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ABSTRACT. We consider a mathematical model which describes the
frictional unilateral contact between a thermo-piezoelectric body and a
rigid electrically conductive foundation. The thermo-piezoelectric consti-
tutive law is assumed to be nonlinear and the contact is modeled with the
Signorini condition, the nonlocal Coulomb friction law with slip dependent
friction coefficient and the regularized electrical and thermal conductivity
conditions. The variational form of this problem is a coupled system which
consists of a nonlinear variational inequality for the displacement field and
two nonlinear variational equations for the electric potential and the tem-
perature. The existence of a unique weak solution to the problem is proved
by using abstract results for elliptic variational inequalities and fixed point
arguments.

1. INTRODUCTION

The piezoelectricity represents the interaction between the electrical and
mechanical characteristics of some materials like crystals and ceramics. In
piezoelectric materials an electrical voltage is developed when mechanical
loading is applied, that’s a direct piezoelectric effect. In a converse effect,
the piezoelectric materials undergo mechanical strain when a voltage is ap-
plied across them. The two effects form the fundamental basis for the use
of piezoelectric materials, both as sensors and strain actuators. The electro-
elastic characteristics of piezoelectric materials have been studied extensively
and their dependence on temperature is well established. Currently, it is
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interesting to incorporate the thermal effects in the electromecanical mod-
els. The resulting thermoelectromechanical models include temperature as
an additional state variable to account the thermal effects in addition to the
piezoelectric effects.

The literature concerning the modeling in piezoelectricity is very rich,
see for example [2,7,13]. General models for elastic materials with thermo-
piezoelectric effects can be found in [4,11,14] and, more recently, in [1]. Some
theoretical results for static frictional contact models taking into account the
interaction between the electric and the mechanic fields have been obtained
in [3,8,9,12], under the assumption that the foundation is insulated, and in
[5,6,10] under the assumption that the foundation is electrically conductive.

This work deals a new mathematical model which describes the frictional
contact between a thermo-piezoelectric body and a conductive foundation.
The novelty of this model consists in the thermo-electro-elastic behavior of
the body and the thermal contact conditions. The motivation of this approach
is that the thermal effects, such as thermal deformation and pyroelectric ef-
fects, are especially important for many smart ceramic materials. So, it may
be impossible to predict the electromechanical behavior without taking into
account these effects. Our interest is to describe a mathematical model in
which contact, friction and thermo-piezoelectric effects are involved. To this
end we will study a static problem of frictional contact, under small deforma-
tions hypothesis, wherein the material’s behavior is modeled by a nonlinear
thermo-electro-elastic constitutive law and the contact is described by Sig-
norini’s condition, by nonlocal Coulomb friction law of dry friction where the
coefficient of friction depends on the slip and by regularized electrical and
thermal conductivity conditions. To our knowledge, this model has not been
studied yet and no result has been obtained for this type problem. The unique
weak solvability of the associated variational formulation will be established.

The paper is structured as follows. In Section (2) we state the model of
equilibrium process of the thermo-elctro-elastic body in frictional contact with
a conductive rigid foundation. In Section (3) we introduce the notation, we
list the assumptions on problem’s data, we derive the variational formulation
of the problem and also present our main result stated in Theorem (3.1).
The proof of the theorem is provided in Section (4), where it is carried out
in several steps and is based on arguments of variational inequalities and a
Schauder fixed point theorem.

2. PROBLEM STATEMENT

We consider a piezoelectric body that occupies an open bounded subset
Q in R? with d = 20rr3. The boundary I' = 0 is assumed to be Lipschitz
continuous, divided into three open disjoint parts I'y, I's and I's on the one
hand and a partition of I'; U I'y into two open parts I', and I'y, on the other
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hand, such that meas(T'y) > 0 and meas(I'y) > 0. This body is supposed
to be stress free and at a free temperature. Here the temperature variations,
accompanying the deformations, produce changes in the material parameters
which are considered as depending on temperature. We assume that the body
is fixed on I'y where the displacement field vanishes, body forces of density
fo act on €, a surface traction of density fo acts on I's, a volume electric
charge of density qo acts on €, a surface electric charge of density g2 acts on
I'y, the electrical potential vanishes on I', and the temperature is assumed to
be zero on I'y UT's. Moreover, the body is subjected to a volume heat source
q:n and it comes on I's in friction contact with an electrically and thermally
conductive obstacle, the so-called foundation.

Here and below, to simplify the notation, we do not indicate the depen-
dence of various functions on the spatial variable 2 € Q, the indices i, j, k, [
take values in {1,...,d}, the summation convention over repeated indices is
used and the index that follows a comma indicates a partial derivative with re-
spect to the corresponding component of the spatial variable u; ; = u;/0z;.
We denote by $¢ the space of second order symmetric tensors on R? or equiv-
alently, the space of real symmetric matrices of order d. We define the inner
products and the corresponding norms on R% and $¢ by

U= U g ||v||:(’u~v)% Vu,v € RY,
0T =0y Tij ||TH:(T'T)% Vo, T € 8.
Since the boundary I is sufficiently regular, the unit outward normal field n on
T" is defined. Then the normal and the tangential components of displacement
vector and stress on the boundary are
Up =0 M Ur =V — UpN,
Op =0n - n; Or = 0N — opn.
Under these conditions, the mechanical problem may be formulated as follows.
PROBLEM (P) : Find a displacement field u : Q — RY, a stress field o : @ — $,

an electric potential ¢ : Q@ — R, an electric displacement field D : Q — R?, a
temperature field 6 : Q — R and the heat fluz q :  — R such that

(2.1) oc=5F¢e(u)—EE(p) — M0 in Q,
(2.2) D=Ee(u)+BE(p)+PO inQ,
(2.3) qg=-KVb in Q,

(2.4) Divo+ fo=0 1inQ,

(2.5) divD =¢qp in Q,

(2.6) divg=qy in Q,

(2.7) u=0 on I'y,

(2.8) on = fy only,
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(2.9) ) <0, u, <0, op(u)u, =0 on I's,
HUTH < p([lur )| Bon(u)l

(2.10) o]l < u(llur|])|Ron(u)] = ur =0 on I,
or = —p(|[ur|)[Ron(u)] ||Z:H = ur # 0

(2.11) p= on Iy,

(2.12) D-n= on I'y,

(2.13) Don fbrlo—pe)  onTa

(2.14) 0=0 on Ty UT,

(2.15) q-n=kc(up)pr(@—0;) onTs.

Here, equations (2.1)-(2.2) represent the thermo-electro-elastic constitutive
law of the material in which ¢ = (0;;) denotes the stress tensor, e(u) is the
linearized strain tensor, E(yp) is the electric field, § is the nonlinear elasticity
operator, 8 = (;;) is the electric permittivity tensor, & = (e;;) represents the
third-order piezoelectric tensor, £* is its transpose, M = (m;;) and P = (p;)
are, respectively, the thermal expansion and the pyroelectric tensors. We re-
call that e(u) = (g45(u)) = (3 (uij +u;,)) and E(p) = =V = —(p,;). Notice
that (2.1) takes into account the dependence of the stress on the electric po-
tential and the temperature and (2.2) describes a linear dependence of the
electric displacement on the strain, the electric potential and the temperature
(see [3,14] for details). The equation (2.3) is the Fourier law of heat conduc-
tion where IC = (k;;) denotes the thermal conductivity tensor. The equation
(2.4)-(2.6) represent the equilibrium equations for the stress, the electric dis-
placement and the heat flux fields where Diveo = (0y;;) and divD = (D; ;)
denote the divergence operator, respectively, for tensor and vector valued
functions. The relations (2.7)-(2.8), (2.11)-(2.12) and (2.14) represent the
mechanical, the electrical and the thermal boundary conditions. The unilat-
eral boundary conditions (2.9) represent the Signorini law and (2.10) represent
the coulomb’s friction law in which p is the coefficient of friction and R is a
regularization operator. The equation (2.15) represent the heat flux condi-
tion where 0 is the foundation’s temperature and k. is the coefficient of heat
exchange between it and the body (see [16]). The function k. is assumed to
depend on the normal pressure such that there is no heat flux at points where
there is no contact (ke(un) = 0 for u, < 0 and kc(u,) > 0 otherwise). The
relation (2.13) represents the regularization of the electrical contact condition
on I's (see [15]). Finally, the function ¢, used in (2.13) and (2.15), is the
truncation function

—L ifs<-—-L
or(s) = s if — L < s < L,where L is a large positive constant.
L ifs>1L
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3. VARIATIONAL FORMULATION AND THE MAIN RESULT

To derive the variational formulation of our problem, we consider the real
Hilbert spaces

H={u=(u),u; € L*(Q)}, Hy ={ue€ H,e(u) € H},
H = {o = (0i;),0ij = 0j; € L*(V)}, H1={c € H,Dive € H},

endowed with the inner products

(u,v)g = / w;v; dx, (u,v) g, = (u,v)g + (e(u),e(v))3,
Q
(o,7)n = / 0i;Tij de, (0,7)3, = (0,7)3 + (Div o, Div 1)y,
Q
and the associated norms || - ||z, || - |z, || - 196, || - |, - Let Hp = HY2(I)4,

Hllﬂ its dual and (-,-) the duality pairing between the two spaces. Let also
~v : Hy — Hr be the trace map. For every v € H;, we denote the trace yv
of v on I', again by v. For every o € Hj, there exists an element on € H/F
satisfying the following Green formula

(3.1) (on,yv) = (0,e(v))y + (Divo,v)g, Vv € Hj.

Moreover, if ¢ is continuously differentiable on €, then
(3.2) (on,yv) = / on-yvda, Yv € Hi,
r

where da is the surface element.
Let us now consider the closed subspace of H; defined by
V={ve H;v=0 onl'1},
and K be the set of admissible displacements
K ={veV,u, <0onls}.
Since meas(I'1) > 0, the following Korn’s inequality holds
(3.3) le@)ll# = cllvllm, YveV.

where c;, > 0 is a constant which depends only on 2 and I'y. Therefore the
space V endowed with the inner product (u,v)y = (e(u),e(v))y is a real
Hilbert space and its associated norm ||v|lyv = ||e(v)||% is equivalent on V' to
the usual norm |||/ z,. By the Sobolev’s trace theorem, there exists a constant
co > 0 which depends only on §2, '3 and I'; such that

(3.4) lvllL2ry)e < collvllv, Vv eV.
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We also introduce the spaces
Q={necH(Q)n=0 onl'; UTy},
W= {y € H Q) =0 onl.},
W ={D = (D;) € Hi|D; € L*(Q), D; ; € L*(Q)}.
On @Q and W we consider the inner products and the corresponding norms
given by
O, mq = (0,1 @), Inlle = Ml @), forall 6,1€@,

(%WW = (%Z/J)Hl(sz)a ||wHW = Hw)”Hl(Q)a for all 2 l/f ew.

Since meas(I't UT'2) and meas(I',) are positive, it follows that (@, || - ||q) and
(W, || - llw) are Hilbert spaces.
The spaces W is real Hilbert space with the inner product

(D7 E)y = (D7 E)L2(Q)d + (diV D, div E)L2(Q),

The associated norm will be denoted by || - ||w.
Moreover, by the Sobolev trace theorem, there exist two positive constants
c1 and ¢y such that

(3.5) Inllz2ryy < cllnlle, Vn €@,

(3.6) [€ll2(ra) < c2lléllw, V& € W.

When ¢, D € W are sufficiently regular functions, the following Green’s type
formulas hold

(3.7) (¢, V1) 2y + (divg, ) p2 () = / q-vnda, Yne HY(Q),
r

(38) (DY) gy + (divD,€) 2y = /F D-néda, Ve € HY(Q).

Recall also that the transposite £* is given by
(3.9) Eov = o0&, Yo e8?and Vv e R

In the study of the mechanical problem (2.1)-(2.15), we need the following
assumptions.

(h1) The elasticity operator § : Q x §¢ — $¢ satisfies
15(2, &) = (2, &) < Mgl[&1 = &f],
(F(@,&) = F(@,6))(& — &) = mgl& — &%

for all £1, & € 8% and x € €2, where mg and Mg are positive constants.
The mapping = — F(x,£) is measurable on  for all ¢ € $¢ and
belongs to H for £ = 0.
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(hz) The piezoelectric tensor £ :  x $¢ — R?, the thermal expansion
tensor M : Q x R — R? and the pyroelectric tensor P : QO — R?
satisfy

€ijk = €ik; € LOO(Q), mi; = Mj; € LOO(Q), pi € LOO(Q)
Notice that the above conditions allows us to define
M = sup;; [[mijl| (@) and Mp = sup; ||pille(q)-
(h3) The electric permittivity tensor 3 : Q x R — R and the thermal
conductivity tensor K : Q x R? — R¢ satisfy
Bij = Bji € L>(Q) and Byjzi2; > mg| 2|2,
kij = kji € LOO(Q) and kijzizj Z m)CHZHQ,
for all z € R%, where mg and my are a positive constants.
(h4) The coefficient of friction function p : I's x Ry — Ry satisfy
IM,, > 0 such that |u(z,u)| < M,, for all v € R4 and = € T's,
x — p(z,u) is measurable on I's for all u € Ry..

(hs) The surface electrical conductivity ¢ : T's x R — R4 and the
thermal conductance k. : I's x R — R satisfy for m = 4 or k.

I M, > 0 such that |7(z,u)| < M, for all u € R and z € T's,
x — 7(x,u) is measurable on I's for all u € R,
m(xz,u) =0 for all x € T’ and u < 0.

(he) The functions u — w(z, u) for m# = p(resp.m = 1, k.) are a Lipschitz
functions on Ry (resp.R) ; for all © € T's and uy,us € R,

3L, > 0 such that |7(z,u1) — m(x, uz)| < Lelug — usl.

(h7) The forces, the traction, the volume, surface charge densities, the
volume heat source, the potential and temperature of the contact sur-
face satisfy

fo € L2(Q)%, fo € L3(T3)4, g0 € L%(2), q2 € L*(T}),
qih € LQ(Q), YR € LQ(F3), OF € LQ(Fg).
(hs) The mapping R : H1:3 — L*>°(T'3) is a linear and continuous.

Next, we use the Riesz’s representation theorem to define the elements

feV,qeW by

(3.10) (f,v>v:/fovdx+ frvda, Yo eV,
Q I's

(3.11) @Ow= [ medr~ [ medaveew
Q I,
and we define the mappings
(3.12) J: VXV -oR, L:VXWxW—=R, x:VxQxQ—R,

respectively, given by

(3.13) J(uvv)=/ plllur D Rom(u)l[or[| da,  Vu,v €V,

s
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(3'14) Z(ua ') 5) = w(un)(bL (90 - (PF)g daa V(p,«f € VV7

I3

(3.15) x(u,0,n) = kc(un)pr (@ —0f)nda, VO,nm € Q.

s

It follows from the assumptions (hy4) and (hs) that the above integrals are well-
defined. According to this notation and by a standard procedure based on
Green’s formulas, we can deduce the variational formulation of the problem
P.

PROBLEM (PV): Find a displacement field u € K, an electric potential o € W
and a temperature field 0 € QQ such that

(Se(u), e(v) —e(u)n + (E"Ve,e(v) — e(u))r2(0)a
(3.16) — (MO,e(v) — e(u)) 2y + j(u,v) — j(u,u)
> (fiv—uw)y, VYveK,

(BV@, V&) r2(a)ya — (Ee(u), VE) 12 (a)a — (PO, VE) 120y
+ l((ua 50)75) - (Q7£)W7 Vf € Wa

(3.18) (KVO,Vn) 20y + x((u,0),m) = (gtn, M) 2(), V1 € Q.

(3.17)

Now, we are able to state the following existence and uniqueness main result

THEOREM 3.1. Assume that (h1)-(hs) and (h7)-(hs) hold, then

1) The problem (PV') has at least one solution (u,p,0) € K x W x Q.
2) Under (he), there exist a positive constant L* such that if
L,+ M, + My + My, + LLy + LLy, + max(Mu, Mp) < L*,
then the problem (PV') has an unique solution.

The proof of this result will be treated in the next section.

4. PROOF OF THE MAIN RESULT

The proof of Theorem 3.1 is carried out in several steps, in the sequel, we
define the tree closed convex sets of L?(T'3)

K1 ={z1 > 0¢e L*(T3), |21l 2(rs) < ka},
ICQ = {ZQ S LQ(F3), ||Z2||L2(F3) < k‘g},
K3 = {z2 € L*(Ts), || 23]l L2(ry) < K3},
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with k1, ke and k3 to be specified later and let z = (21, 22, 23) € L2(F3)3 to
be given. We define the functions

(4.1) Ji(z,v) :/ z1||v- || da, Vv e K,
I's

(4.2) l1(z,€) :/ z€da, VEeW,
I's

(4.3) Xl(zm):/F z3nda, Vn € Q.

Now, we consider the following intermediate variational problem (PVI).
We can remark that this problem is decomposed into two separate problems,
one is a thermal problem and the other is an electro-elastic problem.

PROBLEM (PVI): Find a displacement field u(z) € K, an electric potential
p(z) € W and a temperature field 6(z) € Q such that

(Se(u(2)),e(v) —e(ul2))n + (£7Ve(2),£(v) — e(u(2))) 2 ()
(44) = MO(2),e(v) = e(u(2)))L2()e + 51(2,0) = j1(z,u(2))

> (fy,v—u(2)y, Vv e K,

(5V<P(Z)7V§)L2(Q)d - (55(u(z))aV§)L2(Q)d - (P9(2)7V§)L2(Q)d
:((LE)W*KI(Z;g)a erm
(4.6)  (KVO(2), V)2 = (@n, M2 — x1(2,m), Yn € Q.

First, we will solve the thermal problem in which the unknown is the tem-
perature 6(z). Then, its solution will be an input data for the electro-elastic
problem. The thermal problem is written as follows

(PVI®) . (KVO(2),Vn)r20ya = (qn,M)r20) — x1(2,m), V1€ Q.

We use the Riesz’s representation theorem to define the element ¢, € @ such
that

(4.5)

(4.7) (@=mq = (@tn:Mr2@) — x1(z,m), VneQ
and the operator 7 : Q — @ such that
(T0(2),mq = (KVO(2), Vi) L2(@)e, V1 € Q-
Thus the variational formulation of (PV %) will be
(4.8)  Find 0(z) € Q such that (T60.,m)q = (¢::m)q,¥n € Q.

LEMMA 4.1. Under the assumption (hg), the problem (4.8) has an unique
solution 0(z), which depends Lipchitz continuously on z € L2(F3)3.
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PRrOOF. It follows from the assumptions of K (see (hs)) that 7 is a linear
symmetric and positive definite operator. Hence, T is a linear continuous
and invertible operator on ) and let C denote its inverse. Thus, by the Lax-
Milgram theorem, we conclude that the problem (4.8) has an unique solution
(4.9) 0(z) =Cq. € Q satisfying [|0(2)llq < mcllg:lo

with me = mL;c

Let z = (2z;):, 2/ = (2); to be two given elements of LQ(I‘3)3 and 0(z),
0(z") the corresponding solutions of the problem (4.8). From the linearity of
T we deduce that

10(=") = 6(2)lle < mellg=r — gzl
From (4.7) and (3.5) we obtain

(a2 — azme = xa(z",n) = x1(z,m) < e1ll2s — 2l o ryyInllg. VM€ Q,
then
4z — a2 llQ < 1|23 — 23]l p2(ry)-
Finally, combine the previous inequalities to get
10z, — 021l < camellzs — 23llL2(rs) < cxmellz’ — 2l L2y )s,
which finishes the proof. O

For the electro-elastic problem (PVI*?), we use the solution 6(z) = Cq, as
input data and its variational formulation becomes

(Se(u(z)),e(v) — e(u(2)))n + (€"Ve(z),£(v) — e(u(z))) L2(0)
+51(2,v) = j1(z, u(2))
(4.10) = (f,v —u(2))v + (MCqz,e(v) —e(u(2))) 2y, VYo € K,
(BV@(2), V&) 2()e — (Ee(u(z)), VE) 12(0)e
(411) = (Qag)W + (PCQZ7 Vg)L2(Q)d - 61(2,5), vEeWw.
Notice that the two facts, 7 is linear continuous invertible operator on @) and
the properties of the operators M and P imply that MC and PC are linear
continuous operators. Hence, we use the Riesz’s representation theorem to
define the elements f, € V and ¢, € W such that
(4.12) (fzsv)v = (f,v)v + (MCqz, (V) 12(q)a Vve K,
(413) (QZ7£)W = (Qag)W + (Pqu, VS)L2(Q)d - gl(zaf)a Vf e w.
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In the sequel, we consider the product spaces X =V x W and Y = (L?(I'3))?
endowed with theirs canonical inner products and the associated norms

(414)  (zy)x = (wo)y +(@,Hw, Vo= (ue),y= () eX,
3

(4.15) (z,Qy = Z (ZiaCi)L2(F3)a Vz=(2);,¢=(G); €Y
i=1
and U = K x W a nonempty closed convex subset of X.

We also consider the operator A : U — X, the function j; (z,): U =R
defined as follows

(4.16) (Az,y)x = (Fe(u),e(v))u + (BVe, VE) L2(q)a
- (E*V%E(U))B(Q)d - (Es(uz),Vg)Lz(Q)d,
7(zy) =ilz,v),  Vy=(@,¢eU

and the element

(4.17)

fz = (fZ)qZ) €X.
According to these notations, we have the following equivalence result

LEMMA 4.2. The pair z(z) = (u(z),¢(2)) € U is a solution to problem
(PVI“) if and only if

(418)  (Az(2),y —2(2))x — 1(29) — 1 (z2(2) = (f2ry — 2(2)) &

PROOF. let x(z) = (u(z2),¢(2)) € U be a solution of (PVI"?) and y =
(v,€) € U. We use (£ — p(z)) in (4.11) and add the corresponding inequality
to (4.10), we deduce (4.18). Conversely, let z(z) = (u(z),¢(z)) € U be a
solution of the elliptic variational inequality (4.18). By taking y = (v, ¢(z))
in (4.18), where v is an arbitrary element of K, we obtain (4.10). Moreover,
if we take successively y = (u(z), ¢(z) + &) and y = (u(z), p(z) — &) in (4.18),
where £ is an arbitrary element of W, we will obtain (4.11), which finishes
the proof. O

We use now Lemma 4.2 to obtain the following existence and uniqueness
result.

LEMMA 4.3. For any z € K1 x Ko x K3, assumed to be known, we have
1. Under the assumptions (hi) and (hs), the electro-elastic problem
(PVI"?) has an unique solution x(z) = (u(z),¢(z)) € K x W and
we have _
Je >0 such that ||z(2)| x < cllf:]x-
2. The solution x(z) of (PVI"?) depends Lipschitz continuously on z.

PRrOOF. First, we can easily check that the operator A : X — X is
strongly monotone, Lipschitz continuous and the functional v — ji(z,v) is
proper, convex and continuous (see [6]). Therefore, the problem (PVI*#) has
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an unique solution z(z) € K x W. Moreover, if we take y = 0 in (4.18), we
get

(Az(2),2(2))x +J1(2,2(2)) < (fzr 2(2))x.
As z € K1 x Ko x K3, we have z; > 0 and then }1 (z,2(2)) > 0. Thus
(Az(2),2(2)x < (F-r2(2))x-

Keeping in mind the strong monotony of A, we deduce that there exists a
positive constant ¢ = % such that

(4.19) lz(2)llx < el Follx-

For the second part of the lemma (4.2), let us consider z = (2;),;, 2’ = (%),

two given elements of LQ(I‘3)3 and z(z), (z') theirs corresponding solutions
of the problem (4.18). We have

(Az(2),y — 2(2))x + j1(2,9) = 1 (2,2(2) > (F,y — 2(2))x,
(Az(2"),y —2(')x + 1 y) — iz, 2(2) = (f,y —2(2"))x, VyeU.
We take y = z(z') in the first inequality and y = 2(z) in the second, to get
(Az(2),2(2) = 2(2))x + 51(z2(2) = j1(z,2(2) > (f2,2(') = 2(2)) x,
(Az(2),2(2) — () x + j1(z, 2(2)) — 1 (2", () = (for, 2(2) — 2(2))x.
Keeping in mind the definition of j;, we deduce
(Az(z) — Ax(z'),2(2) — 2(2')) x
< (fo = forrm(2) — 2(2))x +/ (21 = 21) (lur ()] = llu-(2)]]) da.

s

(4.20)

It follows from (4.12), (4.13) that
(fs = for2(2) — 2(')x

= [ 2= ele) = () da
+ (MC(gz — q2r),e(u(2)) — e(u(z"))) L2 (e
+(PC(qz — ¢1), Vp(2) = Vp(2')) L2y

< lza = 2zllL2ra)ll(2) — ©(2") L2 (rs)
+meMum ||q. — qz'||L2(Q)||€(U(Z)) - 5(“(2/))||L2(Q)d
+meMp ||g: — g || L2(0) |V (2) = Vo(2') | L2 (0)
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and from (4.7) that
(f2 = forsw(z) —2(2")x
< |lz2 — 23l L2 (ra) 0 (2) — ()l L2(rs)
+ evmeMallzs — 24l 2oy le(u(z)) — (=)l (s
+ came Mp||z3 — 23]l L2(o) [ Ve(2) — Vo (2)l L2 (@)
Combining (4.20), (4.21) and (3.4), (3.6) to get
(Az(z) — Az(),2(2) — 2(2") x
< collzr = 2 L2 ra) llu(z) — u(z)llv
+ eallze — 2/l L2(ra) ll0(2) — (2
+ ermeMl|zs — 25|22y llu(z

~—

lw
—u()|lv

+ cimeMpllz3 — 23l 2 ry) l9(2) — () [lw-

~—

The above inequality, the strong monotony of A, combined with (4.21) and
(4.15) assures that there exists a positive constant ¢z > 0 such that
(4.21) lz(2) = 2(z))llx < esllz =2y

Hence the second part of this lemma is established. O

LEMMA 4.4. For any z € K1 xKox K3, assumed to be known and under the
assumptions (h1)-(hs), the solution Z(z) = (x(z),¢(2),0(z)) of the problem
(PVI) depends Lipschitz continuously on z.

PROOF. It is a direct result of the two lemmas (4.1) and (4.3). O

Now, we consider the following operator A : Y — Y defined by

(4.22) Az = (u(llurl)) [Ron(u)l, ¥ (un) dL(p = F), ke(un) ¢L(0 — 0r))
and notice that under the assumptions (hs) and (hg), this operator is well

defined. Our aim is to prove that A has a fixed point and for that we need
some auxiliary lemmas.

LEMMA 4.5. The mapping z — Z(z), where T(z) is the solution of the
problem (PVI), is weakly continuous from'Y = LQ(I‘3)3 toVxWxQ.

PROOF. Recall that Z(z) = (u(z),¢(2),0(z)) is a solution of (PVI),
means that 6(z) is a solution of (PVI?) and that z(z) = (u(z), ¢(z)) is a so-
lution of (PVI*#). Therefore, it suffices to prove that the mapping z — 6(z)
(resp.z — x(2)) is weakly continuous from Y to Q (resp.Y to V- x W).

Let z, = (2n,,2n,, 2ns) be a sequence of Y converging weakly to z =
(21,22, z3) and let T(z,) = (x(2n),0(2,)) € U x @ be its associated solution
of the (PVI). From (4.9) and (4.7),(3.5) we can deduce

10(zn)lle < mellgz, lo < me(llgmllo + cillzns [l L2(rs) )
< me(llgmllq + ellznlly)-
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So, the sequence (A(z,)) is bounded in Q and then, there exist 6 € Q and a
subsequence (0(zy, )) such that 6(z,,) converge weakly to 6. By (4.8) we get

(4.23) (70,0 —n) < lim (T0(zn,),0(20,) — 1) < (¢:,0 — n)q-

n—oo
Taking n = 0+ 7n* in the previous inequality, we find
(4.24) (T0,n") = (¢2,1)q, Y™ €Q.

According to (4.8) and (4.24), we conclude that 6 is a solution of (PVI?)
and by the uniqueness of the solution of this variational equality we deduce
that 6 = 6(z). Since 6(z) is the unique limit of any subsequence (0(z,, )), we
deduce that the whole sequence (0(z,)) is weakly convergent to 6(z) in @ and
it leads to the weak continuity of z — 6(z) from Y to Q.

On another side, we recall that z(z,) is a solution of (PVI“?) means
(4.25) (Az(2n),y — 2(2n))x + 3120, ¥) — J1(20, ¥(2n)) > (f2n, ¥ — 2(20)) x-

and if we take y = 0, we get
(426) (Ax(zn)a m(zn))X < (};n ’ m(zn))X - 31 (Zna I'(Zn))
From the definition of the element f, we deduce
(Fos@(za))x = (fru(z))v + (0 9(z0))w = £1(zns 0 (20))
+ (MCQZnaE(u(Zn)))H(Q)d + (PCqz,,, V@(zn))m(ﬁ)d’
from (3.6) and (4.13), it exists c4 = me (Ma + Mp) > 0 such that

(4.27) [z llx < 1fllv + llgllw + callznsllL2rs) + callgznll@;
from (3.5) and (4.7), we have
(4.28) =0 @ < llgemlle + erllzng [ 2(rs)

and from the definition of the functional 31, we have
(4.29) J1(zas@(20)) < collzny |22y l2(20) [ x-
The strong monotony of A, combined with (4.26)-(4.29), leads to
m|[z(zn)lx < [[fllv + llallw + callainllo + co llzn [l L2(rs)
+ ez llznall ey + creallznsll L2
< fllv +llgllw + callamlie

+ ¢ (120 |22 (ra) + [12na [ 22(0s) + 1205l 22(rs) )

where ¢5 = max(co, ¢2, ¢1¢4).

Applying the inequality (a + b+ ¢) < v3va2 + b2 + 2 to get

1
(4.30) lo(za)llx < — {lfllv + llgllw + csllaenllo + V3es llzally }-
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Thus, the sequence (z(z,)) is bounded in the Hilbert space X, then there
exists T = (u, p) € X and a subsequence (z(zy,, )) such that z(z,, ) — Z. Since
U C X is closed convex subset, it is weakly closed and hence € U. Moreover,
by using the compactness of the trace map v : X — L?(I'3)¢ x L?(I'3), it
follows from the weak convergence of (z(zy, )) that

(4.31) (2(zn,)) — T strongly in L*(I'3)? x L?(T'3).
Next, let us prove that Z is solution of (4.29). We have
(fznvy —2(zn))x = (f,v —ulzn))y + (4, € — 0(2n)w — l1(zn, & — 9(20))
+ (MCQZmE(v) - E(u(zn)))LQ(Q)d
+ (PCqz,,, V€ = V(2n)) r2(qya-
From (4.3), (4.7) and the weak convergence of (z,) to z, we get
(MCae,.,£(0) — £(u(20))) pa(pa — (MCae, £(0) — (=) (e
(PCqs,, V& - v@(zn))mm)d — (PCq., V& — VSD(Z))L2(Q)d’

from the definition of ¢1, we get

(4.32)

1€1(2n, & = n) — (20, § — P)| < ||Zn2||L2(F3)||SD(Zn) - SZHL?(FS)
< ||Zn||L2(r3)3||5E(Zn) - E”};2(1“3)27

and hence, we deduce

(4.33) 0 (20, € = 9(2n)) = £1(2,€ = ©).
The two previous results (4.32) and (4.33) give
(4.34) (foury = 2(za))x = (Joy — D)x.

Furthermore, the following inequality
| 1 (20, 2(20)) = 31(2n, @) | < M2 || p2rg)lluzn) = @ll 2y
< collznll p2qryys 2(2n) = Zll L2(ry)e
leads to
(4.35) 71 (Zn 2(20)) = J1(z, 7).
On the other hand, it follows from (4.25) that
(Az(2n), 2(2n) = Y)x < (for2(20) — ¥)x
+ (120 y) = 1(2,3)) = (1 (2 2(20)) = G1(2,7)).
Using (4.34) and (4.35) we deduce

m (Az(2n),2(20) = ¥)x < (f, 7 — y)x + (G1(2,9) — 51 (2, 7)),

n—oo
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and, then
T (Ar(za), 2(z0)~B)x = T {(Ax(z0),2(z0) —¥)x + (Az(za).y — F)x}

IN

Tim {(Az(2n), 2(2n) = y)x + [ Az(2n) || x[ly — Tl x}

(fzv-% - y)X + (El(zay) _}1('2)5))
+ Iim {[|Az(2n)] x|y — lx}-

IN

Thus, for all y € U, we have
(Az(20),2(20) = B)x < (f2,7 —y)x + (1 (2,9) — 1 (2, 7))

+ T {1 4()lxlly - Flc).

im
n—oo

Since (||Az(zy)||x) is bounded, if we take y = Z, the last inequality becomes

(4.36) n@o(Ax(zn),x(zn) —Z)x <0.

We combine (4.25), (4.34) and (4.36) with the pseudo-monotonicity of A:
(AZ, 7 —y)x < lim (Az(zn), 2(20) —y)x, Yy e,

n—oo

to deduce
zeU,

(4.37) {<Az,y%>x+31<z,y>31<z’%>2<fzvy% vy e U.

Thus, we find that T is a solution of the problem (PVI%¥) and from the
uniqueness of the solution for this variational inequality, we can deduce that
Z = z(z). Moreover, since z(z) is the unique weak limit of any subsequence
of (x(zn)), we obtain that the whole sequence (x(z,)) is weakly convergent in
X to z(z). Consequently, the mapping z — z(z) is weakly continuous. O

LEMMA 4.6. For a specified values of ki, ko and ks, the operator A has
at least one fized point.

PROOF. Let us consider z = (21, 22, 23) an element of K1 X Ko X K3, we
have [|z1]|2(ry) < K1, [|22]l2(ry) < k2 and ||23]|L2(r,) < k3. Therefore

12l L2(rg)s < k1 + ko + k3.

On another hand, since 9 (un(2)) < My and ¢r(p(2) — ¢r) < L, it follows
from zo = Y(un(2)) o1(p(2) — @r) that

1
(4.38) 22l p2r,) < My Lmeas(T's)?.

Since ke (un(2)) < My, and ¢r(0(z) —0r) < L, it follows from the expression
23 = ke(un(2)) ¢(0(z) — Op) that

(4.39) 23l p2(ry) < My, Lmeas(T's)?.

N
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Moreover, since p(|ju-(2)]]) < M, and R is linear continuous function, it
follows from z1 = p(||ur(2)||) |Ron(u(2))| and (3.4) that

21l = lu(llur()N) [Ron(u(2) | < Myucocrllz(z)]lx-
Combining (4.19) and (4.27), (4.28), we deduce that
lz(2)llx < cdllfllv + llallw + callamliQ}
+ c{eallzall L2 (ry) + crcallzsll 2y }-
Keeping in mind (4.40) and (4.38), (4.39), then
[z1ll < ccocr Ml fllv + llgllw + callgenll}
+ ccocacp My, My Lmeas(Fg)%

(4.40)

[

+ ccoc1cacr My, My, L meas(I's)2.
From the definition of the operator A, we have

[Az]] < llpllur DIRon (W)l + 1 (un)PL(e — @)l + [|ke(un) L@ — O)]].

Hence, if we choose

N|=

ki =ccocr My A|lfllv + llallw + callamllQ) + c2 My Lmeas(T's)
+ 1 ¢4 Mg, Lmeas(I’g)%}
and ) .
ko = MyLmeas(T's)2, ks = My, Lmeas(I's)?,
we will obtain from (4.41) and (4.38), (4.39) that
[Az|| < k1 + ko + k3.

Thus, A is an operator from the nonempty, convex and closed subset
K1 x K2 x K3 of L?(I's)? into itself. Since the space L?(I's)? is reflexive,
K1 x Ko x KCg is weakly compact. The assumptions (hs), (he) and the continuity
of the operators R, ¢y, and k., combined with the lemma (4.5) lead to the
weak continuity of A. Hence, by the Schauder’s fixed point theorem the
operator A has at least one fixed point. O

Now, we have all the ingredients to provide the proof of Theorem 3.1.

Existence: Let z* be the fixed point of the operator A and let denote by
¥ = (u*,¢*,0%) the solution of the variational problem (PVI) for z = z*.
The definition of A and (PVI) prove that z* is a solution of (PV') and that
leads to the existence part of theorem 3.1.

Uniqueness: We consider the product space X = X x Q =V x W x @Q

endowed with the following inner product and the associated norm || - || & such
that

(441) (57?7)2( = (I, y)X + (9777)Q = (U’a U)V + (@7§)W + (9777)Q7
for all z = (x,0) = (u,p,0) and §¥ = (y,n) = (v,&,n) elements of X.
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We consider also the two operators A:X — Xand B: X — X defined by
(4.42) (AZ,9)x = (Az,y)x + (KVO, V1) 12 (e,
(4.43) (Bz,y)x = —(M0,e(v)) 12(qye — (PO, VE) 24,

where A is given by (4.16) and the functionals J, 0, are defined by

(4'44) J(ivy) = j(uvv)v 6(5737) = é(u,ap,«f), %(%a@ = X(U79777)

and the element fis given by

(445) f = (fa q, ch) € X.

LEMMA 4.7. The operator Ais strongly monotone on X 1i.e.,
Im g > 0 such that mz |71 — Tol|% < (AT — ATo, 71 — T2)x-
PRrOOF. Let 71 = (u1,¢1,61) and To = (uz, p2, 2) be two elements of X.
It follows from the definition of the operator A that
(12[5171?152, Elffg)x = (AI'l*AI'Q, 1’179’)2))(+(’CV(91792), V(Glfﬁg))g(md.
Using the strong monotony of A and the assumption (h4), we obtain
(AZy — ATy, Ty — To)x > m|z1 — 225 + mxl|f1 — 023

Keeping in mind (4.41), there exists m 7 > 0 such that

(4.46) (ATy — AT, 71 — To)a > mz|T1 — 2%
O
LEMMA 4.8. The problem (PV) is equivalent to the problem
(AZ,§~ X)x + (BZ,§ — ) + J(T.9) — J(T.7)
@G —7) +XE G- T) 2 (7T
PROOF. We use the same arguments as for (4.18). O

Let @1 = (u1,¢1,601) and o = (ug, p2, 02) be solutions of (PV), then
(AZ1, 7 — F1)a + (BEy, i — 3)x + J(F1,7) — J (31, 11)
07,7 - 71) +XEL, T - F1) > (7 1),
(AZa,J — T2)x + (B, § — Ta)x + J (T2, ) — J (T2, T2)
(T2, § — F2) + X(F2,7 — T2) > (.5 — T

If we take y = Z> in the first inequality, ¥ = z1 in the second one and we add
the two resulting inequalities, we get

(4.47) (AZy — A%y, 71 — B2)x < Gy + Gy + G3 — (BE, — Bia, #1 — T2)x,
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such that
G1 = J(%1,22) — J(Z1,71) + J(Z2,%1) — J(Z2, Ta),
Gy = U(F1, 0 — 71) — T, 1 — T2),
Gs = X(T1,T2 — T1) — X(T2,T1 — T2).

We have

G = /F pllurrl)([Ron(ui)] = |Rom (ug)) (urr || — [Juz-|) da

+ [ Ron(ua)|(u(l[uar 1) = plluar ) (luar | = lus-]) da.

s
Using the property of u, the continuity of R and (3.4), we deduce
(4.48) G < (Mycreg + || Rl| oo (g Lucd) |71 — 2[5

We have also

Gy = g Y(u2r ) (oL (92 — pr) — oL(p1 — vr))(p1 — w2) da

+ [ brlp2 — or)(Y(uar) — P(uir)) (1 — p2) da

I's
and

Gs = /r ke(uoy — 9)(¢r(02 — O0r) — (01 — 0F)) (01 — 02) da

+ . (ZSL(GQ - GF)(kc(UQU - g) - kc(ulv - g))(91 - 92) da.

Using the properties of ¢, 1, k. we deduce

G2 < (Myci + L Lycocr )||Z1 — To[,

Gy < (Mg c3 + L Ly, coco)||F1 — Fo3-

On the other hand, it follows from (4.43) and the assumption (hy) that

(4.49)

|(BZy — BT, T1 — T2) x|
< Mam||61 = Oa| L2 (o lle(ur) — e(ur) | L2(0)a
+ Mp||01 — 02([L2(2) V1 — Vpal| L2 ()

IN

max(Mag, Mp)[|01 — 02| ) (lur — uallv + ller — 2llw)

< max(Mug, Mp)||01 — 02| g1 (|| 21 — 22| x.
Since the two norms || - ||g and || - || g1(o) are equivalents and since
1% =115 + 111G = 20 lx - Hles

there exists a positive constant c, such that

(4.50) ((BZ1 — BTa, 1 — Ta)x| < ¢ max(Mm, Mp)||Z1 — Ta||3-
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Finally, we combine (4.46) and (4.47)-(4.50) to deduce that there exists a
positive constant ¢* such that

171 — Zo|l3 < € (L + My + My + My, + LLy + LLy,

+ max(Mag, Mp))||T1 — To||%

Let L* = Ci*, then if we have

L“ + MM + Mw + Mkc + LLw + LLkL + max(MM,Mp) < L*,

we obtain 7 = To and it implies the uniqueness of the solution.

(1]
2]
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