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1. Introduction

The Caginalp phase-field system
At + A*u — Af(u) = —A6, (1.1)
0, — A0 = —0,u, (1.2)

has been proposed in [1] to model phase transition phenomena, e.g. melting-solidification phenomena,
in certain classes of materials. In this context, u is the order parameter and 6 the relative temperature
(relative to the equilibrium melting temperature), f is a given function (precisely, the derivative of a
doublewell potential F'). This system has been studied, e.g., [2,6-11,13,15] and [17].

Equations (1.1) and (1.2) are based on the total free energy

P(u,b) = f (lqulz + F(u) — ub — 192)dx, (1.3)
o2 2

where Q is the domain occupied by the material (we assume that it is a bounded and smooth domain
of R”, n = 2 or 3 with boundary I').
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We then introduce the enthalpy H defined by
H = —0gy, (1.4)
where 0 denotes a variational derivative, so that
H=u+#. (1.5)
The gouverning equations for « and 6 are finally given by
O = Ao, (1.6)

where du stands for the variational derivative with respect to u, which yields (1.1). Then, we have the

energy equation
0,H = —divg, (1.7)

where ¢ is the thermal flux vector. Assuming the classical Fourier law
q = -V, (1.8)

we obtain (1.1) and (1.2).

Now, one drawback of the Fourier law is that it predicts that thermal signals propagate with an
infinite speed, which violates causality (the so-called “paradox of heat conduction”, see, e.g. [5]).
Therefore, several modifications of (1.8) have been proposed in the literature to correct this unrealistic
feature, leading to a second order in time equation for the temperature.

A different approach to heat conduction was proposed in the Sixties (see, [14, 16]), where it was
observed that two temperatures are involved in the definition of the entropy: the conductive temperature
6, influencing the heat conduction contribution, and the thermodynamic temperature, appearing in the
heat supply part. For time-independent models, it appears that these two temperatures coincide in
absence of heat supply. Actually, they are generally different in time for example, [8] and references
therein for more discussion on the subject. In particular, this happens for non-simple materials. In that
case, the two temperatures are related as follows (see [4,5]).

0=a-Aa, (1.9)

Our aim in this paper is to study a generalization of the Caginalp phase-field system based on these two
temperatures theory and the usual Fourier law with a nonlinear coupling. In particular, we obtain the
existence and the uniqueness of the solutions and we prove the existence of the exponential attractors
and, thus, of finite-dimensional global attractors.

2. Setting of the problem

We consider the following initial and boundary value problem:
Ou + AN*u — Af(u) = -Ag(u)(a — Aa), 2.1

da — N, + N*a — Aar = —g(u)o,u, 2.2)
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u=Au=a=Aa=0 on T, (2.3)
uli—o = Uy, @li=o = o, (2.4)

where I' is the boundary of the spatial domain €.
We make the following assumptions on nonlinearities f and g:

fisofclass C3(R), f(0)=0, ge C*(R),g(0)=0, (2.5)

| G(s) |< c1F(s)+ ¢, co,c1,6220, seR, (2.6)

|g()s|< 3| G(s) P +1), ¢3>0, seR, (2.7)

cas —c5s < F(s) < f(8)s+co < s —¢7, c4,06>0, cs5,c7>0, seR, (2.8)
lg(s) [<cs(IsI+1), 18()ISco c5,00 20, s€R, 2.9)

| F/(s)I<ciol sIF+1), c10=0, seR, (2.10)

where k is an integer, G(s) = f s g(n)dt ,and , F(s) = f s f(od(r).
0 0

We denote by ||.|| the usual L>-norm (with associated scalar product ((.,.))) and set ||.||-; = ||(—A)‘% Al
where —A denotes the minus Laplace operator with Dirichlet boundary conditions. More generally, ||.||x
denotes the norm in the Banach space X. Throughout this paper, the same letters ¢, ¢’ and ¢”” denotes
(generally positive) constants which may change from line to line, or even in a same line. Similarly,
the same letter Q denotes monotone increasing (with respect to each argument) functions which may
change from line to line, or even in a same line.

Remark 2.1. In our case, to obtain equations (2.1) and (2.2), the total free energy reads in terms of
the conductive temperature 0

W(u,0) = fg (%IVMIZ + F(u) — G(u)0 - %Qz)dx, 2.11)

where f = F' and g = G’, and (1.6) yields, in view of (1.9), the evolution equation for the order
parameter (2.1). Furthermore, the enthalpy now reads

H=Gu)+60=Gu+a-Aaq,

which yields thanks to (1.7), the energy equation,

o o . ou
Frie AE + divg = —g(u)a.

Considering the usual Fourier law (q = —V86), we have (2.2).
We can note that we still have an infinite speed of propagation here.

AIMS Mathematics Volume 8, Issue 6, 14485-14507.



14488

3. A priori estimates

The estimates derived in this section are formal, but they can easily be justified within a Galerkin
scheme. In what follows, the Poincaré, Holder and Young inequalities are extensively used, Without
further referring to them.

We rewrite (2.1) in the equivalent form:

(=A)'0u — Au+ f(u) = g(u)(a — Aa). (3.1)
We multiply (3.1) by d,u and integrate over €2, we have
(=N)"'0u, ,u) + (=Au, d,u) + (f(u), du) = (g(u)( — Ar), d,u),
which gives

1d 5 5

EE(“VMH +2 fg F(u)dx) + ||0ullZ, = fgg(u)@,u(a — Aa)dx. 3.2)
We multiply (2.2) by (@ — Aa) and integrate over €, we have
O, @ — Aa) + (A, — Aa) + (-Ad,a, @ — Aa) + (A, @ — Aa) = —(g(w)du, (@ — Aa)),

which gives,
1 d 2 2 2 2
EEHQ — Aa|” + ||Vall” + 2||Aall” + [[VAal|* = = | gw)du(a — Aa)dx (3.3)
Q

(note that |la — Aa|* = [|e|]® + 2||Val + ||Aa|).
Summing (3.2) and (3.3), we find

d
zt(||vu||2 +la = Al +2 f F(u)dx) + 2||Vall* + 4|Aall* + 2|IVAa|* + 2/|0,ull*, = 0, (3.4)

Q
which yields,
@ 2 2 2 2
o + c(IVall” + |Aall” + IVAall” + [10:ullZ,) < c. (3.5)
where
E, = |IVull? + ||la = Aa|* + 2 f F(u)dx, (3.6)
Q

Owing to (2.8), we obtain

2 2 k+2 !
C(”u”Hl(Q) + ”a”HZ(Q) + ||u||L-I:—+2(Q)) - C S E1

» 2 2 k+2 "
<c (Hu”Hl(Q) + ”a/”HZ(Q) + ”u”L-I:JrZ(Q)) —-C, (37)

We multiply (2.1) by u and integrate over €2, we have
L 2 F(u)dx) < =llal g, +2 3.8
E”un_l + C(HMHHI(Q) + o (I/l) x) = EHQ/IHHZ(Q) + 2Co- ( . )
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Summing (3.5) and 6(3.8), where ¢ > 0 is small enough, we have
i 2 2
thz + c(Ey + [[VAa|]” + [|6:ull”y) < ¢, ¢ >0,

where
E, = E; +6|lull*,,

satifies

2 k+2 2 !
C(”uHHl(Q) + ”u”L-l:rZ(Q) + ”a”HZ(Q)) —c <

R k+2
Ey < ¢ (llully ©

2 ”nr
+ ||u||Lk+2(Q) + ”a”HZ(Q)) -C,

()
c, ¢ >0.

In particular, we deduce from (3.9) and Gronwall’s lemma the dissipative estimate
t
(O g, + OIS ) + DIz + fo e I(VASIP + 8(9)IE, s
k2 2

2 e
< C(HMOHHI(Q) + ||u0||Lk+2(Q) + ”(IO”HZ(Q))e Cta c> 0’ t > 0.

We multiply (2.1) by 0,u and integrate over 2, we obtain

d
E||Au||2 +2)10,ull* =2 f Af(u)oudx —2 f Ag(u)(a — Aa)O,u)dx.
Q

Q

We multiply (2.2) by —A(a@ — Ae) and integrate over €2, we obtain

d
Enwa — Ao + 2l|Aa|? + 4|[VAa|* + 2||A%|| = 2 f gw)ou.Aa — Aa)dx.

Q

(note that ||[V(a — Aa)|* = |[ValP + 2||Aa|® + [[VAQ|]*)
Summing (3.11) and (3.12), we find

d
E(IIAMII2 +1IV(@ = Aa)IP) + 2[lAall® + 4[VAal® + 21A%al + 218ull
= 2(Af(w), Ou) = 2(Ag(u)(a — Aa), Out) + 2(8(u)d,u, Al — Aa)).

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

This, let find estimates of (3.13) right terms, using Holder inequality, owing to & € H*(Q) with

continuous injection the H*(Q) C L¥(Q), we have

1
20(Af (), du)| < el f )l + §||atu”2-

Furthermore,

2|(Ag(u)(a — Aa), Ou)| < 2 f |Ag(ll(e = Aa)|~)|0uldx
Q

(3.14)

AIMS Mathematics Volume 8, Issue 6, 14485-14507.



14490

IA

2cl|Ag @)l ull

IA

1
cllAg) + gllazullz,

and,

2|(g()du, Ala — Aa))| 2|((a — Aa)Ag(u), ,u)|

cillAg@)I + e3ll0:ull’.

IA

Inserting (3.14), (3.15) and (3.16) into (3.13), we find

d
E(IIAMII2 + V(@ = Ao)IP) + 2llAal® + 4IIVAalP + 2IA% + csll0,ull?

< el fIBys g + clAguIP.
We recall that H2(Q) ¢ C(Q) and owing to (2.5), we obtain
IR g + 18I 0, < Qlullie)-
and inserting (3.18) into (3.17), we find
%(IIAMII2 + V(@ = A)IP) + 2l Al + 4IVAa® + |A%?
+esl0ul® < QUlully)-
In particular, we deduce
d 2 2
d—t(IIAull +|IV(e = Ad)lI") < Olullzz)-
We set
y = lAul + V(e - A,
we deduce from (3.20) an inequation of the form
Y <00).
Let z be the solution to the ordinary differential equation
7 =0, z(0)=y0).

It follows from the comparison principle, that there exists a time
To = To(lluollr2. llaolle ) > 0 belonging to, say (0, 1) such that

)’(l) < Z(t)’ vt € [O’ TO]’
hence

2 2
”u(t)”HZ(Q) + ||a(t)”H?(Q) < Q(HMOHHZ(Q)’ ”a/()”H3(Q))a Vi < To.

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

AIMS Mathematics Volume 8, Issue 6, 14485-14507.



14491

We now differentiate (3.1) with respect to time, and have
(=A)'0%u — Ao+ f(w)du = g (Wdu(a — Aa) + g(u)(0,a — Ad,a).
Owing to (2.2), we have
(—A)—lafu — Ao + f'(w)du = g W)dula — Aa) — g*(w)du + gu)Aa.

We multiply (3.27) by t0,u and integrate over Q, we find for t < T

d
d—t(rnatuuil) + 26||\VO,ull® + 2(f (u)d,u, td,u) = 2 f g (W)du(e — Aw).t8,udx

Q

-2 f g (u)0u.td,udx + 2 f gw)Aa.toudx.
Q Q
Owing to (2.9), (3.18) and (3.25), we obtain t < T

20" )0, t0)| - < 26QIluoll 2, llvol )10l
t
Olletoll 2 ol o) EllAu 2 ) + EIIV@MIIZ-

IA

Using to the interpolation inequality note that, ||0,u|* < c||0ull;||V8,ull.
Owing to (3.25) and that —Aa € L*(Q) ¢ H™'(Q), we have

A

2(gw)(Aa, 10)] < 2tQ(lluollr2(q)» levol s @A [l|Opull
Olluol 20y, llvoll ) Ell Al + tlld,ull*)
Olluol 20y, lloll @) EllllFs g, + HIVOIP).

IA

IA

Using the estimates (2.9) and owing to (3.25), we find

12(8"(du(a — Aa), 10,u)|

IA

2
2:Q(luollr2- llvoll 3 @)1 Osull

IA

Owing to (3.25), we have
t
12(g*(w)0,u, 1,u,)| < tQ(luollr2)s ol Bl | + Ellvatullz-
In inserting (3.29), (3.30), (3.31), (3.32) into (3.28) and owing to (3.25), we find

d 2 2
= I0Zy) + cHlI VOl
2 2
< Olluollr2)s ol 20y, llevoll s @) (UllOullZ)) + ctllallys g,

In particular, owing to (3.5), (3.10), (3.25) and (3.33), Gronwall’s lemma and, we find

1
2
||6,u||_1 < ;Q(HMOHHZ(Q), ||M0||Lk+2(9), ||a0||H3(Q))’ Yt € (0,To].

t
2 2
1Q ol ol @0z, + S IV Ol

(3.26)

(3.27)

(3.28)

(3.29)

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)
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We multiply (3.27) by 0,u and integrate over Q, we have
1l + VOl < el f
210y + VO™ < c(lldudlZy + llallyeg))-

Owing to (3.10), (3.25) and Granwall’s lemma, then the estimates (3.35) becomes

2 . 2
0ullZ, < edQ(”Mo”HZ(Q), ol 2y lavoll 3 @)0u(To)IIZ,, ¢ >0, t > Ty,

hence, owing to (3.34), we have
18l < e Qlluoll (s luollr2es laolli)s € = 0, 2 T,
We now rewrite (3.1), for t > T fixed, in the form

—Au+ f(u) = h,(t),u=0onT,

where
h(t) = =(=A)"'8,u + gw)(a — Aa).

We multiply (3.39) by h,(¢) and integrate over €2, we have

Ir O < cldull; +lelq)-

Owing to (3.34)-(3.37), we obtain
h DI < e Q(luoll g2, luollzrw2 (o), llollas@))s ¢ >0, 1= To.
We multiply (3.38) by u, owing to (2.8) and integrate over €, we find
IVul* + ¢ fQ F(uydx < cllh,@)I* + ¢, ¢ > 0.
We multiply (3.38) by —Au, owing to (3.9)-(3.25) and integrate over €2, we have
AUl < 1,1 + ¢l Vull,

we deduce the (3.41)-(3.43), we obtain

2 by ’
Ul 0y < € QUluolle, ol llaollasy) + ¢, ¢ 20, > T

Owing to (3.25), we find
2
||u(f)||Hz(Q) < e Qlluoll 2y loll 2y lollay)s € =0, > 0.

Then the estimate (3.3) becomes

d
d—tna — Al +2|[Va|P + 2]|Ac|]? + 2||[VAe|]?

2 2
< Q(HMO”HZ(Q)’ ||M0||Lk+2(§z), ||a0||H3(Q))(”a' — Aa|” + [|0:ull).

(3.35)

(3.36)

(3.37)

(3.38)

(3.39)

(3.40)

(3.41)

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)
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Owing to (3.25) and (3.36), we have

2 2
lla = Acd|” + (10wl < Qlluollr2)» ol ys llavoll e @)-

Owing to (3.35)-(3.37) and we integrate over T to t, we deduce that

!
”a(t)lliﬂ(g) + f; (Va9 + [1Aa(s)I? + IVAa(s)IP)ds
0
< " Qluoll2 () 1ol 2@y, ol @), t = T,
which implies
”a(l)”ip(g) < e“ Qlluoll2» ol 2y ol ), ¢ > 0,1 > T,

Combining ( 3.44) and (3.49), we have

2 2
||M(t)||H2(Q) + ||C¥(f)||Hz(Q) < eCtQ(”uO”HZ(Q)s llztoll 20y, lavoll 3y + ¢, ¢ >0, £ > T.

Finally, we deduce (3.35) and (3.50) that

2 2
1Ol + 1@, < € QUluollrz@), luoll ), llaollm@) + ¢, ¢ >0, > 0.

Integrating (3.51) between O to 1, we obtain

1
2
j(; ||C¥(f)||Hz(Q)df < Q(”I/‘OHHZ(Q)a ||Mo||Lk+2(Q)» ||C¥0||H3(Q)) +c.

We multiply (2.1) by u and integrate over €2, we have

d 2 2 2 2
Z I+ cllAull” < Qllluollre - ol llaoll@)UIVUll” + llallys q))-

Owing to (3.18) and (3.25), we find

d. o 2
2+ cllAull™ < Qluollr - lluolla, llaollza)-

We deduce the (3.54), we have
1
fo IIM(I)IIi,z(Q)dt < Olluollzz (s lluollzr+2(0s llvoll 3 @)-
The estimates (3.52) and (3.55) conclude that there exists T € (0, 1) such that
(T ) + NI < Olluoll 20y, Nitollr2s o) + ¢,
which implies

2 2
||u(1)||Hz(Q) + ||CY(1)||H2(Q) < Q(HMOHHZ(Q)’ ||M0||Lk+2(g), ”a'O”H3(Q)) +c.

(3.47)

(3.48)

(3.49)

(3.50)

(3.51)

(3.52)

(3.53)

(3.54)

(3.55)

(3.56)

(3.57)
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Owing to (3.10), (3.51) and (3.57), we have the estimate dissipative following

2 2 -
lu®llipq) + @l < € Qlluollzq), oll2@), leoll@) + ¢, ¢ >0, 0. (3.58)

We multiply (2.2) by Ad,« and integrate over €2, we have
d
E(IIVAQII2 + [1Aal?) + 1Ad,01* + IVdal? < Oluolle gy ol @y lloll @)l (3.59)

Owing to (3.35)-(3.37) and integrate between T, to ¢, we deduce that

t
(IAG,a($)II” + IVaa(9)I)ds < ™ Qlluol 20y, loll £ loll s ey)s = To, (3.60)

To

Setting y = [[VAal|[*, g = 0 and & = [|0ull* |, we deduce from (3.60) that
Y < gy+h,t>t, (3.61)

where, owing to the above estimates, y, g and h satisfy the assumptions of the uniform Gronwall’s
lemme (for ¢ > #;), and for f >, + r,

I+
2 —_
f IVAlPds < e Qluollz - ltollsxn. ll2olliay 1) + c(r)oe > 0, 12 7, (3.62)
t
which implies
2 —
la®llysq, < € Qluollzz ), ol laollaz), ) + (1), ¢ > 0, t > 7. (3.63)

We deduce owing to (3.58) and (3.63) that
IIM(I)IIEZ(Q + IIa(t)Ilqu(Q) < e O(luollg2s ol s ol g3y, 1) + c(r), e(r) > 0, t > 1. (3.64)
4. The dissipative semigroup

Based on the a priori estimates, we have the

Theorem 4.1. We assume that (uy, ) € (H*(Q) N H(I)(Q) N LE*2(Q)) x (H*(Q) N Hé(Q)). Then, the
system (2.1)-(2.4) possesses at least solution (u, ) such that u € L*(0,T; H*(Q) N Hy(Q) N L**(Q)),
@ € L0, T; H() N HY(Y) and du € LX0,T; H' (), ¥ T > 0,

Proof. The proof is based on the estimate (3.64) and, e.g., a standard Galerkin scheme. O
We have, concerning the uniqueness, the following.

Theorem 4.2. We assume that the assumptions of Theorem 4.1 hold. Then, the solution obtained in
Theorem 4.1 is unique.

Proof. Let now (u;, ;) and (u,, ;) be two solutions to (2.1)-(2.4) with initial data (u; 0, @) et
(2,0, @20) € (HH(Q)NH (Q)NLK2(Q))x (H>(Q)NH, (Q)) respectively. We set (u, @) = (u1, a1)—(u, @2)
and (uo, @g) = (U0, @10) — (420, @20). Then (u, @) verifies the following problem. O

AIMS Mathematics Volume 8, Issue 6, 14485-14507.
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(=A)'0u = Au— (f(uy) = f(p)) = gy )@ — Aa) + (g(uy) — g(ur))(@2 — Aary), (4.1)
O — Aoy + Na — Aa = —g(u)du — (g(ur) — g(u2))d,ua, (4.2)
u=Au=a=Aae=0 on T, (4.3)

uli—o = o, &= = . (4.4)

We multiply (4.1) by 0,u and integrate over €2, we have
S IVull” + 1102y + | (f(ur) = f(u2))0udx
2dt o
= f gu)(a — Aa)dudx - f (8(u1) — g(u)) (@2 — Aaz)0udx. (4.5)
Q Q
We multiply (4.2) by (@ — Aa) and integrate €2, we obtain
d 2 2 2 2
d_t”a — Aa|” + 2||Vall” + 4||Aa|]” + 2||VAQ||

= -2 f gu)du(e — Aaydx -2 f (8(ur) — g(u2))0ur (@ — Aa)dx
Q Q

IA

2[ IVe(un)lI(=A)"'dulle — Aaldx + Zf lg(u1) — g0zl — Acrldx
Q Q

IA

20, + cldanll + clla - AP, (4.6)
Summing (4.5) and (4.6) and integrate over €2, we find

%(IIVMII2 + [l = AalP) + 2[Val + 4llAal* + 2||VAal + 2/10ul?,

2 [ () - flduds

= clla = Al + clldunl® + gnatu”%] -2 fg(g(”l) — 8(u2)) (@2 — Aaz)0;udx

+2 fg; g(u))(a — Aa)oudx, 4.7)
which implies
1E4 +2|IVall® + 4llAal? + 2IVAal + ¢ 10l +2 f(f(m) — f(u2))d,udx

dr o

= +clla - Aall* + clldual* - 2 f (g(uy) — g(ua)) (@2 — Aay)d,udx
Q

AIMS Mathematics Volume 8, Issue 6, 14485-14507.
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+2Lg(u1)(a — Aa)0,udx, (4.8)
where
Ey = |Vul? + lla = AalP,
satisfies
Ey > c(llullg, + lalPeg): (4.9)

Find the estimates for (4.8),

2A((f() = fw). 0] < 2AV(fur) = fFu))I(—A) 28 ul
1
20V(fur) = fa))I? + Ena,un%l. (4.10)

IA

Besides

2V(fun) = fu))IPP =2 f IV(/(Qurs + (1 = $)uz)ul*dx

Q

1
< 2f|(f [ ((uys + (1 = $)uy)dsVu
a Jo

1
+f S (s + (1 = 9)up)(ull V| + |l Vi ) s d x
0

2
< Q(“ul,Olle(Q)’ ||u2,0||H2(Q)» ”a1,0”H3(Q)’ ||CVz,0||H3(Q))||VM||
2
+O(lu1 ollm2 () lu2,0ll2@)» vt ol a3 ) laz,oll a3 @)l
2 2
Q(||u1,0||H2(Q),||M2,0||H2(Q),||CYl,o||H3(Q),||a/2,o||H3(Q))(||VM|| + [Jul|*)

2
< Q(“ul,OHHZ(Q)’ ||u2,0||H2(Q)» ||a/1,0||H3(Q), ||CY2,0||H3(Q))||VM|| . 4.11)

IA

Inserting (4.11) into the estimates (4.10), we find
21((f(ur) = f(uz), Ou)
< Ol ol llollzys ol llazollms@)lIVull* + %Ilatullzl. (4.12)
Furthermore

2|(g(u1) — guz)(ar — Aary), O:ur)|
2fg IV(g(u) — g(uo)llaz — Ao|(A) 2B ,upldx

IA

IA

1
|z — Aa’zhw@(f lual|((—=A) ™2 Bpul| X f ' (sus2 + (1 = s)up)ld sdx)
o 0

IA

_1
Q(||M1,0||H2(Q),||M2,0||H2(Q)»||C¥1,0||H3(Q),||a’2,0||H3(Q))f|u||(—A) 20, |dx
Q

IA

1
2 2
Q(Hul,O”HZ(Q)’ ||u2,0||H2(Q), ||011,0||H3(Q), ||a2,0||H3(Q)) X |[Vull” + §||atu||_1- (4.13)
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and

20((=A)2 (g(ur))@ — Aa), (~A) 2 d,u)|
2 f Vg(unller — Aal(=A) " 8,uldx
Q

2|(g(u)(@ = Aar), dyu)|

IA

IA

IA

f [Vg(u)l~la — Aal|0ul-dx

Q

2clla — Aa||||0ull-

< clla—-Aa| + %II&,qu. (4.14)

IA

Inserting (4.12), (4.13) and (4.14) into (4.8), owing (3.37), we find

d
Bt 20ValP + clldle g, + 2IVAP + clidull,

2
< Q(Hul,O”HZ(Q)’ ||u2,0||H2(Q)’ ”a’LO”H3(Q), ||C¥2,0||H3(Q)))(||VM|| ) (4.15)

which gives

d
Tt 20VallP + clldleg, + 2IVAP + clidull,

< OQlur ollg2)s w20l 2 las ol @) lazoll g @) Es- (4.16)
Applying Granwall’s lemme, into (4.16), we find
2 2
”u(t)”Hl(Q> + ||CY(I)||H2(Q)

~ 2 2
< e“Q(||M1,o||H2(Q), 2,01l 202y 11 oll 3 ) ||afz,0||H3(9))(||C¥0||Hz(g) + ||M0||H1(Q)), 4.17)

hence the uniqueness, as well as continuous depending with respect to the initial data.
We set ¥ = (H*(Q) N Hy(Q) N LX*(Q)) x (H*(Q) N Hy(Q)). It follows from Theorem 4.2, that we
have the continuous (with respect to the H'(Q) x H*(Q)-norm) of the following semigroup

S@) ¥ — ¥, (uo, @) — (u(0), (1)),

(i.e,S0)=1,S®)oS(s) =S(t+5), t,s >0). We then deduce from (3.47) the following theorem.

Theorem 4.3. The semigroup S(t) is dissipative in P, i.e., there exists a bounded set B € Y(called
absorbing set) such that, for every bounded B € Y, there exists ty = to(B) > 0 such that t > t, implies
S (B C By.

Remark 4.1. It is easy to see that we can assume, without loss of generality, that By is positively
invariant by S (t),i.e.,S(t)By C By, Yt > 0. Furthermore, it follows from (3.64) that S (t) is dissipative
in H*(Q) x H*(Q) and it follows from (3.63) that we can take By in H*(Q) x H3(Q).

Corollary 4.1. The semigroup S (t) possesses the global attractor A who is bounded in H*(Q) x H*(Q)
and compact in \P.
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5. Existence of exponential attractors

The aim of this section is to prove the existence of exponential attractors for the semigroup S (¢), t >
0, associated to the problem (2.1)-(2.4). To do so, we need the semigroup that has to be Lipschitz
continuous, satisfying the smoothing property and checking a Holder continuous with respect to time.
This is enough to conclude on the existence of exponential attractors.

Lemma 5.1. Let (4, @) and (uy, @y) be two solutions to (2.1)-(2.4) with initial data (u,, ;) and
(u2,0, a2), respectively, belonging to By. Then, the corresponding solutions of the problem (2.1)-(2.4)
satisfy the following estimate

2 2
it (1) = w0 gy + llrr(6) = (g

’ 2 2
< ceC t(”ul,o - u2,0”H1(Q) + ||a'1,0 - aZ,OHHZ(Q))’ t> 15 (51)
where the constants only depend on By.

Proof. We set (u, @) = (uy, 1) — (up, @2) and (ug, @g) = (119, @10) — (420, @20), then (u, @) satisfies O

(=)' 0w~ Au~ (f(wr) — f(u2))

= glu)(@ — Aa) = (g(ur) — g(ur))(@2 =~ Aar), (52)

O — Adyr + N — Aar = —g(u1)Ou — (g(ur) — g(u2))Bu2, (5.3)
u=Au=a=Ae=0 on T (5.4)

Ulio = g, @li=g = . (5.5)

We first deduce from (4.16) that

”Vu(t)”z + ”a/(t)”iﬁ(g) < ceCIt(”uOll?_]l(Q) + ||a0||i]2(g))9 C/ > Oyt > Oa (56)
and
t
j.(HVCY(S)H2 +IVA(S)IP + 18,u(s)I2))ds < cef t(||uo||ip(g) + ||CYO||12L12(Q)),C' > 0,120, (5.7)
0

where the constants only depend on By.
We differentiate (5.2) with respect to time and have, owing to (5.3), we obtain

(=A)'0,0+ A0 — f'(u)B + (f (ur) — [ (2))yu2

= g'(undu (@ — A) + g°(u1)6 — g(ur)(g(ur) — g(u2))duz + glur)Acx

+8'(1)0(ar — Aay) + (&' (1) — &' (u2))0suz (2 — Ary)

+(g(uy) — §2))(0ra2 — Ad,ar), (5.8)
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where 0 = O,u and u; = u + u,.
We multiply (5.8) by (¢ — T))6 and integrate over €2, where 7|, is same as in one of previous section, we
have

1d
S~ To)ll6I)) + ( = To)|IVEI

< (g% @)B, (t = To)O)| + [((f (ur) = f' (u2)dy1a2, (¢ = To)B)|

+(g' ()0 ui (@ — Aa), (1 — To)d| + [(g(ur1)(g(ur) — g(u2))uz, (t — To)0)|

+(gu)Aa, (t — To)0| + |(g"(u)0(az — Aaa), (t — T)O)|

+((g'(u1) — &' (U2))0iur (2 — Aara), (t = To)6)

+((g(u1) — g(2))(0rva — Adyz), (t — To)O) + |(f (1), (t — Tp)O). (5.9)

We have,

(&*w)b, (1 = To)O)| < (1 —To) fg lg* w6 dx
c(t — To)ll6l* (owing (2.9) and H*(Q) c L¥(Q)), (5.10)

IA

Noting that u;, u, € H*(Q) C L¥(Q), we have

I((f'(u1) = f u2)0up, (t = To)B)| < (¢ - To)f |f(ur) = £/ (u2)||6110,u2]d x
Q
< (t-Ty) f 13u? — 3u3|61|0,uz|dx
Q
< et = To)(llullzs + lluallz) f |uallON|O;ald x
Q
< ct=Ty) f |ual 4161 410,14 |d x
Q
< ot = To)llull o+ 116l 410 ,ua |
< @ = TolVullllVollld,us|l, (5.11)

Furthermore,

IA

(8" (1) = &' (u2))Bux(@2 — Aa), (1 — T)0) (t=To) L 18" (1) — &' (u)l|0ua]la> — Aco||6ldx

IA

c(t - To)f |0:usllas — Aavs||6ldx
Q

< ot = To)llaz = Al 4160|4110 |
< et = TollV(az — Aa)lIIVOIlIO;us |
< et = TollVollld,usll, (5.12)

Using (2.9) and (4.17), we find

(g’ Ui (@ — Aa), (1 = To)bl < (- To)f g’ w0l — Aallfldx
Q
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IA

c(t—To) f |0,u1 ]l — Ac||0)d x
Q

IA

ot = To) f 10,1 16\dx
Q
ot = To)lldun 6l (5.13)

IA

noting that u; € H*(Q) and @ € H*(Q), then

(§' (u)b(az — Aaa), (1 = To)O)| < (t—Tp) f 18 (u)llez = Aayl|6Pdx
Q

c(t = To)lloIP, (5.14)

IA

after Green, we have

I(g(w)Aa, (r = To)f|

IA

(t=To) f [Vallg’ ()Vullbldx + (1 — To) f IVerlg()|IVOldx
Q Q
< et =TollVallllel + c(z = To)llValll[Ve], (5.15)

A

we have that a, € H*(Q), then

IA

1((g(u1) — 8(u2))(0,2 — Ady2), (t — T)0) (t=T)o) fg 8(u1) — |0,z — Adya,||6ld x

IA

(r— To)f |ul 410,y — AD |64 dx
o

< (= To)llullz+lldaz — Adyar|ll|Bl] 4
< (= TollVulllldras — Ad,aa|llIVEl
< et =To)llVullllVell, (5.16)

moreover

(g(u1)(g(ur) — 8(u2))dyuz, (1 = To)O)l < (1 —To) fg |lg(u)llgur) — g(u2)l0uo||0ld x

< ot =T)) L |g(u)l0;u161d x
< c(t=T)y) fg(lullL4 + DIOus |6 +dx
<t = To)(llurllzs + DIIGualll6N] 4
< ot = To)llduallll6l] s, (5.17)
and
I(f' ()6, (1 = T)O)| < c(t = To)ll6I, (5.18)

where the constants only depend on By.
By substituting (5.10), (5.11), (5.12), (5.13), (5.14), (5.15), (5.16), (5.17) and (5.18) into (5.9), we
have, owing to the interpolation inequality,

d 3
U To)lloIP,) + 70~ To)lIVeI?
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< et = TONOIE, + et = To)llolId el + 2¢(z = To)lO1Asaar |
1
+é_lc(t — Ty)lIVal|.

We now multiply (5.3) by —(# — Tp)a and intégrate over €2, we obtain

O, —(t = To)a) + (Ao, —(t — Tp)a) + (—Aa, —(t — Ty)a) + (A2oz, (t—Tya)

= (=g(u)du, =(1 = To)a) + ((8(u1) — g(u2))dyut, —(t — To)),

which implies

1d
S~ To)llal* + (z = To)IVell®) + (t = To)lIVall® + (r = To)llAal?
< |(=g(u1)u, =(t = To)a)| + [((8(ur) — g(u2))0sut, —(t = To)a).

For that, let find the estimates of (5.20) right terms, using Holder inequality, we have

|(=g(u1)du, =(t = To)a)| < (t—To)ng(ul)ll@ullaldx

< ot - To)f(lullL4 + DIdullalsdx
Q

< et =To)(IVullps + DllOsullllerls

< ot =To)llVallllopull,

and

[((g(u1) — g(u2))0iur, —(t — To)a)l

IA

(t— To)f lg(u1) — g(uo)lle|0uzldx
o

IA

c(t = To) f |ul 4| 310 ,uzld x
Q

c(t = TolIVullllVelllld,u|l

c(t = To)llValllld;usl|.

IA A

Inserting (5.21) and (5.22) into (5.20), we find

d
iU To)(lldl® + IVal)] + 2(1 = TolVall + 2(t = To)llAall
< 2e(t = TolIValllldull + 2¢(t = To)lIValll|dua|l.

Noting that (u, @) = (us, @3) = (u1, @y), then

!
10,ux($)|IPdx < et > T,
To

where the constants only depend on Bj.
Combining (5.19) and (5.23), we find

d
st +2(t = To)llAal? + c(t = To)l|IVEI* + 2(1 = To)|IVall?

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)

(5.24)
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< ot = To)6I2, + |Iallfil<g)) +c(t = To)([l0,u|I* + [|0,ua]*),
where
_ 2 2 2
Es = (t = To)(l6llZ, + IVall” + [lall").

Applying Gronwall’s lemma to (5.25) over [T, t], we have

t
oI, + IICV(I)II}ZL,I(Q) + f (VeI + llAa(s)I + IVO(s)P)e " ds
To

t
< f (B (I + 1B,2()IP)e™ "~ ds + E(0)e”,
T0
which implies
2 2 't 2 2
OOIE, + 1lOIE,1 ) < ce (il 0, + ol ¢ > O,
finally, we obtain
18I, + @) 0, < e ol + laolag)s e > 0,1 > 1,
where the constants only depend on By.
We rewrite (5.8) in the form
—Au=h,(), u=0onT.

for t > 1 fixed, where

h(t) = —(=A)"'0u— (fu) = f(u2)) + glur)(@ — Aa)
+(8(ur) — g(uz)) (2 — Ar).

We multiply (5.31) by &,(¢) and integrate over Q, we have
(8, hu(8))

= ~((=A) "3, h (D) = (f (1) = f(u2), hu(0) = (g(ur)(@ = Aa), b (1))

+((—A) ' [(Ag(uy) — Ag(ua)) (@2 — Aar)], hy (D)),

which implies

IO <l OB -1+ [((f ) = fua), ()] + (g )@ = Aa), By (1)

H(=2)"'[(Ag(wr) = Ag(ua))(@z — Aar)], hu(D))]-

Here

(1) = fu2), B(0)

IA

\fvwo—ﬂmmmmux
Q
< 1) - FuliRl

A

(5.25)

(5.26)

(5.27)

(5.28)

(5.29)

(5.30)

(5.31)

(5.32)
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1 -
< ellfu) = fa)lP + gllhu(t)||2, (5.33)

furthermore u;, u, € H*(Q) ¢ L=(Q), then

If ) = fu)IP

IA

fQIf(ul) — fw)Pdx

1
ff L (uys + (1 — )ua|*luf*d sdx
aJo

1
f |f’(u1s+(1—s)uzlzdsflulzdx
0 Q

1
cf (|su; + (1 — s)uzlli{fo + l)dsf lul*dx
0 0

IA

IA

<
< clllu + wollF + Dllul, (5.34)

if n =2 where n = 3, for kK < 1(in particular k = 1 ), preceding estimate give
If @) = fa)lP < clllmllzs + luallze + 1)|Iulli,(1), (5.35)
if n = 2 where n = 3 with k > 1, owing we have
If @) = fa)l? < el + luallz=)* + 1)|Iu||§1,(1), (5.36)

on the one hand,

(g(ur)(@ — Aa), 7, (1))

IA

f gl = Aali,(1)ldx
Q

f lg(uy)| =l — Acd|h, (t)ldx
Q
clla — Aal|l|A, 0l
1 -
clla — Aal* + 6||hu(t)||2

IA

IA

IA

1 .
2 2
cllalpg, + IO, (5.37)
on the other hand,

(=)' [(Ag(ur) = Ag(u))(@2 — Aar)], b (1))

((Ag(ur) = Ag(un)) (@ = Aas), b (1))

< f IAg(uy) — Ag(uy)lly — Aa||(=A) " R (1)ldx
Q

< f |Auy — Aullay — Aao||(=A) ' B (£)ldx
Q

< f |Auy — Auslrlas — Aaoll(=A) " Ay (1)ldx
Q
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< ¢ f laa — Aaa||(=A) "Ry (0)|dx
Q

IA

cllas = Aasll® + éllizu(t)llz, (5.38)
combining (5.33), (5.36), (5.37) and (5.38), we find
IO < e, + 1)) + cllVull® + cllay — A, (5.39)
Using (5.29) and (5.6), we obtain
I OIP < e ol ) + 16017 > 1. (5.40)

where the constants only depend on B,
We multiply (5.30) by and intergrate over €2, we find

1Aull® < {1 (DI, (5.41)
hence, owing to (5.40), we have
1Al < e (ol g + 10l 12 1. (5.42)

we finally deduce from (5.29) and (5.42), the estimate (5.1) which concludes the proof

Lemma 5.2. Let (u;, 1) and (uy, @s) be two solutions to (2.1)-(2.4) with initial data (u,,a;) and
(u20, a2p), respectively, belonging to By. Then, the semigroup {S(t))};0 is Lipschitz continuity with
respect to space, i.e, there exists the constant ¢ > 0 such that

|lee1 (7) — Mz(l)”ip(m + [lai () - CYz(f)Hi,z(Q)
< ce”'(lur - M2,0||?{1(Q) + [lro — 02,0”22(9)), t>1, (5.43)
where the constants only depend on By.
Proof. The proof of the Lemma 5.2 is a direct consequence of the estimate (5.6). O
It just remains to prove the Holder continuity with respect to time.

Lemma 5.3. Let (u, @) be the solution of (5.2)-(5.5) with intial data (uy, ay) in By. Then, the semigroup
{S ())}is0 is Holder continuous with respect to time, i.e, there exists the constant ¢ > 0 such that
Yti, 1 € [0, T]

IS (11) (10> @) = S (12) (10, @)l < €|ty — 12, (5.44)

where the constants only depend on By and T'.

Proof. |
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IS (21)(uo, @) — S (£2)(uo, @o)|lw 1(e(ty) — u(tz), alty) — az))llw

(1) — u(t)l| ) + lla(t)) — a2
c([IV(u(ty) — u()|| + lla(t) — a(@)llp2q)

75 15}
(l f Vouds|| + | f drallm2)
151 n

2
< CItl—tz)Plf (IVOull® + l16,all;.)dsl>. (5.45)
1

IA

IA

IA

Noting that, thanks to (3.5) and (3.37), we have

5]
| f IVoulPds| < c, (5.46)
1

where the constant ¢ depends only on By and T > T, such that t;,1, € [0, T].
Furthermore, multiplying (5.3) by (=A)~'d,a and integrate over Q, we obtain

d
Ellall2 +clldiall?, + 21V’ + 200l < cldull® + 10,ull), (5.47)

and it follows from (3.60), (5.24), (5.46) and (5.47) that

15}
| f |I0za||§,z(g)ds|Sc, (5.48)
51

1S (1), 20) — S (22)(ttp, o)l < clty — ol (5.49)

where ¢ only depends on By and T such that #,,1, € [0, T].
Finally, we obtain thanks to (5.46) and (5.48), the estimate (5.44). Thus, the Lemma is proved. We
finally deduce from Lemma 5.1, Lemma 5.2 and Lemma 5.3 the following result (see, e.g. [12]).

Theorem 5.1. The semigroup S (t) possesses an exponential attractor M C B, i.e.,
(i) M is compact in H'(Q) x H*(Q);

(i) M is positively invariant, S ()M Cc M,t > 0;

(iii) M has finite fractal dimension in H'(Q) x H*(Q);

(iv) M attracts exponentially fast the bounded subsets of ¥

VB € ¥ bounded, disty oy )(S (OB, M) < Q(IBlly)e ™, ¢ > 0,1 > 0,

where the constant ¢ is independent of B and disty o) denotes the Hausdorff semidistance
between sets defined by

diStHl(Q)XHZ(Q)(A, B) = Sup inf ||a - b”H](Q)XHz(Q)'
acA beB
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Remark 5.1. Setting M = S(1)M, we can prove that M is an exponential attractor for S (t), but now
in the topology of P

Since M (or M) is a compact attracting set, we deduce from Theorem 5.1 and standard results (see,
e.g [3,12]) the

Corollary 5.1. The semigroup S (t) possesses the finite-dimensional global attractor A C By.

Remark 5.2. We note that the global attractor A is the smallest (for the inclusion ) compact set of
the phase space which is invariant by the flow (i.e. S(t)A = A, Vt > 0) and attractors all bounded
sets of initial data as time goes to infinity; thus, it appears as a suitable object in view of the study of
asymptotic behaviour of the system. Furthermore, the finite dimensionality means, roughly speaking,
that, even though the initial phase space is infinite dimensional, the reduced dynamics is, in some
proper sense, finite dimensional and can be described by a finite number of parameters.

The existence of the global attractor being established, one question is to know whether this attractor
has a finite dimension in terms of the fractal or Hausdorff dimension. This is the aim of the final section.

Remark 5.3. Comparing to the global attractor, an exponentiel attractor is expected to be more robust
under perturbations. Indeed, the rate of attraction of trajectories to the global attractor may be slow
and it is very difficult, if not impossible, to estimate this rate of attraction with respect to the physical
parameters of the problem in general. As a consequence, global attractors may change drastically
under small perturbations.

6. Conclusions

This manuscript explains in a clear way, the context of dynamic system with two temperatures,
when the relative solution exists. The existence of exponential attractor, associated to the problem
(2.1)-(2.4) that we have proved, allow to assert that the existing solution of the problem (2.1)-(2.4) that
we have shown in this work, belongs to the finite-dimensional subset called global attractor, from a
certain time.
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