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ABSTRACT. Our aim in this article is to study generalizations of the noncon-
served Caginalp phase-field system based on the Maxwell-Cattaneo law with
two temperatures for heat conduction and with logarithmic nonlinear terms.
We obtain well-posedness results and study the asymptotic behavior of the
system. In particular, we prove the existence of the global attractor. Fur-
thermore, we give some numerical simulations, obtained with the FreeFem++
software [24], comparing the nonconserved Caginalp phase-field model with
regular and logarithmic nonlinear terms.

1. Introduction. The nonconserved Caginalp phase field system

ou
oT ou
o AT = T (2)
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has been proposed in [5] to model phase transition phenomena, such as melting-
solidification phenomena. Here, u is the order parameter, T" is the relative temper-
ature (defined as T = T-T ', where T is the absolute temperature and Tg is the
equilibrium melting temperature) and f is the derivative of a double-well potential

F (a typical choice is F(s) = 1(82 — 1)2, hence the usual cubic nonlinear term

f(s) = s® — s). Furthermore, here and below, we set all physical parameters equal
to one. This system has been extensively studied; we refer the reader to, e.g., [1],
[2], [3], [4], [10], [11], [13], [17], [18], [19], [20], [21], [22], [27], [35] and [37].

These equations can be derived as follows. One introduces the (total Ginzburg-
Landau) free energy

U= 1|Vu|2+F(u)—uT—1T2 dz, (3)
o \2 2

where  is the domain occupied by the system (we assume here that it is a bounded
and regular domain of R", n = 1,2 or 3, with boundary I") and the enthalpy
H=u+T. (4)
As far as the evolution equation for the order parameter is concerned, one postulates
the relaxation dynamics (with relaxation parameter set equal to one)
ou DV

o~ Du )

D
where —— denotes a variational derivative with respect to w, which yields (1).

u
Then, we have the energy equation

H
where ¢ is the heat flux. Assuming finally the usual Fourier law for heat conduction,
qg=—-VT, (7)

we obtain (2).

Now, one essential drawback of the Fourier law is that it predicts that thermal
signals propagate at an infinite speed, which violates causality (the so-called paradox
of heat conduction, see [14]). To overcome this drawback, or at least to account for
more realistic features, several alternatives to the Fourier law, based, for example,
on the Maxwell-Cattaneo law or recent laws from thermomechanics, have been
proposed and studied in, e.g., [25], [26], [28], [29], [30], [31] and [32].

In the late 1960’s, several authors proposed a heat conduction theory based on
two temperatures (see [7], [8] and [9]). More precisely, one now considers the conduc-
tive temperature T and the thermodynamic temperature 6. For time-independent
problems the difference between these temperatures is proportional to the heat sup-
ply; they thus coincide when there is no heat supply. However, for time-dependent
problems, they are generally different even in the absence of heat supply: this is in
particular the case for non-simple materials. In that case, the two temperatures are
related as follows:

0=T— AT. (8)

The nonconserved Caginalp system was studied in [15] for the classical Fourier
law with two temperatures and in [33] for the type III thermomechanics theory [23]
with two temperatures recently proposed in [37] (see also [16]).
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In this article, we consider the theory of two-temperature-generalized thermoe-
lasticity proposed in [39] and based on the Maxwell-Cattaneo law.

In that case, the free energy reads, in terms of the (relative) thermodynamic
temperature 6,

U= /Q (;wﬁ + F(u) — uf — ;92) dx (9)

and (5) yields, in view of (8), the following evolution equation for the order param-
eter:

0
ait” — Au+ f(u) =T — AT. (10)
Furthermore, to obtain the corresponding generalized heat equation, one writes
H
aa—t = —divg, (11)
H=u+0=u+T-AT, (12)
where the heat flux ¢ satisfies the Maxwell-Cattaneo law [39],
0]
q+ Taf;] = VT, > 0. (13)

In particular, it follows from (11) that

827H+67H—_di + @
Torr Tar T T\ T )

hence, in view of (13),
0°H OH
— + — = AT. 14
P ERT (14)
We thus deduce from (12) and (14) the generalized heat equation
o?°T  oT 9?u  Ou

Here, the presence of the second derivative % makes the mathematical analysis
of the equation particularly difficult and, to overcome such a difficulty, we will
rewrite the equation in a different way, keeping the enthalpy H as unknown. Indeed,
it follows from (12) and (14) that

0°H OH

(15)

hence )
0*H OH
I-A — ) —AH = —Au. 1
( )(Tat2+8t) " (16)
Furthermore, owing again to (12), (10) can be written as
%—Au—&-u—kf(u):H. (17)

In [34], the authors studied the well-posedness of the nonconserved Caginalp
system (16)-(17), for regular nonlinear terms f and Dirichlet boundary conditions.
It is however important to note that, in phase transition, regular nonlinear terms
actually are approximations of thermodynamically relevant logarithmic ones of the
form

f(s):—2fios+mln(1+s>, (18)

— S
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with s € (—1,1) and 0 < K1 < Ko, which follow from a mean-field model (see [6],
[27]; in particular, the logarithmic terms correspond to the entropy of mixing).

In order to compare the logarithmic potentials with the cubic ones in the numer-
ical simulations that we will perform, we will choose a cubic polynomial which has
the same extrema as the logarithmic potential. To this end, we will consider the
following cubic nonlinear terms:

5) = { 83(s% — .5%5), when (Ko, x1) = (In(3), 1), (19)
2.5(s® — .9315%s), when (Ko, k1) = (In(6), 1). (20)

The original Caginalp phase-field system, with the aforementioned logarithmic
nonlinear terms, was studied in [27]; see also [19] for a more general Caginalp phase-
field system, with a nonlinear coupling between u and 7.

In this article, we consider the nonconserved phase-field model (16)-(17), with the
logarithmic nonlinear terms (18). The article is organized as follows. In Section 2,
we derive a priori estimates which are of fundamental significance for what follows.
In Section 3, we prove that the solutions are separated from the singular points of
f, which allows us to prove the existence of global (in time) solutions. In Section
4, we study the dissipativity of the associated dynamical system. In Section 5,
we prove the existence of the global attractor. In Section 6, we write the spatial
and time discretizations of (16)-(17), which allows us finally, in Section 7, to give a
comparison for the nonconserved Caginalp model with regular and the logarithmic
nonlinear terms, first, by comparing the convergence rate of our codes and then by
computing the propagation of a cross function for v and a constant enthalpy H.
In particular, we give an example for which both potentials are comparable (this is
expected when the quench is shallow, i.e., when &; is close to kg) and a second one
for which the logarithmic potential gives much better results.

Notation. We denote by (( -, - )) the usual L?-scalar product, with associated
norm | - ||. More generally, || - ||x denotes the norm in the Banach space X.

Throughout the article, the same letter ¢, ¢/ (and, sometimes, ¢”, C) denotes
(generally positive) constants which may vary from line to line. Similarly, the same
letter @ denotes (positive) monotone increasing (with respect to each argument)
functions which may vary from line to line.

Setting the problem. We consider the following initial and boundary value prob-
lem, in a bounded and regular domain Q C R™, n = 1,2 or 3, with boundary T

ou 1
ZZ A - =H 21
g~ cAutut—flu)=H, (21)
0?2H OH
u=H=0 on T, (23)
0H
uli—o = uo, Hl|i=o = Ho, Eh:o = H,. (24)

For simplicity, we set 7 and ¢ equal to one in what follows. The nonlinear term f
is defined as

f(s):—2fios+mln(1+s>, (25)

— S
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with s €] —1,1[ and 0 < k1 < ko. We then have

2%1
f'(s)= i 2Kg. (26)
Lemma 1.1. The nonlinear term f in (25) is of class C* and satisfies
—co < F(s) < f(s)s+co, co 20, (27)
where F(s) = / f(r)dr, and
0
f(0)=0, f'(s)=—c1, 1 20. (28)
Proof. We have, for s € (—1,1),
s 1
F(s)= [ f(r)dr = —ros? + mlsIn(3-—) +In((1 = $)(1+5))
0 _

= f(s)s + kos? + k1 In((1 — 5)(1 + 5)).
Note that, for s € (—1,1),
k1In((1—s)(1+5)) <0

and
+ s

nl[sln(i )+ In((1—s)(1+s))] >0.

Therefore, we obtain ’
—co < F(s) < f(s)s + co,
with cg = kgs? > 0. Finally, it easily follows from (26) that
f'(s) =z —e,
with ¢ = 2k¢ > 0. O
Remark 1.1. We can also endow the problem with periodic or Neumann boundary

conditions. In these cases, we have, integrating (22) over (Q,

d d(H)

—~ 4+ (H)) = 2
S ) =0, (29)
where (-) denotes the spatial average, which yields
d(H
I+ ) = (g + ) (30)
and
(H(t)) = (Hy + Hy) — (Hy)e ", t>0. (31)

Taking (29)-(31) into account, we can adapt the proofs below and derive the same
well-posedness results. Note however that, in order to study the existence of attrac-
tors, we need to assume that

[(Ho + Hi)| < My, [(Hi)| < Mo. (32)
It thus follows from (31) that
d(H d(H
D myo < on, 1B @ < an, (@) <004 3 >0 33)
We can then define the family of solving operators
S(t) . (I)M — (I)M7 (UO7H0aH1) = (u(t)7H(t)7 o (t))7 t> 07

ot =
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where

Car(= Pory ) = {(9,60,6) € HA(Q)%; [lpllze() < 1, [(0+6)] < My, [(€)] < Ma}.

This family of operators forms a semigroup which is continuous for the L*() x
L?(Q) x L*(Q)-topology. We refer the interested reader to [33] for more details on
the necessary modifications.

2. A priori estimates.

Remark 2.1. We will make formal calculations here, keeping in mind that all
these calculations can be rigorously justified by approaching the singular function f
by regular functions of class C*. We will assume a priori that lull oo 0,7y x0) < 1
and that ||ug||pe= < 1.

We multiply (21) by (2 and have, integrating over 2 and by parts,

d 2 au 2 au

We then multiply (22) by (—A)~! 6 to obtain

ot
d , ||oH|* |[oH OH
(e |5+ ﬁHat

Vel AT -2 50) o
Noting that
((5.5)) == ((«5))

we finally find, summing (34) and (35),

2)

d ) , |[oH]?
— 2| F - H —
2 (veP 2 [ Fa s -2+ |5

2 Hat .
2 @ ’ + a —
ot ot B
Next, we multiply (21) by « and have, owing to (27),
d
=l + 2llullF o) + C/QF(U) dz < 2((H,u)) +c. (37)
Multiplying then (22) by (—A)~'H, we obtain
OH OH
<|H||2 + || H|]? +2<( H)) +2(< H))) + 2||H|?
ot’ 1 ot’
(38)

= 2((H,u)) + 2(H

) .
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Summing (37) and (38), we find

i (e e+ 2( (7 H)) 1+2((fijf,ﬂ)))+c(||u—ﬂ||2
+ ||V +2/ ) < (H 2) +d, ¢>0.
(39)

Summing finally (36) and ¢; times (39), where §; > 0 is chosen small enough, we
have a differential inequality of the form

31&

1

d ou
- < /
th1+c<E1+’ B ) ¢, c>0, (40)
where
2 2 oH ||? oH |I?
= [Vl +2/F(u)dx+||u—H|| +H +H
’ b (41)
OH OH
2 H|A | H)? +2 H 2 H
(|u|| I, H] ((at, ))+ ((at )))
satisfies

oH ||

0H
We now multiply (22) by v to obtain

(et 5],,,) |5

Multiplying also (22) by H, we find

d oOH OH
i (1 +2( (557)) +2<(vat,VH>)> L vH|?

< || Vul? +2H

2
< ||Vl (43)
H(Q)

(44)

Hi()

Summing (40), §5 times (43) and &3 times (44), where d2, d3 > 0 are chosen small
enough, we have a differential inequatity of the form

oul|?

o)
OH oOH
+63<||H||H1(Q) +2(< " H)> +2<(v8t,v1{>)>
satisfies

By >c(|u||%p<m b [ Fde+ e, + H

) <d, >0, (45)
where

Ey = E1+62<||VH|2 H

(46)

) —d,e>0. (47)
H'(Q)
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Gronwall’s lemma implies that

u, H, %—i] € L>(0,T,H" () and % € L*(0,T, L*(2)).

We finally multiply (21) by —Aw and obtain, owing to (28) and classical elliptic
regularity results,

d
IVl + ellullz ) < (IVul® + 1H]?), ¢ > 0. (48)

Summing (45) and d4 times (48), where d4 > 0 is chosen small enough, we find a
differential inequality of the form

ddEtb—FC(Eg—F”MHz(Q)—‘r H?;t‘ )gc’, ¢>0, (49)
where
E3 = By + 6,4]|Vul? (50)
satisfies

oH ||
0 (%)

Thus, it follows that uw € L>(0,T, H*(Q)) N L*(0, T, H*()).

In a second step, we differentiate (21) with respect to time to have the initial
and boundary value problem

0 Ou A@u ou ou OH

- - - ! - =
oot Lo ta Wy o (52)
ou
i 0 on T, (53)
ou
E(O) = Aug —ug — f(ug) + Ho. (54)
Note that, if ug € H?(Q) N H(Q) and Hy € L?(2), then %(0) € L?(Q) and
|50 < Qllualea. 170l (55)

Indeed, it follows from the continuity of f and the continuous embedding H?(Q2) C
C(92) that || f (uo)|| < Q(||uo||H2(Q))

Multiplying (52) by 3 , we obtain, in view of (28),

(|G 1%
H(9)

Summing then (49) and d5 times (56), where d5 > 0 is chosen small enough, we find
a differential inequality of the form

d|ou
ot

ou |

—|—c‘

ot

) > 0. (56)

dE4 2 8u 2 ’
— + C<E4 + ullgz ) + ‘ 9 || 110 <, e>0, (57)
where
Boe iy a2 (58)
4= B3+ 05)| o
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satisfies

2 2
OH

HIH | 5

0
Ey 2 c<||u|%,1(9)—|—/Q F(u) da:—|—HaltL >—c’, ¢ >0, (59)

HY(Q)

0
which gives ai: € L=(0,T, L2(Q)) N L2(0, T, H(Q)).
We finally rewrite (21) as an elliptic equation, for ¢ > 0 fixed,

—Au—l—u—i—f(u):—%—l—H,u:O on T. (60)
Multiplying (60) by —Au, we have, owing to (28),
ol < (a2 4 ume),
hence, owing to classical regularity results,
lu() 32y < cBat) + ¢, £ 20, (61)

so that u € L>(0,T, H%(Q)).
H
Having this, we multiply (22) by —A—— and —AH to obtain

ot
(12 05 2+HA853 ) +|v% 2+HA6£ C<lau? (o
and
CZ(HVHIIQ + | AH]? +2(<Va£,VH>> +2<(A8£,AH>)) +AH|?
R

respectively. Summing (62) and dg times (63), where dg > 0 is chosen small enough,
we find, in view of (61), a differential inequality of the form

dEs

W+CE5<CIE4+CH, c>0, (64)
where
OH ||? OH ||?
Es=||AH|P + ||[V—| +||A5-
ot ot (65)
H H
+ <56(||VH||2 + |AH|? + S<<v%t’VH>> + 2(<A887§,AH>>>
satisfies
OH ||
E5 > C(HHﬁ{Q(Q) + Hat ), c>0. (66)
H2(Q)

0H
Gronwall’s lemma then yields that H, o € L*°(0,T, H?()).

In particular, it follows from (57) and Gronwall’s lemma that

Ey(t) <e B (0)+¢, ¢>0, t >0, (67)
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which yields, owing to (59), the continuity of f and the continuous embedding
H*(Q) C C(Q),

2 2

ou

OH
OBy + |52 0

FIHO o+
< e QuollFr2 (), | Holl 7 oy, 1 Hillzr o) +¢/s ¢ >0, ¢ > 0.

It then follows from (61), (67) and (68) that

lu(®) 12y < e QUluollFr2(ay: 1 Holl Fr1 0y [HillF1)) + ¢ ¢ >0, 20, (69)

and from (64), (66)-(68) and Gronwall’s lemma that

2

H2(9) (70)
< e Q(l|uollzr2 0y, 1 HollFrz(ays 1H1 32 () + ¢ ¢ >0, £ > 0.

OH
2
IHO e+ | 5

3. Existence and uniqueness of solutions. One of the difficulties here is pre-
cisely to ensure that the order parameter u remains in the physical interval (—1, +1),
in order to give a meaning to the equations. We should note that the values —1 and
+1 correspond to the pure phases. To prove the well-posedness of our problem, it
suffices to obtain an estimate of H in L™ ((0,T") x ) (see [27]). We start with the
following result.

Lemma 3.1. Assume that ug € H?(Q) N H () and that ||ug||p~ < 1. Then, the
order parameter u satisfies the strict separation property
lu(t)||pe <0, t €[0,T], VI >0,
for some § € (0,1) depending on T.
Proof. Tt follows from the previous section that H € L*> (0,7, H?()) and, since

H2(Q) < L>(Q), we see that H € L°°((0,T) x Q).
We set v = u — J, where § € (0,1). We have
0
8—:fAv+v+f(u)—f(5):H—f(é)—é. (71)

Set now v* = max{0,v}. Multiplying (71) by v, we find, integrating over Q,

31T 1 B + [ () = FO)* do = (1 = £5) = 8.0%). (72
We note that, by definition, v = 0 on T, since v = 0 on I'. Then, thanks to (28),
[ 7= £@)* da >~ I (73)
whence
S I+ ot ) < el 4 (B = £3) —duh). ()
By choosing ¢ such that
F6) 40> [Hlpe  and Juolli~ <3, (75)

we then deduce that

d
EIIWII2 + o 3 ) < 2l (76)
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In particular,
d

EHWH2 < 2e ot (77)
Gronwall’s lemma then yields, noting that v (0) = 0,
[o* ()] < 0. (78)
This means that
vt(t) =0, Vt >0, (79)

and, as v < vT, then

v(t,x) <0, YVt >0, ae xe€Q(tel0,T]).

Therefore,

u(t,x) <6, vt =20, ae. z €. (80)
As f is an odd function, we set v = u — A, with A = —§. We define the quantity
v— = min{0,v}. Proceeding as above, replacing § by A\, we obtain

lv_()]|* <0, since v_(0) = 0. (81)
Consequently,

Since v > v_, there holds
v(t,x) 2 0,¥t >0 a.e. x €,

This means that

u(t, z) = A,
which is equivalent to
u(t,z) > =0, ¥t >0 ae. z €. (82)
Finally,
[l o (0,myx0) <6 < 1. (83)

Therefore, the order parameter u is strictly separated from the singular points of

f. O
Theorem 3.1. Let (ug, Hy, H) € (H?*(Q2) N H())? be such that |Jug| p (o) < 1.

H
Then the problem (21)-(24) admits a unique solution (u, H, 8(,%> such that

(u,H, %]t{) € L™®(R"; H*(Q) N Hy (Q))?

and

% € L®(RT; L2(Q)) N L2(0,T; HL ().

Furtheremore, there exists a constant § = 6(T,ug) € (0,1) such that

[u(t)]| ey < 8, ¥t € 0,T],¥T > 0.
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Proof. a) Existence: We first regularize the function f by a C' function fs; defined
by
f(=0)+ f/(=6)(s+ ), if s€(—o0,—d],
fs(s) =4 [(s), if se[=6,4],
f(0) + f'(0)(s = 9), if s €[d,+00),
where § is the constant defined above. We can choose § sufficiently close to 1 so
that
f(6) >0 and f'(5) >0,

taking J small enough if necessary.

We then consider the problem (21)-(24) with f replaced by fs and u replaced by

) i
u?, that is,
o &
S~ Al 4 fi(uf) = H,
0’H OH
I-A)|Z+ ") -AH=-Ad’
(Ps): { )<8t2+6t) “
wW=H=0, on T,
oH

w40 = uf), Hli—o = Ho, 7|t=0 = H;.

0

It is known that problem (Ps) admits a unique solution (see [11]). We further have

Lemma 3.2. We assume that
S
Fs = / fs(r)dr.
0
The functions fs and Fs satisfy the following properties:

f5(s) = —c1 and —co < Fs(s) Vs €R,

where co and c1 are the positive constants in (27) and (28) (taking § smaller if
necessary).

Proof. We consider, e.g., the case where s €]d, +00) and we have

fs(s) = f'(0)(s = &) + f(9).
It is clear that
1(s) = f'(8) = —c1, Vs €]d,+00).

Furthermore,

Fi(s) = [ fotrydr
:/:f,;(T)dT+/:f5(T)dT
Z/Oaf(T)dT—i—/:f(;(T)dT
:F(TH/; fs(r) dr

> —co (since / fs(r)dr = 0).
5
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As a consequence of Lemma 3.2, the a priori estimates established in Section
2 for the solutions to problem (21)-(24) still hold for the solutions to (Ps). In
particular, we deduce from Lemma 3.1 that

[0l o) < 0, Wt =0

H5
Hence we have f5(u’) = f(u®) and we conclude that (u®, H®, 8at
o (21)-(24).

H
b) Uniqueness: Let (u“)I{“)éaat ) and (u@>ff@>

) is also a solution

OH?
) be two so-

lutions to (21)-(24) with initial data (ug”,Hé”,H{l)) and (u((f),HéQ),Hl@)), re
spectively. We set

OH OHW OH®@
o\ _ (0 @ _(.,@ @
(u’H’ 6t> (u B ot > (u B, ot )

and
(oo ) = (w17 100 ) = (.12 7
and have 5
5~ dutut f(u) - f(u®) = H, (84)
0’°H 0OH
I-A —AH =-A
a-)(% + 5 ) u (55)
u=H=0 on T, (86)
0OH
ult=0 = uo, Hli=0 = Ho, tho = H;. (87)
Multiplying (84) by w, we obtain, in view of (28),
d
%Hu||2+ [ullF ) < elllull® + [ HI). (88)
. _,0H
Multiplying then (85) by (—A) 5 e find
d OH oH|”>  ||oH |
—(I1H]I? — —|| < 2,
R

Summing finally (88) and (89 we have a dlfferentlal inequality of the form
dEs

—— < cFg, 90
ar S (90)
where )
oOH
= |Ju|]® + | H||* + || = — 91
Il + 1+ Gr |+ || (91)
satisfies )

It thus follows from (90)-(92) and Gronwall’s lemma that
2

OH .
IO + O + |5 0] < oo Cluall + 1l + 1), £ 0. (03
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hence the uniqueness, as well as the continuous dependence with respect to the
initial data in the L? x L? x L2-topology. O

It follows from Theorem 3.1 that we can define the family of solving operators

S(t): ® — &, (ug, Ho, Hi) v (u(t),H(t), %{f(t)), t>0,

where
OH
e={(uH, 5 )€ (H*(2) N Hg ()% [lullpe < 1}.
Furthermore, this family of solving operators forms a semigroup, that is, S(0) = T
and S(t + 7) = S(t) o S(7), Vt,7 > 0, which is continuous with respect to the
L?-topology.

4. Dissipativity. In this section, we study the dissipativity of our system. More-
over, one difficulty is that § depends on the initial data and time T'; note that the
constant § that appears in the strict separation property satisfied by the order pa-
rameter u is such that |[ug|| (o) < ¢ < 1. Our aim is therefore to have an estimate
that does not depend on the initial data nor on the time, at least for large times.
To do this, we proceed as in [27]; see also, e.g., [11], [12] and [19].

Let Ry > 0 be given and assume that

1
1- ||U0||Loo(Q)

We then have, owing to Theorem 3.1 and (69)-(70), the existence of to = to(Rp) = 0
such that

+ lluollFrz) + 1 Hollzr2 0y + 1 HillF2() < R

[H ()|l L) < C, Yt = to, (94)
where C' is independent of Ry. Furthermore, there holds
1 (t)]| o= () <6, VE >0, (95)

where § = S(RO). Here, we can assume without loss of generality that C' < 4.
We now choose 5 € (0,1) independent of Ry and ¢; > to such that

fB=Cc+1 (96)

1—
and y(=v(Rp)) = small enough so that

1

v<1, f(l—rtg) =0+ 1. (97)

We finally set
L—nt, if 0<t<t,
wi={ 7" 1

8, if t>t.
We have
B<ys(t) <1, V>0, y4(0) =1 (98)
Finally, we define the variable 6 by
0=u—1yg. (99)

We then have

%—A9+9+f(u)—f(y+) =G=H—f(y+)—y4 () —y+(t), t >0, t #t1, (100)
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where 3/, is the derivative of y,. Furthermore, there holds, owing to (96),
S+1—f(1—nt t < to,
Glo) < { 1) T s
hence, in view of (96) and (97),
G(t) <0, VE>0, t#1. (101)
Setting
6" = max{0,0}, (102)
we have, multipying (100) by 6% and integrating over Q and by parts, in view of

(101),

d
IO 167 M5 ) < ell6T >0, ¢4, (103)

Using Gronwall’s lemma and noting that 6% is continuous with respect to time and
that 07 (0) = 0, we then deduce that

0t (t) =0, Vt=0. (104)
Therefore,

u(t) <y (t), V>0, (105)
and

u(t) < B, Vit (106)

Proceeding in a similar way to derive a lower bound, we finally deduce that there
exists 8 € (0,1) independent of Ry such that

()L < B, Yt =t1, t1 =t1(Ro), (107)

hence a dissipative L°°-estimate on wu.

The dynamical system (S(t),®) is thus dissipative (i.e., it possesses a bounded
absorbing set By, that is, VB € ® bounded, 3ty = to(B) such that ¢ > ¢y implies
S(t)B C By; it is understood here that B bounded means that 3R > 0 such that

OH
el + VB ey + o oy < B2, ¥l H, ) € ).

1= [Jull Lo () ot

Theorem 4.1. The semigroup S(t),t > 0, associated to our system is dissipative
on @, i.e., it possesses a bounded absorbing set By in .

5. Existence of the global attractor.

Theorem 5.1. Under the hypotheses of Theorem J.1, the semigroup S(t), t > 0,
defined from By into itself possesses the connected global attractor denoted by A.

Proof. According to the previous section, it is known that the semigroup possesses
a bounded absorbing set By in ®. To prove the existence of the global attractor A,
it suffices to prove that the semigroup is asymptotically compact in the sense of the
Kuratowski measure of noncompactness.

We consider the following decomposition:

oOH da ob
(u H, 5 > (v,a,at> + <w,b, 6t)’

where (v, a, 8—?) is solution of
0
a—l’—va—a (108)
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0%  Oa
v=a=0, on T, (110)
v(0) = uo, a(0) = Ho, %(0) =M (111)

and (w, b, 81)) is solution of
ot
ow

5 ~Awtw+ f(u)=b, (112)

0% Ob
w=b=0, on T (114)
0(0) = a(0) = 22(0) =, (15)

with the initial data in the bounded absorbing set By. We will now write a certain
number of a priori estimates. First, repeating the same estimates leading to (69)-
(70), but now taking f = 0, we obtain

da 2
ot H2(Q) (116)
< e lluollirz o) + [HollE () + 1 Hill72 o), V¢ = 0.

o) By Hla(®) Bz + \

13
We can see that Si(t)(uo, Ho, H1) = (v(t),a(t)7 a) tends to zero as t tends to

ot
infinity.
We now consider the system (112)-(115). Multiplying (112) by A?w + AQaa—:},
integrating over (2, we have
1d 2 2 2 2 2 ow|[?
5= VWl + [Aw]? + IVAw]*] + | Aw|® + [V Aw]* + | A—
2 dt ot
ow ow
= (A, Aw)) + { [ A0, A5 ) ) = ( { Af(w), Agr ) ) = ((Af(u), Aw)).
(117)
. . P 2 Qab .
Multiplying now (113) by A%b+ A 5 and integrate over 2, we get
1d ) ) ) ab||? ab||? b
5 [|Ab||* + [|[VAD|* + || Vb]|* + HAat + VAat +2 Vb’vat
b ) o b
+2<(Ab,A8t>)] + [IVAb|* + HA(% + HVAat
0b
= VAw,VAE + | | VAw,VAb ] ].
118)
From Hélder’s inequality, we write
ow 1 5 €|l 0w 2
i < ZIIAZZ
((ar.a%))| < o+ 5 [a%: (119)
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and
Af(u). A < LIAF@I2 + Slawl? < LIAF@IE + ce| VAW]2. (12
fu), Aw < 26|| fu)]] +2|| wl|® < 26|| F)]|* + cel VAw]]=. (120)

Summing (117) and (118), insering (119) and (120) in the resulting estimate and
choosing € > 0 small enough so that 2 — ce > 0, we obtain

dE ) ) ow|? ) o o
T |[Aw||* + [[VAw]| +HA6t + |[VAb|* + AE + VAE
<Af()]?, (121)

where E satisfies

b
E>c <||VAw|2 +||[VAD|* + || Awl]? + HVA

2
!
5 ) c, ¢>0. (122)

Integrating (121) over (0,t) and using (115) and (122), we get

b ||? !
Vw1 + 1wl + [vannl + [vagy | < [ lasaias a)

By (69), we have

t
AP ds < ot 80 (124)
Finally inserting (124) into (123), we have
) ) ab||?
Il @lza @) + 187z @) + || 55 o) < Or | (uo, Ho H) | g2 ayy5-Bo- - (125)

Ob
Hence, the operator Sa(t)(ug, Ho, H1) = (w(t), b(t), at(t)) is asymptotically com-

pact in the sense of the Kuratowski measure of noncompactness, which proves the
existence of the global attractor A. O

6. Discretization of the nonconserved Caginalp phase-field system. In this
section, we present the spatial discretization using a finite element method with Py
continuous piecewise linear functions and a first-order semi-implicit scheme for the
time marching scheme.

6.1. Spatial discretization. We let (2 be a convex, planar domain and T} be
a regular, quasi-uniform triangulation of ) with triangles of maximum size h <
1. Setting Vi, = {vp, € C°Q);vp|r, € P1(Th), VT € Ty} a finite-dimensional
subspace of H'(Q2), where Py is the set of all polynomials of degree < 1 with real
coefficients, we consider the weak formulation of (21)-(22):

Find uy, Hy € V}, such that, Vo, € Vy,,

0 1
(((;LZL—EAUh+Uh+Ef(Uh),¢h)> = <<Hhv¢h>>7
0’H 0H
(((Id_A) (T atQh +ath> _AHh7¢h>> = _(<Auha¢h>>7
0H
uh‘t:() = fuh(."c,y,O)a Hh|t:0 = th(m,y,O)v Tth‘t:() = 9H,(x,y,0)-

(126)
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6.2. Time marching scheme. We will discretize system (126) in time using a
first-order semi-implicit scheme. To this end, let us denote by (uZ’H,HZZH) and
(u}y, Hj) the approximate values at time t = t"*t1 and t = t" respectively and by
St the time step. Then, owing to (126), the unknown fields at time ¢ = "1 are
defined as the solution of:

(ot a-eopus o mon) ) = (- aed g0 ) )

(< ((T+6t) (Ia — A) — 6% - A)HP T + 682 At dm)) o

_ (((zT +6) - (I — AYH] — 7 (Iy— A HI, m))

—1 —1
Up lt=0 = fup(z,y,0)> Hy  lt=0 = [H, (29,00, Hilti=0 = H™ |t=0 + 0t - 951, (2,4.0)

in which (127) can be written equivalently in the following matrix form (AX = B):

((Id+5t- (I —eA)) (+) StIy(+) > (u}?“)
SE2A() ((7+6t) (Ig — A) = 6t2 - A) () ) \HH!
_( Fup,upt™)
~(au i) 12

where

n n 1 n
F(uj, “hH) = Up— 5tg : f(“h+1)a (129)
G(Hp, H') (27 +dt) - (Ig — A)HP — 7 (Ig— A) H L.

Finally, the simplest method to solve (128)—(129) is to use Picard’s iterate as
follows:

Algorithm 1:

n _ £0
Set Uy = fu,

Set Hy '= S Hpy =H 46t g9
ComputeA (if not using adaptmesh)
For t=2-0t:0t:T
Compute A (if using adaptmesh)
Compute G(Hp, H'™ ")
Set u}, =uj,err =1, (for the fixed point method used for f(u))
while err > 1le~ 10
Compute F(u},u};)
Set X = [uZ"'l,Hg"'l], Compute B, Solve AX =B
Compute err =norm (u}; —u}t!)/norm (u)™)
Actualize u}l; = uj ™!
end while
Setuy = up ™ HP ' = Hp  Hp = HP'M!
End for
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7. Numerical simulations. We perform several numerical simulations using the
FreeFem++ software [24], comparing the nonconserved Caginalp phase-field system
(128)-(129) with the cubic nonlinear term f(s) satisfying (19) (respectively, (20))

and the logarithmic one f(s) = —2k9s + k1 1n when (ko, %1) = (In(3),1)

(respectively, (Ko, k1) = (In(6),1)). We first start by considering the rate of con-
vergence of the first-order in time semi-implicit scheme. We then compute the
propagation of a cross function for u and a constant enthalpy H.

7.1. Rate of convergence. In this subsection, we check the convergence rates of
the nonconserved Caginalp phase-field system (128)-(129), where the values of the
Lo, Hy error estimates for u and H and their corresponding convergence rates are
given in Tables 1 — 6.

We first start by considering the rate of convergence of the first-order semi-
implicit scheme in time, where we use Py continuous piecewise linear functions for
the finite element space for u and H, periodic boundary conditions for © and H and
as exact solution on the unit square [0, L] x [0, L], L = 1, the functions

2 2

Uy = .18in (Zm — t) cos (Zy — t)
2 2

H., = .1cos (Zx —t) cos (Zy — t) ,

adding an appropriate right-hand side function. We take k9 = In(3), k1 = 1

and

L )
e €{.1,.01,.001}, 7 = 3.e —2, At = el with N € {10, 20, 40,80,160} and we
measure at time T" = ¢ the following errors: Np2(u) = |[up — ezl 2, Ngr(u) =
lun = veall g, Nr2(H) = [Hp = Hegl 12, Npn (H) = [[Hp — Hea|| -

102 -6t | CPU time | Nyz2(u) | rate | Np2(H) | rate | Ny (u) | rate | Ny (H) | rate
1/1 00:00:02 | 0.00147 | - 0.00124 - 0.0573 - 0.05544 -
1/4 00:00:22 | 0.00038 | 0.98 | 0.0003 | 0.98 | 0.02927 | 0.48 | 0.02828 | 0.49
1/16 00:05:58 | 9.5e-05 | 0.99 | 8.1e-05 | 0.99 | 0.01472 | 0.49 | 0.01422 | 0.49
1/64 01:50:22 | 2.4e-05 | 0.99 | 2e-05 | 0.99 | 0.00737 | 0.49 | 0.00711 | 0.49
1/256 22:06:19 6e-06 1 5e-06 | 0.99 | 0.00369 | 0.5 | 0.00357 | 0.49

TABLE 1. L?, H' norm and error for v and H for the non-
conserved Caginalp phase-field system with ¢ = .1, 7 = .03 and
f(s) = .83(s — .52%s).

102 -6t | CPU time | Nz2(u) | rate | Np2(H) | rate | Ny (u) | rate | Ny (H) | rate
1/1 00:00:02 | 0.00146 - 0.00124 - 0.05725 - 0.05544 -
1/4 00:00:25 | 0.00038 | 0.98 | 0.0003 | 0.98 | 0.02927 | 0.48 | 0.02828 | 0.49
1/16 00:07:44 | 9.5e-05 | 0.99 | 8.1e-05 | 0.99 | 0.01472 | 0.49 | 0.01422 | 0.49
1/64 01:52:09 | 2.4e-05 | 0.99 | 2e-05 | 0.99 | 0.00737 | 0.49 | 0.00711 | 0.49
1/256 23:06:55 6e-06 1 5e-06 | 0.99 | 0.00369 | 0.5 | 0.00357 | 0.49

TABLE 2. L?, H! norm and error for v and H for the non-
conserved Caginalp phase-field system with ¢ = .1, 7 = .03 and

f(s8) = —2Kps + k1 In (1+S>

— S
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102 -6t | CPU time | Ny2(u) | rate | Np2(H) | rate | Ngi(u) | rate | Ny (H) | rate
1/1 00:00:01 | 0.00042 - 0.00039 - 0.02458 - 0.02397 -
1/4 00:00:22 | 0.00011 | 0.98 | 0.0001 | 0.98 | 0.01249 | 0.49 | 0.01215 | 0.49
1/16 00:07:09 | 2.7e-05 | 0.99 | 2.5e-05 | 0.99 | 0.00627 | 0.49 | 0.00611 | 0.49
1/64 01:27:20 7e-06 | 0.99 | 6e-06 | 0.99 | 0.00314 | 0.49 | 0.00306 | 0.49

1/256 22:16:47 2e-06 1 2e-06 0.99 | 0.00157 | 0.5 | 0.00154 | 0.49

TABLE 3. L2, H' norm and error for v and H for the noncon-
served Caginalp phase-field system with ¢ = .01, 7 = .03 and
f(s) = .83(s — .5%s).

We can note that in both cases, for ¢ € {.1,.01,.001}, we obtain an optimal
convergence rate in time of order 1 for the L?(Q2x]0,T[) norm for « and H and of
order .5 for the L2(0,T; H*(2)?) norm for v and H, which confirms the convergence
of the first-order semi-implicit scheme in time for the nonconserved Caginalp phase-
field system. We can note that we would obtain the same results for the second set
of nonlinear terms mentioned in the introduction.

10% - 6t | CPU time | Nz2(u) | rate | Np2(H) | rate | Ny (u) | rate | Ny (H) | rate
1/1 00:00:01 | 0.00042 - 0.00039 - 0.02457 - 0.02397 -
1/4 00:00:24 | 0.00011 | 0.98 | 0.0001 | 0.98 | 0.01248 | 0.49 | 0.01215 | 0.49
1/16 00:07:41 | 2.7e-05 | 0.99 | 2.5e-05 | 0.99 | 0.00627 | 0.49 | 0.00611 | 0.49
1/64 01:26:11 7e-06 | 0.99 | 6e-06 | 0.99 | 0.00314 | 0.49 | 0.00306 | 0.49

1/256 23:06:30 2e-06 1 2e-06 | 0.99 | 0.00157 | 0.5 | 0.00154 | 0.49

TABLE 4. L2, H' norm and error for v and H for the noncon-
served Caginalp phase-field system with ¢ = .01, 7 = .03 and
f(s) = —2Kps+ k1 In (1 + S)

— S

102 -6t | CPU time | Nyz2(u) | rate | Np2(H) | rate | N1 (u) | rate | Ny (H) | rate
1/1 00:00:01 | 0.00013 - 0.00012 - 0.01227 - 0.01186 -
1/4 00:00:22 | 3.4e-05 | 0.98 | 3.2e-05 | 0.98 | 0.00625 | 0.49 | 0.00603 | 0.49
1/16 00:07:19 9e-06 | 0.99 | 8e-06 | 0.99 | 0.00314 | 0.49 | 0.00303 | 0.49
1/64 01:29:47 2e-06 | 0.99 | 2e-06 |0.99 | 0.00157 | 0.49 | 0.00152 | 0.49
1/256 22:23:29 1e-06 1 le-06 | 0.99 | 0.00079 | 0.5 | 0.00076 | 0.49

TABLE 5. L2, H' norm and error for v and H for the noncon-
served Caginalp phase-field system with e = .001, 7 = .03 and
f(s) = .83(s — .5%s).

10% - 6t | CPU time | Np2(u) | rate | Np2(H) | rate | Ny (u) | rate | Ny (H) | rate
1/1 00:00:01 | 0.00013 - 0.00012 - 0.01226 - 0.011863 -
1/4 00:00:24 | 3.4e-05 | 0.98 | 3.2e-05 | 0.98 | 0.00624 | 0.49 | 0.00603 | 0.49
1/16 00:07:44 9e-06 | 0.99 | 8e-06 | 0.99|0.00314 | 0.49 | 0.00303 | 0.49
1/64 01:29:12 2e-06 | 0.99 | 2e-06 | 0.99 | 0.00157 | 0.49 | 0.00152 | 0.49
1/256 23:22:36 1e-06 1 le-06 | 0.99 | 0.00079 | 0.5 | 0.00076 | 0.49

TABLE 6. L2, H' norm and error for v and H for the noncon-
served Caginalp phase-field system with ¢ = .001, 7 = .03 and
f(s) = —2Kps+ k1 In (1 + S)

— S
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7.2. Propagation in a square. We present in this section the propagation of the
solution in the square [0,300] x [0,300] of the cross function f,(z,y,0) defined in
FreeFem++ as:

real amp=0.02,L=300.,x0=L/2.,y0=L/2.,R0=20.;

func fu=(amp*((x <= x0+R0) *(x >= x0-R0)) *(y <= yO+3*RO)*(y >=
= y0-3%RO)+amp*((x < x0-RO) *(x >= x0-3%R0)) *(y <= yO0+RO)
wx(y >= yO-RO)+amp*((x <= x0+3*R0) #*(x > x0+R0O)) *(y <= yO+
wR0)*(y >= yO-RO))-amp/2.;

and we take gg(z,y,0) = 0. We further take dz = 2, ¢ € {.1,.01,.001}, &t =
5@’ 7 = 3.e—2 and periodic boundary condition for u and H, taking into account
that we choose different initial data for fg(x,y,0). Similar results can be obtained
here, considering another initial cross function with .02 < amp < 1.8.

We also use here the adaptmesh of FreeFem++ with uadapt=Hn+un,err=1.e-4
each 100 iteration, where, in that case, we obtain an error of order 10~° with the so-
lution without using adaptmesh as shown in [38] and we gain a lot of computational
time.

We further note that the solution u starts from [—.01,.01] and goes to one of
the following values: [—a, ], a, —a (a €] — 1.,1.]); the solution can also explode
depending on the value of € and the initial datum for fg (z,y,0). This explains why
we use periodic boundary conditions and not Dirichlet ones.

More precisely, we display in Tables 7 — 9 the convergence of the solution u
for different values of fy(x,y,0) when f(s) satisfies (19), while in Tables 10 — 12,
we take f(s) satisfying (20). We obtain opposite values of o when fg(z,y,0) = —¢
and fy(z,y,0) = 0, with 6 > 0. We can clearly see that, for (20), the logarithmic
potential works much better than the polynomial one.

fu —-35 —.1 0 1 2 | 1.5 15 35
log | explose | —.41 | [—.37,.37] | .41 | .44 | .62 .94 explose
pol | explose | —.40 | [-.37,.37] | .40 | .43 | .64 | explose | explose
TABLE 7. Comparison of the convergence of the solution u with
e=.1

frr | =35 —.1 0 1 211515 | 35
log | —.76 | [—.49,.49] | [—.49,.49] | [—.49,.49] | .49 | .52 | .67 | .T6
pol | —.86 | [—.49,.49] | [—.49,.49] | [—.49,.49] | .49 | .52 | .70 | .86

TABLE 8. Comparison of the convergence of the solution u with
e = .01

fo | —35 —.1 0 Nl 2 1.5 15 | 35
log | —.56 | [-.50,.50] | [—.50,.50] | [-.50,.50] | [—.50,.50] | [—.50,.50] | .53 | .56
pol | —.57 | [-.50,.50] | [-.50,.50] | [-.50,.50] | [—.50,.50] | [-.50,.50] | .53 | .57
TABLE 9. Comparison of the convergence of the solution u with
e = .001.

We thus deduce that, the smaller ¢ is, the faster the solution converges to a
constant (negative or positive) solution 0.5 < |a| < 1. We also note that, when
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fu -35 -1 0 1 2 1.5 15 35
log | explose | explose | explose | explose .92 .94 .99 explose
pol | explose | explose | explose | explose | explose | .94 | explose | explose
TABLE 10. Comparison of the convergence of the solution u with
e=".1.
fu —35 —.1 0 1 2 1.5 15 35
log | -.95 |[—.93,.93] | [-.93,.93] | [-.03,.93] | [—.03,.93] | explose | .94 | .95
pol | explose | explose explose explose explose | explose | .96 | explose
TaBLE 11. Comparison of the convergence of the solution v with
e = .01
fo | =35 —.1 0 1 2 1.5 15 35
log | -.93 | [-.93,.93] | [—.93,.93] | [—.93,.93] | [—.93,.93] | [—.93,.93] | explose | .93
pol | -.94 | explose explose explose explose explose | explose | .94
TaBLE 12. Comparison of the convergence of the solution w with
e = .001.

e,

FIGURE 1. Solution w with fi = .1 and logarithmic potential.

RIS p—t

-0, T0.1,0) -0 65251, oL L =0 092

wil

=001, =003, =0 1,400~ -0

FIGURE 2. Solution u with f = .1 and cubic potential.

st L 12) 0.4

the solution lies between [—0.5,0.5], we need more iterations and time in order to
possibly obtain the convergence.

In Figures 1 — 8, we consider the convergence of v and H with different values
of € (¢ = 0.1 (left), e = 0.01 (center) and ¢ = 0.001 (right)) with fy(z,y,0) = .1
or fy(x,y,0) = 1.5 when f(s) satisfies (19). We also note that we did not observe
any influence of 7 on the simulations.
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FIGURE 4. Solution H with fz = .1 and cubic potential.
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FIGURE 5. Solution w with fi = 1.5 and logarithmic potential.
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FIGURE 6. Solution u with fiz = 1.5 and cubic potential.
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