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Abstract. We study of a friction contact problem between two thermoelastic piezoelectric
bodies with damage, adhesion and normal compliance. The evolution of the damage is described
by an inclusion of parabolic type. The contact is modelled with a version of normal compliance
condition and the associated Coulomb’s law of friction in which the adhesion of contact surfaces
is taken into account. We establish a variational formulation for the model and we prove the
existence of a unique weak solution to the problem.

1 Introduction

Situations of contact between deformable bodies are very common in the industry and everyday
life. Contact of braking pads with wheels, tires with roads, pistons with skirts or the complex
metal forming processes are just a few examples. The constitutive laws with internal variables
has been used in various publications in order to model the effect of internal variables in the
behavior of real bodies like metal and rocks polymers. Some of the internal state variables
considered by many authors are the spatial display of dislocation, the work-hardening of materi-
als, the absolute temperature and the damage field. See for examples [1, 15, 16, 17, 21, 25]
for the case of hardening, temperature and other internal state variables and the references
[3, 6, 10, 11, 12, 13, 17, 24] for the case of adhesion field and the damage field which is de-
noted in this paper by of. The damage is an extremely important topic in engineering, since it
affects directly the useful life of the designed structure or component. There exists a very large
engineering literature on it. Models taking into account the influence of the internal damage of
the material on the contact process have been investigated mathematically. General novel mod-
els for damage were derived in [10, 11] from the virtual power principle. Mathematical analysis
of one-dimensional problems can be found in [8, 9]. Here we describe a variant of one of their
models, and we note that other models for damage, based on different considerations, can be
found in the engineering literature. The new idea of [10, 11] was the introduction of the damage
function o = o(x,t), which is the ratio between the elastic moduli of the damage and damage-
free materials. In an isotropic and homogeneous elastic material, let EY. be the Young modulus
of the original material and E* ¢ be the current modulus, then the damage function is defined by

Clearly, it follows from this definition that the damage function o is restricted to have values

between zero and one. When o = 1, there is no damage in the material, when of = 0, the
material is completely damaged, when 0 < of < 1 there is partial damage and the system
has a reduced load carrying capacity. Contact problems with damage have been investigated in
[10, 24, 26]. In this paper the inclusion used for the evolution of the damage field is

&' — K'Aa + e (af) 3 ¢f (o — Ale(u'), e(u’),0%(s), "), (1.1)
where K* denotes the set of admissible damage functions defined by

K'={¢cH"(Q);0<¢<1, ae. inQf}, (1.2)
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x! is a positive coefficient, Ovx represents the subdifferential of the indicator function of the

set K¢ and ¢! is a given constitutive function which describes the sources of the damage in the
system.

The adhesive contact between deformable bodies, when a glue is added to prevent relative
motion of the surfaces, has received recently increased attention in the mathematical literature.
Analysis of models for adhesive contact can be found in [18, 19] and recently in the monographs
[20, 22]. Following [14], the bonding field satisfies the restriction 0 < § < 1, when 5 = 1 ata
point of the contact surface, the adhesion is complete and all the bonds are active, when § = 0
all the bonds are inactive, severed, and there is no adhesion, when 0 < 5 < 1 the adhesion is
partial and only a fraction /3 of the bonds is active.

The aim of this paper is to study the quasistatic evolution of damage in thermo-electroelastic
materials. For this, we use an thermo-electroelastic constitutive law with long-term memory and
damage given by

ol = Al (e(uh), 0", ") + /0th (t —s,e(u’(s)),0(s),a’(s)) ds — () E*(¥"), (1.3)

where u’ the displacement field, o and e(u’) represent the stress and the linearized strain
tensor, respectively, §¢ represents the absolute temperature and o represents the damage field.
Here Q is the relaxation operator, and A represents the thermo-elasticity operator with damage.
E(¢*) = =V is the electric field, £¢ represents the third order piezoelectric tensor, (£°)* is its
transposition. In this paper we study a quasistatic Coulomb’s frictional contact problem between
two thermo-electroelastic bodies with long-term memory and damage. The contact is modelled
with normal compliance where the adhesion of the contact surfaces is taken into account and is
modelled with a surface variable, the bonding field. We derive a variational formulation of the
problem and prove the existence of a unique weak solution. The paper is organized as follows.
In section 2 we describe the mathematical models for the frictional contact problem between
two thermo-electroelastic bodies with long-term memory and damage. The contact is modelled
with normal compliance and adhesion. We introduce some notation, list the assumptions on the
problem’s data, and derive the variational formulation of the model. We prove in section 3 the
existence and uniqueness of the solution, where it is carried out in several steps and is based
on a classical existence and uniqueness result on parabolic inequalities, evolutionary variational
equalities, differential equations and fixed point arguments.

2 Statement of the Problem

Let us consider two electric-thermo-elastic bodies with long-term memory and damage, occupy-
ing two bounded domains Q', Q? of the space R%(d = 2, 3). For each domain Q°, the boundary
I'* is assumed to be Lipschitz continuous, and is partitioned into three disjoint measurable parts
¥, T and '}, on one hand, and on two measurable parts I', and I, on the other hand, such
that measI'é > 0, measI’y > 0. Let T > 0 and let [0, T] be the time interval of interest. The
Q! body is submitted to f§ forces and volume electric charges of density g6 The bodies are
assumed to be clamped on I'Y x (0,T). The surface tractions f5 act on I'; x (0,7T)). We also
assume that the electrical potential vanishes on I x (0, T') and a surface electric charge of den-
sity ¢4 is prescribed on I’y x (0, T). The two bodies can enter in contact along the common part
[} = I'Z = I'5. The bodies is in adhesive contact over the surface I';. The mechanical problem
may be formulated as follows.

Problem P. For ¢ = 1,2, find a displacement ﬁeld ue : x (0, ) — R9, a stress
field o : Qf x (0,7) — S9, a damage field o’ : x (0, ) — R, an electric poten-
tial field ¢* : Q° x (0,7) — R, a temperature 6° : QZ ( ,T) — R, a bonding field
B:T3 x (0,7) — R and a electric displacement field D’ : Q¢ x (0,7) —s R¢ such that

ot = Al(e(u"), 0, ") + i Ol (t — s,e(u’(s)),0(s),a’(s)) ds — (E)*E*(¢"), in QF x (0,T),
(2.1)
=&l(u’) + GY(E*(¥")), inQfx(0,7), (2.2)
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& =k A + 0P ke (f) 3¢ (o, e(uh), 0%, af) in QF x (0,7), (2.3)
0" — k§A0" = @ (ot e(u’), 0%, ") + p* inQf x (0,T), (2.4)
Dive! + f§ =0 inQfx (0,7), (2.5)
divD’ —¢5=0 inQfx (0,7), (2.6)
u’=0 onT¥ x(0,7), 2.7)
o'v! = f5 onT% x (0,7), (2.8)
B = Haa(B: &5, Ru([u]), R ([u,]) onT3 x (0,7), (2.9
ol =02 =0,, where 0, = —p,([u,]) + 7 6°R.([u,]) onT3 x (0,7), (2.10)
0’.}_ 2 =0,
lor + 75 R- ([ur )| < ppw([w]),
lor + B8R ([u,))|| < ppo([w]) = [u,] =0, onT3x (0,7), (2.11)
|7 + 3-8 Re([ur])|| = ppo([un]) = 3A > 0
such that o, + v, B2 R, ([u,]) = —|u,]

a

g% =0 onI'x(0,T), (2.12)

Ea 9 Ll 4
Koo T A0 =0 onT*x (0,T), (2.13)
©'=0 onT% x(0,7), (2.14)
D'V =¢5 onTy x(0,7), (2.15)
u’(0) = uf, 0°(0) = 65, *(0) =aff inQF, (2.16)
B(0) =By onTs. (2.17)

99 9

Here and below S¢ denotes the space of second order symmetric tensors on R, whereas ”.”” and
||| represent the inner product and the Euclidean norm on S? and R¢, respectively; v is the
unit outer normal vector on I'*, and 7, = maz{r,0} denotes the positive part of r, equations
(2.1) and (2.2) represent the thermo-electroelastic constitutive law with long term-memory and
damage. Inclusion (2.3) describes the evolution of the damage field. Equation (2.4) represents
the energy conservation where ®° is a nonlinear constitutive function which represents the heat
generated by the work of internal forces and p’ is a given volume heat source. Equations (2.5) and
(2.6) are the equilibrium equations for the stress and electric-displacement fields, respectively.
Next, the equations (2.7) and (2.8) represent the displacement and traction boundary condition,
respectively. Condition (2.10) represents the normal compliance conditions with adhesion where
v, 1s a given adhesion coefficient, p, is a given positive function which will be described below
and [u,] = ul + w2 stands for the displacements in normal direction, in this condition the
interpenetrability between two bodies, that is [u,] can be positive on I';.

v if |v| <L,
L& if |v| > L.

[v]

L if s<-L
R,(s)=¢ —s if —L <s<0, RT('v)—{ (2.18)

0 if s>0.

Here L > 0 is the characteristic length of the bond, beyond which it does not offer any additional
traction (see, e.g., [23]). Condition (2.11) are a non local Coulomb’s friction law conditions cou-
pled with adhesive, where [u,] = u! —u? stands for the jump of the displacements in tangential
direction. The relation (2.12) represents a homogeneous Neumann boundary condition for the
damage field on I'*. The relation (2.13) represent a Fourier boundary condition for the tempera-

ture on I'. Equations (2.14) and (2.15) represent the electric boundary conditions. Equation(2.9)
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describes the evolution of the bonding field and it was already used in [4, 5], see also [26] for
more details. The evolution of the adhesion field is assumed to depend generally on 3, [u,] and
[u-]. We do not impose sign restrictions on the process and, thus, cycles of debonding and re-
bonding may take place, as a result of imposed periodic forces or displacements. In addition,
we include here the possibility that, as the cycles of bonding and debonding go on, there is a
decrease in the bonding effectiveness. Therefore, the process is also assumed to depend on the
time history of the bonding, which we denote by

t
&p(x,t) :/ B(x,s)ds on TI's x (0,T). (2.19)
0
The whole process is assumed to be governed by the differential equation,

B = Had(ﬁvg,&RV([uV])7RT([uT]))a

where H,4 is a general function discussed below, which vanishes when its first argument van-
ishes. We use it in H,q4, since usually when the glue is stretched beyond the limit L it does not
contribute more to the bond strength. An example of such a function, used in [4], the following
form of the evolution of the bonding field was employed:

Had(ﬁvgﬁv Rla RZ) = _6+’7nR%;

where ~,, is the normal rate coefficient and ~,, L is the maximal tensile normal traction that the
adhesive can provide and 3, = max(0, 3). We note that in this case, only debonding is allowed.
A different rate equation for the the evolution of the bonding field is

Had(ﬁagﬁaRlvRZ) - _<ﬂ<’7nR% +’7t |R2|2) - €a>+v

see, e.g., [5, 12, 13]. Here, ~; is the tangential rate coefficient, which may also be interpreted
as the tangential stiffness coefficient of the interface when the adhesion is complete (8 = 1).
Another example, in which H,,; depends on all variables is

6+(1 — 6)+

Had(ﬂagﬁa RlﬂRZ) = _’Ynﬁ+R% - 7t5+|R2|2 + vr 2
1+&3

)

where -, is the rebonding rate coefficient. However, the bonding cannot exceed 5 = 1 and,
moreover, the rebonding becomes weaker as the process goes on, which is represented by the
factor 1 + fé in the denominator. Finally the functions uy, 6y, ap and 5y in (2.16)-(2.17) are the
initial data.

We now proceed to obtain a variational formulation of Problem P. For this purpose, we
introduce additional notation and assumptions on the problem data. Here and in what follows
the indices ¢ and j run between 1 and d, the summation convention over repeated indices is
adopted and the index that follows a comma indicates a partial derivative with respect to the
corresponding component of the independent variable. Let H* = L*(QY4, Hf = H'(Q%)?,
HE = L2(Q)P 1Y = {7 = () € H'; divr® € H'}. The spaces H', H{, H' and H{ are
real Hilbert spaces endowed with the canonical inner products given by

(w0 e = | wtvlde, (W0 g = | wlolde+ | Vub.Velde,
Q¢ : Q¢ Q¢

(0,75 5 :/ ot rldr, (oj,‘ré)wf :/ ol rldr + | dive’.Divrids
ot Q¢ Q¢

and the associated norms ||.|| ge, H.||H1e, II-l2g¢, and ||.||H§z respectively.
We introduce the set of admissible bonding fields, defined by

Z={ce L*(I3); 0<¢ <1, ae. onTl3},
and for the displacement field we need the closed subspace of H{ defined by

Vi={v' e Hf; v' =0onT{}.
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Since meast > 0, the following Korn’s inequality holds (see [20]) :
le(@)ll3e > excllv| g Vo' € V7, (2.20)
Over the space V* we consider the inner product given by
(u' 0 ) e = (e(u’),e(v))gge,  Vu' 0" € VY, 2:21)

and let ||.||y¢ be the associated norm. It follows from Korn’s inequality (2.20) that the norms
II1I ¢ and ||.Ilye are equivalent on V. Then (V*, ||.||y¢) is a real Hilbert space. Moreover, by

the Sobolev trace theorem and (2.21), there exists a constant ¢y > 0, depending only on Q°, F‘;
and I'; such that

[0 )| Laryye < collo®flye Vo' € V. (222)
We also introduce the spaces
Ey=1*QY, Ef=H'(QY), W'={y'cEl¢y"=00nT}},
Wt = {Df = (D!); D! € I2(QY), divD’ € L2(Qf)} .
Since measI, > 0, the following Friedrichs-Poincaré inequality holds:
IV lwe > crlvlm@ny Vo' e W5 (2.23)

where cr > 0 is a constant which depends only on Qf, TY. Over the space W*, we consider the
inner product given by

(', 0 ) we = Jo V' . Vipda (2.24)

and let ||. |y be the associated norm. It follows from (2.23) that ||.|| ;71 (q¢) and |- ||y« are equiva-
lent norms on W* and therefore (W*, ||.||yy¢) is areal Hilbert space. The space W* is real Hilbert
space with the inner product

(D', ®")y. = | D .®‘dx+ [ div D" div®‘dz,
QF QF

where div D = (Dfl), and the associated norm ||.||e.
In order to simplify the notations, we define the product spaces

V=V'xV? H=H"'xH?> H =H} x H}, H=H' x H?, H, = H] x H3,
Eo=E\xE}, BEy=El xE2, W=W!x W W=w!xW

The spaces V', £y, W and W are real Hilbert spaces endowed with the canonical inner products
denoted by (., .)v, (-,-)E,, (-,.)w and (., ).

In the study of the Problem P, we consider the following assumptions:

The thermo-elasticity operator A* : Qf x S? x R x R — S? satisfies:

(a) There exists L 4¢ > 0 such that :V&,, &, € S, 1,72, dy,ds € R,

‘Al(xvglvrlvdl) - Ae(wagk 7‘27032)| < Lae (51 - £2|+

Iry —ra| +|di — da]), ae. xe Qb (2.25)
(b) The mapping x +— A*(x, &, r,d) is measurable in Q°, V¢ € S% r,d € R.
(c) The mapping = — A*(x,0,0,0) belongs to H*.
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The relaxation function ol Qf x (0,7) x S? x R x R — S satisfies:

(a) There exists Lge > 0 such that :V¢,,&, € S%, 1,72, dy,ds € R,
1Q (@, t, &y, r1,d1) — Q. t, &5, 72, da)| < Loe (&) — & |+
Iri —ra| +|dy — da]), forallt € (0,T), ae. xe Qb

(b) The mapping x +— Qf(x,t,&,r,d) is measurable in QF,
forany t € (0,T), £ €S¢, r,d € R.

(c) The mapping t — Q(zx, t,&,7,d) is continuous in (0, T),
forany £ € S¢, r,d € R, ae. x € QF.

(d) The mapping = — Q‘(x,t,0,0,0) belongs to H¢,Vt € (0,T).

The energy function ®° : Q° x S x S% x R x R — R satisfies:

(a) There exists Lge > 0 such that :Vn,,m,,&,,&, € S%, a1, as,d;,dy € R,
‘®Z($7"717£17a17 dl) - ®Z(:‘c7"727527 az, d2)| < Lee (\771 - 772|+
& — &+ oo — aa| + |dy — da]), ae.x € Q.

(b) The mapping = — ©(x, 1, £, a, d) is measurable on Q,
forany n,£ € S?and o, d € R,

(c) The mapping = +— ©%(x,0,0,0,0) belongs to L?(Q*),

(d) ®(x,m, &, a, d) is bounded for all g, € € S?, a,d € R ae. x € QF.

The damage source function ¢°: Q' x ST x S% x R x R — R satisfies:

(a) There exists Lge > 0 such that : Vn,,m,,£,, & € S%, a1, a2,
di,dy € R, |¢£(.’1}, &1, an, dl) - ¢Z(m’ M2, &2, 2, d2>| <
Lye(Imy — mo| + € — &of + e — ao| + [di — da]), ae. z € Q.

(b) The mapping x + ¢*(x,n, &, a, d) is measurable on Q°,
forany n,£€ € S?and a,d € R,

(c) The mapping = — ¢(x,0,0,0,0) belongs to L>(Qf),

(d) ¢*(x,m, &, a,d) is bounded, Vn, & € S, a,d € R ae. x € Q°.

The piezoelectric tensor £°: Q' x ST — R? satisfies:

(a) Ew,7) = (6fjk(w)7jk), Vr = (1i;) € S? ae.x € Q.
(b) efjy = efy; € LX(QF), 1 < jk < d.

The electric permittivity operator G* : Qf x R? — R?, satisfies:

(a) ge(va) = (bf](x)E])v bf] = bgzv bf] € LOO(QZ)v 1 < i,j < d.
(b) There exists mge > 0 such that :

G'E.E > mg:|E|*, VE € R, ae. .z € Q%
The adhesion rate function H,q : T3 x R xR x R x R4 — R satisfies:

(a) There exists L,q > 0 such that :V 31, 52, £1, &2, 71,72 € R, dy,dy € R
|Haa(z, B1, 61,71, d1) — Haalx, B2,&2,72,d2)| < Ly |1 — Ba| + &1 — &)+
‘7’1 — 1"2‘ + |d1 — d2|, ae. x €I3.

(b) The mapping « — Hyq4(x, 3,&,7,d) is measurable on T3,
forany 3,&,r € R, d € R4

(c) The mapping (5,§,r,d) — Haa(x, 3,€,7,d) is continuous on
RxRxRxR! ae xel3y,

(d) Hog(x,0,¢,7,d) =0,VE,r e R, d € R ae. x €Ty,

(€) Hua(z, B,&,7,d) >0, VB<0,6,reR, deRI¥!  ae x €T3, and
Hug(x,B,&,7,d) <0, VB>1,6,r €R, deR¥! ae. xcTs.

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)
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The normal compliance function p, : I's x R — R, satisfies:

(a) There exists L, > 0 such that :Vr, 7 € R,
lpu(z,71) — pu(,12)| < Ly|ry — 2, ae. « € [5.
(b) (pu(x,m1) —pu(x,m2))(r1 —72) 20, Vri,m eR, ae. zels;. (2.32)
(c) The mapping « — p, (x,r) is measurable onI's, Vr € R.
(d) py(x,r) =0, forall r <0, ae. x €.
The forces, tractions have the regularity

£ € C(0,T; L*(QY)?), £f € C(0,T;L*(T5)%),

(2.33)
g€ C(0,T;L*(QY)), ¢ € C(0,T;LA(TY)), p' e C(0,T; L*(QF)),
The adhesion coefficients -, and -, satisfy the conditions
Yo,V € L=(3), v,7r >0, ae. onTs. (2.34)

The energy coefficient x§ and the microcrack diffusion coefficient x* satisfies :
Ky >0, K°>0. (2.35)
Finally, the friction coefficient and the initial data satisfy:

pwe L®(T3), u(x)>0 ae. onls,

(2.36)
ub e VY of e K¢ 65 c EY, By e L*(T3), 0< By < 1, ae. on T,
where K* denotes the set of admissible damage functions defined by :
K'={acH(Q"); 0<a<1, ae inQ‘}. (2.37)

We remark that if 3,¢,7 € L?(I3), and d : T3 — R9"! is a measurable function, then the
conditions (2.31) imply that ¢ — H,q(x, B(x),&(x),7(z),d(x)) € L*(T3).
We define the mappings f = (f',£?) : [0,7] — V, ¢ = (¢',¢*) : [0, T] — W, by

2

(£(t),v)y :Z/ f5(t)v dx+2/ t)vt da, (2.38)

=1

S8

(@) Ow =3 [ ait)c”da - > [ (o da (2.39)
—1 7 =114
forallv € V,( € Wand ¢ € [0, 7], and note that conditions (2.33) imply that
feC(0,T;V), qeC0,T;W). (2.40)
We introduce the following continuous functionals ag : F| X F} - R, a: Ey x E; — Rby
2 2
ao(¢, &) = Z K / V¢ Ve dr + > A / ¢'elda, (2.41)
-1 QZ —1 r‘l
a((,§) = / V¢ vetde. (2.42)

Next, we define the four mappings jaq : L*(I3) x V. xV — R, j,. : V. xV — R and
Jfr V. x V — R, respectively, by

o) = [ (= nBR(wDl) 1P R o)) dos @43)

e, v) = /r po([w]) o] da, (2.44)
i) = [ ()] do. (2.45)

3
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By a standard procedure based on Green’s formula we can derive the following variational for-
mulation of the contact problem (2.1)-(2.17).

1,2

Problem PV. Find a displacement field u = (u',u [0,T] — V, a stress field o =
1

)
(o',0?%) : [0,T] — H, an electric potential field ¢ = (¢!, ¢?) : [0,T] — W, a temperature
6 = (0',6%) : [0,T] — E;, a damage field o = (a',a?) : [0,7] — Ej, a bonding field
B:[0,T] — L>(T'3) and a electric displacement field D = (D', D?) : [0,7] — W such that,
for a.e. t € (0,7),

ot = Al (e(uh), 0, ") + /OtQZ(t —s,e(u’(s)),0(s),a’(s)) ds — (E)* E*(¢"),  (2:46)

D' = &(u’) + G*(E*(¢")), (2.47)

2
Y (o e(v”) = e(u (8))ae + Jaa(B(0) u(t), v = u(t)) + g (u(t), v)

= (2.48)
—gpr(u(t), u(t)) + juc(u(t),v —u(t)) > (£(t),v —u(t))v, Vv € V,
VEEE, Y (6°(t) = p" (1), ) 2y + a0(6(1),€) =
X = (2.49)
> (0 (o (0w ). 000" 1)) |,
alt) e K, V€€ K, Z(é/(t),gl — (1)) 2(ae) + ale(t), € — a(t) >
= (2.50)

L2(0f)

S (Efe(ut ) + G (B (L' W), VE') = (—a(t), ), VoW, (25D

=1 o
ﬁ(t) = Had(ﬂ(t)7 gﬁ (t)a Ru([uu (t)])a RT([U‘T (ﬂ])? (2.52)
u(0) = ug, 0(0) = 6o, a(0)=ag, B(0) = fo. (2.53)

We notice that the variational Problem PV is formulated in terms of a displacement field, a
stress field, an electrical potential field, a temperature, a bonding field and a electric displacement
field. The existence of the unique solution of Problem PV is stated and proved in the next section.

Remark 2.1. We note that, in Problem P and in Problem PV, we do not need to impose explicitly
the restriction 0 < 8 < 1. Indeed, equation (2.52) guarantees that 5(z, ¢) < By(z) and, therefore,
assumption (2.36) shows that 8(x,t) < 1fort > 0, a.e. z € I's. On the other hand, if 8(x, ty) =
0 at time g, then it follows from (2.52) that 3(z,t) = 0 for all t > t, and therefore, 5(z,t) = 0
for all t > ¢y, a.e. x € I's. We conclude that 0 < 3(z,¢) < 1forall¢ € [0,T], a.e. z € I's.

First, we note that the functional j,4 and j,. are linear with respect to the last argument and,
therefore,

jad(ﬁau7 —’U) = _jad(ﬁau7v)a

) ) (2.54)
juc(uv —’U) - _juc(uv U)'
Next, using (2.44) and (2.32.b) imply
jl/C(u17 UZ) - juc(ula ’Ul) + juc(u27 vl) - juc(u27 UZ) S 0. (255)

Similar manipulations, based on the Lipschitz continuity of operators R,, R, show that

lJad (B, w1, ) — jaa(B,ur,v)| < cl|ur — usllv|jv|v. (2.56)
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Next, using (2.45), (2.32)(a), keeping in mind (2.22), we obtain

Jr(wi,v2) = der(wr,v1) + jpr (U2, v1) — jpr(u2, v2) 2.5
< GLu ||l oo (ry lur — wallv [[vr — va v

3 Main Results

The main results are stated by the following theorems.

Theorem 3.1. Assume that (2.25)—(2.36) hold. Then, there exists jiy > 0 depending only on QF,
Fﬁ Fg, T3, py, Dry Haqg and A, £ = 1,2 such that, if ||p|| < o, then Problem PV has a unique
solution {u,o,¢,0,a, B, D}. Moreover, the solution satisfies

ueC0,T;,V), (3.1)
©eC0,T;W), (3.2)

B e Whe°(0,T; L*(T3)) N L>=(0,T; Z), (3.3)
o€ C(0,T;H,), (3.4)

0 € L?(0,T; E;) N HY(0,T; Ep), (3.3)
ac L*0,T;E)) N HY(0,T; Ey), (3.6)

D c Wh>=(0,T; W). (3.7)

The proof of Theorem 3.1 is carried out in several steps and is based on the following abstract
result for variational inequalities.
Let X be a real Hilbert space, and consider the Problem of finding w € X such that :

(Au,v —u)x + j(u,v) — j(u,u(t)) > (f,v—u)x Vv e X. (3.8)

To study problem (3.8) we need the following assumptions: The operator A : X — X is Lips-
chitz continuous and strongly monotone, i.e.,

(a) There exists L4 > 0 such that
||Au1 - AUZHX < LAHul — ’u,2||X Vup,up € X,

3.9
(b) There exists m 4 > 0 such that 39)
(Auy — Aug, g —uy)x > mallu —wa|lx Vu,u € X.
The functional j : X x X — R satisfies:
(a) j(u,.) is convex and I.S.C. on X forall u € X.
(b) There exists m; > 0 such that (3.10)
J(ur,v2) = j(ur, v1) + j(uz, v1) — j(u2, v2) .
<mjllu; —ugl|x|lvr —v2llx Yui,uz, v, v € X
Finally, we assume that
fex. G.11)

The following existence, uniqueness result and regularity was proved in [27, p.51].

Theorem 3.2. Let (3.8)—(3.11) hold, and m; < m . Then:
(i) There exists a unique solution u € X of Problem (3.8).

(ii) If, moreover, u; and uy are two solutions of (3.8) corresponding to the data fy, f» € X,
then there exists ¢ > 0 such that

[ur —wallx < ellfi — follx- (3.12)
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We turn now to the proof of Theorem 3.1 which will be carried out in several steps and is
based on arguments of nonlinear equations with monotone operators, a classical existence and
uniqueness result on parabolic inequalities and fixed-point arguments. To this end, we assume in
what follows that (2.25)—(2.36) hold, and we consider that C' is a generic positive constant which
depends on QF, T, I'{, T3, p,,, p-, A%, G, QF, EL o, ey OF, 0F, K, kY, and T with £ = 1,2,
but does not depend on ¢ nor of the rest of input data, and whose value may change from place
to place.

In the first step. Let (A, ) € C(0,T; Ey x Ey) and consider the auxiliary problem.

Problem PV, . Find 0, : [0,T] — Eo, and v, : [0,T] — Ep, such that

o (5.08) — N(E) — PP (1), €9) agey + ao(64(1), €) = 0, V€ € Ey, (3.13)
au(t) € K, 37 (64 (t) — ph(t), € — ab(t) 12 gae) + alau(t), € — apu(t)) > 0, V€ € K, (3.14)
0,(0) = 6o, a,(0) = ay, (3.15)

where K = K! x K2.

Lemma 3.3. There exists a unique solution {0, o, } to the auxiliary problem PV, , satisfying
(3.5)-(3.6).

Proof. Furthermore, by an application of the Poincaré-Friedrichs inequality, we can find a con-
stant ¢y > O such that

)\Z
/ |VE[Pdx + —2/ €2 da > co/ |€|2dx, VE€ EL 0=1,2.
QL K‘O T ot

Thus, we obtain
ao(€,€) 2 allél,. V€ € B,

where ¢; = ko min(1, ¢p)/2, which implies that a is F;—elliptic. Consequently, based on clas-
sical arguments of functional analysis concerning parabolic equations, the variational equation
(3.13) has a unique solution 8, satisfying 6, (0) = 6y and the regularity (3.5).

On the other hand, we know that the form « is not E-elliptic. To solve this problem we
introduce the functions

GL(t) = e tal(t), E(t) = el (E), £=1,2,

We remark that if of,, ¢¢ € K then &/, £’ € K*. Consequently, (3.14) is equivalent to the
inequality

a, € K, Z(&ﬁ(t) — e (1), 8 = &L (1) paar) + al(@u(t),€ — Gu(t)+
(3.16)

2
ZRZ H,gl—d (t))LZ(QZ)>O VﬁEK ae. t e (0,7).
=1

The fact that

S8

2
a8+ Y K€ ) e = D RNE G VEE By, (3.17)

=1 =1

and using classical arguments of functional analysis concerning parabolic inequalities [2, 7],
implies that (3.16) has a unique solution &,, having the regularity (3.6). O

In the second step. Let (A, u,n) € C(0,T; Ey x Ey x V'), we use the {0, a,,} obtained in
Lemma 3.3 and consider the auxiliary problem.
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Problem PV, , .. Findw,, :[0,7] - V, ¢, :[0,7] - W,and 8, :[0,7] — L*(T3)
such that

> (A(etut,, ) Bhool). <o) = elus, ().,
Fhve(w,,, (), v —u,,, (1) + i (u,,, (1), v) = jp(u,,, (@) u,,, @)
+(t),v —u,,,()v = (f(t),v—u,,,{t))v, WeV,
)ori l( fe(ul, (t))+ngf(soM,7( ), V) e = (—a(t), d)w, VoW, (3.19)
oy ) = Haa(B, (8),65 Ru([u,,, (), Br([u,,,. (4)]), (3.20)
Uy, (0) =ug, f,,, (0) = Bo. (3.21)

(3.18)

>\;m

We have the following result

Lemma 3.4. (1) There exists ji9 > 0 depending only on QF, T¢, IS, I's, p,,p;, Haq and
Ab 0 = 1,2 such that, if ||| < po, then Problem PV (5 . has a unique solution
{5, Psns By } Which satisfies the regularity (3.1)~(3.3).

(2) If uy and uy are two solutions of (3.18) and (3.21) corresponding to the data (A1, u1,m),
(A2, 12,m2) € C(0,T; Ey x Ey X V'), then there exists ¢ > 0 such that, for t € [0,T],

[wi(t) = u2(t)[[v < clm(t) —m(t)]v. (3:22)

Proof. We apply Theorem 3.2 where X = V', with the inner product (-, -)y and the associated
norm ||.||y. Let ¢ € [0,7]. We use the Riesz representation theorem to define the operator
A:V - Vby

(Au,v)y = (A" (e(uh),65,as), e(v)),,., (3.23)

for all w,v € V/, and define f,, € X and the function j : V x V' — R by

£, =£(t) —n(t), (3.24)
j(u,v) = jue(u,v) +j,, (u,v), Yu,veV. (3.25)
Assumptions (2.25) imply that the operators A satisfy conditions (3.9).

It follows from (2.32), (2.36), (2.44) and (2.45) that the functional j, (3.25), satisfies condition
(3.10(a)). We use again (2.55), (2.57) and (3.25) to find

J(ur,v2) = j(ur, v1) + j(uz, v1) — j(uz, v2) (3.26)
< C(z)LV||MHL°°(F3)||ul —wv|vi —vallv Vup,uz,vi, v €V,

Using now (3.23)—(3.26) we find that (3.18) and (3.22) is a direct consequence of Theorem 3.2.
Let now t1,t, € [0, 7], an argument based on (2.25), (2.56) and (2.57) shows that
[y, (1) =y, (02) v < e([AE) = At) g, + |1(tr) — p(t2) || 5+
[n(t1) = n(t2)llv + [[£(t) — £(t2)[[v)-
Keeping in mind that f € C(0,7; V') and recall that (u, A,n) € C(0,T; Ey x Ey x V'), it follows

now from (3.27) that the mapping u, ,, satisfies the regularity (3.1).
Let us consider the form G : W x W — R,

(3.27)

2
= (G'Ve" V¢ ) e Vo,6€W. (3.28)
=1
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We use (2.23), (2.24), (2.30) and (3.28) to show that the form G is bilinear continuous, symmetric
and coercive on W, moreover using (2.39) and the Riesz representation Theorem we may define
an element w, , : [0,7] — W such that

(i8]

(w,\,m (t)7 ¢)W = (Q(t)v ¢)W + Z(Eéé_(ué (t))v vd)é)H‘Z V(b € VVvt € (0’ T)

Apn
=1

We apply the Lax-Milgram Theorem to deduce that there exists a unique element ¢, (t) € W
such that

G(#5,,(1),0) = (w,,, (1), O)w Vo W. (3.29)

It follows from (3.29) that ¢, , is a solution of the equation (3.19). Let t1,t, € [0,77, it
follows from (3.19) that

03,0 (1) = @50, ()W < C(lluy,,, (t1) — u,,, (0)]Iv + lla(t) — q(t2)|lw). (3.30)

Now, from (2.33), (3.30) and u,,, € C(0,T; V'), we obtain that ¢, € C(0,T;W).
On the other hand, we consider the mapping H, , : [0,7] x L*(T3) — L*(I'3),

Apn

Hx,m (tv B) = Haa (BM“? (t)v 55 Ry([u)\unu (t)])a RT([UAW;T (t)]))v

Aun ’
for all t € [0,7] and 3 € L*(T3). It follows from the properties of the truncation operator
R, and R, that H, , is Lipschitz continuous with respect to the second variable, uniformly in
time. Moreover, for all 8 € L?(T'3), the mapping t — H, , (t,3) belongs to L>(0,T; L*(T3)).
Thus using the Cauchy-Lipschitz theorem (see [26, p.48], we deduce that there exists a unique
function 3, € W'°(0,T; L?(I';)) solution of the equation (3.20). Also, the arguments used
in Remark 2.1 show that 0 < g,  (t) < I forall t € [0,T], a.e. on I's. This completes the
proof. O

In the third step, let us consider the element

A, A ) () = (A, A ) (), A2, A 1) (), A3, M\ p)(t)) € V x Eg x By, (3.31)

defined by the equations

2
(A (A 1) (1), 0)v = =D ((E)E(LS,,)s e(v)) g0 + dad(By, (1), 0y, (1), 0)

=1
2 t
+Z (/ o (t— s,s(uim (s)),@ﬁ(s%aﬂ(s)) ds, E(Ue)) , YveV, (3.32)
=1 0 HE
N p) = (0'(a), el ),04,al), @02, e(u?,).63,02)), (333)
N, A p) = (¢>‘ (0),,(u, )0\ a,), ¢ (ai}m,s(uiw)ﬁi?ai)), (3.34)

where the mapping a”iw is given by

t
ol = Al(e(ut )05 at) + /0 (1 — s, e(ul (5)),04(s), 0, (s))ds — (€5 B (o).
(3.35)

Lemma 3.5. The mapping A has a fixed point (n*, \*, u*) € C(0,T;V x Ey x Ep).
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Proof. Let (n1, A1, p1)s (12, A2y p2) € C(0, T3,V x Ey x Ep) and denote by 6;, a;, w;, 5, B; and
o ;, the functions obtained in Lemmas 3.3, 3.4 and the relation (3.35), for (n, A\, ) = (1;, Ai, 1),
i =1,2.Lett € [0, T]. We use (2.28), (2.29), (2.43) and the definition of R,, R, we have

2
IA (1, vy ) () = A (m2, Aoy i) (D15 < Y I1E) Vel (8) = (€°) Vi (8) e +
=1

}:/Hdt—ssm (), 05(5), af(s)) = Q" (t = s, (uh(s)), 65(5), a5 (s)) [, ds

""C”ﬂ%(t)RV([ulu(t)]) - 5§(t)Ru({u2V(t)DH2LZ(F3)
+C||BF (1) R ([17(1)]) = B3 (8) Rr ([ (1)) 721y -

Therefore,

1A (1, vy ) (8) = Al (2, Ao, i) ()15 < C(/O i (s) = wa(s)) I3 ds +
[ 1619 = 8a) I ds + [ flar(s) = ax(s))If ds +
0 0

() = 28 + 110 — Oy ) (336)

By similar arguments, from (3.33), (3.35) and (2.27) it follows that

|m%mAhmxw—A%mALMXﬂ&hchmmw—uxﬂ%
! 2 ¢ 2
+Anm@—m@wéw+mwwﬂmmm+Anm@—m@w%@

+01(t) = 62(t)) I3, + /Ot 161(s) — 62(s)) 1%, ds + ll1 (1) - 802(t)||%/v>~ (3.37)

Similarly, using (2.28) implies

I A ) 0) = A e (1 < ©an) — (0
+AWW@—W®M€%+aﬁ%ﬂwm&+AWm®—mwwﬁ%

+161(t) = 62(1)) 17, + /0 161(s) — 02(5)) ||, ds“‘”@l(t)_@z(t)”%w) (3.38)

It follows now from (3.36), (3.37) and (3.38) that

A1, A i) () — Az, Ay 12) (O o 2y < C(||u1 (t) — ua(t)3
[l (6) — wals IR s+l 0) — 20D + [ llon(s) - (o) I s
wam—%mma+lnmg—®@maw

HW@)gwmm+xmw@mmwQ. (3.39)

Also, from the Cauchy problem (3.20) we can write

5i(t)=ﬁo—/0 Hoq(Bi(s): €p,(5), B ([in (5)]), R ([uair ()]) ) ds
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and, employing (2.18) and (2.31) we obtain that

1610550 sy < 1106) 56 s

+C OHRV([uly(s)])—R v ([uaw (s) ds

Dlzzry

4 C/O [ B ([1-(5)]) — B ([ ()] o, -

Using the definition of R, and R, and writing 8; = 81 — 5 + (., we get

81O =520) 2y < ([ 1=t [l () =29 uts)- d0)

Next, we apply Gronwall’s inequality and from the Sobolev trace theorem we obtain

t
181(8) = Ba (D) I72(r,) < 0/0 1 (5) = wa(s)|[3 ds. (3.41)
We use now (3.19), (2.23), (2.29) and (2.30) to find

le1(t) = p2(O)l3y < Cllun () — w2 (t)I3- (3.42)
From (3.13) we deduce that

(01 — 62,60, — 02) g, + ag(01 — 62,601 — 02) + (A1 — A2, 01 — 192)]50 =0.

We integrate this equality with respect to time, using the initial conditions 6,(0) = 6,(0) = 6,
and inequality ag(6; — 62,6, — 62) > 0, to find

1 t

1000 = 02015, < [ (0() = Xa(6).81(5) = 02(s) , .
which implies that

001~ 020012, < [ I0G6) — Ao+ [ 161 (5) = o) s
This inequality combined with Gronwall’s inequality leads to
t
161(2) = 62() 1, < C/ 1A (5) = Aa(s) [T, ds vt € [0,T). (3.43)
0

Moreover, from (3.14) we deduce that a.e. t € (0,7,
(&1 — o, a1 — o) g, + alar — ag, a1 — az) < (w1 — po, 0 — 2)E )

Integrating the previous inequality with respect to time, using the initial conditions a;(0) =
a2(0) = ap and inequality a(a; — az, a1 — ap) > 0, to find

Flon(®) = ox)l, < [ (n(s) = pa(s)oan(9) = als) s,

which implies that

o 0) = @201 < [ hn(s) = pa() s+ [ o) ) s

This inequality combined with Gronwall’s inequality leads to

t
Hm@*%WESCAWM$ﬂMMﬁ@ (3.44)
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We substitute (3.22), (3.41)-(3.44) in (3.39) to obtain
A1, At 1) (8) — A2, Aas 12) (O w2y <
t
C [ 1A ) 5) = Ao ) () e,
Reiterating this inequality m times we obtain
IA™ (1, Aty 1) = A" (02, M 1) G0 2 w g 120 <
@H(m A i) = (12, M2, i) B0, v x 2 ¢ )

Thus, for m sufficiently large, A™ is a contraction on the Banach space C'(0, T,V x Ey x Ey),
and so A has a unique fixed point. O

Let (p*, A", u*) € C(0,T; V x Fy x Ey), be the fixed point of A, and denote

Use = Uyunpn P = Py = B* = ﬁ TR 0, = 0)\*; Qg = Oy, (3.45)
ol = Al(e(ul), 0, a / QU (t — s,e(ul(5)), 8(s), ol () ds — (E) EX(¢t),  (3.46)
= &' (ug) + G*(E'(#)))- (3.47)

We use : Al (%, X, p1*) = n*, A2(n*, X, w*) = X*, and A®(n*, \*, u*) = p*, it follows:

2
(n* = > ((EN B (1), e(v) 0 + Jad(Ba(t), ua(t),v)
é —s,e(ul ,0%(s), 0t (s)) ds, e(v* , Vv , 3.48
+Z(/Qt (W), 0L () s <) oV, G
A(t) = O (al(t),e(ul(1)),05(¢), 0l (1), £=1,2. (3.49)
pi(t) = ¢ (i (1), e(ul(t)), 65(1), (1)), £ =1,2. (3.50)

Existence. We prove {u., 0, px, s, u, B, Dy} atlsﬁes (2.46)—(2.53) and the regularites (3.1)—
(3.7). Indeed, we write (3.18) for (n, A\, u) = (n*, \*, u*) and use (3.45) to find

2
Z Al(e(ul), 05, at), e(v’) —e(ul(t))se (3.51)

Five(u *( )sv = wu (b)) + jrr(wa(t), ) = fpr(wa(t), ue(t))
+0" (1), v —u.(t))v = (£(t),v —u.(t))v, Vo e V.

Substitute (3.48) in (3.51) to obtain

al), e(vf) — e(ui(t)))e

[
=

~

+Z(/ Q{1 = s 2(u 5)) 04(s) 2 (6)) ds. <(v') ~ efut (1))
(B 0,18 (0,0 —  (0)) + G (1), 0 = 02 (0) + e o0,
i) = 3 (L0, =)~ e(ul)

-1
> (£(t),v — u*(t))v YVoeV ae.tel0,T], (3.52)

HE
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and we substitute (3.49) in (3.13) to have

2 2
> (65(1), 65 12(qe) + ao(0 => (A (t),€) e (3.53)

=1 (=1

forall £ € Ey, ae.t € (0,7).
Next, substitute (3.50) in (2.25) to obtain o (t) € K, and

2
Z 2 () an) + aon(t),€ — au(t) >

2 (3.54)
Z ((;Sf (0‘5< (1), E(ui (1)), O‘ﬁ (t)) ) 5@ B Ozi (t)) Lz(g@)’

=1

forall £ € K, ae.t € (0,7). We write now (3.20) for (n, \, u) = (n*, A*, u*) and use (3.45) to
see that

2
D (GE (pL(t)), Vo) e +Z (Ee(ui(t), Vo ) me = —(a(t), O)w,  (3.55)
(=1 =1

forall p € W, ae. t € (0,T). Additionally, we use U,. .. i0(3.20) and (3.45) to find

1

Bu() = Haa(Bo(0),€5. (1), Ru (s ()]). Re ([t (1) (3.56)

a.e.t € [0,T]. The relations (3.51)—(3.56), allow us to conclude now that {w.., 0., ., s, ., B, D}
satisfies (2.46)—(2.52). Next, (2.53) the regularity (3.1)—(3.3) and (3.5)-(3.6) follow from Lem-
mas 3.3 and 3.4. Since u., @, 0, and «, satisfies (3.1), (3.2), (3.5) and (3.6), respectively, It
follows from (3.46) that

0. €C(0,T;H). (3.57)

For / = 1,2, we choose v = u + ¢ in (3.52), with ¢ = (¢!, ¢?), ¢* € D(Q*)? and ¢*~* = 0, to
obtain

Divel(t) = —fi(t) Vte[0,T], £=1,2, (3.58)

where D(Q) is the space of infinitely differentiable real functions with a compact support in Q.
The regularity (3.4) follows from (2.33), (3.57) and (3.58). Let now ¢1, ¢, € [0, 7], from (2.23),
(2.29), (2.30) and (3.47), we conclude that there exists a positive constant C' > 0 verifying

D (t1) = Du(t2)lla < C (llex(tr) — ps(t2)[w + lua(ty) — us(t2)llv) -
The regularity of u, and ¢, given by (3.1) and (3.2) implies
D, eC(0,T;H). (3.59)

For ¢ = 1,2, we choose ¢ = (¢', ¢?) with ¢* € D(Q*)? and ¢>~* = 0in (3.55) and using (2.39)
we find

div D%(t) = ¢§(t) Vte[0,T], £=1,2. (3.60)
Property (3.7) follows from (2.33), (3.59) and (3.60).

Finally we conclude that the weak solution {w., o, @, O, a, By, D} of the problem PV
has the regularity (3.1)—(3.7), which concludes the existence part of Theorem 3.1.

Uniqueness. The uniqueness of the solution is a consequence of the uniqueness of the fixed
point of the operator A(., ., .) defined by (3.32)—(3.33) and the unique solvability of the Problems

PV()\7N), and PV()\7M7,7). O
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