q Ll
= [aluyploa + [blv.y]5? — al/ Uz ppdx
0

L2 L2
bl / vytbedz + al / Upppdz + Dl / vbad
L1 Q Ll
— 0.

We have by integrating by parts using the fact w(x,0) =0,

400 +oo
—/ / $)Wsy (T, $)wy(x, s)dsdr = / / s) [wy(z, 5)|* dsdz. (3.2.14)

Following [41], looking to the definition of D(A) and using the fact that y(z,0,t) =
o(x,t), we deduce

1
5(AU,U>K = ul—— /QOQd:E—amg\/ gpdw——T/ﬂyQ(:v,l)dx

2// s) [wg(z, 5)|* dsd.
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3.2. WELL-POSEDNESS OF THE PROBLEM

Using Young’s inequality, we obtain

1
Lavwy, < ml—‘“?‘—% ) [ e —ate ~ "2 [ (e 1y

2
// s) |wy(x, s)|* dsdz.
2

Then, keeping in mind the fact that ¢'(s) < —£(t)g(s) and g(s) > 0, we obtain
(AU,U),, < 0.

Hence, the operator A is dissipative. Now we show that the operator A is surjective.
Let F = (f1, fa, f3, f1, [5, f6)" € H, we prove that there exists V = (u, ¢, v, ¥, w,y)"
D(A) such that

(M — AV =F, (3.2.15)

which is equivalent to

Au— = fi,

Ao = (e [ gl6)a()ds — g = 2y, 1)) = o

A== fs, (3.2.16)
M) — by, = fu,

Aw+% ¢ =fs,

Xy + 1y, = fo.

Suppose that we have found v and v with the appropriate regularity. Therfore, the
first and the third equations in (3.2.16) gives

(,0:)\U—f1,
= Av— fs.

It is clear that ¢ € H}(Q) and o € Hg(Ly, Ly). furthermore, by using the sixth
equation in (3.2.16) we can find y such that

(3.2.17)

y(z,0) = p(z), for z €. (3.2.18)

Using the same approach as in Nicaise and Pignotti [84], we obtain, by using the sixth
equation in (3.2.16)

1
y(x, 1) = p(x)e™™ + Te_’\T/ fo(x,0)e M do.
0
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From (3.2.17), we find

y(r,1) = du(x)e™™ — fi(z)e ™™ + 7 /01 fo(x, 0)eMdo (3.2.19)
= u(x)e™ +yo(x),
with
wl@) = —f(2)e ™, L re ™ [ (s o) do (3.2.20)

We note that the fifth equation in (3.2.16) with w(z,0) = 0 has a unique solution

w(z,s) = (/08 e (fs(x, 2) + go(m)dz) e (3.2.21)

- (/08 M (fs(x, 2) + Mu(z) — fl(x)dz> e,

By using (3.2.16), (3.2.17) and (3.2.18) the functions v and v satisfy the folowing
system

—+00
2 P J— —_— p—
Au = (lugg +/0 9($)waz(s)ds — 1y (., 0) — |2l y (., 1)) = fo + Af1, (3.2.22)
Nv — bvg, = f4 + )\fS
Let
~ +00 s
=1+ )\/ g(s)e™ (/ e’\zdz> ds,
0 0
and
r +oo —As s Az
F== [ " aee ([ (st 2) = fi@)iatz) s,
then the system (3.2.22) becomes
N0 — Dge = f1 + Afs. o
Using (3.2.18) we get
/ (N2 — gy + AU + | p12| Aue ™) g dx
Q
= /Q(f2 + A fr = F = |2l Ayo(x))grda, Vg1 € Hy(Q)
Lo
/ (N0 — bug, ) goda
Ly
Lo
- /L (f1 + Ms)goda, Vgs € HY(Ly, Ly) (3.2.24)
1
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We have now to prove that (3.2.23) has a solution (u,v) € H*(Q)NH3 () x H*(Ly, Ly)N
H}(Ly, Ly) and replace it in (3.2.17), (3.2.18) and (3.2.20) to get V = (u, p, v, %, w, y)* €
D(A) satistying (3.2.14). To solve the problem (3.2.24) we consider

®((u,v), (91,92)) = ¥(g1, 92), (3.2.25)

where the bilinear form ® : (Hj(Q))* x (Hy(L1, Ls))* — R and the linear form
W HY () x Hy(Ly, Ly) — R are defined by

O((u,v),(g1,92)) = /Q(/\Qu — gy + i\t + || Aue ™) gy dx
Lo
+ (A20 — by, ) goda,
Ly

and

Ugng) = [+ M= = lnal Mo(a)grda

Lo
+/ (f1 + Mfs)gads.
Ly

It is clear that ® is continuous and coercive and W is continuous. So applying the Lax-
Migram theorem (1.3.4), we deduce that for all (g1, g2) € Ha(Q2) x H (L1, Ly), problem
(3.2.25) admits a unique solution (u,v) € Hy(2) x Hy(L, Ly). Applying the clasical
elliptic regularity, it follows from (3.2.24) that (u,v) € H*(2) N Hy(Q) x H*(Ly, Ly) N
H}(Ly, Ly). Therfore the operator AI — A is surjective for any A > 0. then the result
in Theorem 2.1 follows from the Hill-Yosida theorem (1.8.7). O

Remark. In the following section we are going to give only the theorem which
gives the decay of the solution and the lemmas necessary for its proof, because this
result has been studied by the authors Gang et al in [40].

For a solution u of problem (3.1.3)-(3.1.5) we define the energy

E(t) = ;/[ut (z,t) + lu2(z,t)|dz + ; L2[vt (z,t) + bv(x,t)|dx

2// s)|nt(x, s)[*dsdx + 2 // (x, p,t)dpdzx,

where ( is the positive constant satisfying (3.2.11).

(3.2.26)

3.3 Decay of the solution

The decay result reads as follows
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Theorem 3.3.1. Let (u,v) be the solution of (3.1.3)-(3.1.5). Assume that (B1), (B2),
that |ps| < p, that for some my > 0,

/ ug,(z,8)dr < mgy, Vs >0 (3.3.1)
Q
and that
8(Ly — L) 8(Ly — L)
>—] b>—t 3.3.2
¢ Ly +Ls— Lo Ly + Ly — Ly ( )

hold, then there exists constants dy,ds > 0 such that, for all t > 0 and for all dy €
(Oa dO);

t t —+o00
E(t) < dy (1 + / (g(s))ldlds) e o &e)ds 4 g / g(s)ds. (3.3.3)
0 t
For the proof of Theorem 3.3.1, we need the lemmas.

Lemma 3.3.2. Let (u,v, z) be the solution of (3.2.5)-(3.2.7). Assume that |pa| < p1.

Then we have the inequality

dfjlit)g—cl{/ut(xtdx—i-/y x,l,t)dx}

(3.3.4)
2// s)|nt(z, s)|*dsdz.
Now we define the functional
Ha 2 =
D(t) = / uudx + —/ udr + vode.
Q 2 Jo Ly
Then we have the following estimate
Lemma 3.3.3. The functional 2(t) satisfies
d9(t Lo
d< / 2d.:1:—|—/ Ve + (L% + & — 1)/ wdr — [ blde
@ L (3.3.5)
T 2
dsd / 1, 8)dx,
// \nxzcs\sx+4ggz(x Ydx
where L = max(Ly, Ly — L), and € > 0.
Now, inspired by [73], we introduce the functional
L
x—é, z €0, L],
Lo+ L
g(@)=1{ z— 2; . v € [Lo, L], (3.3.6)
Ly — Ly — Ly Ly
——— (- L — Ly, L
2Ly — L) (z 1)+2> x € [Ly, Ly
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L1 Ly — Ly
2

}.

It is easy to see that ¢(x) is bounded: |¢(z)| < M, where M = maX{
We define the functionals

Lo
Fi(t) = / x)uy (lu,; +/ s)nt(z,s ds) dr, Fo(t) = —/ q(z)vvde.

Ly

Then we have the following results.

Lemma 3.3.4. The functionals F,(t) and F(t) satisfy

dF:(t)
dt
l M2 2
< ( T M +51M2>/u§dx+ (12+21251)/u§dx
2 4eq Q
M2M2
T e /Q ?(x, 1, t)dz + (go + 2g0¢1) // s)|nt(x, s)|*dsdx (3.3.7)
1

—igﬁé/“y@Wﬁu£Wwa—

[+ g
OQ(JJ)U?]
0 2 0

[ (vt [ temtions) ],

dFs(t)  Li+Ly— Lo/ Lo Lo L
< d / b d> 2L
At = 4(Ls— L)) (/L vedrt |, - bupde ) + Zpoi(la)

L3 L2 2
4

Following [4], we define the functional

1
I(t) =7 / / e Py (x, p, t)dpdz,
QJo

then we have the following lemma.

and

(3.3.8)

(L) 7 (L = Lape2(La, 1) + Luv (L, 1)),

Lemma 3.3.5. The functional I(t) satisfies

=\ —02</y (z,1,t dC(Z+T// (x,p,t dpdx) /uf(m,t)dx.
Q

Finally, for the proof of Theorem 3.1.1 the authors in [40] considered the following

Lyapunov functional
L(t) = N1E(t) + No2(t) + F1(t) + NaFo(t) + 1(t), (3.3.9)

where Ny, Ny, N are positive constants. They proved the equivalence between L(t)
and F(t). Then by choosing the constants one by one, they proved the existence of
do, ,dg > 0 such that for all d, € (do, dg) (333) holds.
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i 4
Chapter

Decay for a transmission problem with

memory and time-varying delay

4.1 Introduction

In this chapter, we consider the transmission problem with a varying delay term,

t
utt(x> t) - aua:x(x> t) + /0 g(t - S)uxx(xa S)dS + Mlut(ma t)

+|po|ue(z, t — 7(t)) =0, (x,t) € Q x (0, +00),
(2, 1) — buge(z,t) = 0, (x,t) € (Ly, Lg) x (0,400),
(4.1.1)

where 0 < Ly < Ly < L3, Q =]0, L1[U] Lo, L3[, a,b, 1, are positive constants, and fs
is a real number 7(¢) > 0 is the delay function.

System (4.1.1) is subjected to the following boundary and transmission conditions:

w(0,t) = u(Ls,t) =
u(Li, t) = U(Lz,t) 1=1,2, (4.1.2)

( / g(s)d )ux(Li,t) — b (Lit), i=1,2,
and the initial conditions:

x),u(z,0) = uy(x), =€,
= fo(z,t —7(t)), 2€Q,tel0,7] (4.1.3)
v(x,0) = vo(x),v4(x,0) = v1(x), x €]|Ly, Lo
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We assume, that there exist positive constants 7y, 7 such that

0<7m<7(t) <T. (4.1.4)
Moreover, we assume that

T € W>*([0,T]), VT >0, (4.1.5)
and

(t)<d<1, Vt>D0. (4.1.6)

The problem (4.1.1)-(4.1.3) related to the wave propagation over a body composed
of two different elastic materials and it is called a transmission problem, the body
consists of an elastic part and a viscoelastic part. In recent years, many authors have
investigated wave equations with viscoelastic damping and showed that the dissipation
produced by the viscoelastic part can produce the decay of the solution see for instance
[14, 15, 26] and the references therein.

Calvalcanti et al. in [26] studied the following equation,
t
uy — Au + / g(t — 7)Au(T)dr + a(x)us + |u|"u = 0,in  Q x (0, 00),
0

where a :  — R, and satisfies a(z) > agp > 0 on w C 2, with w satisfying some

geometry restrictions and

—G(t) < g'(t) < —Gg(t), t=0. (4.1.7)

The authors showed the exponential decay of the solution using the perturbed energy
method. Then Berrimi and Messaoudi [14] obtained the same result under weaker
conditions on both a and g.

Kirane and Said-houari [58] considered the viscoelastic wave equation with delay

¢
gy — Au —I—/O g(t —s)Au(,z — s)d + pyug(z, t) + pous(x,t —7) = 0, in Q x (0, 00),

where g1 and o are positive constants. They established a general energy decay result
under the condition that 0 < us < ;. Later, Liu, [69] improved this result by consid-
ering the equation with a time-varying delay term where the cofficient sy of the delay
is not necessary positive. For us = 0, system (4.1.1)-(4.1.3) has been investigated in

[8]; for 2 = [0, L;], the authors showed the well-posedness and exponential stability of
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the total energy. Munioz Rivera and Oquendo [82] studied the wave propagations over
materials consisting of elastic and viscoelastic components; that is, they considered

the transmission problem

PrUg — QiU = 0, x €]0, Lo[, t > 0, (4.18)

P2V — QoUsy + Ji g(t — 8)0pp(8)ds = 0, x €]Lg, L], t > 0, o
with the boundary and initial conditions:

u(0,t) =v(L,t), u(Lo,t)=v(Lo,t), t>0,

a1ty (Lo, t) = agvy (Lo, t) — [ g(t — s)va(s)ds, t >0, (4.1.9)

u(z,0) = up(x), u(z,0)=u(zx), x € [0, Lo], o

v(x,0) =vo(x), wv(x,0) =v1(2), x € Lo, L].

Here p; and py are densities of the materials and «q, as are elastic coefficients and
g is positive and exponentially decaying function. They showed that the dissipation
produced by the viscoelastic part is strong enough to yield an exponential decay of
the solution, no matter how small is its size. Ma and Oquendo [70] considered a trans-
mission problem involving two Euler-Bernoulli equations modeling the vibration of a
composite beam. By using just one boundary damping term in the boundary condi-
tions, they showed the global existence and decay property of the solution. Marzocchi
et al [73] investigated a 1-D semi-linear transmission problem in classical thermoelas-
ticity and showed that a combination of the first, second and third energies of the
solution decays exponentially to zero, no matter how small the damping subdomain
is. A similar result has sheen shown by Messaoudi and Said-Houari [79], where a
transmission problem in thermoelasticity of type III has been investigated. See also
Marzocchi et al [74] for a multidimensional linear thermoelastic transmission problem.

For ps > 0, problem (4.1.1) has a delay term in the internal feedback. This delay
term may destabilize system (4.1.1)-(4.1.3) that is exponentially stable in the absence
of delays [8]. The effect of the delay in the stability of hyperbolic systems has been
investigated by many people. See for instance [31, 32].

In [84], the authors examined a system of wave equations with a linear boundary
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damping term with a delay

Uy — Au =0, e, t>0,
u(z,t) =0, xely, t>0,
g—zf(x,t) = muy(x,t) + poug(x,t — 1), x €Ty, t >0, (4.1.10)
u(z,0) = up(x), x € (),
u(z,0) = uy (), x €€,
w(z,t — 1) = go(x,t — 7), xeQ, 7€(0,1),
and under the assumption
Mo < U1, (4111)

they proved that the solution is exponentially stable. On the contrary, if (4.1.11)
does not hold, they found a sequence of delays for which the corresponding solution
of (4.1.10) will be unstable. We also recall the result by Xu et al [106], where the
authors proved the same result as in [84] for the one-dimentional space by adopting
the spectral analysis approach. Motivite by the above results, we intend to consider the
well-posedness and the general decay of problem (4.1.1)-(4.1.3). The main difficulty
we enconter her arises from the simultanous appearance of the viscoelastic term and
the varying delay. The aim of this chapter is to study the asymptotic stability of
system (4.1.1)-(4.1.3) provided that the condition |us| < p is satisfied. The chapter
is organized as follows. In section 2, we give some materials needed for our work and

state our main results. The general decay result is proved in section 3.

4.2 Preliminaries and main results

In this section, we present some materials that will be used in order to prove our main
results.

Let us first introduce the following notaton:

(9 W)(0) = [ gls — Dh(s)ds,

(gom)(t) = [ g(s = )|A(t) = h(s)lds,
(9E0)(E) = | g(t = )|h(t) — h(s)ds.

~+
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Note that the sign of (g0Jh)(t) depends on the sign of g. We see that the above
operators satisfy

(9% )(0) = ( [ o)) hityis = (g0 )0,
gomOF < ([ lo(s)1ds) (lalme)
Lemma 4.2.1. For any g,h € C*(R), the following identity holds

2lg x KK = gTh — g(o)lf* — 5 {o0h — ([ g(s)as) 1}

For the relaxation function g, we assume
(G1) g :— R, is a C* function satisfying

g(0) >0, 0<p(t):=a-— /Otg(s)ds and 0< fy:=a— /Ooog(s)ds
(G2) There exists a nonincreasing differential function £(¢) : R — R, such that

g < 60t Ve 20 and [ (1) = +oo.
These hypotheses imply that

Bo < B(t) < a. (4.2.1)
We introduce the following new variable [84]

y(z, p,t) = w(z,t —7(t)p),x € Q,p € (0,1),t > 0. (4.2.2)
Then, we obtain

() ye(z, p,t) + (1 = 7' (t)p)y,(x, p,t) =0, in Qx (0,1) x (0,+00). (4.2.3)
Therefore, problem (4.1.1) is equivalent to the system

tt<x7t) - auwx(l‘ t) TG * Ugy + Mlut(x t) + |,u2|y(x, 1at) 0, (l‘,t) € QX]O7+OO[7

v (2, ) — buge(z,t) = 0, (x,t) €]Ly, La[x]0, 400,
T()ye(x, p,t) + (1 = 7' @)p)yp(z, p,t) =0, in €2 x (0,1) x (0, +00),
(4.2.4)
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and the boundary and transmission conditions become

u(0,t) = u(Ls, t) =0, (x,t) € Q x [0, +00),
w(L;,t) = v(Ls,t), i=1,2, te(0,+00),

(a — f(fg(s)ds) Uz (Liyt) = bug(Liyt), i=1,2, te€(0,+00),

y(z,0,t) = w(z,t), (x,t) € Q x (0,400)
y(@, p,t) = folz, t —7(1)), (z,t) € 2> (0,7)

Similar to [95, 11], we denote the Hilbert space X, defined by

X, = {(u,v) € H'(Q) N H' (L1, Ly) : u(0,1) = u(Ls, ) = 0,
w(Lit) = o(Li 1), (a - /Otg(s)ds> wn(Li ) = b (List), i = 1,2}.
and
£2 = I2(Q) x L(Ly, Ly).

We now state, without a proof, a well-posedness result, which can be established by

combining the results in [58, 39].

Lemma 4.2.2. Assume that |ps| < p1, (G1) and (G2) hold. Then given (ug,vy) €
X., (u1,v1) € L* and fo € L*((0,1), H(Q)), there exists a weak solution (u,v,y) of
problem (4.2.4)- (4.2.5) such that

(u,v) € C(Ry; X,) N CHRy; L2,
y € C(Ry; L*(0,1), H'(2)).

For any regular solution of (4.1.1)-(4.1.3), we define the following energies

B [ o 1
2/ut t)dx + 5 /Quw(x,t)dx—i— 2/9(gDuI)da:, (4.2.6)
b L
Es(t) = 5 “02(zt) do 4 2 5 /. C 02z, t) da . (4.2.7)
The total energy is defined as
t
E(t) = Ei(t) + Bs(1) + g /Q /t_w w2 (w, s)dsdz, (4.2.8)
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where ( is the positive constant defined by

|12
< (<2 — .
e R Y,

(4.2.9)

Our decay result reads as follows:

Theorem 4.2.3. Let (u,v) be the solution of (4.1.1)-(4.1.3). Assume that |pa| < 1
and

4(Ly — Ly) 5y 4(Ly — Ly)

b> 22U g g 2 U
L+ Ls— Ly L+ Ly — Ly

Bo- (4.2.10)

Then there exist two positive constants C' and dy, such that for allt € Ry and for all
dy € (0,dp)

(t) < Ce=h Jy ), (4.2.11)

&

4.3 (General decay of the solution

In this section we study the asymptotic behavior of the system (4.1.1)-(4.1.3). We use
the following lemmas.

Lemma 4.3.1. Let (u,v,y) be the solution of problem ((4.1.1)-(4.1.3)). Assume that
|p2| < p1. Then we have

diy)ﬁ_(ﬂl—

(D Ly et s

+; [ (Ot

|’u2|21_d — g)/ﬂu?(as,t) dx (4.3.1)

Proof. Multiplying the first equation of (4.2.4) by u,, integating by parts and (4.2.5),

we obtain
j{/ [u?(x,t) + aul(x, t)]dx} = —,u1/ ui (x, t)dz

1
2 (4.3.2)
— | 2| / ug(z,t —7(t) d$+/ (t — S)/Qu:,;( Vg (t)dsdz.
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From Lemma 2.1, the last term in the right-hand side of (4.3.2) can be rewritten as

/otg(t — 5) /QU:E(S)uxt<t)dex‘ + ;g(t)/glugidx

t (4.3.3)
=3[9 [0 - [ ow)wart+ 5 [ @O0,
So (4.3.2) becomes
s [0 + B olde} + 3 [ (0w @
= —ul/Quf(x,t)dx — | o /Qut(a:,t)ut(:c,t —7(t))dx (4.3.4)
—;g(t) /Q W2dz + ; /Q (¢ O ) () da.
On the other hand, we have
d%t(t) = blv,v,] 2. (4.3.5)

Using the fact that

jt/g/t;(t) ui(r,s)dsdr = /Qu?(x,t)dx —(1— T/(t)/ﬂu?(x,t —7(t))dr, (4.3.6)

and collecting (4.3.2), (4.3.3), (4.3.4) (4.3.5), using (4.1.2) and applying Young’s in-
equality, we show that (4.3.1) holds. The proof is complete. ]

We note

(4.3.7)

Cozmin{m—m?' I—d ¢ ¢l=d) _|p }
2 2 2 oI —d|’

then (4.3.1) becomes

dE(t)

< —¢
a -

/Q W2z, 1) dr + /Q u,?(x,t—T(t))dx] +; /Q (O, (t)de.  (4.3.8)

Following [4], we define the functional

t
I(t) :// e 2 (2, 5) ds da
Q Jt—7(t)

and state the following lemma.
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Lemma 4.3.2. Let (u,v) be the solution of (4.1.1)-(4.1.3). Then

dl(t)§/uf(x,t)dm—(1—d)e_7/ut(m t—T1 da:—e_T// ul(x, s)ds dx.
dt Q t—7(
(4.3.9)
Proof. By differentiating I(¢) and using (4.1.4)-(4.1.6), we obtain
dl(t) 2 (), 2 /
L —/Qut(a:,t)dx—/ﬂe Wt — (D)1 = 7(1) de
t
—/ / e u2(z, s) ds dx.
t—T
< / W, t) de — (1 —d)e—?/ W2t — 7(t))de
Q
_T// ul(z, s) ds dx
t—7(t)
[l
We denote by
¢ = min {(1 —d)e 7, e_?} : (4.3.10)

then (4.3.9) becomes

d() /Qut(x t)dr—cy {/ﬂuf(a:,t—T(t))dij/ﬂ/ttT(t) ul(x, s) dsdaz}. (4.3.11)

Now, we define the functional Z(t) as follows

Lo

D(t) = / uuy dv + 'L;l / u? dr + vuy dx. (4.3.12)
Q Q

Ly
Then, we have the following estimate.
Lemma 4.3.3. The functional 2(t) satisfies

i@(t)g(c*e—i-e—ﬂ( ))/u dr —b L1 idm

+ 416(“ — B(t)) / (90u,)dx + ’f /Quf(x,t —7(t))dx (4.3.13)
—l—/Qutzdx—i- LL v? da.
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Proof. Taking the derivative of Z(t) with respect to t and using (4.2.4) , we find that

d 9 Lo 9 Lo 9
—9(t) :/ uydx + O dx—/(aur—g*uz)ux,dx—b v, dz
dt Q L Q Ly

~ Ina| [ e, (.t = 7()da
:/Quf —B(t)/ﬂui—/g(goux)umdx— |p2|/ﬂu(x,t)ut(x,t—T(t))dx.
(4.3.14)

On the other hand, we have by Poincaré’s inequality and Young’s inequality,
2
™ / (e, Ous(,t — 7(t)) de < %/ eyt — 7(t))dx + c*e/ W2 dr, (4.3.15)
Q € Jo Q

where € > 0.
Young’s inequality and (G1) imply that

1
T zd < / 2d 7/ x2d
/Q(gou)u TSe | U x+46 Q(gou) x
1
< 2 —(a — / O :
_e/ﬂuggdx—l—zle(a B(t)) Q(g Uy )dx

Inserting the estimates (4.3.15, and(4.3.16) into (4.3.14), then (4.3.13) is fulfilled. The

proof is completed.

(4.3.16)

[
Now, inspired by [73], we introduce the function
x—L21, xz € [0, L],
q(z)=q = — b ;L Lg’ x € [Lo, L], (4.3.17)
STty G wellld
L, Ls— Ly

It is easy to see that g(z) is bounded, that is |g(x)| < M, where M = max <

is a positive constant.

27 2
Next, we define the functionals
L
F1(t) = —/Qq(x)ut(auz —g*ug)dz, Fo(t)= —/ i q(z)vyv, de.

Then, we have the following estimates.

30
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Lemma 4.3.4. For any €; > 0, we have the estimates:

q(z)

d a 2
570 < |1 g wnp| ~[Gatend i

T O / 2
-— —_— u X
oo |2 26 @ 4q t

+ {61M2a2 + B2(t) + 2M3e1(a — B(t))* + 6261} / uldr + 52 /Quf(x,t —7(t))dx

€1

+ (1 +2M%)(a - B(2)) /Q(gljux)d:c 4 (a—B)e /Q(g O, )de.

(4.3.18)

and
Ly—Ls— Ly, (L L
dﬁg(t) < ¢(/ 2vt2dx—|—/ vaidx)
dt 4(L2 - Ll) L1 L1 (4 3 19)
h 3.
+ Z((Lg = La)v2(La, t) + Lyvl(Ly, 1) ).

Proof. Taking the derivative of .#;(t) with respect to ¢t and using (4.1.1), we obtain

C;Zt/l(t) - /Q Q(x)utt(aua: g*u:t>dt dx — / Q(x)ut(au:tt - g(t)u:t(t) + (g/ Ouz)(t)) dx

— [Q(Qx)(aux g * uy) ] 2/ Yau, — ug)*dr — %
5 [ d@uide — [ a@)(unue,t) + lpelus(.t = ()9 u.)de
+/ r)auy (pug(x,t) + |polu (2, t — 7(t))dx

- / (' o u)(t) — g(t)u]dz.

q(z)ul| dx

o0

(4.3.20)
We note that

;/Qq’(x)(aum g*u)? 2/ Ka—/ d8> U + GO Uy

g/ B Pude + [ g0 u,fde (4.3.21)
Q Q

< [ 18)Puidz + (a = B(t)) | (90u,)dr.

Young’s inequality gives, for any ¢; > 0

2

dx

/Qq(x)aux(,ulut(x, t) + |po|u(z, t — 7(t))dx

u 13
§61M2a2/ﬂ 2dx—|—4€11/Q dm+42 /Quf(x,t—f(t))dx,

€1

(4.3.22)
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and
(. 1) + ol e, = 7(0)(9 % )

2 2
1 1
< e, M? /Q(g*ux)zdx + —4611 /Qufdx + —4621 /Qu?(x,t —7(t))dx

(4.3.23)
< 26, M?*(a — B(t))? /Q uidr + 26, M*(a — B(t)) /Q(gDux)dx + /Qufd:v

+ 22 [ (ot = r()d,
in addition
[ a@ul(y’ o uw)(t) = gltyuldz

P2 (4.3.24)
< 4—/ urdr + 6261/ udr + (a — B(t))e / (¢'Ouy)d.
0 0 0

€1

Inserting (4.3.21)-(4.3.24), in (4.3.20) we get (4.3.18).

By the same method, taking the derivative of .#5(t) with respect to t, we obtain

d Lo Lo
—F(t) = —/ q(z)vipvy d:(:—/ q(z)vyvy

L1 Ly
1 L2 1 1 [Le b
=5 | d(@)pide — Sla(x)f] + */ bg'(a)vy da — Slg(z)v] L2
2L 2 2 /)L, 2 (4.3.25)
<L2—L3—L1</L2 2 +/L2b2d> o
_ vy dx vy dx
= 4Ly —Ly) \Jr, ! L
b
+ Z ((Lg - LQ)U?C(LQ, t) + Ll’l}z(Ll, t))
which is exactly (4.3.19). O
We denote by
1
Cy = |a — ﬁ(t)’, C3 = max((l + M261)CQ, ZCQ). (4326)
€
Proof of Theorem 2.3
We define the Lyapunov functional
L(t) =nEQR) + I(t) + 22(t) + 13F1(t) + uFalt), (4.3.27)

where 71, 72,73 and 7y, are positive constants that will be fixed later.
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Taking the derivative of (4.3.27) with respect to ¢ and making use of the above

lammas, we obtain

d a u:  M?
Lo <! 1 ¢, B —7/2d
G20 <{=meot 1+ m G + ol go) [ ulde
2 2
Ha7Y2 | H273 2
—i—{—’ylco—cl—ir w7 2%, }/Qut(:c,t—T(t))dx

+{ = n((Bt) — e(c + 1))
+%&wﬂﬁ+ﬁ%w+2M%ma—mwf+§qg%f@m

Ly—Ls— I, L, (4.3.28)
b———————v1 — 20 / d
Ly— Ly — Ly L

—l—{ 1Ly — L) ’y4+’yg}/Ll vy dx

L L3 — L
+ (27— 98) [ 2L, ) + 2 Lo, )]

ey +99) [ (90u)de + (5 = ) [ (90us)da.

At this point, we choose our constants in (4.3.28) carefully, such that all the coefficients
in (4.3.28) will be negative except the last two.
Indeed, under the assumption (4.2.10), we can always find 9,3 and 74 such that

Li+Ls—L
V2 < ﬁ74, V4> a3, Y2 > 3P (4.3.29)

Once the above constants are fixed, we may choose € and ¢; small enough such that
Yoe(c* + 1) + y3(er M?a? + 2M?e(a — B(t))* + 1) < Y2 — 138(t).

Now we choose v, large enough such that the coefficients of the two first terms in
(4.3.28) are negative and the last coefficient is positive. Then we deduce that there

exists two positive constants o and as such that (4.3.28 becomes

L (1) <~ (1) + 0 [ (90 (43.30)

On the other hand, by the definition of the functionals 2(t), #1(t), Z2(t), I(t), and

E(t), for N large enough, there exists a positive constant ay satisfaying
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4.3. GENERAL DECAY OF THE SOLUTION

which implies that
(1 —as)E(t) < Z(t) < (m + a3) E(). (4.3.32)

On the other hand we have, using (G1) and (4.3.1), we have
d
£(1) /Q (¢0uy)dz < /Q ((€9) D))z < — /Q (¢Ou,)dz < —22B(1).  (4.3.33)
We define the functional L(t) as

L{t) = £().L(t) + 202 B(2).

The fact that £ and E(t) are equivalent and (G2) imply that, for some positive

constants 7, and 7s,
mE(t) < L(t) < E(t). (4.3.34)

Using (4.3.33), (4.3.34) and with (G2), we get

d

—L(t) = £'(1)2(t) + £(t)

d d
= L(t) + 200~ B(1)

dt dt
< (1) <—a1E(t) + /Q (gDux)dx> + 2042215(0 (4.3.35)

where dy = M we conclude that, for any d; € (0,dp),
2

jt/;(t) < —diE(t)L(2). (4.3.36)

Integration of (4.3.36) over (0,t) we obtain
L(t) < L(0)e 1 Jo €% 1wt >, (4.3.37)

Then (4.2.11) holds. The proof of theorem 2.3 is complete.
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Part 11

Boundary Value Problem
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Chapter 5

An Evolutionary Boundary Value

Problem

5.1 Introduction

In these last few years the theory of variational inequalities, is being developped very
fast, having as model the variational theory of boundary value problems for partial
differential equations. The theory of varitional inequalities represents, in very nat-
ural generalization of theory of boundary value problems and allows us to consider
new problems arising from many fields of applied Mathematics, such as Mechanics,
Physics, the Theory of convex programming and the Theory of control, and in engi-

neering science.

While the variational theory of boundary value problems has its starting point in
the method of orthogonal projection, the theory of variational inequalities has its start-
ing point in the projection on a convex set. The first existence theorem for variational
inequalities was proved in connection with the theory of second order equations with
discontinuous coefficients in order to bring together again, as it was at the bigining,

potential theory and theory of elliptic partial differential equations.

For instance, general results on the analysis of variational inequalities, including
existence and uniqueness results, can be found in [7, 18, 44, 45, 49, 57, 68]. Phenomena
of contact between deformable bodies or between deformable and rigid bodies abound

in industry and everyday life. Contact of, braking pads with wheels, tires with roads,
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pistons with skirts are just few simple examples. Common industrial processes such
as metal forming, metal extrusion, involve contact evolutions. Owing to their inherent
complexity, contact phenomena lead to mathemetical models expressed in terms of
strongly nonlinear elliptic or evolutionary boundary value problems. For this reason,
considerable progress has been achieved recently in modelling mathematical analysis.
To this end, it uses various mathematical concepts which include both variational
and hemivariational inequalities and multivalued inclusions. An excelent reference on
analysis of contact problems involving elastic materials with or without friction is in
[7, 18, 44, 45, 49, 57, 68]. The variational analysis of various contact problems can be
found in [102]. Existence, uniqueness and regularity results in the study of a new class
of variational inequalities were proved in [35, 50, 52, 49, 56, 86, 88, 97, 102, 101, 103].
We shall use a method called penalization. We want to emphasize that this method,
often used to demonstrate the regularity of solutions, may sometimes be used to obtain
this existence when the assumptions of general theorems do not apply. The method
of penalization consists in substiuting the variational inequality by a family of non-
linear boundary value problems and demonstrating that their solutions converge to
the solution of the variational inequality. The main difficulty lies in obtaining suitable
priori estimate. We stress that there are different choices of penalization. Some recent
works in optimization theory have shown some relationships between the optimality
conditions, the notion of a gap function, and the solution of variational inequalities.
The results established in [6, 104] explicitly refer to a ralationship between the gap
function in optimization theory and a variational view. On way to solve the con-
strained optimization problems is to approximate the problem with a function which
includes a penality term; see [9, 83]. In other words, in the case that the variational
inequality formulation of equilibrium conditions underlying a specific problem is char-
acterized by a function with a symetric Jacobian, then the solution of the equilibrium

conditions and the solution of a particular optimization problem are one and the same.

The study of the dual of the elastic problems with given normal stress and Com-
lomb’s law of dry was a subject to several works that the dualization can be used in
deriving criteria for a given problem indirectly by considering one of the alternative
formulation. Also, a given problem can often be solved more easily by way of a dual
method, see [102] pages 155-161. The purpose of the second part of this thesis is, to in-
troduce the reader to a mathematical theory of contact problems involving deformable

bodies. This concerning the mathematical modeling and the variational analysis of
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the models, including existence, uniqueness and convergence results. The contact is
frictionless and modeled with various conditions, including normal compliance and

memory term.

Our aim in this chapter is to provide the variational analysis of an initial boundary
value problem by using arguments of evolutionary variational inequalities and history-
dependent operators. Recently, there is an interest in the study of a special class
of inequalities, the so-called history-dependent variational inequalities. There are in-
equalities in which various functions or operators depend on the history of the solution.
Their study is motivated by important application in problems involving constitutive
laws for materials with memory, total slip or total slip rate friction laws.

The problem we are interested in this chapter leads, in a primal variational for-
mulation, to an evolutionary variational inequality. In contrast, its dual variational
formulation is in a form of a histroy-dependent variational inequality. To introduce this
problem let L, h and T be given positive constants and denote 2 = (0, L) x (—h,h).
Everywhere below we use the notation (z,y) for a generic point in 2 and the subscripts
x and y will represent the partial derivative with respect to the variables. The problem
under consideration is the following.

Denote Q = (0,L) x (—h,h) where L > 0 and h > 0. Let 7" > 0. We consider the

following boundary value problem.

Problem P. Find the functions uw = u(x,y,t) : [0,L] x [=h,h] x [0,T] — R and
w = (z,t): [0, L] x [0,T] — R such that

Mgy + By 4 pityy + Guyy +qp =0 (5.1.1)
for all (x,y) € Q, t € 0,77,

Pz + Ggy + (A — )ty + (B — Glugy + f5 =0 (5.1.2)
for all (z,y) € Q, t €[0,T],

u(0,y,t) =w(0,t) =0 forall y e [—h,h|, te€[0,T], (5.1.3)
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Mg (L, y,t) + Eu.(L,y,t) =0 (5.1.4)
for all y € [~h,h], t€[0,T],

pu(iy (L y, 1) + 0, (Lyy, 1) + G(uy (L, y, t) + we (L, y, 1)) =0 (5.1.5)
for all y € [~h,h], t€][0,T].
p(ty(z, hyt) + wy (2, 1)) + Gluy(z, h,t) + wy(x,t)) = gn(x,t) (5.1.6)
for all z €[0,L], t€][0,T],
(A —2p)tuy(z, h,t) + (B — 2G)ug(x, h,t) = fy(z,t) (5.1.7)
for all z €[0,L], t€][0,T].
(A = 2p) (g (z, —h, t) + (E — 2G) (uz(x, —h, t)| < g, (5.1.8)

—(\— 2p1) (i, D, 1) — (B — 2G) (g (2, —h, 1) = g

if w(z,t)#0, forall xze€]|0,L], te[0,T],

p(u(x, —h,t) +w(x,t) + Guy(x, —h,t) + wy(z,t)) =0 (5.1.9)

u(z,y,0) = uo(z,y), w(z,0) = wo(z), (5.1.10)

for all = €[0,L], y € [—h,hl.

Problem P describes the equilibrium of a viscoelastic plate submitted to the action
of body forces and tractions and to unilateral constraints on the boundary. Here (2
represents the cross section of the plate, u is the horizontal displacement and w is
the vertical displacement. A and p are positive viscosity coefficients and E and G are
positive elastic constant.

A brief description of equations and boundary condition in in Problem P, including
their mechanical significance, follows.

First, equations (5.1.1) and (5.1.2) represents the equilibrium equation in which
The functions ¢ = ¢qp(z,y,t) : Q@ x [0,T] - R and fp = fp(z,y,t) : @ x [0,T] - R
are the horizontal and the vertical components of the body forces.

Condition (5.1.3) shows that the plate is fixed on the boundary x = 0 and conditions
(5.1.4), (5.1.5) show that the boundary = L is free of tractions. Next, conditions
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5.2. VARIATIONAL FORMULATION

(5.1.6), (5.1.7) represent the traction conditions. Here, the functions ¢y = gn(z,t) :
[0,L] x [0,T] = R and fy = fn(z,t) : [0,L] x [0,7] — R denote the horizontal and
the vertical components of the traction forces which act on the top y = h of the plate.

Condition (5.1.8) represents the bilateral contact condition on the bottom =z = —h
and condition (5.1.9) represents the friction law, in which g > 0 is given.

Finally, (5.1.10) represents the initial condition in which the functions v and w are
the initial horizontal and vertical displacement, respectively.

The rest of chapter is structured as follows. In Section 5.2 we we list the assump-
tions on the data and derive the variational formulation of problem P. In Section
5.3 we state and prove our main result, Theorem 5.3.1, which states the unique weak
solvability of the problem. The proof is based on arguments of evolutionary variational
inequalities. In Section 5.4 we state and prove a convergence result, Theorem 5.4.1.
It states the continuous dependence of the solution with respect to the data. Finally,
in Section 5.5 we introduce the dual variational formulation of Problem P for which

we prove an existence, uniqueness and equivalence result, Theorem 5.5.2.

5.2 Variational formulation

We start with some notation and preliminaries. Thus, for any real Hilbert space Y we
denote by (-, )y its inner product and by |- ||y the associate norm, i.e. ||y||3 = (u,u)y
for all y € Y. For a normed space Y we denote by C([0,7];Y) the space of the
continuous functions defined on [0, T'] with values to Y, equiped with the canonic norm.
Moreover, || - ||z(y,z) denotes the norm in the space of linear continuous operators on
Y with values on the normed space Z

Everywhere below we use the standard notation for Lebesgue and Sobolev spaces.
In addition, recalling that Q@ = (0, L) x (—h, h), we introduce the spaces

V={uec H(Q) :u(0,-) =0}, W ={we H(0,L):w(0)=0}. (5.2.1)

Note that equalities u(0,-) = 0 and w(0) = 0 in the definitions of the spaces V' and
W are understood in the sense of traces. The spaces V' and W are real Hilbert spaces

with the cannonical inner products defined by

(u, )y, = //Q(w,b + Uty + uythy) drdy Yu,p €V, (5.2.2)

L
(w, o)y = / (wp + wyp,) dz Yw,peW. (5.2.3)
0
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We also consider the product space X =V x W equipped with the cannonical inner

product given by

(W, v)y = (u, ) + (w, )y Vu=(u,w), v=(v,¢) €X, (5.2.4)

We also consider the Hilbert space U = L*(0, L) endowed with its cannonical inner

product.

On the data of Problem P we make the following hypothesis.

A>0, E>0, p>0, G>0. (5.2.5)
fe € L*(0,T; L*(Q)), qp € L*(0,T; L*(2)). (5.2.6)
fv € L*(0,T;U), qn € L*(0,T;U). (5.2.7)
g>0. (5.2.8)
ug €V, wye W. (5.2.9)

Under these assumptions we define the operators A, B : X — X the functional
j : X — R and the function f : [0,7] — X by equalities

(Au, V) = A / /Q Uuptpy dady + / /Q (uy + wa) (W, + @) dady, (5.2.10)
(Bu,v)y = E//Q Uzthy dzdy + G//Q(uy + w,) (Yy + g) dady, (5.2.11)
j(v) = Q/OL || d, (5.2.12)
(F(1),v)x (5.2.13)

://QqB(t)wda:dij//QfB(t)godwdy—F/oLqN(thl’+/OLfN(t)SOdJU

Vu=(u,w), v=(v,9), v=(v,p) € X, t €[0,T]
We also consider the initial data uy € X given by

uy = (ug, vo). (5.2.14)
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Note that the definitions above we do not specify the dependence of various functions

on the variables x and y.

With these preliminaries we are in a position to derive the variational formulation

of the Problems P. We proceed formally. We assume in what follows that u =
(u(z,y,t), w(x,t)) reprents a solution to the problem P and let v = (¢(z,y), ¢(x)) €
X,t € 10, 7] be fixed. Then multiplying (5.1.1) by ¥ — @ and integrating over 2, we

obtain

/ /Q Nige (2,9, 1) ((2, y) — 0(x,y,t)) dedy
b [ By, 00, 9) — i, y.0) dady

* //Q fittyy (7, y, 1) (Y (2, y) — u(z,y,t) dedy.

—l—//Q Guyy(z,y,t)(¢Y(z,y) — w(z,y,t) dedy + //Q gpdzdy = 0.

Using Green’s formulla we have,

//Q Eugy (2, y,t)(V(z,y) — i(z,y,t)) dedy

h
= £ [ Loy )((Ley) — Loy, 1) dy

B [ (0,5, 0)0(0,) — 0,,1)) dy

—E//Q U (2, Y, 1) (VY (2, y) — (2,9, 1)) dzdy.

Similar arguments show that

//Q Guyy(z, y, 1) (V(z,y) — Wz, y, 1)) dedy

_ _G/OL wy (&, —h, ) (&b, —h) — iz, —h, ) dz

e, /OL wy(, by 1) (@, h) — iz, by t)) do

G [[ ey, @, (2. ) = iy @.9.1)) dedy.

(5.2.15)

(5.2.16)

(5.2.17)
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/ [ Ny, ) (2, y) — e,y 1)) dudy (5.2.18)

h
= [ oL,y (@A Ly) — L.y, 1) dy
_)\/h Uy anvt 07y) o u(oayvt» dy

—A// Uy (,y, 1) (Yo (2, y) — Ua(z, y, 1)) dedy.
J| wiy (. ) (@@ ) — i, y. 1)) dody (5.2.19)

— /OL iy (2, —h, )((x, —h) — a(zx, —h, 1)) do
s /OL iy (2, by ) (W (z, h) — 1z, hy 1)) dz

i [ (.. 0@y ) = i (. 9.) drdy.

We now add the equalities (5.2.16)—(5.2.19), then we use the boundary conditions
(5.1.3), (5.1.4) and the definition (5.2.1) of the space V' to deduce that

B [[ oy, ) @nlw,y) = (.9, ) dady
G [yl y ), (0, y) = iy .y, 1)) dody
A ] ety ) (na,y) — i,y 1) dady.
+u // Uy (2, y, 1) (y (2, y) — Uy(z, y,1)) dedy.
:/ (Guy (2, by t) + ity (2, h, 1)) (W, h) — i, by t)) dy
—/ (Guy(, —h, t) + ity (z, —h, £)) (W (2, —h) — iz, —h, 1)) dz

+//Q ga(t)(¥(, 1) — iz, y,t))dzdy (5.2.20)

Assume now that x € [0, L] is fixed. We integrate equation (5.1.2) with respect to y
n [—h, h] and deduce that

2h g (x,t) + 2hGuwyy(x, t)

h (5.2.21)

+(/\—u)/_};uzy(x,y,t)der(E—G)/h

h
Ugy(,y,t) dy + /_h fa(t)dy = 0.

Then, we write

h
/ Uy (T, y, 1) dy = uy(z, h,t) — uy(x, —h,t)
—h
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and
h
[ s t) dy = i 1) = i, <)
—h
To facilate the calculus we put
o= (N—=2u)l,(x,—h,t) + (F — 2G)uy(z, —h,t)

Using the (5.1.7) and (5.1.8) we obtain

(A—n) /_f; Uay(2,y,t) dy + (B — G) /}; Uy (2, Y, 1) dy (5.2.22)

= (A = ) (e (2, h, ) — a2, —h, 1))
H(E — G)(ug(x, hyt) — ug(w, —h, 1))
= (A = 2u) (o (z, h, 1) — it (z, =, 1))
H(E — 2G) (us(, hyt) — uz(z, —h, 1))
(g (2, by t) — tig (2, —h, 1)) 4 Glug(z, hyt) — ug(z, —h, t))
= —0+ (A= 20t (z, b, t) + (E — 2G)ug(z, h,t)
+p(ty (2, hyt) — Uy(z, —h,t)) + Gug(z, h,t) — uy(z, —h,t))

= fn(x,t) — o + p(ig(z, hyt) — g (z, —h,t))
+G(uz(x, hyt) — uz(x, —h,t))
Next, we substract equalities (5.2.22) and (5.2.21) we deduce
—2hGwyy(x,t) — 2hpthy, (x, 1) (5.2.23)
= fn(z,t) — 0 + p(t(z, hyt) — 0, (z, —h,t))
Gy (, By ) — g, —ht)) + /_ }; Fa()dy.

Consider now an element £ = £(z) € W. We multiply equality (5.2.23) with £, then
we integrate the result on [0, L] to obtain that

—onG /0 " (@ () da — 2 /0 " (@ )€ () da (5.2.24)
_ /0 Y se(a)dr + /U " (@, hot) — 1 (2, —h, £))E ()
e, /0 C o, b ) — e, — b, 0)E(2)da

4 [ pne@ydn + [[ fa6dedy
9
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Next, we perform an integration by parts and use equality £(0) = 0 to see that
L
—QhG/ Wy (2, 1)E(x) dx (5.2.25)
0
L
— WG (L, )E(L) + 2hG / w2, 1)Ex () da,
0
L
gt [t (2, DE () d
0
L
— 2y (L, DE(L) + 2yt [ (D) do,
0
Inserting (5.2.25) in (5.2.24) to obtain,

2hG /0 " (e D6 () dz + 2 /0 Y i, 06 () d (5.2.26)
= /OL —oé(x)dx + ,u/OL(ux(x, h,t) — tg(x, —h,t))E(x)

+G /OL Uz (z, hyt) — ug(z, —h,t))E(x)da
+2hGw, (L, t)§(L) + 2hpi, (L, t)E(L)
L
—i—/o fné(x)dx + //Q fBE(z)dxdy
On the other hand we have the identity
L
QhG/O wy(z, )& (x)dx = G//Q wy(z, )& (x)dxdy (5.2.27)

Then (5.2.26) becomes

G//Q wy(x, 1), (x) dedy + ,u//Q Wy (x, 1), (x) dxdy, (5.2.28)
-~ /0 Y se(a)dr + /U * (s b t) — (2, —h, 1))E(2)

I /0 ", b t) — (b, £)E(x)da
+2hGus (L, DE(L) + 2y (L, (L)

+ /0 " E(@)ds + / /Q Fé(@)dzdy
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Now, we add equalities (5.2.20) and (5.2.28 taking & = ¢ — 1 to obtain
B [[ el 0)(wale,) = (a9, 1)) dady
4G [[ e,y 0, (@,9) — iy (2,y.0)) dady
+A // U (2, Y, ) (Vo (4, ) — tia(2,y, 1)) dudy.
+u // Uy (2, y, 1) (y (2, y) — Uy(z, y,1)) dxdy.
G [[ walw,0(ealw) = in(a,1)) dady

[ el (o, 1) i, 0) dady,

_//qB Wz, t) — iz, y, t))dzdy
+ [ ot t) — it )z
+// Falo(z, t) — (e, t))dady
—/ ) — iz, ))da
+u/0 o (2, by £) () — () da

+G /0 " ) (o t) — iz, 1)) da
+G /OL wy (@, b, 1) (@, h) — a(z, b, b))
oy /OL iy (b, 1)) (0@, h) — iz, by t)) do

iy /OL a2, —h, ) (0 (2, ) — 1z, 1))

e /L wa(ar, —h, 1) (@, 1) — iz, 1)) dz

—G/ uy(z P(x,t) — a(x, —h,t))

(5.2.29)

—,u/o Uy (x, —h,t)(Y(z,t) —u(r,—h,t))dx

+2hGw, (L, t)E(L) + 2hpuiv, (L, 1)E(L)
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On the other hand we have
M/OL (s b ) (p(, ) — iz, 1)) (5.2.30)
= L b, (L, 1) — (L. 0) — g [, 0)(pal, 1) — )
G/OL e, by t)(0(x,8) — iz, t))d
= Gu(L, h,t)(p(Lt) — i(L.t)) — G/OL w(z, by ) (pal, £) — iy (2, ) )z,

— /OL (2, —h, 1) (p(2, t) — (2, 1)) da
= (L~ (L 1) = (L)) = o [ i, )l 1) = 1))
—G/OL U (2, ) (@, 1) — iz, 1) )dx
= —Gu(L, —h,t)(p(L,t) — (L, 1)) — G/OL u(z, —h, £) (o, t) — tiy (2, 1)) da.
Sy (L, ) (L, ) — (L, 0) = g [ oo (L, 0)(p(L. 1) (L, 1))y
2 Gy (L, (L) = (L, 1) = G [ }; wo (L, )(o(L, t) — (L, 1))dy
Adding this six equalities, we get
¥ = M/OL a2, By ) (0 (2, 8) — iz, ) + G/OL wp (2, 1) (ol 1) — i, 1)) da
iy /OL a2, —h, 1) (p(2, 8) — iz, 1)) — G/OL wp (i, by ) (0 (e, 1) — iz, 1)) da

2Ny (L 1) (p( L) — (L, 1)) + 2hGwy (L, 1) (p(L, t) — i (L, 1))

= p(is (L, b, t) = ta (L, =R, 1)) (p(L, ) — w(L, t))dx
G (L, hot) — ua(Ly—h ) ((L, 1) — (L, 1)) dae
—M/ (e, hyt) — (e, —h, £) (e, £) — 1y (2, 1)) da
—G/O w(w, h,t) — ule, —h, £) (e, £) — iy (2, 1)) d
b [ (L) (oL 1) — (L)) dy

4G [ (L)L, 1) — L, 1)dy
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On the other hand we have again

=G [ gLy O0(L1) — (L, ))dy
(L. ) — L~ )L 1) — (L 1)

[ gLy, )L 1) (L. 1))y

—M/ (@, by t) — (@, —h, 1) (a(2, 1) — ting(z, ))da
= —u/ / Uy (2, y, 1) (pa(z,t) — (2, t))dady.
—c:/" w(w, h,t) — u(w, —h, 1) (e(x, 1) — o (z, t))da

= —G/O /_h uy (2, y,t) (0 (z, 1) — Wy (x, t))dxdy.

Then
=i [ iy Loy )L t) — L)y + G [ (L, (L 1) — (L 1)y
[yl 0l t) — o )y,
G [ [ gl ) o 1) — i, )y
b [ (L)L, 1) (L 1)) dy
+G/M%Lw(@w—w@@my
= [ T (L) + (2, 0) + Gy (L 1) (L )] (1) — (L, 1)y

i [ iy, 0ol 1) = (1)) dady — G (1) — 1, 1)) ddy

Using (5.1.5) we obtain

Y= —H //Q Uy(ZL’, y7t)(@x(x7t) - wm(xv t))dl’dy - G/OL uy(¢z(x7t) - U'}m(l’,t))dl‘dy
(5.2.31)
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Inserting (5.2.31) in (5.2.29) we get
E//Q U (2, Y, 1) (e (7, y) — tia(2,, 1)) ddy

4G [[ gy )6 (@y) = iy, y.1)) dady

+A // U (7, Y, 1) (VY (2,y) — Ue(z,y, 1)) dedy.

o1 [ g,y )0, () = iy (9, 1)) dody.

—|—G//Q we(z,t)(pr(z) — Wy (x, 1)) dedy

[ el 0o, 1) — i, 0) dady,

+G [ wala)(palw) = ol 1)) dudy

i [ (. 8)(pal,8) =t (2,)) dody,

—//qB W(x,t) — u(x,y,t))dedy

0

S /OL iy (2, b ) (0, h) — i, by t)) de

+G /OL wy (@, b, 1) (@, h) — iz, h, t)

[ iy~ ) 1) — i, —h 1)) d
—G/OL wy (2, —h, ) ((z, t) — a(z, —h, 1))

From (5.1.6) we get

piy(x, h,t) + Guy(z, h, t) = gy (z,t) — paig(x,t) — Gu,(z, h, t)

(5.2.32)
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Then

[ iy ) (1) — i, )

—i—G/Luy (2, b, ) (W (, h) — i, b, 1))

_/ qn (2, 1) (Y(z, 1) —u(xht)da:—u/ oz, 1) (Y(z,t) —

—G/O we(x, h, t)(Y(z,t) — a(z, h,t)de

From (5.1.9) we get

Then

—Mﬂy(x, _h7 t) - Guy(x, _h’ t) = Mw:c(xa t) + wa(l', h7 t)

[ iy~ ) 1) — i, 1)) d
e /0 "ty (@ =, ) (0, £) — (s b )
= ,u/OL Wy (z, t)(Y(x, t) — u(x, —h,t)dx

e, /0 " —h ) (W (, ) — iz, —h, t)da

We combine (5.2.32),(5.2.33), and (5.2.34) to obtain

E [ oo,y )(n(e,y) = (e, 1) dedy
4G [[ w50y @) — iy (w,,0)) dady
A ] i, )Wl ) = e, y.8)) dady.

i1 [ (s Wy ) = 1y 2, 9,0) dady.
4G [ wala ) (palw) = ool 1)) dady

i1 [ al 0 (pal ) o (,)) dady,

4G [ wala)(palw) = ol 1)) dudy

i [ b t) (pul,t) = i, 1) dady,

(5.2.33)

w(z, h,t)dx

(5.2.34)

(5.2.35)
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0

+ /OL o (2, 8) (b, 1) — iz, by t)dz
iy /OL g (2, ) (0, 1) — (e, ) da
—G/OL w2, 8)((x, 1) — iz, by t)de
oy /0 " (e ) (62, 1) — (e, —h, D)da
+G /OL wo(z, —h, ) (W (x, 1) — iz, —h, t)dz
On the other hand we have
(F,7) = // gn(t i(z,y,t))dady (5.2.36)
+/0 (o, t) — ib(z, 1)) da
+// Fulo(x,t) — iz, t))dedy

+/ an(z,t)( —u(x, h,t)dz

We have again
iy /OL g (2, 8) (2, 1) — (e, ) da (5.2.37)
y /OL (2, 1) (W (2, 1) — (e, —h, t)da
_ _N/L oy (2, 1) =i, hot) — (D@, t) — i, —h, £))da
:_M//wxxtwymt iy (2, t))dwdy
:—M//wl,xt (0, (2, 1) — (2, y, t))dwdy
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and
e /OL wo(, 1) (4, 1) — i, b t)da
+G /O " (e ) (62, 1) — iz, —h, t)da (5.2.38)
e /OL w(e ) (e, 8) — iz, b t) — ((x, ) — iz, —h, t))dz
=G [ [ wale )0y 0. 1) — iy, 0)ddy
= =G [[ walw )y (w,t) — iy (z,y. 1) dady

Inserting (5.2.36),(5.2.37) ,and (5.2.38) in (5.2.35) with v = v — u(t) we obtain

(Au(t),v —u(t)) y + (Bu(t),v —u(t)) + /OL o(p(z,t) —w(x, t))dx (5.2.39)
=(f(t),v—u(t))y forall ve X, te€][0,T].

On the other hand we have
L . L . . . .
[ ottt — e, 0)dr < [ glel = glil = j(v) — i) (5.2:40)

We now combine equality (5.2.39) with inequality (5.2.40) and then use the initial
conditions (5.1.10) and notation (5.2.14). As a result we obtain the variational formu-

lation of problem P.
Problem Py. Find a function u:[0,T] — X such that

(Au(t), v —u(t))x + (Bu(t),v —u(t)) x +j(v) - j(u(t)) (5.2.41)
> (f(t),v—nu(t))y forallve X, te€]0,T],

u(0) = uy. (5.2.42)

Note that Problem Py represents an evolutionary variational inequality. Its unique
solvability will presented in the next section. Here we restrict ourselves to mention
that the solution of this inequality will be called a weak solution to Problem P. We also
mention that in Section 5.5 we provide a second variational formulation of Problem P,
the so-called dual variational formulation, which, in fact, is equivalent with Problem

Py.
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5.3 Existence and uniqueness

Our existence and uniqueness result in the study of Problem Py is the following.

Theorem 5.3.1. Assume (5.2.5)~(5.2.9). Then Problem Py has a unique solution
with reqularity u € C*([0,T]; X).

The proof is carried out in several steps. The first one consists to investigate the
properties of the operators A and B and, with this concern, we have the following

results.

Lemma 5.3.2. Assume that (5.2.5) holds. Then the operator A is linear, symmetric

continuous and coercive, i.e. it satisfies
(Av, V) > mallv]% for all v e X, with m4 > 0. (5.3.1)

Lemma 5.3.3. Assume that (5.2.5) holds. Then the operator B is linear, symmetric

and coercive, i.e. it satisfies
(Bv,v)y > mgpllul% for all v e X, with mp > 0. (5.3.2)

The proof of Lemmas 5.3.2 and 5.3.3 are identical and are based on standard
arguments. Nevertheless, for the convenience of the reader we present, for instance,

the proof of Lemma 5.3.2.

Proof. The linearity and symmetry of the operator A are obvious. Moreover, an

elementary computation shows that
(Av,v) ¢ < (A +2p) |[ullx|Iv|lx Vu, veX. (5.3.3)

which implies that A is continuous. Inequality (5.3.1) is a direct consequence of
the two-dimensional version of Korn’s inequality. Indeed, consider an arbitrary el-
ement v = (Y(z,y),p(z)) € X. Then, the small strain tensor associated to the

two-dimensional displacement field v is given by

Ve % (¢y + ¢z)

M=t ren 0

We have

le(V)|]? =e(v)-e(v) =2+ ;(wy + ¢r)? a.e. on (). (5.3.4)
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Note also that the function v vanishes on the boundary x = 0 of the rectangle (2
which is, obviously, of positive one-dimensional measure and, in addition, since X can
be identified as a subspace of H'(Q2)?, we have v € H'(Q)?. Therefore, using Korn’s
inequality we obtain that there exists a constand cx > 0 which depends on h such
that

eI dedy > exc v e (5.3.5)

We now combine (5.3.4) and (5.3.5) to deduce that

J[ (@24 S0+ e?) dedy 2 e [ (92462 + 02+ @+ 02) dudy
and then, using (5.2.2%(5.2.4), we obtain that
J[ (4 S0+ 00)?) dedy > ExlivI (5.3.6)

where ¢k depends on c¢x and L. On the other hand, using the definition (5.2.10) of
the operator A and inequality (5.3.6) we deduce that

1
(Av,v)y > min(\, 2u) //Q (1/)3 + 5(1/@ + goz)2) dxdy. (5.3.7)
We now combine (5.3.6), (5.3.7) and assumption (5.2.5) to see that inequality (5.3.1)
holds with m4 = ¢x min(\, 2u) > 0, which concludes the proof. O

We are now in a position to provide the proof of Theorem 5.3.1.

Proof. Using assumption (5.2.8) it is easy to see that the functional j is a continuous
seminorm on the space X. Therefore, it follows from here that j is a convex lower
semicontinuous function on X. In addition, assumptions (5.2.6), (5.2.7) and definition
(5.2.13) imply that f € C([0,7T]; X). Moreover, assumption (5.2.9) shows that the
initial data satisfy uy € V. Finally, Lemma 5.3.2 shows that A : X — X is a strongly
monotone Lipschitz continuous operator and Lemma 5.3.3 implies that B : X — X is
Lipschitz continuous operator. Theorem 5.3.1 is now a direct consequence of Theorem
3.11 in [102]. m

5.4 A continuous dependence result

In this section we study the dependence of the solution with respect the parametres E,

G and g. To this end we assume that (5.2.5)—(5.2.9) hold and we consider some positive
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constants E,, G, and g, which represent a perturbation of F, G and g, respectively.
Here p denotes a positive parameter which will converge to zero. We define the operator

B, and the function j, by equalities

(Bou,v), = E, //Q Uy dxdy + G, //Q(uy + w,) (¢Yy + @) dzdy, (5.4.1)

V=g, [ o) dr (5.4.2)

for all u = (u,w), v = (¢,¢) € X. Then, we consider the following variational

problem.

Problem P{,. Find a function u, : [0,T] — X such that

(A1), v — 1, (6 + (B (0), v — 3, (6) (543)
+7,(V) = Jp(,(t)) > (f(t), v —1,(t))), forallve X, tel0,T]
u,(0) = u,. (5.4.4)

Using Theorem 5.3.1 it follows that Problem Py has a unique solution u € C*(0, T; X)
and, in addition, Problem P{ has a unique solution u, € C*([0,77]; X). Our main re-

sult in this section is the following.
Theorem 5.4.1. Assume (5.2.5)—(5.2.9) and, moreover, assume that
E,—~E G,—-G, g,—g as p—0. (5.4.5)
Then the solution u, of problem Py, converges to the solution u of the problem Py i.e
u, —u in CY[0,7;X) as p—0. (5.4.6)

Proof. Let p > 0 and let ¢t € [0,7] be given. We use inequalities (5.2.41) and (5.4.3)
to deduce that
(Au(t), u,(t) —a(t)) x + (Bu
+i(a,(1)) = j(a(t)) > (f (t),up(t) —u(t)))y

(A, (t), u(t) —u,(t)) x + (Bpu,(t), u(t) —u,(1))
+ip(a(t)) = Jp(,(2)) = (F(t), a(t) —0,(t)))x -
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We now add these inequalities and use the property (5.3.1) of the operator A to obtain
that

mall i, () — ()% < (B, () — But), alt) - a,(0) (5.4.7)
+1p((t)) = (0, (1)) + (0, (1)) — j((t)).
Next, we use the definitions (5.4.2) and (5.2.12) to see that
Jo00(8)) = 3, (,(8)) + (0,(1) — j(a(t)) (5.4.8)
< clgp — gl la, () —a(t)| x
where, here and below, ¢ represents a constant wich does not depend on p and whose

value may change from line to line. We now combine inequalities (5.4.7) and (5.4.8)
to find that

mal|a,(t) —u@)|x < [[Byu,(t) — Bu(t)||x +¢lg, — gl (5.4.9)
On the other hand, using definitions (5.2.11) and (5.4.1) it is easy to see that
[1Bpuy(t) — Bu(t)|lx < (B, + G,)l[u,(t) —u(t)|x (5.4.10)
+(E, — E| +1G, = G)[lu(t)]lx.

It follows now from assumption (5.4.5) that £, + G, < c and, therefore, inequalities
(5.4.9), (5.4.10) imply

[a,(t) —at)|x < cllu,(t) —ut)|x (5.4.11)
(15, — B +1G, — G|) max [lu(r)llx +clg, — gl

Next, we use the initial conditions (5.2.42) and (5.4.3) to see that

o (6) = u@)x = [ is) — (o)l ds. (54.12)

then we substitute this inequality in (5.4.11) and use the Gronwall’s Lemma to obtain
that

[a,(t) —a(t)l|lx (5.4.13)
< c(|Ep = E[+1G, = GI) max [lu(r)]lx + |9, — g])-

The convergence (5.4.6) follows now from inequalities (5.4.12), (5.4.13) and assumption
(5.4.5). O
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5.5 Dual variational formulation

In this section we introduce and study a second variational formulation of Problem
P, the so-called dual variational formulation. It is obtained by operating the change
of variable o = Au + Bu in Problem Py. Dual variational formulations of boundary
problems originate in Contact Mechanics, as explained in [51, 97, 100]. The main idea
is to introduce a new variational formulation expressed in terms of the stress field,
equivalent with the primal variational formulation which, in turn, is expressed in term
of displacement.

Everywhere below we assume that (5.2.5)—(5.2.9) hold and we denote by A~! the
inverse of the operator A, whose existence is guaranteed by Lemma 5.3.2. Note also
that Lemmas 5.3.2 and 5.3.3 imply that the operators A~! and B a linear continuous
operators, and we shall use this results in various places below. We start with the

following result.

Lemma 5.5.1. Then there ezists an operator R : C([0,T]; X) — C([0,7],X) such
that, for any functions o € C([0,T); X) and u € C*([0,T]; X) with u(0) = uy, the

following equivalence holds:

o(t) = Aa(t) + Bu(t) Vtel[0,T] (5.5.1)
if and only if

u(t)=A"'o(t)+Ro(t) Vtel0,T]. (5.5.2)

Note that in (5.5.2) and we use the short hand notation Ro (t) instead of (Ro)(t).

We shall use this notation in many places below, when no confusion arises.

Proof. Let o € C([0,T]; X) and define the operator A, : C([0,T]; X) — C([0,T]; X)
by equality

(A,0)(t) = —A—lB( / "(8(s) + Ao (s))ds + u0> (5.5.3)

Ve e C([0,T],X), tel0,T].

We shall prove that A, has a unique fixed point, denoted Ro. To this end consider
two functions 61,0, € C(]0,T]; X) and let ¢t € [0,7]. Then, using the properties of
the operators A and B it is easy to see that

1(A501)(t) = (Ao02)(t)]|x < C/Ot 161(s) — 62(s))] x ds,
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where ¢ denotes a positive constant which depends on A and B. This inequality shows
that the operator A, is a history-dependent operator and, using Theorem 3.1 in [102]
we deduce that there exists a unique element Ro € C([0,T]; X) such that

Ro(t) = A,(Ro)(t). (5.5.4)
We now compare equalities (5.5.3) and (5.5.4) to deduce that
(Ro)(t) = —A_1B</Ot(7€0'(3) + A7 lo(s))ds + uo>.
Assume now that (5.5.1) holds. Then it is easy to see that
ut) — A le(t) = —A'Bu(t)

t
and, since u(t) = / u(s)ds + up, we deduce that
0

a(t) — Ao (t) = —AlB(/tu(s) ds + u0>

0

which shows that
a(t) — Al () = —AlB( /0 “(ia(s) — A o(s) + Ao (s)) ds + uo). (5.5.5)

We now combine (5.5.3) and (5.5.5) to see that 1 — A™'o is a fixed point for the
operator A,. On the other hand, recall that this operator has a unique fixed point,
denoted Ro. Therefore 1(t) — A~ 'o(t) = Ro(t), which shows that (5.5.2) holds.

Conversely, assume that (5.5.2) holds. Then, since Ro is the unique fixed point of

the operator A,, we have the equalities
u(t) — Ao (t) = Ro(t) = A, (Ro)(t) = A (a(t) — Ao (t)).
We use now the definition (5.5.3) to deduce that (5.5.5) holds. Next, since
¢
u(t) = / u(s) ds + u,
0
equality (5.5.5) implies that
ut) — A le(t) = —A'Bu(t).

This shows that equality (5.5.1) holds which concludes the proof. O
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Next, for each t € [0, 7] we define the set X(t) C V' by equality
Et)={1eV (T, V) +i(v)>(f(t),v)y VveV}. (5.5.6)
Then, we consider the following variational problem.
Problem P[. Find a function o : [0,T] — X such that
oex(t), (A'a(t)+Ro(t),T—o(t)) >0 forallreX(t), te0,T]. (55.7)

We refer in what follows to Problem P as the dual formulation of Problem Py .
The link between the variational problems Py and P} is given by the following result.

Theorem 5.5.2. Assume that (5.2.5)~(5.2.9) hold and let u € C*([0,T]; X), o €
C([0,T]; X). Consider the following statements:

(a) u is solution to problem Py .
(b) o is solution of problem PL.
(¢c) o = Aa+ Bu and u(0) = uy.
Then, if two of the statements above hold, the reminder one holds, too.

Proof. The proof is based on the implications (a) and (¢) = (b), (a) and (b) = (¢),
(b) and (¢) = (a) which will be proved in the three steps below.

1) (a) and (¢) =
Au + Bu, u(O) = uy and let t € [0,7] be given. Then, Lemma 5.5.1 implies that
u(t) = A 'o(t) + Ro(t) and, substituting this inequality in (5.2.41) we have

(b). We assume in what follows that u solution of Py, o =

(o(t),v—u(t))y+jv)—ju) = (f{t),v—nu(t))y. (5.5.8)
Next, testing in (5.5.8) with v = 2a(t) and v = 0x we succesively obtain
(o(t),a(t)y +j(u(t) = (f(t),u(t))x
(o(t),u(t)y +j(u(t)) < (f(t),ul))x

which imply that

{o(t),a(t) x +5(u(t)) = (f,a(t) x (5.5.9)
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We use (5.5.8), (5.5.9) and the definition (5.5.6), to see that

o(t) € X(t). (5.5.10)
Moreover, we note that (5.5.6) and (5.5.9) yield

(r—o(t),u(t)x = (r,ut))x + (@) - (f(t),a(t))x 20 V7 eX(t)
and, using equality 1(t) = A™'o(t) + Ro(t) we obtain that

(r—ot),Alet) +Ra(t) >0 VreX). (5.5.11)

We now gather (5.5.10) and (5.5.11) to see that o is solution of Problem P, i.e. (b)
holds.

2) (a) and (b) = (c). We assume in what follows that u is a solution of Py and o

is solution of P[’. Denote
& = Au+ Bu (5.5.12)

and let ¢ € [0,7]. Then using the implication (a) and (¢) = (b), it follows that & is

solution of P[. Since both o and & are solution to Problem Py we have
(A'a(t) + Ra(t),5(t) — a(t)) >0,
(A& () +RE (1), o(t) —&(t)) >0
and, adding these inequalities, we obtain that
<A”&@}—Aﬂa@%a@%3&ﬁwxg(R&@f—RU@%U@)—&@»X.
This inequality combined with the properties of A~ yields
lo(t) = a(®)llx < clRe(t) —Re(t)]lx (5.5.13)

where, here and below, ¢ denotes a given positive constant whose value will change

from line to line. On the other hand, by the definition of the operator R we have
t
R&(t) = —A—IB( | (R&(t)(s) + A5 (0)(s))ds + u0>,
0

Ro(t) = —AlB(/Ot(Ra(s) + Ao (s))ds + u0>.
Therefore,

IRa(t) — Ro(t)lx

<c( [ 166~ a@lxds+ [ I1R5(s) — Ror(s)]xds)
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and, applying Gronwall’s lemma yields
t
|IRo(t) — Ro(t)|lx < c/o lo(s) — o(s)] x ds. (5.5.14)

We now combine inequalities (5.5.13) and (5.5.14) then we apply Gronwal’s lemma,

again, to deduce that
o(t) =o(t). (5.5.15)

It follows now from (5.5.12) and (5.5.15) that & = Au + Bu and, therefore (c)
holds.

3) (b) and (c) = (a). We assume that ¢ a solution to problem P{ and, in addition,
o = Au + Bu and u(0) = up. Let t € [0,7]. Then, Lemma 5.5.1 implies that
u(t) = A'o(t) + Ro(t). We substitute this equality in (5.5.7) to obtain

(r—o(t),u(t))y >0 V1 e X(t) (5.5.16)
Let d(t) € X be a subgradient of j in the point u(¢). Then

j(v) —j(at) = (dt),v—u(t))y VveX (5.5.17)
and taking succesively v = u(t), v = Oy in this inequality we find that

(@), alt)) = (1)) (5.5.15)
We now combine (5.5.17) and (5.5.18) to see that

j(v) > (d(t),v)y VvelxX. (5.5.19)

This inequality shows that f(t) — d(t) € ¥(t) and, therefore, we are allowed to test in
(5.5.16) with 7 = f(t) — d(t) . As a result we find that

(f(t),ut))x = (o(t),u(t)) x + (d(t),u(t))x - (5.5.20)
and, using (5.5.18) yields
(Ft),u(t))x = (o), ult)) x +7(u(t)). (5.5.21)

Note that the converse inequality also holds, since o (t) € 3(t). Therefore, we conclude

from above that
(o(t),u(t))x +j(alt) = (ft),ul))y- (5.5.22)
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Now, since o (t) € X(t) we have
(o(t),v)x +7(v) > (f(t), V) VvelX (5.5.23)
and, using (5.5.21) we deduce that

(o(t),v—u(t)x +j(v)—j@) = (ft),v-ult))y  VveX

Finally, using the equalities o (t) = Au(t) + Bu(t), u(0) = up we deduce that u is a
solution of Problem Py, which concludes the proof. n

A carefully examination of Problems Py and Py lead to the conclusion that these
problems have a different feature. First, Problem Py is an evolutionary variational
inequality, since the derivative of the unknown u appears in its statment. Therefore,
an initial condition, (5.2.42), is required. Moreover, it does not involve any contraint
on the solution. In contrast, Problem 73‘9 is a history-dependent inequality with
constraints. Indeed, this inequality is governed by the operator R which satisfies
inequality (5.5.14) and, therefore, is a history-dependent operator. Moreover, the
inequality is governed by the set of constraints ¥(¢), which is a time-dependent convex
set. Nevertheless, despite these different feature, Problems Py and 73‘1/? are equivalent,
as stated in Theorem 5.5.2. Moreover, combining Theorem 5.5.2 with Theorem 5.3.1

we deduce the unique solvability of Problem P{2, under the assumptions (5.2.5)(5.2.9).
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Conclusion

In this thesis we have studied the stability of some transmission problems with delay,
our attention has focused on the equations of the waves. In the Part I, first we
considered a transmission problem of waves and wave equations where a damping
term and a delay term appear in the first equation of the system on a one-dimensional
domain on which conditions have been imposed at the extrimity points. We have
proved the existence and the uniqueness of the solution and then, using the lyapunov
method, we have proved the exponential decay of the energy by assuming that the
weight of the damping is greater than the weight of the delay. A functional Lyapunov
was built. In the second axis we have added to the first system a viscoelastic term, in
the presence of this term we have also proved the decrease of the energy of the solution
under the same hypothesis, that is to say the weight of the damping Is greater than the
weight of the delay term. In the third axis we considered the same previous system but
here the delay is a function in time. Under some assumptions on the delay function
and on the hypothesis between the weights cited above, the energy deccreases. The
last axis of our study concerns a problem of partial derivative equations of evolution
modeling a mechanical phenomenon, after having derived a variational formulation in
the form of a variational inequality of the problem, we proved the existence and the
Uniqueness of the weak solution of the latter. An equivalent formulation was obtained
such that its solution converged towards the solution of the initial problem. In Part II,
we studied a mathematical models of contact. We introduced a mathematical model
that describes the evolution of a viscoelastic plate in frictional contact with foundation,
we derived the variational inequality for the displacement field, then we established
the existence of a unique weak solution to the model. A research perspective focused

on the study of the stability of the wave equation in a domain of R" with a delay term.
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