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Abstract

A nonlocal model of non-isothermal phase separation in binary alloys is
presented. The model is deduced from a free energy with a nonconvex part
taking into account nonlocal particle interaction. The model consists of a sys-
tem of second order parabolic evolution equations for heat and mass, coupled
by nonlinear drift terms and a state equation which involves a nonlocal inter-
action potential. The negative entropy turns out to be Lyapunov functional
of the system and yields the key estimate for proving global existence and
uniqueness results and for analyzing the asymptotic behaviour as time goes to
infinity.

1. Introduction

We consider a binary alloy with components A and B occupying a spatial domain
2. We denote by u and 1 — u the (scaled) local concentrations of A and B,
respectively and by 7 the (non constant) temperature.

For describing phase separation processes in such systems local models, so-called
coupled Cahn-Hilliard equations, have been proposed in [20, 4]. These models extend
the classical Cahn-Hilliard approach [6] to non—isothermal situations and are based
on local free energy densities of Landau—Ginzburg type

oo T) = (L4 T) () — (L) + k(1) + 2 |vuf (1.1)

with convex functions ¢ and . Alt and Pavlov [4] proved the existence of weak
solutions to initial boundary value problems associated to coupled Cahn-Hilliard
equations. Uniqueness could be shown by Shen and Zheng [21] for one space dimen-
sion.

In this paper a nonlocal model of non—-isothermal phase separation is proposed. We
replace the local free energy density (1.1) by a nonlocal expression

)= (1+T) ¢(w) = (1) +u [ Ko -y —u(®)dy,  (12)

where again the functions ¢ and % are convex and the kernel K of the integral
term describes nonlocal interaction. (1.2) may be written in the form [7, 14]

Fu,T) = (1+T) () ~ $(T) + ku(l — ) + 3. [ K(le — yDlu(z) — u(y)P dy
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with
k= k(z) = [ K(lo —yl)dy,
in order to make more transparent the relation to (1.1).

Nonlocal free energies seem to be reasonable, if one takes a closer look to Cahn—
Hilliard’s arguments motivating (1.1), and have been rigorously derived in a stochas-
tical setting in [14] for the isothermal case. That case leads to a second order
parabolic equation with a nonlocal drift term such that global existence and unique-
ness of solutions can be proved [15, 13].

In this paper we extend these results to the non—-isothermal case. Starting from
the free energy density (1.2), we derive in a thermodynamically consistent way a
non—isothermal nonlocal phase separation model. This model consists of a system
of second order parabolic equations for u and 7T, coupled by a nonlocal drift
term. According to thermodynamics, the energy is conserved and the entropy is
nondecreasing. These properties yield the key estimates for proving global existence
and uniqueness results and for analyzing the asymptotic behaviour as time tends to
infinity.

In the next section we derive the model, formulate our assumptions and state the
initial boundary value problem to be solved. In Section 3 we prove existence and
uniqueness of a global solution in time. Finally, Section 4 is devoted to the asymp-
totic behaviour and the characterization of asymptotic states as maximizers of the
entropy functional under the constraints of energy and mass conservation.

2. The model, assumptions, problem formulation

Let be @ Cc R",1 < n <3, a bounded open domain with piecewise smooth
(comp. [8]) boundary T' = 9Q and v the outer unit normal on T'. Denote by
LP = [P(Q), H? = H*P(Q), 0 < s < %, 1 < p < oo, the usual function spaces on
Q, H' = HY*(Q), || llp, || - [l2=1 -, the norm in L? and by (-,-) the pairing
between H' and its dual (H')* [1, 11, 16]. For a time interval (0,7), 7 > 0,
and a Banach space X we denote by LP(0,7;X) the usual spaces of Bochner
integrable functions with values in X. We set R = (0,00) and Q = (0,7) x €,
Y. = (0,7) x I'. "Generic” positive constants are denoted by C. For a function
u € L' we set

gl

1
:@/gudx, || = meas Q.

We consider a binary alloy with components A and B occupying €2. Let » and
1 —u be the (scaled) local concentrations of A and B, respectively and let T
denote the local (non constant) temperature.

We want to derive evolution equations for v and 7 and start from the free energy
F(u,T) = /Qf(u,T) dz = /Q {A+T) ¢(u) —(T) +uP(1 —w)} dz,  (2.1)
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where the operator P € (L? — L?) is defined by
(Po)@) = | K(lz —y)(1 - u(y)) dy Vee L’ (2.2

and the functions ¢, ¢, IC € (]Rfr — ') will be specified later on. According to the
rules of thermodynamics, we introduce entropy

S=— /Q OrF dz = /Q (¢/(T) - $(u)) da, (2.3)

and energy

E=F— /QTaTF dz = /Q {$(u) + Ty/(T) — (T) + uP(1 — )} do.  (24)

To find equilibrium values for w and 7T, we maximize the entropy under the
constraints
u =Ty, F =E. (2.5)

Applying Lagrange’s method, we maximize the augmented entropy
S,\:S+>\1/Qudx+)\2E.
By means of the corresponding Euler-Lagrange equations
OuSxr = —¢'(u) + A1+ X0, E =0,  0rSy=¢"(T)(1+ A7) =0,

we identify the Lagrange multipliers ); as ’entropy variables’

U 1
A==, A=— 2.6
1 Ta 2 Ta ( )
where the chemical potential v is given by
v=>14+T)¢'(u) +w (2.7)
with
w=0,F=P(1l—-2u). (2.8)
Assuming that ¢'~' € (R' — (0,1)) exists, we get from (2.7) the state equation
-1 (VoW
= ) 2.9
u=0 (1 + T) (2.9)

Equation (2.8) together with (2.5) and (2.9) can be seen as a system of nonlinear
integral equations for determing equilibrium values of

w=w(z), v=const., T = const.

For describing nonequilibrium situations we suppose (2.5), (2.8) and (2.9) to remain
true but with non constant

v=uv(t,z), T=T(z), (t,z)€Q,
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and that the time evolution of v and 7T is governed by conservation equations for
mass and energy:

0
8—;‘+v J,=0 inQ, v-J,=0 onX, (2.10)
OFEu + OrET;+V-J,=0 in@, v-J,=0 on . (2.11)
We postulate (comp. the semiconductor energy model in [2]), the gradients of the
entropy variables 7 and — % to be driving forces for mass and energy fluxes such
that
Jy = —u[ — (¢ + w)V 1] (2.12)
T T
Jo = —kVT + (¢ +w)J,. (2.13)

Here p and k are nonnegative mobility and heat conduction parameters, respec-
tively. Note that

Jo = [KT° + n(¢' + w)Q]V% + (¢ +w)V,

such that J, and J, satisfy Onsager’s reciprocity relations with respect to % and
—%. Moreover, it is easy to check (comp. Lemma 4.1), that, according to the
second law of thermodynamics, (2.10) - (2.13) together with (2.3) and (2.4) imply

a Clausius—Duhem inequality of the form

as

2 [ {uf7 @+ VA 4 V108 TP de > 0

By (2.7), (2.10) and (2.13) we can replace (2.11) by the heat conduction equation

or
Ty (T)E —V-(kVT)+J,-Vw=0 in @, v-(kVT)=0o0n X. (2.14)

Thus our nonlocal, non—isothermal phase separation model consists in the equations
(2.7), (2.8), (2.10), (2.12) and (2.14) completed by initial conditions

u(0,z) = up(z), T(0,z)="To(z), =€, (2.15)

and specifications of the parameter functions ¢, 1, IC, u, k given by the following
assumptions:

(A1) ¢(u) = ulogu+ (1 —u)log(1l — u),
(A2)  9(T) = A b(r )(Z — 1)dr, logb € L2 (RY), b(s) > by = const. > 0,

loc

,
(As) the kernel K € (R} — ]Rl) is such that the potential operator

e~ Po, (Po /’Clx—yl y) dy,
satisfies AP € (L? — L2) an



1

1
1Polly < kopllelly, [[VPoll < kipllelly, 1 <p < oo, PR
- T po(z ~
(Aq) the mobility u has the form pu = (l—i—T—(;Eﬂ’)(u)’ logpo € L* N HY;

(As) the heat conduction x has the form x = ko(z)b(T'), logry € L*;
(Asg) the initial values wug, T, satisfy

Tt
up € HY, ¢'(ug) € L®, 0 <wg < 1, 0 := / "b(r) dr € HY, ¥/(Ty) € L.
0

Note that
1

C[0,1]Nn C%0,1), ¢'(u) = log — ") = ——— >4, 0 1
¢ € O0,1NC0,1), ¢'(u) =log—, ¢"(u) a2 b O<u<t,
0 < ¢ Hr)=1/1+e")<1 VreR!
and

|6(ur) — B(uz)|* < ¢ (w1 — ua)(¢'(ur) — ¢'(ua)) Vur,uz € (0,1), (2.16)
with ci = 4(1‘2;(*1:17‘);) ~ 0.44, where u* solves the equation (2u* — 1)¢'(u*) = 2.

Remark 2.1. In order to keep our paper as transparent as possible we put tech-
nically simple assumptions. The most of our results could be proved for more gen-
eral situations. That concerns especially the function ¢, which must only satisfy:
¢ € C[0,1]NC3(0,1) is strongly convex, ¢' ' € C(R' — (0,1)), 1/¢" is concave.
An estimate like (2.16) is only used in our last theorem (Theorem 4.4) concerning
uniqueness of equilibrium states.

Remark 2.2. Examples for kernels I satisfying A; are Newton potentials [18]
K(|z]) = salz)* ", n#2; K(|z|) = —rolog|z|, n=2; kK, = const. >0,

and usual mollifiers like

() Cexp [-h*/(h* — |z[*)] if [z] <h,
K(lz|) =
0 if |z| > h,

where h > 0 characterizes the range of the interaction. Note also that arbitrary
K € C%([0, diam Q]) satisfy (A3) with

kop = K]l kip = K]

LP(QxQ)’ LP(QxQ) "

Remark 2.3. It is a well-known fact of potential theory that for Newton potentials
KC the potential w given by (2.8) satisfies Poisson’s equation

—Aw =1-2u,



such that in this special case our nonlocal phase separation model turns out to
be local and, moreover, to be closely related to energy models of semiconductors
(comp. [2] and the literature quoted therein), where the role of w is played by the
electrostatic potential.

Remark 2.4. Mobilities of the form u = po/f"(u) seem to be natural and have
been considered e.g. in [9, 10, 14, 15].

It turns out to be convenient to introduce a new variable

6 = B(T), B(s)= A b(r) dr. (2.17)

So we can express partial derivatives of the 'entropy’ variables in terms of the

'dual’ variables (u, 6):

v 1
T T

J. = —u(V% — (¢ —I—w)V%) = —%(Vu + ¢ +;) - UVT)
_ —%(Vv — §VT) = —%((T + 1)V + Vu)
= 538+ 177) = (et G )
Tzﬂ"(T)%—f = %, kVT = K, V0.

Now we are ready to state (the weak form of) the initial boundary value problem
to be solved.

Definition 2.1. A function triple {u, 8, w} is called solution of Problem P, if for all
t € [0,7], almost all z € Q and all h € L?(0,7; H') following relations hold:

u € C(0,7;L*)nL*0,m;HY), wu, € L*(0,7;(HY)*), 0<u(tz) <1,
0 ¢ C(0,7; L)) NL*0,m;HY), 0, € L*0,7;(HY*), 0(t,z) >0,
w € C(0,7; H™);

/OT{(ut,h) —/QJU .Vhde} dt =0, u(0,1) = uo(a), (2.18)

/OT {6, h)+/Q [koV0-Vh+J,-V (¢ (w) +w) B dz} dt = 0, 0(0,2) = Oo(a), (2.19)
w(t) = P(1 — 2u(t)), (2.20)

Ju = — o [Vu + a(u)ﬁ(G)Vw}, a(u) = (ﬁ’%(u) if u€[0,1], a(u) =0 else, (2.21)
B(6) = HB;_%) i 0>0, B(6) =1 clse. (2.22)

If {u,0,w} is a solution of Problem P, the associated entropy variables can be cal-
culated by
T=B10), v=>01+T)¢u)+w. (2.23)

Our main results to be proved in the next sections can be summarized as follows:
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Theorem 2.2. Let the assumptions (A1) — (Ag) be satisfied. Then
(i) Problem P has a unique solution {u,0,w} for arbitrary 7 > 0;
(13) there exists an equilibrium state {u*, v*, w*, T*} such that

1
w* = P(l — 2u*), u* = ﬁ’ ’U*,T* — Const. ln Q,
1+ exp 17

vt = T, EW,T*) = E(uo,Tp), Jim S(u(t), T(t)) = S(u*,T*), T =B '(9);

(73i) {u*,T*} mazimizes the entropy S under the constraints
F:u_[), E(u*,T*) :E(UO,TO);
(1v) the equilibrium state is unique, provided the additional assumption

k b+ ¢
= 0.2 (bo + ¢y)

(47) 2bo

<1 or E(uy,To) > B(y—1) |Q| + ko

is fulfilled.

3. Existence and uniqueness

In this section we prove existence and uniqueness of a solution to Problem P by
means of an iteration procedure. We start with two lemmas which allow us to solve
the equations (2.18) and (2.19) successively.

Lemma 3.1. Let U € L*(Q) and T be given such that log (1 4+ T) € L?(0,7; H')
andT >0 a. e. in @ . Then the problem

/T { (ur, h) +/§“° [Vu+ a(w)8() V] - Vh de} dt = 0, Vh € L2(0,7; HY), (3.1)
0

u(0)=uy, w=P1A-2U), ¥=B(T),
has a unique solution u € C(0,7; L*) N L*(0,7; H') with u; € L*(0,7;(H")*) and
0<u<1 a. e in Q. Moreover, there exists a constant C = C(1), independent of

U and T, such that:

@) [Vullpg <G,

(II’Z) ||ut||L2(0,T;(H1)*) S C’
' " i
Gii) 6@,y + 16" @) o, +IVE@I ., <C,
2
(iv) IV¢'(u)| € L*(0,7; LP), for p< - _nl.
Proof. Since by (As)
Vw
18OVl g, = |7 oy S F1cel9, (3.2)

7



existence and uniqueness of a solution u with () — (i7) follow from standard results on
parabolic equations [11, 19]. Further, choosing A = min (u,0), resp. h = max (u, 1)
in (3.1) and using that 0 < uy < 1 and a(h) = 0 if h & [0, 1], we see that h = 0,
that means v > 0, resp. u < 1.

(731) We test (3.1) with the functions

r

0 _ /
h ¢,,—(+u) o = max[0,¢'(u)], r>0,
g = gb’?—(u)’ o_ =—min|0,¢'(u)], r>0.

Then, using once more (3.2) and that
¢"(u) >0 if o, >0 and ¢"(u) <0 if o >0,

we can (comp. the proof of Theorem 3.6 in [13]) apply Alikakos’ [3] version of

Moser’s iteration technique in order to prove ||¢'(u)|| ey S C(7). This implies

16"@)] .., < C(r) (33)
and by (1)

V' (u)| C(r).

(iv) By (43), (A4) and (3.2) we have V - [poa(uw)B(9)Vw] € L?(Q). This means
u; € L?(Q) by well-known results on parabolic equations (comp. [17], chapter III,
Theorem 6.1). Thus from a regularity result on elliptic equations ([8], Theorem
2.1) we can deduce that u € L?(0,7; H*) for s < g and consequently by Sobolew’s
embedding theorem |Vu| € L*(0,7; L?), p < 2%.0

_ /!

Lemma 3.2. Let U be given as in Lemma 3.1. Let u be the solution of (3.1). Then
the problem

/OT {(0,h) + /Q [KoVO - Vh — (8(0)g + ) h| dz} dt =0, Vh € L*(0,; HY),
6(0) = 6y, w="P(1—-2U), g=pwa(u)Vw- V(¢ (u) + w), (3.4)
f = wVu-V(¢'(u) +w)

has a unique solution 0 € C(0,7; L*) N L?(0,7; H') with 6, € L?(0,7; (H")*) and
>0 a e in Q. Moreover, there exists a constant C = C(r), independent of U,
such that

161

+ Vo) C. (3.5)

C(0,72) r@ S
Proof. Since —"= > n2—f2 for n < 3, Lemma 3.1(iv) guarantees that

g€ L%(Q) and f € L2(0,7; La+=) C L2(0, 5 (H")).

8



Thus the existence and uniqueness assertion follows from standard results on para-
bolic equations [11, 19]. Moreover, testing (3.4) with A = min [0, f] and noting that
B(0) =1if 0 <0, we get
Sl [ ol R e = [ (8(@)g+ ) b d
2dt o0 R I v
Ko / 2
= \Y Vwl|* h dr <0.

Since 6y € L? and 6, > 0 a. e. in Q by (Ag), this means # >0 a. e. in Q.
(12) Using Lemma 3.1(%i7), we obtain from (3.1) and (3.4)

C16.0+ 3107 = (w0, 60) + (06 +0)
= [ {~wlVu+a(B®)vul- (674 + ¢'v0)
— 5 VO-V(e+0)+ (B(0)g+f) (¢+0)} dz
- L [~ wol¢'Vu - V0 + a(u)B(9)Vuw - (04 + §'V6)]
— KkVO-V($+0)+BO)g (+0)+ fé+pVu-Vw 0} de
< CH+0lP +[IVe'l*) —%Hx/ﬁ_owllz-

Hence Lemma 3.1(i%i) and Gronwall’s lemma imply (3.5). O

Now we are ready to prove our existence and uniqueness result.

Theorem 3.3. Under the assumptions (A;) — (Ag) there ezists a unique solution
{u,0,w} to Problem P.

Proof. We define an operator A € ((C(0,7; L%))? - (C(0,7; ?))?) by
{U,9} — {u,0} = A{U, 9},
where u(0) = uo, 8(0) = 8 and VA € L(0, 7; HY),
/OT {(ur, h) + /Quo[vu +a(u)B()Vu]- Vh dz} dit =0, w = P(1 - 2U), (3.6)

/0 {0 h)+ /Q [k0V0-Vh— o[ Vuta(w)B(0) Ves]-V (¢'(u) +w) b da} dt = 0. (3.7)

The operator A is well defined by Lemma 3.1 and Lemma 3.2. Now we want to
prove that A satisfies the contraction condition

1
| A{UL, 01} — A{Us, 9}, < §||{U1ﬂ91} — {Us, 92}, , (3.8)
where
{0, 9}, = tzl[ép} {e " (lu@)? + 191},



with a sufficiently large real number A > 0. For this purpose let {U;, 9;}, i = 1,2,
be given. Set

{uhgl} = A{Ul7,1971}’ u:ul _’UQ, U: Ul _UQ) um: UI—;U2)

. 2 1 1 u?
¢; = o(uj), j=1,2,m, ¢ =1 — oo, KZT_J{_—';:?
Ji = —po[Vui + aiBiVwi], o =a(u;), w=w —w,,
ﬁi - 5(191'); 5:51 —ﬁz, 79:191—192, 9:91 —92-

By (3.6) we get

E % [0 0m) do = 3 (i 60) — (s8]

112 1=1,2

-y / Ji - [Vé, — ¢" Vun] dz

1=1,2
P i 2V¢' V¢l V¢,
1212/ S

_/ m KZ] Vo, + [agdy — ayds) - V¢}

1=1,2

| da

= [ P K S a6+ BV - Ve,

1=1,2

+01012[|V¢’|2 + (/Blvwl - ﬁsz2)v¢’]} dz
u?

< [ fmiaf (T T lIVoll = (bl

Ve'?

—|Vol® = (ki |Q))?8%)} do

+0110l2[

Integrating this inequality, applying the convexity of ¢, using Lemma 3.1(i4i) and
1B(¥1) — B(d2)] < ‘b%‘ , we obtain

||u(t)||2+/0t/n {u2i§2|v¢;|2+|v¢'|2} dz ds < c/ot/Q{u2+U2+q92]} dz ds. (3.9)
Further we get from (3.6), (3.7) and Lemma 3.1(4i)
d
Z106,0)+ 5101P) = (11, $16) — (2 640) + (00,6 -+ 0)
= [ {71 = 1a63) - VO + (- V6, — 1o - Vep) 0
—koVO - V(6 +0) + [B(01)g1 — B(62)gz + [ — f2) (6 +0)} da

= /Q {(J1¢& - J2¢’2) -V — MO[CYlﬁlVUh : V¢’1 — B Vwy - V¢’2]
—koVO -V (¢ +0)+ [B(61)g1 — B(02)92) (9 +0)+(fr — f2) ¢

10



+uo[Vuy - Vwy — Vug - V] 9} dzx
< C[lull® + UI> + 119> + 1611 + / (VL + V) + VI¢|*} da.
This together with (3.9) yields

lu@)II* + 01 < C/Ot e I[U ()| + [[9(s)I17] ds

< csup [e (U] + [[9(s)]] )]/ el gs

s€(0,t]
ct

ce
< {UL 9], e

Hence for A = 3¢ we obtain (3.8). Thus by Banach’s fixed pomt theorem A has a
unique fixed point {u,0}. Now it is easy to check that {u, 8, w} with w = P(1 — 2u)
is the unique solution to Problem P. O

4. Global behaviour

In this section we study the behaviour of the solution to Problem P as time t tends
to infinity. The key for proving global a priori estimates are conservation of mass
and energy F (comp. (2.4) resp. (2.5)) and increasing of entropy S (2.3) along the
solution.
Lemma 4.1. Let {u,w, 0} be the solution of Problem P and set

E(t) = E(u(t), T(t)), S(t)=S(u(t),T(t), T=B"(0).
Then for t €

—

0,7] following relations hold:

@) u(t) =,

(2)  E(t) = E(0),

iy P _pso, D= / |“| +K|V1og TP} de,
di

(i) /0 D dr < ¢y := E(0) — S(O) +(B(1) +2)[9] + ko,

Proof. Choosing h =1 in (2.18) we get ().

(73) Choosing h =¢' +w in (2.18) and h=1 in (2.19), we obtain
dF
W 0,1) + (e ) =0,

(i4i) By (2.3), (As), (2.22), (2.18),(2.19) and (A,) we find

% = —(ug, ¢'(u)) + (6, %) = /Q { —Ju- V¢ —kVT - V% —Jy - L(ﬁb';‘ w)}dx
= /Q{— % [(1+T)V</)'+Vw]+f<;|VlogT|2} dzx
= L{ J“(H;)‘ﬁ"(“) [Vu+ a(u)B(0)Vu] + k|V1og T*} dz = D.

11



(1v) Using (ii), (¢17) and the elementary estimate

6(u) = wlogu-+ (1~ w)log (1~ ) > u(l — 2) + (1 —u)(1 -

) > —1, (4.1)

we get
S(0) + /Othsz +/tds—3()—/9{¢'(:r’)—¢(u)} dz

- L{AT>b1 dx</ />1b u)}d:z:
< /Q{/1 rYdr — ¢ da;</ / rdr — ¢(u)} de

= [ {BO+Ty(T) - ¢«T>—¢<>}dx

)+
E@) /Q{B(l)—2¢(u)—up(1—u)} dz
[ {B )

(t) +
E©)+ [ {B(1) - 2¢(u) - uP(1 - u)} dz < e + S(0).
O

This lemma furnishes following global estimates:

Lemma 4.2. Let {u,0,w} be the solution of Problem P and

T=B'0), v=>0+T)¢'(u) +w.

Then
(4) sup {1011, bolITE1} < e == E(0) + (B(1) + 1|9 + koy,
(i1) S {|l¢( &)l bolllog T(®)[I1 } < co + 1,
(i) / / ¢” 1+T ‘ +|Viog T?} dz dt < C.

Proof. (i) By T'(t) > 0, Lemma 4.1(4t), ||u(t)||s < 1 and (4.1) we find

wlIT@ < 100 = [ [ o) drde = [ {BO)+ [ br) d

=.L{(> Ty - wKn
_ +/ ~[p+P-w)t)} dz
= E(0)+ ()M|lLW+PU—“mﬂd$SQ-

(i5) We denote by ¢'(T)« = 3(|¢'(T)| £ ¢'(T’)) > 0 the positive resp. negative part
of ¢/'(T), such that
(1) = ¢'(T)+ = '(T)-. (4.2)



Then the foregoing estimate implies

e = f A /IT‘“) @ dr} o
T(z)
< /{T($)>1}{/1 x</ / (r)dr + B(1 )} dr < ¢;.

On the other hand, using (4.1) and (4.2), we infer from Lemma 4.1(ii3, iv)

1/(T) s = [ @) —9(T)) do < [ (@ (T) + $(u) +1) do
= /é(w'@% +1) dz— S(t) = /Q (W/(T). +1) dz ~ [ ds - 5(0)
= W@+ 10~ [ D dr—50) < e+ 19] - 50) =

Thus (4.2) yields
1 (D)1l = 19"(T)+ — ' (T) -1l < 1" (T) 4l + 1P(T)- |l < 1+ o
and consequently
bolllog T(8) 1 = b04|logT|dx:b0[l‘AT%‘d /\/ dr‘dm
= [T

(131) Letting 7 — oo we see from Lemma 4.1(7i1), (iv) that
* | Ju? 2
{ + k|VlogT| } dz dt < cy. (4.3)
o Jal pu

By (2.12) we have

7 v wT'VlogT
¢2[ (1+T) (1+T)2]

Since [|w(t)]|oo < ko,00|€?|, " > 4 and k > K¢ by, this implies

Ju = —u[V% — (¢ + w)V%] =

1
%
Hence (4.3) yields (i7). O

v(1 +T)\ +|ViegT|? < c("]u|

Now we can state our main result concerning the asymptotic behaviour of the solu-
tion.

Theorem 4.3. Let {u,d,w} be the solution to Problem P guaranteed by Theorem 3.3
and

T=B'0), v=>0+T)¢'(u) +w.
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Then a sequence t;, — oo, k =1,2,..., functions u*, w* and constants 0%, v*, T*,
B* = B(0%) exist, such that uy, = u(ty), O = Ok(tr), wr = w(ts), vk = v(tx), T =
T(tr), ar = a(ur), Br = B(Ok), ¢, = ¢'(ur) satisfy:

(1) ur — u* and logTy, — logT* strongly in L?, weakly in H*

and a. e. in S,

(17) log T}, — log T* strongly in H',
) O — 0* and ' (Ty) — ' (T*) weak * in L' and a. e. in 9,
(iv) wy — w* strongly in H' and a. e. in 9,
(v) vy = v" a. e in Q,
(vi) u* =1, E(u",T") = FE(uy,T), Su*,T*) = Jim S(u(t), T(t)),
(vid) w*=P(1—-2u"), u" = m,
(viit) (u*,T™) is (possibly local) solution of the constrained mazximum problem

S(u,T) = maz, uw="1y, FE(u,T)= E(ug,Tp).

Proof. (i) By Lemma 4.2(i7i) there exists a sequence ¢; € [§,j + 1], j = 1,2..,
such that )
/Q{aj\ijvj)\ +[V1ogT3?} dz — . (4.4)

From this, ||Vw;|le < k1,00|Q, [l .. < 7 and

[Vu + a(u)ﬁ(@)Vw]j = [a(w)[V(8(0) v) + wTB*(0)V log T]L

we obtain [|Vu;l|> < C. Hence [Ju;|| < 1, Lemma 4.2(i4), (4.4) and Poincare’s
inequality imply

[u(t)l . + [log T(¢))]] ,, < C.
Thus, because of the compactness of the embedding of H! into L2, there exist
subsequences (ux) C (u;) and (T%) C (Tj) satisfying (7).
(1) follows from (z) and (4.4).
(73¢) follows from (i), Lemma 4.2(3), (i) and the weak* compactness of bounded
sets in L.
(1v) is a consequence of (i) and assumption (As3).
(v) Let g, = arctan [exp ﬁ’“”’“] By 0 < gix(z) < 1, we can suppose that gy — ¢g* in
L. Using that ||Bxwi]|eo < ko,00|S2| and (4.4), we find

e e |V (Brve)

Q (1 + e*ﬁkvk)Z

1 l1m e ﬁkwkak|v(5kvk)|
- 41Hoo o  min[l, e 20kwk]

dz

hm/ 1V gr|? dx—— 11

dr < C lim / x|V (B vi)? dz — 0,
k—oo JO
and by Fatou’s lemma

/ |Vg*|? dz =0, i. e. , g* = const. in Q.
Q
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Now (%), (#4) and (iv) imply

* . . 1—up Brwr
g = lim g = Ilim arctan[ e 2 }
k—oo k—o0 Ug
1—u* prw* )
= arctan[ e 2 ] a. e. in €.
u*

: : (4.5)
u* = : :
1 + (tan g*)2ef "

That is

Since || w*||oo < ko,00|?| =: ¢, we have

1 1
<u* < .
1 + (tan g*)2ef™e — w(e) < 1+ (tan g*)2e=P"c

(4.6)

From this and u* =y < 1 we infer 0 < g* < 0co. Thus by (4.6) an € > 0 exists such
that e < u*(z) <1 —€Vz € Q. So we get

*

L wr — (1+T7)log Y Lwt=v" a. e in Q. (4.7)
— Ug 1—wu*

vk = (14 Tx) log .

By (4.5) this means
2 log (tan g*)
/8*
(vi) By (i) and Lemma 4.1(7) we have u* = @;. From (2.4), (Ay), Lemma 4.1 and
(43) resp. (2.3) and Lemma 4.1(4ii), (iv) we have

= = const.

E(ug, Ty) = klg& E(ug,Tx) = lim [ [¢(ug) + 0 — B(1) + uxP(1 — uy)] do

k—o0 JQ

resp. lim S(u(t),T(t)) = lim [ [¢'(ux) — ¢(up)] dz.

t—o0 k—oo JQ
Thus the remaining relations in (vi) are consequences of (7), (ii7) and Lebesgue’s
dominated convergence theorem.
(vii) By (i), (iv) we can take the limit k& — oo in (2.20) to prove the first relation
in (iv). The second one follows from (4.7).
(viit) Following the arguments of the introduction leading to (2.7), (2.8), we see
that the equations (vii) coincide with the Euler-Lagrange equations associated to
the constrained maximum problem for the entropy functional S, i. e., (u*,T*) is
(possibly local) maximizer of S. O

Theorem 4.4. Suppose that

— ko,g (bo + C¢)

(47) 2bo

<1 or E(uy,Ty) > B(y—1) | +ko,.

Then the equilibrium state {u*,v*,w*,T*} given by Theorem 4.3 is unique. More-
over, the assertions of Theorem 4.3 hold with t;, — oo replaced by t — oo.
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Proof. Let {u;,v;,w;, T;}, i = 1,2, be equilibrium states such that
w; =P(1 —2u;), v;=1+T;)¢'(w;) +w; = const., 0<T; = const.,
U =Ty, E(ui,T;) = E(uo,Ty), S(ui,T;) = Jim S(ut), T(t)) =: Soo-

From the energy equality we can estimate 7; from below as follows:
QIB(T) = |Q|/ ) dr = QB(1 +// ) dr de
= Q1B + [ [T/(T) — (L) da

— E(uo, Ty) — /Q[¢(ui) — wiP(1 —w)] dz > E(ug, To) — ko , i e.,

E(ug, Ty) — koa
Tt

T. > B! {max 0,

Further, by (2.16), we have

|6(u1) — d(u2)[* < (cg0)%,

0% (w1, uz) = (ur — u2)(¢(w1) — ¢ (u2)) > 4f|ur — waf?,
and thus by S(u;, T;) = Seo

bo‘log%‘ = /Tldr /le

bt — el
- MMAM(Q ¢(md\<|m .

Putting these inequalities together and using mass equality and that v;, T; = const.,
we obtain with u — uq — us

= [v'(11) — /(1))

||Q||2:( U1 —uwr vz—wz) ( wy  w )
’1+T 1+T2 ’1_|_T2 1_|_T1
1 1 1 1 1
- E(u’ [1+T1 " 1+Tz](w2_w1)+ {1+T1 - 1+T2](“’1+w2))
k T, — To||Q
< 0,2“““ [2||u||+ | 1 2|| |2 ]
1+ min [T}, Ty 1+ max [Ty, T3]
ko,2||ul] Tiyo1
’ 2 l L1 Q
< T g 2+ [log 7| 917]
i 2
< oll?.
1—|—B—1[min[0,%” lel]

Because of assumption (A7) this estimate implies o(uy,us) = 0 and consequently
{uh U1, Wy, Tl} = {u27 V2, W2, T2} = {U*) U*) ’U)*, T*}

Finally, this and the global a priori estimates and compactness arguments applied
in the proof of Theorem 4.3 ensure that

tli)rglo{u(t), v(t),w(t), T(t)} = {u*,v*,w*, T"}

in the sense of Theorem 4.3, (i) — (v). O
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