WELL-POSEDNESS AND LONGTIME BEHAVIOR
OF THE PHASE-FIELD MODEL WITH MEMORY
IN A HISTORY SPACE SETTING

CLAUDIO GIORGI, MAURIZIO GRASSELLI, VITTORINO PATA

Abstract. A thermodynamically consistent phase-field model
with memory, based on the linearized version of the Gurtin-
-Pipkin heat conduction law, is considered. The formulation of
an initial and boundary value problem for the phase-field evo-
lution system is framed in a history space setting. Namely, the
summed past history of the temperature is regarded itself as a
variable along with the temperature and the phase-field. Well
posedness results are discussed, as well as longtime behavior of
solutions. Under suitable conditions, the existence of an absorb-
ing set can be achieved.

1. INTRODUCTION

We consider a phase-field model of some temperature-dependent transition in a rigid
heat conductor occupying a given bounded domain Q C IR®. We assume that, at each
point x € 2 and any time ¢t € IR, the state of the material is described by the triplet
(9(t), 9, x(t)), where ¥(x,t) is the temperature variation field from a reference value,
I(x,s) =9(x,t—s), s >0, is the past history of ¥ up to time ¢, and x(zx,t) is the phase
variable, which accounts for the kinetics of the solid-liquid transition.

The evolution of the temperature-dependent phase change phenomenon is governed
by the energy balance equation

oe+divq=f in Q2 xR
where f is the external heat source.

If we consider only small variations of ¥ and Vv, we may suppose that the heat
fluz vector q : Q x R — IR* and the internal energy e :  x IR — IR are described by
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the following constitutive equations (cf. (A.17)-(A.18) in Appendix)
e(x,t) = e. + c,0:.9(x, t) + / a(o)¥(z,t — o) do + 0.\ (x(x,t))
0
alz, 1) = —/ k(o)Vi(2,t — o) do
0

for (z,t) € Q x IR, where ¢,, 0., and e, are positive constants denoting the specific heat,
the critical value of temperature (corresponding to phase transition), and the internal
energy at the critical temperature, respectively. We assume that the memory kernel £ is
smooth enough, non-increasing and summable along with its first derivative on [0, c0).
As far as the (smooth) kernel a is concerned, we always suppose that its first and second
derivatives are summable on [0,00) and a(0) > 0. Then we have two possible choices
which are both thermodynamically consistent (see Appendix). We either suppose that

a is bounded, non-decreasing, and concave (1.1)

or
a is summable, non-increasing, and convex. (1.2)

We shall discuss the importance of these assumptions below.
Going back to the constitutive laws and making suitable assumptions on the be-
havior of ¥(t) as t — —oo, the energy balance yields

000 + a(0)Y + /000 a' (o)9(t — o)do + 0N (x)0x — /000 k(o)AY(t — o) do = f

in 2 x IR.

The variable y, which appears in the internal energy, can be regarded as an internal
state variable. Consequently, a constitutive equation for y is in order. As shown in
Appendix (cf. (A.22)), we assume

mdyx —moAx + B(x) 3 v(x) + 9N (x)

where [ is a maximal monotone graph, ~ is a Lipschitz function, and m, mg are positive
parameters.

Consider now a given initial time 7 € IR. To specify the initial conditions, besides
the values of ¥ and x at 7, the whole past history of ¥ up to 7 must be given, namely

I(1) = Vo in Q
X(7) = xo0 in
1 —s) = Jo(s) in Q, Vs >0

where ¥ (s) is the initial past history of 9.
Concerning boundary conditions, a quite natural one for x is given by

Onx =0 on 9 x (1,400)
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where 0y, denotes the outward normal derivative. As far as ¢ is concerned, we suppose
that the adiabatic boundary condition is satisfied on I'y C 92

/ k(c)Ond(t —o)do =0 on I'y x (7,+00)
0

while the Dirichlet homogeneous boundary condition on I'p = 9Q \ I'y holds for any
time
¥4=0 on I D X R.

We are now dealing with an initial and boundary value problem for the phase-field
system under consideration. To formulate it in a history space setting, we follow [21]

(see also [17]) and we introduce a new variable, namely, the summed past history of 9
which is defined by

t

W)= [ Paydy= [ dwgdy  cen =0
0 t—s

One can easily check that n satisfies the first-order linear evolution equation
o' (s) + 0sn'(s) = I(t) inQ, (¢,8) € (1,+00) x (0,400)
along with the initial condition
n" =no in Q x (0, +00)

where

Mo (s) =/ Yo(y)dy  in Q, >0
0

is the initial summed past history of V.
Then, we observe that a formal integration by parts yields (see [21])

/00 k(o)VO(t — o) do = — /00 K (0)Vn'(o)do inQ, t>r
0 0

and

/0 a(a)z‘}(t—a)da:—/o a"(o)n' (o) do inQ, t>r.

Thus, on account of (1.1) and (1.2), we set

K'(s) a’(s)
=— d = —
w(s) ) an vov(s) )
for any s > 0, where vy = 1 or vy = —1 whenever (1.1) or (1.2) holds, respectively.

Taking for simplicity all the constants equal to 1, our previous considerations and
the above choice of variables lead us to formulate the following initial and boundary
value problem
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Problem P. Find (9, x,n) solution to the system

01 (9(8) + A(x(8)) + 9(t) + / " vov(o)n' (o) do - / " (o)At (0) do = £(1)

Aex(t) — Ax(t) + B(x(t) 2 v(x (1)) + N (x(1))9(t)
O (s) + 0sn'(s) = I(t)

in ), for any t > 7 and any s > 0, which satisfies the initial and boundary conditions

/ w(a)Onn' (o) do =0 on I'y X (1, +00)
0

n'(s)=0 onTp x (7,4+00) x (0, 4+00)
Onx =0 on 0 x (1,+00)

(1) =79 inQ

X(T)=xo inQ

nT =mno in Q x (0, +00).

Problems like P have been studied firstly in [1] when a = 0, 3(r) = r3 and ~, ) are
both linear. Using a semigroup approach, existence, uniqueness, and longtime results
have there been proved. Quite general well-posedness results have then been obtained in
[14,15] via energy methods (see also [16]). Recently, in [11,12] a thorough investigation
along the lines of [1] has been carried out. In particular, existence and uniqueness when
A is a quadratic nonlinearity as well as a detailed characterization of the w-limit set have
been shown. In this framework, it is also worth quoting [5,6] which are devoted to study
a phase-field model with memory based on a constitutive law for the heat flux, proposed
by Coleman and Gurtin, where q depends both on the present value of the temperature
gradient and on its past history. Regarding the longtime behavior and existence of a
maximal attractor for other phase transition models without memory effects, the reader
is referred, e.g., to [28,32] and references therein.

In all the mentioned papers about phase-field models with memory, the summed
past history of 9 (and, possibly, of x) is simply incorporated in the source term f
and, sometimes, in the boundary data. However, this approach seems not suitable for
studying the longtime behavior of solutions from a more general point of view, namely,
the stability of sets of trajectories. Instead, a formulation in the history space setting
which regards 7 as a variable of the evolution phenomenon has been proved effective in
analyzing such issue (cf. [20-22], see also [4]). This fact has led us to formulate P.

Here we prove some well-posedness theorems for P. In these results the role of a
is marginal and we could also take a = 0. On the contrary, our result about the long
term behavior is based on the fact that a(0) > 0, that is on the presence of a memory
term in the internal energy as well. To be more precise, in this case the assumptions on
the memory kernels (in particular, (1.1)-(1.2)) as well as the boundary conditions play
a crucial role. Going a bit into the details, we are able to obtain some uniform in time
estimates which imply the existence of an absorbing set, provided that 3 fulfills suitable
growth conditions. Nevertheless, this result strongly depends on the sign of 1, that is
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on the assumptions (1.1)-(1.2). Indeed, the case vy = 1 turns out to be quite nice since
the related memory term has a dissipative behavior which is similar to the heat flux
term, provided that v and u decay exponentially. However, in literature (see, e.g., [19]
and references therein) it is often assumed vy = —1, that is (1.2). This is a much more
delicate case, since the related memory term has an antidissipative behavior which has
to be counterbalanced by the dissipation associated with the heat flux (see Section 6
below). We are able to do that when the homogeneous Dirichlet boundary condition
holds on a portion I'p of positive measure, provided that v is dominated by . These
restrictions allow us to take advantage of Poincaré inequality.

A strictly related model is analyzed in [20], the only difference being that the heat
flux law also contains an instantaneous temperature gradient. This helps of course.
There, under the assumption (1.1), we also prove the existence of a uniform attractor
of finite fractal dimension. It is worth noting that the argument used here to deal with
assumption (1.2) can also be adapted to the setting of [20].

The plan of the paper goes as follows. In the next section we introduce the func-
tional setting and some technical lemmas. In Section 3 we state our main results whose
proofs are carried out in Sections 4-9. The Appendix is devoted to present the construc-
tion of the model starting from a general nonlinear setting. Using the Clausius-Duhem
inequality and linearizing with respect to ¢/, we deduce that our evolution system is
thermodynamically consistent.

2. NOTATION AND Basic ToOLS

Let © ¢ IR® be a bounded domain with smooth boundary 9. We set
H=IL*Q), V=HQ), Vo={veV :vjpn=0 ae on I'p}
where v|gq stands for the trace of v, and
W ={weH*(Q): hw=0 ae. on 9Q}
Wo={weVy: Awe H, duw=0 in (Hy*(Tn))"}

being (Héé2(FN))* the dual space of (cf., for instance, [29])
Hyl?(Tn) = {w e L*Ty) : 3@ eVy : w=w on Ty}

Clearly, when I'p = (), then Vi = V and W, = W. Then, denote by V*, Vi, W*, and
W the dual spaces of V, Vi, W, and Wy, respectively. As usual, we identify H with
its dual space H*. We recall the continuous and dense embeddings

Wy —=Vo—H=H"V;— W}
Voo—=V—H=H" <V"<= VS

and, in particular, the inequalities

vl < v, YveV, and luly. <luly YueH. (2.1)
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We also need the Poincaré inequality
[oler < Cp[Volgs  Voely (2.2)

which holds whenever the Lebesgue measure |I'p| is positive (see, e.g., [33, Ch. II, 1.4]).

To avoid confusion, we will always denote the norm and the inner product on a
Hilbert space X by (-,)x and | - |y, respectively. In particular, due to the Poincaré
inequality, if [['p| > 0, then we can take [v|y, = |Vv|ys. Besides, the symbol (-, -))x
will stand for the duality pairing between X and its dual space X*, whenever X is a
real Banach space.

Given a positive function « defined on IR™ = (0, +-00), and a real Hilbert space X,
let L2(IR", X) be the Hilbert space of X-valued functions on IR", endowed with the
inner product

() is (mrx) = / " a(0)(p(0), (o)) x do.

It is worth recalling that, given two Hilbert spaces X and Y, the space X NY turns out
to be a Hilbert space endowed with the inner product

<., '>XﬂY = <.7 ’>X + <., '>Y~

In addition, given a (possibly unbounded) interval I C IR and a Hilbert space X, we
indicate by D(I, X) the space of infinitely differentiable X-valued function with compact
support in 1.

In order to describe the longtime behavior of the solutions of our system we also
need to introduce the Banach space 7 of L{, -translation bounded functions with values
in H, namely

r+1
T - {f € LL(R, H) : |f]; = sup ( [ 1w, dy) < oo} .
relR r

Finally, for the reader’s convenience, we report here below some technical results
which will be useful in the course of the investigation.

Lemma 2.1. [Generalized Young inequality]. Let a, b > 0 be given. Then for
every k > 0, and 1 < p, ¢ < oo such that % + % =1, there holds

1
p q
ab < kaP + p (np)Q/pb . (2.3)

Lemma 2.2. [Gagliardo-Nirenberg|. Let 2 < p < 6. Then there exists k > 0 such
that the inequality

[Vl ooy < kol ol (2.4)
holds for all v € V, with p = 552.

The following Gronwall-type lemmas subsume Lemma A.5 in [7] and some results
in [30].
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Lemma 2.3. Let ® be an absolutely continuous function on an interval [7,T] C IR, and
let 71 and ro be positive summable functions on [T, T]. Then the differential inequality

%CI)Q( t) < c®2(t) + ri(t) + 2 () D(1) for a.e. t € [1,T]

for some ¢ > 0, implies

t t 2
@2(15) < Qec(t_T)QDQ(T) 4+ 2ec(t=7) / r1(y) dy + e2c(t=7) (/ ro(y) dy)

for any t € [1,T].

Lemma 2.4. Let ® be a non-negative, absolutely continuous function on [T, +00), which
satisfies for some € > 0 the differential inequality

%qﬂ )+ e%(t) < A+ |f(0)] (1) +73(t) o ace. t € [7,+00)

where A > 0, r3 is a non-negative locally summable function, and f € T. Then

—& T 2A ec ! —e(t—
B3(0) < 20%(r) )+ 22 1+ [ e ay

for any t € [1,400).

3. MAIN RESULTS

Before stating the main results, we have to introduce a rigorous formulation of problem
P. First of all, some assumptions on the memory kernels and on the data are in order.
As far as v and p are concerned, we suppose

v,u € CHIRT) N LY(RY) (K1)
v(s) >0, u(s) >0 VsecRT (K2)
V'(s) <0, 4/(s) <0 VYseRT (K3)
V' (s) +6v(s) <0, u'(s) +6u(s) <0 forsome § >0, VsecRT. (K4)

We recall that assumption (K4), which basically implies the exponential decay of the
memory kernel (see, e.g., [17]), is used only to prove the existence of an absorbing set.
Then, we set

ko = / w(o)do >0 and  ag= / V(o) do > 0 (K5)
0 0
and, in view of (K1)-(K2), we introduce the Hilbert spaces

M=L2(R" H)NLA(R", V), M=L2(R",W).
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Furthermore, we assume

¢ : R — [0, +o0] proper convex and lower semicontinuous with ¢(0) =0 (H1)
f=0¢ C IR xR such that 3(0)>0 (H2)
3T >0 such that |y(ry) —~vy(r2)| < Tlry — raf (H3)
A e C*(R) (H4)
N, N e L*(IR) (H5)
f € Lioc(R, H) (H6)
Yo € H (HT)
Xo €V (H8)
no € M (H9)
¢(x0) € L'(). (H10)

We now introduce our definition of solution to P.

Definition 3.1. Let 7, T € R, T > 7, and set I = [1,T]. A quadruplet (9,x,&,n)

which fulfills
¥ € C%I,H) (3.1)
o € L>=(I,Vy) + L'(I, H) (3.2)
x € CUIL,VYNHYI,H)NL*(I,W) (3.3)
¢ L*(I,H) (3.4)
neC’'(I,M) (3.5)
O+ dsn e COI,LL(RT, H)N L (R, W) (3.6)
€€ B(x) a.e. inQxI (3.7)
1s a solution to problem P in the time interval I provided that
(@004 XC0) 0w, + Devhr + [ v (o) n(o), ) do
0
—I—/ w(o)(Vn(o),Vv)gs do = (f,v)g Vv eV, ae in I (3.8)
0
Orx — Ax + & =v(x) + N (x)9 a.e. in Q x T (3.9)

/0 (o) 0m(o) + 8un(0), (o)) s do + / " (@) (o) + Bun(o), C(0)) 1 do
- / " (o) @n(e) + (o), AC(0)) s do

- / T (o) 9,¢(0))mr do + / " W(0)(9,¢(0)) i do — / (o) (9, AC(o))r do

V¢e L,(RT,H)N L (RT, W), a.e. in I (3.10)
I(1) =1y a.e. in (3.11)
X(T) =x0 a.e. in (3.12)
n" =no a.e.in Q x R™. (3.13)
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Problem P is well posed according to Definition 3.1. Indeed, we can prove the
following results.

Theorem 3.2. Assume that (K1)-(K3) and (H1)-(H5) hold. Let { fi, Y0, X0i,N0i}, © =

2, be two sets of data satisfying (H6)-(H10), denote by {9;, xi, &, mi} two corresponding
solutions to problem P, and fix Cy > 0 so that

maxc {19i (1, Wil e rmyr il g } < Coo (3.14)

Then there exists a positive constant C = C(Cy,T) such that

2 2
[9:(8) = 92 (8)] + 1 (8) = xa(B) 5 + / ba(y) = xe@)Iy dy + Ik = ms13
< C (901 = Vel + Ixor = X0l + Inor = moelg + Ut = Polfa i) (315)

for any t € I. In particular, problem P has a unique solution.

Theorem 3.3. Let (K1)-(K3) and (H1)-(H10) hold. Then, given any 7 € IR and any
T > 1, problem P has a unique solution (9, x,&,n) in the time interval I = [1,T], with
initial data (99, X0,M0). Moreover ¢(x) € WH1(I, L1(Q)).

Set now
H=HxVxM

and consider the space

Hy={z=(0,x.n) € H:o(x) € LN }.
It is readily seen that Hy is a convex subset of H which can be endowed with the metric

disty (21, 22) = 21 — 22 + [0(x1) — d(X2) | 11 (-

In addition, By4(0, R) stands for the ball of Hy4 centered in zero of radius R.

We agree to denote by U (¢, 7)zo the solution (¥, x,n) to problem P at time ¢ with
source term f and initial data zy given at time 7. Note that £ is an auxiliary variable
which is automatically determined by (19, x, 7).

Remark 3.4. For any fixed f € L (IR, H), the two-parameter family U¢(¢, ), with
t > 71, 7 € IR, satisfies the following properties:

(i)
(
(i
(

t,7) : Hy — Hy for any t > 7, 7 € IR;
7,7) is the identity map on Hy for any 7 € IR;
Uf(s,7) =Uy(t,7) forany t > s > 7, 7 € R;

t,s)
t,7)z — zast | 7 for any z € Hy, 7 € IR;

SSES

(
(
(
(
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which are consequences of Theorems 3.2 and 3.3.

As we pointed out in the Introduction, the asymptotic behavior of solutions strongly
depends on the choice of parameter vy. Let us consider first the case vy = 1, which
corresponds to the suppose that a satisfies (1.1). Besides the decay properties (K4), we
need to require that the dissipation given by (3 be prevailing on the contribution given
by the term ~. More precisely, we set

and we assume that there exists g9 € (0, 1) such that

—€r () < —e(60) A1) — mur® + ms
for any € € (0,¢9] and mq, mg >0 (H11)
o(r)—A(r)+ L >0 for some L > 0 (H12)

for every r € D(3) and every £ € ((r), where D((3) denotes the effective domain of 3.
The constant my is allowed to depend on .

It is easily seen that (H11)-(H12) are satisfied if D(3) is bounded. In the case when
B : IR — IR, a sufficient condition which ensures (H11)-(H12) to hold is

lim inf M > T

|0 T

Indeed, in this case there exist 0 < e; < 1 and p > 0 such that

1—
1|iminfM >T+2 Ve<er. (3.16)
r|—o0 r
It is also clear from (H3) and (2.3) that
) 7(0)[?
5(r)] < Tr? + % (3.17)

Hence (H1)-(H2) and (3.17) entail

e(e(r) —A(r))
ely(0)

< By = o) = [(L= By = A — el = pr] = pr? 4 S

Setting €9 < min{ey, p/T'}, it is straightforward to see that (H3) and (3.16) yield, for
any € € (0, ¢g],

sup — [(1 —&)B(r)r —y(r)r — eTr? — p?‘z} < +o00
relR
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and (H11) follows at once. The proof of (H12) is straightforward. Notice that (H11)-
(H12) allow, for instance, the significant case 3(r) — v(r) = r® — r examined in [1] (cf.
also [8]).

To deal with the more common assumption (1.2) which corresponds to the case
vg = —1, we require |I'p| > 0 in order to take advantage of the Poincaré inequality.
Also, we need that v is suitably dominated by pu, while we still need that p satisfies
(K4). Of course, even in this case, the above assumptions (H11) and (H12) are essential.

Thanks to Theorems 3.4 and 3.5, we can state our result about the longtime be-
havior of the solutions to P.

Theorem 3.5. Let (K1)-(K3), (H1)-(H5) and (H11)-(H12) hold, and let F C T be a
bounded set. If, in addition, vy = 1 and (K4) holds, then there exists Ry > 0, depending
only onsup ez | f| 7, such that, given any R > 0 and any 7 € R, there exists t* = t*(R)
such that
sup  sup |Us(t,7)z0]4 < Ro Vi>T14+t (3.18)
20€B4(0,R) fEF

Moreover, if F is a bounded subset of L*(IR, H), for any T € R,

sup  sup / O ()% dy < C (3.19)
z20€By(0,R) fEF J T

where x(y) is the second component of U¢(y,T)zo, and the constant C depends on R.
Suppose now that vy = —1. If [T'p| > 0, p enjoys (K4) and v fulfills the following
condition

2
apr(s) < Eéo,u(s) for some dg € (0,6), Vs € R’ (K6)
P

then estimates (3.18)-(3.19) still hold.

Remark 3.6. If (K6) holds, then note that M and M coincide, and have equivalent
norms. Moreover, recalling the positions made in the Introduction, it is not difficult to
realize that condition (K6) can be rewritten in terms of the original kernels a and k as
follows

a’(0)

2
< ——500k/(s) f do € (0,0), Vs e R™.
a(O)a (s) < 3 ok'(s) for some 4y € (0,9), Vs €

In this form, it can be compared with [4, (2.4)].

Remark 3.7. Due to the continuous embedding V < L5(€), if there is a positive
constant ¢ such that

[l <e@+ ") VreD(@), VEefr) (H13)

for some ¢ € [0, 5], it is apparent that H, = H. Then inequality (3.18) may be replaced
by
sup sup |Us(t,7)z0l, < Ro Vi>1+t" (3.20)
lzoll <R fEF
In this case, the ball of radius Ry in H is called a uniform absorbing set (uniform with
respect to 7 € IR and f € F) associated with problem P.
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In the particular, but significant, case 8(r) = r> and X linear, we can also prove
that

(v) Us(t,7) € CO(H, H) forany 7 € R, t > 7.

Therefore, Us(t,T) is a process with symbol f according to the usual definition (see,
e.g., [25], Chapter 6]). This fact is ensured by (3.15) and
Proposition 3.8. Let (K1)-(K3), (H3), (H6)-(H10) hold. Assume moreover that
B(r) =13 VrelR (H14)
A(r) = Aor VrelR, A € R. (H15)

Then, if we consider two sets of data {fi,Poi, X0isMoi}, @ = 1,2, fulfilling (H6)-(H10)
and we denote by {9;, xs,&i,n:} two corresponding solutions to problem P, we can find
a positive constant C' such that, for anyt € I,

hat®) = xe(F + [ ha®) - @l dy

< C(lWOl — o2l + Ixo1 — X0zl + Inor — mozlg + 11 — f2Hil(I,H))' (3.21)

In a slightly different functional setting, an existence and uniqueness result can
be proved when A is a quadratic nonlinearity (cf. [11,12]). In this case, it is worth
noting that our model may describe not only solid-liquid phase transitions, but also
ferromagnetic transformations (see, e.g., [24]).

Theorem 3.9. Let (K1)-(K3), (H1)-(H4), and (H6)-(H10) hold. Moreover, suppose
that
N e L*®(R). (H16)

Then, given any 7 € IR and any T > 1, there exists (¥, x,&,n) in the time interval
I = [1,T], satisfying (3.2), (3.7)-(3.12), and

9 e LI, H)nC(I,Vy) (3.22)
X € L®(I, V)N HYI, H) N L*(I,W*3/2(Q)) (3.23)
Onx =0 ae. ondQdxI (3.24)
n € LI, M)n C(I, Ly(R*, Vi) N L (IRT, Vy)) (3.25)
¢ € L1, L°*(Q)) (3.26)
¢(x) € L=(I, L (). (3:27)

Moreover, the initial condition (3.13) holds in V', almost everywhere in R". If in
addition, xo € L (), then the above solution is unique and it fulfills (3.1), (3.4)-(3.5),
(3.13), and

X € L=®(Q x I)Nn L*(I, H*(Q)). (3.28)
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We can still prove the existence of a solution to problem P when yq is only in H.
In this case, the equation for y has to be understood in V*. Uniqueness also holds
provided that A is linear.

Theorem 3.10. Let (K1)-(K3), (H1)-(H7), (H9)-(H10) hold. Moreover, assume
Xo € H. (H17)

Then, given any T € R and any T > T, there exists a quadruplet (¥, x,&,n) which
fulfills, in the time interval I = [1,T], (3.4), (3.7), (3.10), (3.12), (3.27) and

W€ L>®(I,H)nC°(I,Vy) (3.29)
8:(0 + A(x)) € L*(I, V") + L'(I, H) (3.30)
x € CU(I,H)N L*(I1,V) (3.31)
Oyx € L*(1,V¥) (3.32)
n € LI, M)NCI, L (IRY, V) N L2 (RY, V) (3.33)

(019 + M), o) + (0, v)r + / " vor(o) (o), v) g do

+ /000 (o) {(Vn(o), Vo) gsdo = (f,v)ng VoveVy, ae. in I (3.34)
(Oex; vhv + (Vx, Vo) s + (€ v)v = (v(X), v)e + (N (00D, 0)

Vv eV, ae in (3.35)
W(r) =79 inVy (3.36)
n" =mno in Vg, a.e. in RT. (3.37)

If X satisfies (H15), then the continuous dependence estimate (3.15) holds with a constant
C independent of Cy. Thus the solution is unique and (3.1), (3.5)-(3.6), (3.11) and (3.13)
are fulfilled.

4. PROOF OF THEOREM 3.2

For the sake of simplicity, we suppose I'p = ) so that Vy = V and Wy = W. However,
the arguments can be easily adapted to the other cases.

Let {¢;, x:i,&i,m:}, @ = 1,2, be two solutions to problem P corresponding to the
source terms and initial data { f;, Jo:, X0i, 0i }, and denote their differences by {¥, x, &, n}
and {f, 30, x0,M0}, respectively. Introduce the new variables w; = 9¥; + A\(x;), i = 1,2,
and set w = wy —wy and A = A(x1) — A(xz2). Then, according to Definition 3.1, the
quadruplet (9, x, &, n) fulfills the system

(O )y + (w0, v)ar = — / " vov(o) (o), v) g do
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— /OOO w(@)(Vn(o), Vo) gs do + (N, vy g + (f,0) g Vo eV, ae inl (4.1)
ex — Ax + & =7v(x1) —v(x2)
+ /\I(X1)<w1 — )\(Xl)) — )\/(XQ)(CUQ — )\(XQ)) ac. inQ x [ (42)

/Ooo v(0)(0m(o) 4 0sn(o),((0))u do + /OOO (o) (dyn (o) + dsn(a), ((0)) i do
_ /OOO w(o)(0n(o) + dsn(o), Al(0)) g do

= [ v condo + [ po)0.coNmdo— [ o). Ao do
0 0 0
V(e LI(RT, H)NL.(RT,W), ae. in I (4.3)

with initial conditions (3.11)-(3.13).
Multiplying (4.2) by x and integrating over 2, we deduce
1d 2 2 /
5@”)(”;1 == Vixlg: — & x0m + (v(xa) = v(x2): X)m + (N (x2)w, X) 1
— (N O)Ax) s+ (V1) = X (x2)) (@1 = Ax1))s X) (4.4)

Using (H2)-(H3) we get at once that

—(&x)m <0 (4.5)

and )
(v(x1) =v(x2). x) e < Tlxly (4.6)

whereas (H4)-(H5) and (2.3) imply

Ag

2

Ao

ol + (52 +A3) Il (4.7)

(N (x2)w, ) — (N (x2)A X < 5

To handle the last term in (4.4) notice that for every x > 0 there exists K (k) > 0 such
that
2 2 2
||v||L4(Q) < /‘$||’U||V + K(%)HUHH YoeV.

Indeed, the above relation follows quite directly from the Gagliardo-Nirenberg inequality
(2.4) with p = 1/4, and the generalized Young inequality (2.3) with p =4/3, ¢ = 4, and
K(k)=k+ %% Thus, using (H5), Holder inequality, and the fact that

Sup (lor () + X1 () 7) = Cr = C1(Co) < o0
in force of (3.14), we obtain

(N () = N (x2) (w1 = M) )i < A (lwillg + IA0) 1) Ixl s o
< kMO XI5 + K (k) MG x5

1
= §HVXH§13 + (14 2K (ro) M C) x| (48)
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upon choosing ko = (2A1C1) ™" with A1 = |X’| o r)- Therefore, in view of (4.5)-(4.8),
equality (4.4) leads to

d
S+ IV < ALl + 214+ T+ Ao + 203 + 2K () MOy Il (4.9)

Hence, picking Co = C5(Cy) > 0 large enough, and integrating in time (4.9) from 7 to
t <T, we end up with

L+ [ I dy < I+ Co [ Tl dy+Ca [ Il dy. (@410

We now turn the attention on the other two equations. For the moment, let us
assume that w has more space regularity, precisely, w € L*>(I,V). Set then v = w in
(4.1) to get

3 gpleli 4 bolly = [ w@)n(o) i do — [ (o) n(o) b do

_ /(;OO Iu(o')<?7(0‘),w>v do + <5\,W>H + <f7 w>H

Recalling (K5) and using repeatedly (2.1), (2.3) and (H4)-(H5), the above relation
entails

d
HwHH <(ko + a0 — Dlwl; + AgIxl + Inly,

2 f " @) o)y do + 20|l (4.11)
0

where Ao = || g). From (4.3) and the assumed regularity of w, we read that

o + 0sn € L®(I, M). Let then p. € D((0,¢),IR") of L'-norm equal to one, and
introduce the mollified approximation of n

() = (4 ) (9= [ ' Wpels — v)d.
0
Notice that dsn. € M and 7.(0) = 0. Furthermore,
[ne = 'l =he(t) =0 as -0

for every fixed t € I. Moreover, being n € L*°(I, M), h. turns out to be uniformly
bounded. Integration by parts and (K3) yield (see [21] for the details)

1d 1 [ 1 [
@i+ Dt an =y gl = 5 [ W@l do =5 [ vV@)n(o)ly do
0 0

S
= 9 qt "M
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Hence, the regularized version of (4.3) reads

<at775+8877€><>/\/1 - <<W_>\)*057C>M VCEM, a.e. in [

and taking ¢ = 7., we are led to

d _
EH%H% < 2((w = A) * pe, M) M

= 2(((“) - )‘>7 77€>./\/l

where
ke(t) = 2he(t) sup [w(t)] oy
tel

By (2.1), (2.3), (K5), and (H4)-(H5), we see at once that
5 / (0) 0. (o), ) 1 do — 2 / (0) (ne (), N g do
0 0
< 4/ V(o) |1 (o) |3, do + 2ap|w|3; + 2a0A2| x| ;- (4.13)
0

Concerning the second integral of the right-hand side of (4.12), since

VA= N(xa) = N(x2)Vxi — N(x2)Vx

exploiting again (H4)-(H5) we have

IV (AGu) = A s < 23 (I Vxa s + 19 x0s)

2 2 2
< 203 (Il o) | VX111 s + 19050 )-

Thus, in virtue of (2.3) and the continuous embedding L*(Q) < V, we conclude that

= / v(0)(n:(0), My dor < s (1+ [ty )y el (4.14)
for some C35 > 0. Introduce now, for any t € I,

O2(t) = [w(®) + It
o%(t) = |w(®)| 5 + I
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Clearly, ®2(t) — ®2(t) as € — 0 for every t € I. Adding (4.11) and (4.12), with (4.13)-
(4.14) in mind, and picking Cy = C4(Cp) > 0 large enough, we obtain the inequality

d

T ®2(t) < Ca®2(t) + Culx(t) [ + k() + p(O) ()l Be(t) + 20 f ()] ;2= (1)

for a.e. t € I, where we set

p(t) = Ca(1+ a®)lw).

Notice that by (3.14)
||p”2L2(1) =C5 = 05(00) < 0.

Lemma 2.3, (2.1), and Holder inequality then lead to

t
D2(t) <2e9TR2(1) 4 2(Cre®T77) 4 C5e?CalT=7)) / Ix()[3 dy

T
+ 2¢Ca(T=7) / ke(y)dy + 8T D f Ly gy V€L  (415)

Letting ¢ — 0, and applying the dominated convergence theorem, we conclude that

t
®(t) < Ce®*(7) + 06/ Xy dy + Colflzarmy  VEed (4.16)

for some Cg = Cg(Cp,T) > 0. If w does not have the required space regularity, we
can overcome the obstacle introducing a regularization. Following [15, Appendix], let
J = —A + T denote the Riesz map from V onto V*. For every a > 0 consider the

positive operator A, = (]I + QZJ)_I. The relations

lAaqu| 4 < |ul g and |Agu —u|y; —0 as a—0 (4.17)
hold for every u € H . Then we repeat the calculations leading to (4.11) and (4.12),
except we now take v = A2w in equation (4.1) and we multiply by A27. the regularized
version of (4.3). With no substantial changes, and exploiting (4.17), we end up with
(4.16), with {w, n} replaced by {Aqw, Aqn}. Then, taking the limit as & — 0, we recover

(4.16) for the original quantities.
To conclude the proof, let M > Cg + 1, and set

W2 (1) = ()7 + MIx(Ol7 + 10

Addition of M-times (4.10) and (4.16) entails

t t
V(1) + / W2 dy < Crv(r) + Cy / W2 (y) dy + Col I 1
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for every t € I and some C7 = C7(Cp,T) > 0. The Gronwall Lemma in the integral
form yields then

V() < Cr (W2 (1) + 11T r ) ) €77
Finally, from (2.3) and (H4)-(H5),

L2 2 2 L2 2
Il = 285Xl < lwly < 5101 + 2A5 X[y

and the desired inequality (3.15) follows at once taking M > 2A2, which we may stip-
ulate. In particular, when the two sets of data coincide, we get w = x = n = 0 (and
therefore ¥ = ¥5), and from (4.2) we deduce that £ = 0.

5. PROOF OF THEOREM 3.3

Thanks to Theorem 3.2, we just need to prove the existence of a solution. We do that
by means of a Faedo-Galerkin approximation scheme. Just for the sake of simplicity, we
suppose I'p = () so that Vo =V and Wy = W. Also, we let vy = 1. However the proof
can be easily adapted to the other cases. Assume for the moment that ¢ is convex,
non-negative, and continuously differentiable, with ¢’ = 8 Lipschitz continuous.

5.1. Faedo-Galerkin approximation. In order to prove the existence result we
follow a Faedo-Galerkin method (cf. [14]). Let {v;}32; be a smooth orthonormal basis
of H which is also orthogonal in V. For instance, take a complete set of normalized
eigenfunctions for —A in V' with Neumann boundary conditions, that is,

— AUj = ajvj in Q
Onvj =0 on 0f

being «; the eigenvalue corresponding to v;. Next we select an orthonormal basis
{1521 of M which also belongs to D(IRT,W). Here we assume for simplicity that v
and g are strictly positive. If s, = sup{s : v(s) > 0} and s, = sup{s : u(s) > 0}, we
just replace D(IR™, W) with D((0, $,n) U (8m, sar)), W), where s,, = min{s,,s,} and
sy = max{s,,s,}. This position is relevant in Subsection 5.4, where the interested
reader will have no difficulties to realize the minor modification of the argument needed
in that case.
Given an integer n, denote by P, and @, the projections on the subspaces

V,, = Span{vy,...,v,} CV and M,, = Span{(3,...,(,} C M

respectively.

We are now ready to introduce the sequence of approximating problems

Problem P,. Find t,, € (1,7] and a;, b;, ¢; € Wh1((1,t,)), (j = 1,...,n), such that,
setting

In(t) = Z aj(t)v;  xa(t) = Z bi(t)v;  my(s) = Z cj(t) Gi(s)



PHASE-FIELD MODEL WITH MEMORY 19
the triplet (9, xn,nn) satisfies

I, € WHH((1,t,), V)
Xn € WHY((1,t,), W)
M € WHH((7, 1), LLRT, W) N L2 (RT, W))

v

and fulfills the system

<<at (ﬁn + )‘(Xn))a U>>V + <19n; U>H + /OOO V(O')<77n(0'),v>H do

+ /OOO (o) (Vi (o), Voygs do = (f(t), v)m

<<8tXna U»V + <vXn7 vU>H3 + <ﬂ(Xn) - ’Y(Xn) - )‘/(Xn)ﬁnavh‘f =0
<8t77n7 <>./\/l + <as77nv C)M = <19n7 C>M

for every v € V,, and ¢ € M,,, and almost everywhere in (7,t,), with initial conditions

19”(7-) - 19071 - PnﬁO
Xn(7T) = Xon = Puxo a.e.in Q
Ny, = Non = @nMo a.e. in Q@ x RT.

Owing to standard ODE results, problem P,, admits a unique solution. Moreover, the
a priori estimates proved in the next subsection imply that in fact t, = T.

5.2. A priori estimates. In this subsection ¢ will denote a positive generic constant
independent of n. Consider problem P,. Take v = ¥, in the equation for ¥, and
v = O¢xn in the equation for x,,. We get, respectively,

%%Hﬁnlli = — 9l — N (Xn)Bexn, V) s + /OOO 1(0) (1 (0),9n) i do (5.1)
N / V(O')<77n(0'), 19”>H do — / M(U)<nn(a)7ﬁn>v do + <f7 "9n>H
0 0

and
ld 2 2
§%||VX71”H3 = —|0xnl i — (B(xn)s Orxn) i + (V(Xn), Oexn) 1
+ <>‘/(Xn)l9n78tXn>H- (52)

Take now ¢ = 7, in the equation for 7,,, obtaining

Ll
9t " im

(O )t + / " (0 (0), V) rdor + / T u(0) (), Ouhvdo. (5.3)
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Adding (5.1)-(5.3), in force of (2.1), (2.3), (H3) and taking (K5) into account, we obtain

1d
L 1+ 1Vl + [l + 2 / S ()
2 dt Q

= —[9nl3; — [9exnlFr + (s On)ar + (Y(Xn), Oexn)
n / 1(0) 1 (0), O} 11 o — (Dutl ) p
0

2 2 2 3 2
(L4 10nllr + Ixally + I lae) + 1 i l9n ] = Z 100 - (5.4)

In the last inequality we used (K3) together with an integration by parts to handle the
term (OsMn, Mn) m- Indeed (see [21] for the details),

1 [ 1 [
O =3 [ V@Im@Nde =3 [ W@l do =0

Denote for simplicity

<1><>—1+||z9<>||H+||xn<>||V+||nn||M+2/¢xn /natxn W, dy.

Adding (5.4) and the straightforward inequality

1d

5 sl < 3000wl + el

we find

%@2( £) < c®2(t) + 2| f(1)| y®(t)  forae. te T

and Lemma 2.3 yields

2
T
@2(75) < Qec(T—T)(I)Z(T) + 4e2c(T=T7) </ ”f(y)”H dy> Vtel.

We deduce then the a priori estimates

||79nHLoo(I,H) <c
||Xn||Loo(I,V)mH1(I,H) <c

[0 ”Loo([,M) sc

~ N
A A
o J O Ot
— ~— — —

|60 oo 1,010y < €

for some positive constant ¢ independent of n.
Finally, take v = —AY,, in the equation for x,,, to get

1d

241 ”VXnHH3 = _HAXnH?{_<ﬁ/(Xn)VXm VXn>H3_<’7(Xn)7AXn>H_<)‘/(Xn)79naAXn>H
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Using the fact that 3'(r) > 0 for any r € IR and repeating the above arguments, we find
HXn||L2(I,W) sc (5.9)

5.3. Contracting estimate. Here we prove that, due to (3.15)

Cauchy sequence in a suitable Banach space. In fact, owing to (5.
this sequence satisfies the bound (3.14). Then, (3.15) entails

{(Dn, Xn, 1) } s @
5)-(5.6) and (5.9),

t
190 = D ()8 + 1 () = O + | 1) = )1y + I =

for any t € I.

5.4. Passage to limit. On account of the above estimates (5.5)-(5.7), (5.9)-(5.10), we
have that, up to subsequences,

I, — ¥ in C°(I,H)

Xn — x weak® in L*°(I,V)

Xn — X weak in H'(I,H)N L*(I,W)
N —n in COI,M).

Using classical compactness arguments or, alternatively, estimate (3.15), we also infer
that
Xn — x in COI,H)NL*(I,V). (5.11)

It is then readily seen (cf. [14]) that equation (3.9) is satisfied by ¥ and x as well, and
that 8(x) € L*(I, H). Concerning equation (3.10), we need a little bit of extra work.
We assume for simplicity that v = 0, but the argument is exactly the same in the general
case. Fix an integer m > 0, and t € (7,T], and choose ¢ € D((r,t), D(IRT, W)) of the
form

¢'(s) =

NE

¢ (t)¢;(s)

1

<.
Il

with & € D((7,t),IR). Then for every n

v

m we have the equality

<at77n= C>M + <as77n7 C>M = <19na g>M for a.e. t € 1.

Integrations by parts and the above convergences yield

/ (O Ot = / s U
— —/Tt<7773tC>M

= —/:/OOO 11(n, 0:C) b +/:/000 11(n, A0 C) 1 (5.12)
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/ﬁn,c // (0, )i // (D, A
— / / 9, — / / (9, AC) 1. (5.13)

Further, notice that for every fixed ¢y € [, ],

and

¢ e Hy(RT, W) N LE 2, (RT, W),

Thus, integration by parts and the above convergences entail

/ (Ot O

-/ / (s i + 1l 0.C)1s + t/ooo s AV + 17y D) 1

T

— // H+M<U,3C>H+/Tt/ooou’<n,A<)H+M<n,Aasc>H, (5.14)

Exploiting the distributional equality

/ / i, O + 1, A i + i, DO / / (0 + B, AQ) 1

and collecting (5.12)-(5.14) we conclude that

// 10 + dsm, AC) // 109, AC) i1

and analogously for the other term. From the arbitrariness of ¢, letting m — oo, and
using a density argument, we get (3.10). Besides, it is straightforward to derive the
equation

(00, v) p1,vy + /T<>\/(X)Xt + 9, 0)g + /TT/OOO v(n,v)u

T oo ’ T poo
+// u<n,v>H+// V1, V) grs
7J0 7J0

T
:/ (f,v)m Vv eD(,V).
and, by comparison, we deduce that
o9 € L°(I,V*) + L' (I, H).

Therefore the above equation can be set in the form (3.8). Applying Fatou lemma to
(5.8), we get that ¢(x) € L>(I, L*(2)). Of course, properties (3.1)-(3.6) and the initial
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conditions (3.11)-(3.13) easily follow from the above convergences. and equations (3.8)-
(3.10). Note that, due to the uniqueness, the whole sequence {(9y,, Xn,7n)} converges
to the solution we found.

5.5. Approximating (. Assume now that ¢ and f satisfy (H1)-(H2). Arguing as in
[14], for any € > 0 we approximate ¢ and 8 with ¢. and (. (cf., e.g., [7], Proposition 2.6
and Proposition 2.11), where f3. is the Yosida approximation of 3 (and therefore Lip-
schitz continuous), and ¢. is a non-negative, convex, and continuously differentiable
function, such that

ﬁs :Qbé :6¢5

and
0<¢e(y) To(y) as e—0. (5.15)

We know that for every € > 0 there is a solution (¢, x, 7<) of problem P according to
Definition 3.1 with 3. in place of 3. Nonetheless, estimates (5.5)-(5.8) are independent
of €. Thus, as in the former case, we can take weak and weak* limits as € — 0. The
argument is treated in detail in [14], to which the interested reader is referred. We just
recall that the main point is to recover a uniform bound for S.(x.) in L?(Q x I). This
can be done via a comparison argument applied to the approximation of (3.9). Besides,
let us mention how to prove that, calling x the limit of x., (5.8) holds for x as well.
Indeed, from (5.11) we get that for every fixed t € I, x. — x a.e. in Q (up to a subnet).
Setting 9 > 0, exploiting the continuity of ¢.,, Fatou lemma, and (5.15),

/ beo (X) dz < lim inf/ beo (Xe) dz < lim inf/ be(xe)dx < ¢ (5.16)
Q e—0 e} e—0 ¢}

in force of (5.8). Consequently, an application of the monotone convergence theorem
to (5.16) yields ¢(x) € L>®(I,L'(©)). Finally, on account of (3.3)-(3.4) and using
Lemma 3.3 in [7], we can deduce ¢(x) € WHi(I, LY(Q)).

6. PROOF OF THEOREM 3.5

According to the hypothesis, set

F = sup |13 (6.1)
feF

and let zop = (Yo, x0,M0) € By(0, R), for some R > 0.

Let us examine first the case 1y = 1, corresponding to assumption (1.1). We
perform some a priori estimates, which clearly hold in a Faedo-Galerkin scheme. Thus,
we can proceed formally. Namely, add (5.1)-(5.2), with (9, x,n) in place of (¢, Xn, n),
to get

d
53¢ (1905 + 1985 2 [ o0 de -2 [ 300 o) (6.2

= — 91 — 19exI7; — /Ooo v(o)(n(o),V)m do — /OOO (o) (Vn(o), V) gs do + ([, ).
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Then multiply equation (3.9) by ky, for k > 0, and integrate over €2, so obtaining

1d

5 gl = =RVl = K€ X)m + 500 )0 + RN )0 X)E (63)

where & € 5(x). Besides, define

pai(n) = / T () do + / )0 s do

and consider equation (3.10) in the strong sense, i.e., almost everywhere in I x Q x R™.
Multiply that equation by vn, then take the gradient of both sides and multiply by
uVn, add the resulting equations and integrate on © x IR*. This procedure yields

1d 1 [ d 2 I d 2
5o = =3 [ )@l do =5 [ o) o) do

+ /Ooo v(o)(¥,n(o))m do + /000 (o) (VI, V(o)) s do. (6.4)

Using (K4) and performing an integration by parts, we have that

| vy d + [ ulo)  I9no) s do = dosala). (63

From (2.3) and (H4)

/iml

5 Ixl- (6.6)

/ K/Ag 2
< —
/43<)\ (X)”&X)H = oy ”ﬁ”H

Choose then k = my /A2 (if Ag = 0 then k can be chosen equal to 1). Adding (6.2)-(6.4),
and taking (H11) and (6.5)-(6.6) into account, we infer

d
a5 (190 4 bty + 190 + paal 2 [ 000 -2 [ 500)

< (nﬁuz a2, + 2602 + Gpaa(n) + 25 / o(x) — 228 / m))
T 2n(Qma + 21f | 191, (6.7)

for every £ < gp. In force of (H12), set, for any t > 7

(1) =903 + rlx(t >||H FIVXO I + padr)
+2 [ o) =2 [ 400) + 2012

and let
e = min{keg, 1, m1,2k,d}
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and choose .

Ef:%.

Denoting Ly = 2¢|Q|L + 2k|Qma, ms being fixed by the choice of &, we get to

%@%)+£ﬂw§Lm+ﬂﬂmm¢® (6.8)

for almost any ¢ > 7. Exploiting Lemma 2.4, and recalling (6.1), inequality (6.8) entails
%(t) < 20%(1) e =) 4+ K (6.9)

for any ¢ > 7, with
2Ly 4ef F

: TU—ee
Notice that, in view of (3.17), as zo = (Yo, x0,M0) € Bs(0, R),

K, =

@2(7') < C1(R) = 2R 4+ max{1, &, 2F}R2 +2|Q|L + ]Q]@ (6.10)
Denote

()4ﬁ|m+ﬂMMH+WMN@ﬁWW@
+2 [ otx() =2 [ 3(x) + 201

for any ¢ > 7, and repeat the same arguments leading to (6.8), the only difference being
that we have to take the inner product in M of the strong version of equation (3.10)
with 7 in place of (6.4) (see also Section 4). The result is the following inequality, similar
o0 (6.8).

d o0
S0 o0 < Lo+ 2], 2/ (@) n(o), 9 do (6.11)
0

for almost any ¢ > 7. On the other hand, recalling (K5) and (2.3), we have

2 [ ) nto), o) do < Sl + 2010l < S92+ 2007 (612
Thus (6.9)-(6.12) entail
%‘1’2( t) + %‘1’2(0 < Ko+ 2| f(£)] g U (¢) + Co(R)e™ ("7 (6.13)
for almost any t > 7, where we set
Ko= Lo+ 20080 q o) = 2GR

3
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Lemma 2.4 applied to (6.13) gives

t
U2(t) < 202(7) e /D7) 4 Ky 4 2C5(R) / e~ v=T) = (/D (t=) gy

T

2
f;2(qﬂ(f)+-—§%§§2>e@/”“T>+-Be (6.14)

for any t > 7, with
4Kz | 4e /D F
c (1—e<s/%)2

Notice that (6.10) holds for ¥ as well, hence, setting

2026 (R)>

GﬁR)z?(OﬂR)+

and M = max{1,1/k}, we rewrite (6.14) as
|Uf(t,7)20l3, < MU2(t) < MC3(R) e /D=7 4 MK,
Choosing Ry = 2M K3, (3.18) is satisfied for

t—max{O,Elog K }

Finally, addition of (6.2) and (6.4), and integration from 7 to ¢, lead to

2 [ o)l dy < B + 2 [ 170)]42() do.

Hence, if F is a bounded subset of L'(IR, H), then (3.19) follows at once from (6.10).
Consider now the case vy = —1, corresponding to assumption (1.2), together with

IU'p| > 0 and (K6). In light of Remark 3.6, we work in M rather than in M. Arguing
as in the former case (cf. (6.2)-(6.6), and notice that we no longer have the cancellation
of the term [ v(n,¥)m), we get

d .
2 (1012 ety + 198+ Il +2 [ 600 =2 [ 400)

< ((2 — D19, + sma I + 2613l s + Olnl% + 22w / o(x) — 22w / fyoo)
2] Qms + 20l 1], + 2 / (@) () 9] do. (6.15)

Here we made the finer choice k = m1(2 — ¢)/A3 in (6.6), having set

209
do+ 0

(=1-



PHASE-FIELD MODEL WITH MEMORY 27

Observe now that, due to (2.2)-(2.3) and (K6),

ag

2 [ vl Pl do < (2= 20100 + 525, [ o) do

< (22010l +

H I

(5—}—50

= (2 =209 + ——Inl% (6.16)

Thus, collecting (6.15)-(6.16) we conclude that

d .
(190 T + 198+ Il +2 [ 00 =2 [ 400)

2 [ 000 - 22 [ 00)

2| Qg + 20l 191, + 2 / () () 5191 do

2 2 2
- (euﬁuH T rmald + 261Vl

Choosing now ¢ properly (mimicking the former case), we find a differential inequality
like (6.8), with the difference that in this case ® is equivalent to the norm of (¥, x,n) in
‘H. Hence the proof is carried out by Lemma 2.4, and by an estimate similar to (6.10).

7. PROOF OF PROPOSITION 3.8

Taking the notation of Section 4 into account, let us consider equation (4.2) and multiply
both sides by —Ayx. Integrating the resulting equation over € x (7,t), it follows

SITXOL + [ 18wy

= %Hvxoui]s + /: (1)) = (x2())?, Ax(y)) r dy
- /Tt (Y(x1(y)) —v(x2(y), Ax(y)) u dy
— /: (M?(y), Ax(y))m dy

3
1
= §UVX0“12HB + ) I(0). (7.1)

Jj=1

Recalling (H3), thanks to Lemma 2.1, we easily obtain

L(t) + It <(/ @)1 + 19y quy) / A dy. (7:2)
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On the other hand, still using Lemma 2.1, we get

< /T 10 (9)? = (x2(9))? 3 dy + i/T |AX ()] dy. (7.3)

Observe now that, owing to Holder inequality and Lemma 2.2,

/ 100 @) — (e ()1 dy

t
<c [ [ (hal*+ bl + 1) I
T JQ

t
<c [ (ha®lis + Ie@lis + 1) ) s

IN

e [ (@I + Pl + 1) I dy (7.4)

where ¢ indicates a positive constant which may vary from line to line. Then, on account
of bound (3.18), we infer

t

10 @) = )Pl dy < ¢ / W)l dy. (75)

, (7.5) with (7.1), we deduce

T

Combining (7.2)-(7.

DN = ~

VX () + / |Ax() 12, dy

< 21Vl e [ (IO + WL (76)

T

Finally, thanks to (3.15), from (7.6) we derive (3.21).

8. PROOF OF THEOREM 3.9

Consider again the Faedo-Galerkin approximating scheme used in Section 5 and observe
that a priori estimates (5.5)-(5.8) hold in this case as well. Of course, (H4) and (H16)
do not allow to recover (5.9). Anyway, following the proof of Lemma 3.2 in [11], we can
obtain the bounds

”ﬂ(X’n)"L2(I,L3/2(Q)) <c (8.1)
”Xn”L?(I,W?B/Q(Q)) <c (8.2)
for some ¢ > 0 independent of n. Estimates (5.5)-(5.7), and (8.1)-(8.2) lead to the
convergences
In(t) — 9 weak® in L>(I, H)
Xn — X weak® in L*(I,V), weak in H(I,H)N L*(I,W*%2(Q))
B(xn) — € weak in L*(I,L*?(Q))
N, — 1 weak* in L*°(1, M)

~ ~ —~
o %0 o
S Ot =~ W
— — — —
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and we can still deduce the strong convergence (5.11) which implies ¢ = (B(x). In
addition, (H4), (H16), (5.11), and (8.3)-(8.4) entail

N (xn)0n — N (x)0 weak in L*(I, L3/2(Q)) .
N (xn)0ixn — N (x)0x weak in L'(I, L3/%(Q)) (8.8)

and using Fatou lemma and (5.8), we infer (3.27).

Summing up, by (5.8), (5.11), and (8.3)-(8.8), we can easily show that (¢, x,7n)
fulfills (3.2), (3.7)-(3.12), and (3.22)-(3.27), whenever 3 is Lipschitz continuous. If (3
satisfies (H1)-(H2) only, then we can argue as in Subsection 5.5, taking into account that
(3 induces a maximal monotone operator from L?(I, L?(Q)) to L?(I, L3/%(Q)) (cf. proof
of Theorem 2.3 in [11]).

Regarding uniqueness, observe that the pair (x,&) solves the Cauchy-Neumann
problem (3.7), (3.9), (3.12), (3.24). If xo € L>(Q2), taking advantage of Lemma 3.1
and Lemma 3.3 in [12], we deduce that (x,&) enjoys (3.4) and (3.28). Then, thanks to
the boundedness of x, to get uniqueness we can just exploit the same argument used in
Section 4 to deduce (3.15) without using the boundedness of A’ (cf. (H5)). Also, we can
take advantage of the contracting estimate (5.10) to prove that (3.1), (3.5), and (3.13)
are satisfied.

9. PROOF OF THEOREM 3.10

Also in this proof we suppose I'p = (), just for the sake of simplicity. Theorems 3.2 and
3.3 allow us to construct a family {(J., xc, &, 1)} of solutions to problem P from which
we can extract a subsequence converging to the solution we are looking for. Suppose
for the moment that [ is a Lipschitz continuous function and take {xoc} such that

Xoe €V Ve>0 (9.1)

[ o< [ o) exo (9.2)
Q Q

Xoe = Xo  in H. (9.3)

For the existence of a sequence of this sort, the reader is referred to Section 3 of [15].
Thanks to our assumptions and (9.1)-(9.2), Theorem 3.3 applies and we obtain a
unique quadruplet (J¢, xc, &, ) which solves P according to Definition 3.1 with xo
substituted with ..
Set now w. = Y + A(x:) and recalling (4.1)-(4.3), observe that

(Brwe, )y + (wer )11 = — / " v () e (0), vt do

— /OOO w(o){(Vn:(o),Vu)gs do + (Mxe),v)g + (f,v)m VYvoeV, ae. inl (9.4)
Oixe — Axe + & = v(xe) + N (xe) (we — Mxe)) a.e. in Qx Tl (9.5)
/0 o(0){(0ene(0) + Bune(0), ¢(0)) & dor — / 1(0) (0 (0) + Dene(0), AC(0)) 1 do
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= [ vtol e = A0 coNmdo — [ plo)er = M), Ao do
0 0
2 MR+ 2 (R+ :
Ve Ly(RT,H)NL,(IR", W), a.e. in I. (9.6)
Let us multiply equation (9.5) by x. and integrate over 2. This yields

1d

5 Ixel 3 = = [VxelFs — e xe)m + (v(xe)s Xe) i + (N (Xe)wes Xe)m- (9.7)

Using (H2)-(H3) we get at once that

_<£E7XE>H S 0 (98)
and
(Y(xe)s xe)m < e(1+ [xel) (9.10)
whereas (H4)-(H5) and (2.3) imply
N (e Xed < € (el + el ) (9.11)

Here and in the sequel of the proof, ¢ stands for a generic positive constant independent
of ¢.
Thus, owing to (9.8)-(9.11), equality (9.7) gives

d 2 2 2 2
e+ 19Xl < e (Il + Ixel) (9.12)

and integrating (9.12) with respect to time from 7 to t < T', we get

t t t
el + [ el dy < ol + ([ loetwlyd+ [ el an) - ©0.13)

Regarding the remaining equations (9.4) and (9.6), we proceed formally along the
lines of Section 4. Of course, the whole procedure can be made rigorous by using a
regularization argument like the one used in Section 4. Taking w. in (9.4) and arguing
as in Section 4, we obtain (see (4.11))

d 2 2 2 2
el <(ho -+ a0 — Dllely + A2l + Il
9 / (@) (0:(0), we)v do -+ 20 lwe - (9.14)

Then, consider equation (9.6) in the stronger form

(O + 0smey O = (We —A(xe), O VCEM, ae. in 1
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and let ¢ = n.. We deduce the identity (cf. (5.3))
1d
2dt
[ )@ wudo + [ (o) o) wi)vdo

0 0

2
171 = = (9571, 12) M

- /OOO v(0){ne(0), A(xe)) mdo — /OOO (o) (1= (a), Alxe)) v do. (9.15)

Adding (9.14) and (9.15) together, since (9snz, M=) m > 0, we infer the inequality

5o (ol + Il
<—loelly = [ o)) )i do
- / " (0) (Ve (o), Vese s do — (A(xe) o)
T / (0 ne(0),we) ar do + / T u(0) (o), we)v do
- / v(0)(0:(0), M(xe))r dor — / (o) (o) Aoxe))v do. (9.16)
0 0

Set now, for any t € I, ) )
WZ(t) = Jwe ()5 + ImEl

and observe that from inequality (9.16), in force of (H5), we deduce

d
(1) < c (qu(t) + e (t) u@) for a.e. t € 1.

Hence, Lemma 2.3 entails

t
W2(0) < 2600 (Jouelly + Il ) + 2007 [l dy  veer ©an

where wo. = Yo + A(xos). Combining (9.13) with (9.17), recalling (H5) and (9.3), and
using Lemma 2.3, we easily get the bound

”79€HL0<>(1,H) + ”77€HL°°(I,M) + HX€HL°°(I,H)DL2(I,V) <c (9.18)
Thus, thanks to (9.18), there exists a subsequence {e,} converging to 0 such that

¥., — ¥ weak® in L>*(I,H) (9.19)
Xe, — X weak* in L°°(I, H), weak in L*(I,V) (9.20)
Ne, — n weak® in L (I, M). (9.21)
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To conclude, we need a uniform bound for €. 27 z) Which can be achieved arguing
as in Section 3 of [15]. More precisely, we observe that

Oixe — Axe + & = v(xe) + N (xe)Ve a.e. in Q x I. (9.22)

Then we multiply both members of (9.5) by £ and we integrate over Q X [, t] with
t € I. Taking advantage of (H1)-(H5), (3.7), and (9.2), we obtain (see inequality (3.10)
in [15])

1 t
[ ot +5 [ 16wy < e (1905 + Ielisgm) + [ 60w 029

for any ¢ € I. Thus, owing to (9.2) and (9.18), from (9.23) we deduce the bound

| ot +5 [ lewlia<e (924

Consequently, we have, up to a subsequence still named {e, },
£, — € weak in L*(I, H) (9.25)

and x enjoys (3.27) thanks to Fatou lemma. Also, (3.7) easily follows.
Equation (9.22) implies the variational identity

(Oexe, s Vv + (VXe,, Vo) s + (&env) e = (Y(Xen)s v) i + (N (Xe, e, v)m - (9:26)

for any v € V' and almost everywhere in I. Then, by comparison in (9.26), we recover

||atXEn ”LQ(I,V*) <ec (927)

Hence, we have

Oixe, — Opx  weak in L*(I,V*) (9.28)

and, owing to (9.20) and (9.28), a well-known compactness result implies
Xe, — x in C°I, H). (9.29)

We now have all the ingredients, namely (9.19)-(9.21), (9.25), (9.28)-(9.29), to show that
(9, x,m, €) enjoys the properties stated in Theorem 3.10. In particular, to get (3.34) we
simply integrate its approximate version with respect to time over [1,t], t € (7,T]. With
the help of (H4)-(H5), (9.19)-(9.21), we can pass to the limit in the integrated equation.
Property (3.30) can be deduced by comparison in the limit equation, thanks to (H4)-
(H5) and (3.33). Then, the limit equation can be differentiated with respect to time
and this gives (3.34). If 3 satisfies (H1)-(H2) only, then we can reproduce the argument
sketched in Subsection 5.5.

Whenever A\ satisfies (H15), a careful analysis of the proof of (3.15) (see Section 4)
shows that the bound Cj is no longer needed. Hence, as a consequence of (3.15), the
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approximating family {w., xc, 7.} satisfies a uniform contraction estimate. This allows
us to conclude that the limit solution enjoys (3.1), (3.5)-(3.6), (3.11) and (3.13).

APPENDIX
THE MODEL EQUATION

We consider a homogeneous rigid heat conductor belonging to the class of simple
materials which occupies a bounded domain Q (see, e.g., [18]). As a consequence, at
any point x € (), the evolution is described by a causal input-output system whose
input-space is independent of the nature of the material. Because of rigidity, each input
process is given by the pair of functions (0;6, V) defined on I = [1,T], where 6 > 0 is
the absolute temperature. The state-space at each point x of such a system must reflect
the features of the material itself.

Here we consider a rigid heat conductor which undergoes some solid-liquid transi-
tion at low temperature. Thus, we are forced to assume that the internal energy and
heat flux depend on temperature through hereditary constitutive equations, in order to
account for the second-sound effect literature (see, e.g., [26-27] and references therein).
In addition, we assume that the transition process is macroscopically described by a
non-conserved phase wvariable x which plays the role of an internal variable for the
material. Accordingly, the state of the system at time ¢ is represented by the vector
(x(t), Vx(t),0(t),0"), where 6" is a causal function, called past history of the temperature
up to t, defined by

0 (s) = 0(t — s) s> 0.

Note that, unlike other models considered in literature (see, e.g., [16]), we neglect mem-
ory effects in the phase variable. As we shall see, this choice is compatible with ther-
modynamics.

When a heat source f is given, the evolution of the temperature in a rigid body is
governed by the energy balance equation

e +divq=f

jointly with proper constitutive equations for the internal energy e, which is a state
function, and the heat flux vector q. Here, paralleling the procedure followed in [13], we
assume that the internal energy is the sum of a function of (x, Vx) and a function of
(6, 0"), namely,

e(x, Vx,0,0") = G(x, Vx) + G1(6,6") (A1)

where G and (1 are suitable smooth functions. We also assume that the heat flux
vector q is independent of the phase-field.

According to well-established theories of heat flow with memory (see [10,23]), q
depends on the history of the temperature gradient, that is,

q=Q(0,0", Vo). (A.2)

Furthermore, a constitutive equation which describes the phase kinetics is needed. To
take into account phase diffusion and relaxation, the evolution equation is required to



34 C.GIORGI, M.GRASSELLI, V.PATA

involve time and space derivatives of x, as in standard phase-field models. Such models
are mainly due to Cahn and coworkers [2,9], and are physically based on the assumption
that x = 0 or x = 1 in most of the conductor, and the two phases are separated by
a thin diffusive interface. In particular, the expressions of the internal and free energy
densities contain a term &|Vx|?, € > 0, representing the interfacial energy contribution.
In view of this consideration, (A.1) reads

e = Go(x) + G1(8,0") +[Vx|? (A.3)

for some smooth function Gy. Following standard variational procedures (see, e.g., [34]),
the following rate type constitutive equation for 0;x is obtained

dix = X(x,0,0") +eAx (A.4)

where ¥ is a function to be chosen properly (see below).

This description differs from the classical Stefan problem with phase relaxation,
where the interfacial energy is neglected, and the indicator function I(y) is present in
the expression of the free energy, to make x assume values inside the interval [0, 1] only.

Constitutive functions Gy, G1, Q, and ¥ cannot be arbitrarily chosen; indeed,
they have to satisfy the Second Principle of Thermodynamics. We recall that, after
introducing the Helmholtz free energy density 1) and the entropy density h, the Second
Principle is stated in a local form by the Clausius-Duhem inequality

q- Vo

oY + ho:0 + <0 (A.5)
where 1 and h are state functions, related to the internal energy e by the standard
relation

e=1+0h. (A.6)

It is worth noting that deformations are negligible because of rigidity and the power of
internal stresses does not appear into (A.5).

In order to check thermodynamic compatibility, by means of (A.5)-(A.6), we follow
a local procedure. Due to the nonlocal character of the interfacial energy, we are forced
to consider the limit case ¢ — 0. In particular, we must replace ¥, h, and e by their
limits as € — 0, namely, 1o, hg, and eg. Therefore, from (A.3) we obtain

€O(X7079t) - GO(X) +G1(079t) (A7)

In spite of this, all compatibility results still hold, even if a nonlocal interfacial energy
term is added to eg a posteriori. Since the free energy 1)y depends on time through the
state variables x(t), 6(t) and 6*, we get

0 0
Ortolt) = (3,0, 018 + 52 (x.0,8%) Do+ (. 0,6 048"
where §vg(, 0, 0] 0;0) is the Fréchet differential of 1) with respect to #*. This approach
is closely related to the one followed in [23], where the functional depends on the summed
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past history rather than temperature, as in the present case. Using this fact, (A.5)
becomes

g o Vo -Q
— +h 0 DI <0. A.
(39+0)at+8 + 09 + 0 <0 (A.8)
From the arbitrariness of the heat supply f, we can choose the values of the input
process (0:0, V) independently of the state variables, so that inequality (A.8) implies
the following relations

ho = 8;;0 (A.9)
by + %z <0 (A.10)
vo-Q <0 (A.11)

which are thermodynamic restrictions on the constitutive equations (A.2)-(A.4). In
view of (A.6) and (A.7), equality (A.9) can be used to find a general expression of the
free energy 1y. Indeed, it can be obtained as the solution of the differential equation

Otho
00

Letting 6. denote the critical temperature at which transition occurs, a straightforward
calculation leads to

Yo — = Go(x) + G1(6,0").

Yo(x, 0,0") = —0A(0,6") + 0B(x) — (6 — 6c)A(x) (A.12)
where A, and A\ are two suitable smooth functions such that

5 OA oA
06

and B is an arbitrary function whose properties will be discussed below. In order to
satisfy (A.10), we assume for simplicity

Golx) = 0.A(x) and G1(6,0") = 62— (6,6

dhg <0 (A.13)
o
WZ <0. (A.14)

It is easy to check that the following choice of ¥ satisfies (A.14)

1 0o

t
3 aX( X, 0,6") (A.15)

3(x,0,0") =

where m > 0 is the reciprocal of the mobility constant. In connection with (A.12) and
(A.15), relation (A.4) becomes

6

moyx + B'(x) = (1 - ?c) N(x) + moAx. (A.16)
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with mg = me. Such an equation is a thermodynamically compatible constitutive
relation governing the evolution of the phase variable y, and represents a generalization
to hereditary conductors of a phase-field model proposed in recent years by Penrose and
Fife [31], on the basis of thermodynamical arguments.

Since we are mainly interested in phase transition phenomena involving tempera-
tures close to the critical value 6., we restrict our attention to small variations of the
absolute temperature around 6., and small temperature gradients. As a consequence,
linearizing with respect to the temperature variable, the local state variables of the
material can be represented by (x, 1, 9"), where

O(x,t) — 0.

C

Wz, t) =

is the temperature variation field, and 9 represents its past history up to ¢t. Accordingly,
we can reasonably suppose that the temperature dependent part of the internal energy
G and the heat flux Q depend linearly on (¢, 9") and V¢, respectively. In particular,
they are assumed here to obey the linear hereditary laws arising from the linearized
theory of Gurtin and Pipkin [23]. Therefore, we have

e(x,t) = e, + c,0.9(x, t) + /000 a(s)9(z,s) ds + 0. A(x(z,t)) (A.17)
q(z,t) = — /00 k(s)VY'(z,s)ds. (A.18)
0

Usual properties of the internal energy compel the specific heat ¢, to be positive. More-
over, as shown in [19], thermodynamic restrictions can be expressed in terms of the
Fourier transform of the memory kernels a and k. If they are both assumed to be
summable, as usual, these conditions are satisfied if and only if

ke(w) >0 and was(w) >0 Yw #0 (A.19)

where the subscripts ¢ and s stand for the cosine and sine half-range Fourier transforms,
respectively.

In particular, (A.19) is satisfied if a and k are positive and monotone decreasing.
Recalling the Introduction, suppose now that a is positive, bounded and monotonically
increasing. In this case, the same thermodynamic argument yields

ke(w) >0 and a(0) + a.(w) >0 VwelR (A.20)

Indeed, by virtue of well-known results in the theory of Fourier transforms, when a is
summable, as k, then
a(0) + a.(w) = was(w).

Now, it is easy to check that conditions (A.20) are satisfied when (K1)-(K3) hold. In
particular, accounting for exponential kernels, namely

k(s) = ko exp(—ds) and a(s) = ap + a(l — exp(—ds)) Vs>0
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we have L 52
0 o
ke(w) = Ry and a(0) + a,(w) = ag + ]

and (A.20) follows for all real w and for arbitrary positive constants kg, ag, a, 9.
Finally, applying the linearization scheme to (A.16), the resulting constitutive equa-
tion for the phase-field kinetics reads

m Oy — moAx + B'(x) = 9N (x). (A.21)

A similar situation has been investigated by Caginalp [8] within the framework of the
standard phase-field model. It is convenient to assume a quite general expression for B,
namely,

B(x) = ¢(x) —(x)

where ¢ is a proper convex and lower semicontinuous function with ¢(0) =0 (e.g., the
indicator function of [0,1]) and 4 is a smooth function with quadratic growth at most.
This choice of B may allow, for instance, to avoid that y takes values outside the
unit interval [0, 1]. Setting v = 4" and [ = 0¢, equation (A.19) becomes the differential

inclusion
m Oy x — moAx + B(x) 3 v(x) +IN(x)- (A.22)
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