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PHASE TRANSITION PROBLEMS
IN MATERIALS WITH MEMORY

PIERLUIGI COLLI AND MAURIZIO GRASSELLI

1. Introduction. In this paper phase transition problems in mate-
rials with memory are formulated and studied. As usual for this kind of
material, the classical Fourier conduction law is modified by adding a
memory term to the heat flux. Also, since different phases are involved,
the internal energy e is allowed to depend on the phase variable X. By
considering the standard equilibrium condition at the interface between
two phases, we deal with the Stefan problem accounting for memory
effects. Next, replacing this equilibrium condition by a relaxation dy-
namics, we represent superheating and supercooling phenomena. The
application of a fixed point argument helps us to show the existence
and uniqueness of the solution to the latter relaxed problem. Hence,
taking the limit as a kinetic parameter goes to 0, we prove an existence
result for the former Stefan problem. In this case the uniqueness is
deduced by contradiction.

Let us now introduce and briefly discuss the models. In order
to account for memory effects in heat conduction phenomena, some
modifications of the classical Fourier law have been proposed along
with different constitutive assumptions on the internal energy. Here
we follow a well known and widely investigated theory (see, e.g., [8]
and its references) to approach materials having a memory of the past
histories. Let us consider a sample of such a material (supposed to be
homogeneous and isotropic) located in a bounded domain 2 C R? at
each point x € Q for each time ¢ € R. According to Coleman and
Gurtin [4] (see also [2, 9]) we assume that the following linear non
Fourier law holds:

(1.1) gq(z,t) = —kOVﬁ(x,t)—/t k(t—s)VI(z,s)ds, (z,t) € AxR,

— 00

where q : Q x R — R? represents the heat flur, ¥ : @ x R — R
is the absolute temperature, and, as usual, V denotes the gradient
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operator with respect to the space variables. Moreover, letting kg be
a given positive constant, the datum % : ]0, +oo[ — R is the so-called
heat fluz relaxation function. Next, consider a two-phase system and
denote by X : Q2 x R — [0, 1] the concentration of the more energetic
phase (e.g., water in a water-ice system). Then, for the internal energy
e : 2 x R — R a physically reasonable constitutive relation in the
linear case is (cf., e.g., [9, 12, 13])

(1.2)

e(z,t) = @Oﬁ(z,t)—l—i/JoX(x,t)—b-[ {o(t—s)9(x, s)+(t—s)X(x, s)} ds

for (z,t) €  x R. Here ¢q, 0, ko are positive constants and ¢, :
]0,+00[ — R represent energy relazation functions. We remark that
if Kk = p = ¢ = 0 then the equation (1.1) turns out to be the Fourier
law and (1.2) reduces to the usual linear constitutive assumption on
the internal energy.

We assume now that the histories of ¥ and X are known up to t = 0,
that is,
(1.3) 9 =9, X=X inQ x]—o00,0],
and recall the classical energy balance equation

(1.4) b=V -qir

where 9y = 0/0t, V- denotes the divergence operator and r
Qx]0,400] — R is the heat supply. Then, with the help of (1.1-4)
we deduce the following integrodifferential equation

9 (p0V + hoX + @ *x 9+ * X) = kgAY + k* A + f

(13) in Q x 0, +oo],

where A stands for the Laplacian, the symbol “+” denotes the usual
convolution product with respect to time over ]0,¢[, and f is defined
forz € Qand t > 0 by

0 —
flz,t) = r(x,t)+ / k(t — s)Ad(z, s) ds
(1.6) -

o f Omw = )0,8) + 00 = )X} s ).
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In order to describe the evolution of ¥ and X, in addition to (1.5) we
need a further equation relating these variables. We examine two dif-
ferent conditions. First, for simplicity letting © = 0 be the equilibrium
temperature at which the two phases can coexist, as relationship be-
tween ¥ and X we take the well known equilibrium condition of Stefan
problem (see, e.g., [5, 11] and their references)

(1.7) X € H(Y) inQx]0,+o00[,

where H denotes the Heaviside graph (i.e., H(n) = 0 if n < 0,
H(0) =[0,1], H(n) = 1if n > 0). Then, as we intend to take dynamical
supercooling and superheating effects into account, we also consider
a nonequilibrium condition, represented by the following relazation
dynamics for the phase variable X (cf., e.g., [10-13])

(1.8) aX, +HY(X) 3 B(9,X) inQx]0,+00],

where Xy = OX. Here a is a small, positive, kinetic constant and
8 :R x[0,1] — R is a given continuous function such that 3(-,7) is
increasing in a neighborhood of 0 and 3(0,n) = 0 for any n € [0, 1].

The equations (1.5), (1.7) (or (1.8)) must be coupled with suitable
boundary and initial conditions. For instance, letting {I'g,I',} be a
partition of 92 into two measurable subsets, one can take

(1.9) ¥=g onTyx]0,+o00],
(1.10) ko0,9 +kx9,9=h onT, x]0,400[,
(1.11) 9(-,0) = o, X(+,0) = Xxo in £,

where 9, denotes the outward normal derivative on 99, g,9¢, Xy are
given functions and, letting [ represent the normal heat fluz, h is defined
for x € 'y and ¢t > 0 by (cf. (1.1))

0
(1.12) Bz, 1) = iz, 1) —/ k(t — $)0,0(x, 5) ds.

In this work we prove existence and uniqueness results both for the
Stefan problem (1.5), (1.7), (1.9-11) (where the initial condition (1.11)
has to be suitably modified) and for the relazed problem (1.5), (1.8-11).
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Assuming the function § in (1.8) to be Lipschitz continuous with
respect to both variables, we show the existence and uniqueness of a
pair (¢, X) solving (1.5), (1.8-11) on a given time interval |0, T'[ (T' > 0).
Then, choosing B(,x) = AY (where A denotes a positive constant),
with the help of a priori estimates and compactness arguments we
pass to the limit in (1.5), (1.8-11) as « goes to 0. Thus, we get a
solution (¥, X) of the Stefan problem (1.5), (1.7), (1.9-11). Finally,
taking advantage of an inversion formula for Volterra equations, we
prove that this problem has at most one solution.

By reviewing the related literature (cf., e.g., [5, 8, 9, 12] and
references therein) it appears that equations and conditions (1.5),
(1.7-11) yield quite general models for phase transitions in materials
which exhibit a memory. As far as we know, it does not seem that the
related problems have yet been studied, unless the memory functions
k,p,9 vanish (see, e.g., [5, 13]) or a one-phase Stefan problem is
considered (cf. [2]). However, in the paper [2] (which is the only work
we found on this subject) Barbu proves an existence and uniqueness
result under rather heavy assumptions on the function k (allowing
application of monotonicity techniques).

The outline of our paper is the following. In the next section we
introduce variational formulations of the two problems and state our
main results. In Section 3 we show the existence and uniqueness of the
solution to the relaxed problem (1.5), (1.8-11) by using the Contraction
Mapping Principle. Sections 4 and 5 are completely devoted to the
proof of our results on the Stefan problem (1.5), (1.7), (1.9-11).

2. Variational formulations and main results. In this sec-
tion we shall present weak formulations of both problems along with
our existence and uniqueness theorems. In order to avoid too many
technicalities, we replace the mixed boundary conditions (1.9-10) by
the homogeneous Dirichlet boundary condition (however, see the later
Remark 2.3).

Let @ ¢ RN, N > 1, be a bounded domain with boundary 02 of class
C%l and let Q :=Q x]0,T[. We set H := L*(Q) and V := H}(Q). As
usual, we identify H with its dual space H’'. Then it is well known that
V € H C V' with dense and compact injections. We also introduce
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the following closed and convex subset of H,
(2.1) K:={yeH:0<y<1lae. inQ}.

Henceforth we denote by (-,-) either the duality pairing between V'
and V or the scalar product in H. Besides, let (-, -) represent the scalar
product in HY and let || - || denote the norm either in H or in HY.
The symbol “’ ” will be used to indicate the derivative of functions
only depending on time.

First we consider the phase transition problem accounting for super-
cooling and superheating effects. In this case for the data we assume
that

(H1) p € WHH(0,T),

(H2) b e LY0,T),

(H3) ke wh(0,7),

(H4) fe L 0,T;H)+ L*0,T; V"),

(H5) FA>0:VY, 92 €R, VXi,X2 €]0,1]
1B(01,X1) — B(P2, X2)| < A{[V1 — d2| + [X1 — Xaf},

(H6) Yo € H,

(H7) Xo € K.

A precise variational formulation reads as follows.

Problem (P1). Find 9 € L°(0,T;H) N L*(0,T;V) and X €
HY(0,T; H) satisfying

(2.2) ¥, € L0, T; H) + L*(0,T; V'),
(2.3) X(-t) € K Vtelo,T),

(Oe(p0? + 10X), v) + (Fp(p *F + 9 x X),v)

+ (koVI + k x«V9,Vv) = (f,v) YveV, ae in 0,7,

(2.4)

(2.5) aX, X —7v) < (B0, X),x —v) VyeK, ae in 0,17,
(2.6) 9(-,0) =99 a.e. in Q,
X(',O) =Xo a.e. in .
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Remark 2.1. One can easily check that, for instance, 9;(¢) * X) =
¥Xo + (¢ * X¢) a.e. in Q. Also, owing to a well-known inequality (see,
e.g., [7, Theorem 2.2, p. 39]), the following estimate |[1)*X¢||r2(0,7;1) <
1%[1 21 0,1 1X¢ |22 0,7; 1) holds. Therefore, it is not difficult to see that
(H1-3) and (H7) imply ¢ * 9 € WL°(0,T; H), v » x € W1(0,T; H),
and k * V¥ € HY(0,T; HY), so that the variational equation (2.4)
makes sense. Owing to (H5), the same conclusion holds for (2.5). We
also observe that (2.3) and (2.5) yield an equivalent formulation of

(1.8).

Remark 2.2. As ¢ fulfills (2.2), then (cf., e.g., [6, Vol. 8, Ch. XVIII])
¥ € C°([0,T]; H) and this, along with X € H'(0,T; H), gives meaning
to the initial conditions (2.6-7).

Here is our first existence and uniqueness result.

Theorem 2.1. Under the assumptions (H1-7) there exists one and
only one solution of Problem (P1).

We shall use this result to show the existence of a solution to the
following Stefan problem with memory. Here, we do not need to know
the initial values for 9 and X separately, but it just suffices to give the
initial energy (cf. (1.2)) ep.

Problem (P2). Find ¥ € L>(0,T; H) N L*(0,T;V) and X € L*>(Q)
satisfying

(2.8) (ol +1hoX) € L'(0,T; H) + L*(0,T; V'),
(2.9) X e H(W) ae inQ,
(2.10) (0 + YoX)|t=0 = o in V’,

and fulfilling (2.4).

For this problem we are able to prove the following results.
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Theorem 2.2. Assume that (H1), (H4),

(H8) Y e WH0,T),
(H9) ke L*(0,T),
(HlO) eg € H

hold. Then there exists at least one solution of Problem (P2).

Theorem 2.3. Under the assumptions (H1), (H8), (H3-4), (H10)
there exists at most one solution of Problem (P2).

Remark 2.3. We point out that existence and uniqueness results
analogous to Theorems 2.1-3 hold for the more general boundary
conditions (1.9-10) provided that, e.g., g € WH1(0,T; H'/2(T'y)) and
h € L?(0,T; L3(T,)). Indeed, it suffices to argue as in [10], for instance,
and conveniently modify the space V', the unknown ¢, and the right
hand side (f,v) of (2.4). However, in order to allow the case T, = 052
too, in our proofs we will never use the well-known Friedrichs inequality.

Remark 2.4. 1t is not difficult to state regularity properties on
the functions 9, X, 7,1 (cf. (1.6), (1.12)) in order to ensure that f €
LY(0,T; H)+ L?(0,T; V') and that h € L?(0,T; L?(T,)). For instance,
one can assume (H1-3) holding for T' = +o00 and take

U € L?(—00,0;V N H?*(Q), X € W"'(—00,0;H),
re LY0,T; H) + L*(0,T; V'), 1€ L*0,T;L*T,)).

3. Proof of Theorem 2.1. In this section we shall show that
Problem (P1) has a unique solution by applying the Banach fixed
point theorem to a suitable functional operator. First, we introduce
the following Hilbert space

(3.1) X :={(u,n) € L*(0,T; H*) : 1 xu € L>(0,T;V)}

(obviously (1 % u)(-,t) = fot u(-,s)ds for any t € [0,T]) and we endow
X with the norm || - ||x :=|| - ||z, where

s MIZ = [l L0 4y + IV 5 W)L 0,00y + 1111220 1)
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for (u,n) € X and t € [0,T]. It is easy to see (cf. (2.1)) that
(3.2) Y :={(u,n) € X:n(-,t) € K for ae. t €]0,T[}

is a closed and convex subset of X. Since, by a simple integration by
parts, kxu = k(0)(1*u)+ k" * (1 %), with the help of (H1), (H3) and
(H5) (cf. also Remark 2.1) it is not difficult to check that

wxuc HY(0,T; H), kxue L>®0,T;V),

3.3
33 Blun) € PO H) V(u,n) € Y.

We want to construct an operator J : Y — Y such that, letting m be
a positive integer sufficiently large, J™ is a contraction mapping in Y.
To this aim, we prepare the following lemma.

Lemma 3.1. Let (u,n) € Y be given. Then there exists one and
only one pair (©,X) satisfying

(3.4)  © € L>(0,T;H)NnL*0,T;V), X e H'Y(0,T; H)
(3.5) O, € L'(0,T; H) + L*(0,T; V'),
(3.6) X(,t)e K Vte|0,T],

(3.7) a(X, X —v) < (B(u,n),X —v) Vye K, ae in 0,77,
(3 8) <@0®t7 U> + (koV@, VU) = _<8t(w0X + w * X+ © * ’LL), U>
. — (V(k*u), Vo) + (f,v) YveV, ae in 0,77,
(3.9) O(-,0) =9y ae. in Q,
(3.10) X(-,0) =Xo a.e. in .

Proof. From (3.3) and (HT) it follows that (cf., e.g., [3, Chapter III,
Sections 2, 3]) there exists one and only one X € H'(0,T; H) satisfying
(3.6-7) and (3.10). Then, by (3.3), (H2), and (H4) we infer that the
right hand side of (3.8) turns out to be a linear and continuous form
on L>=(0,T; H) N L*(0,T;V). Owing also to (H6), it is easy to check
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that (see, e.g., [6, Vol. 8, Ch. XVIII]) the problem (3.8-9) has a unique
solution © € C°([0,T]; H) N L?(0,T;V) that satisfies (3.5). u]

Thanks to (3.4) and (3.6), the pair (©, X)) belongs to Y. Therefore
Lemma 3.1 allows us to define the following (nonlinear) mapping
(311) J:Y =Y, J(u,n):=(0,X) is the solution of (3.4-10).

Let us point out that (6, X) is more regular than (u,n). Also, it is
straightforward to see that any fixed point of the mapping J yields
a solution of Problem (P1). The next lemma shows the contraction
properties of J.

Lemma 3.2. There is a positive constant C, depending only on

©0, Yo, ko, ¢l 20,1y, ¥z 0,75 [1kllwrao,r), @, A, and T, such that
for any (u1,m), (ug,n2) €Y one has
(3.12)

t
1) = HuzemlF < C [ lwrm) = (uzm)|[Bdr Ve [0,7],
0

Proof. Let (u1,m1), (uz,m2) € Y be given and let (0;, X;) := J(ui, 0;),
i = 1,2. First we replace u,n, X by u;,n;, X;, ¢ = 1,2, in (3.7), taking
v = X5 and v = A&7, respectively. Next we sum them and integrate in
time. Note that both X} and X, satisfy (3.10). By applying (H5), the
Holder inequality in space and time, and the elementary inequality
(3.13) ab < (6/2)a* + (26)"'v* Va,beR, V>0,

we deduce that
(3.14)

A2T
1 = ), DI < Sl = wlEago.ramy + 11 = 7l oo}

1 T
+—2T/ (X — X) (- 9)|Pds V7 € [0,T].
0

We integrate (3.14) from 0 to ¢ € [0,7] and estimate the last term of
the right hand side. Thus, we obtain
(3.15)  [[(X1 — X2)l[Z2(0,0:)

2A2T

<
a2

t
/0 (s = walBagomorpy + [l — 20 merny 7
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for any ¢ € [0, T]. Then we consider (3.8) and substitute X, u with A;,
ui, 1 = 1,2. Taking the difference between the equations corresponding
to ©;1 and O, hence integrating in time and accounting for (3.9-10),
we infer that

(3.16)  (00(61 — ©3)(, 1), v (kov/ (01— 0)(, )dg,VU)

)+
<"/J ( )(-,t),’l)>
—((* (X1 — X)) + o * (ur —u2))(-t),v)

- (v /Ot(k* (w1 — u))(-,5) dc,Vv)

for any v € V and any ¢ € [0,7]. In order to simplify the notations,
in the rest of the proof ©, X, u will denote the differences ©1 — O,
X) — Xs, up — ug, respectively. Then, by choosing v = O(+,t) in (3.16)
and integrating it from 0 to 7 € [0, 7], we have

(3.17) ©0l181172 (0,711 +ho IIV(1 «0) (- 7)[|* = ZI
where

7= [ {00,000 + (10 + X)(.6). 0.5} s
IAT)~‘/ (0 w)(+6),0(¢)) ds,

0
uﬂ:Awuumwm@Nm@mg

for any 7 € [0,7]. We now estimate each one of these inte-
grals. As (cf., e.g., [7, Theorem 2.2, p. 39]) [|¢ * X||r2(0,r;m) <
|21 0,y [|X||L2(0,7; 1y, With the help of the Holder inequality and
(3.13) it is straightforward to deduce that

2 o
(318) (0] < (08 + 11610 HIXI oy + 21000

for any 7 € [0,T]. Next, (3.13) and a further application of the Holder
inequality in time yield

lelBeo, %
(3.19) OIS 4)/ 1ullZ0,6:) s + 11Ol Z20,7:0)

VT e|0,T].
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Recalling that the convolution product is associative and commutative
and that k*u = k(0)(1 % u) + k" * 1 % u, by means of an integration by
parts in time we obtain the following equality

IS(T) = (V(k‘ * 1 u)('vT)> V(l * 6)(77—))
- / (V(EO)(1# u) + K # (15 u))(- <), V(1 ©)(-)) ds
V71 elo,T).

Then, owing the Holder inequality and (3.13), we have
1
[Is(7)| < k—o{\lklliz(oﬁ) +2[k(0)* + 2/K'[[Z1 (0,7 }

T ol ,
(3.20) X/O IV(Lxu) (9| de

SRV P+ [ RITa o) P

V7 el0,T].

By estimating the right hand side of (3.17) with the help of (3.18-20)
and then applying the Gronwall lemma (cf., e.g., [3, p. 156]), we find a
constant C; such that for any ¢ € [0,7] and any 7 € [0, ¢] the inequality

o ko
(321) L2001 gy + L IV(1 5 O)( 7|
t
< a{nxn%zm,t;w / (1l ooty HIV (50) B g dc}

holds. Moreover, the constant C; depends only on T, ¢q, o, ko,
llellL20,mys 1] 0,1y, and [|E|[w1.10,7). Taking the maximum of the
left hand side of (3.21) with respect to 7 € [0,¢] and making use of
(3.15), we easily get (3.12). Thus the lemma is completely proved.
]

The inequality (3.12) allows us to easily conclude the proof of Theo-
rem 2.1. Indeed, from (3.12) it follows that

(3.22) (| (ur,m)—J (uz, m)I[f < Ctf|(ur,m)—(u2, )l ¥t € [0, 7).
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Hence (3.12) and (3.22) yield

t
\IJQ(U1,771)—J2(U2,772)||?SC/ (1T (ur, ) = T (uz,m2)|[7 dr
0

242
<
- 2

Then by induction we obtain

(ur,m)— (w2, m2)ll7 V't €[0,T).

177 ) = I iz ) < T ) = )
for any m € N and any (u1,m),(uz,m2) € Y. Therefore, for m
sufficiently large, J™ is a contraction mapping in Y and Problem (P1)
has one and only one solution. 0O

Remark 3.1. Concerning the case without memories (i.e., p = ¢ =
k = 0) observe that Theorem 2.1 yields an existence and uniqueness
result similar to those stated in [10, 13]. As one can easily check,
actually our proof is quite different and allows us to skip a lot of
technical details.

4. Proof of Theorem 2.2. Here we shall prove the existence of
a solution to Problem (P2). To this aim, letting (cf. (H10) and (2.1))
¥9 € H, Xo € K be an arbitrary pair such that

(4.1) ©olo + PoXo = eo,
we introduce a sequence {f,, } of smooth functions (e.g., k,, € C*([0,77)
for any n € N) such that

(4.2) kn — k strongly in L?(0,T) asn / occ.

Then for any n € N we consider the following

Problem (P,). Find 9, € L*(0,T;H) N L*(0,T;V) and X, €
H'(0,T; H) satisfying (2.2-3) and

(4'3) <at(90019n + "/JOXn)> U> + <3t(¢ * Xn + @ * 1971)7 7)>
+ (koVUp+kn * VO, Vo) = (f,v) YveV, ae in |0,T],
1

4) E@tXan—V) <Ay, Xn—7) Vy€K, ae in]0,T[,

5

.5) In(-,0) =99 a.e. in £,
(4.6) Xn(-,0) =Xo ae. in Q.
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Owing to Theorem 2.1, for any n € N, there exists a unique solution
(9, Xn) of Problem (P,). The following lemma states some estimates
which will help us to pass to the limit as n goes to oo.

Lemma 4.1. There exists a positive constant B such that, for any
n € N, the solution (¥, Xy) of Problem (P,) satisfies

1
(4.7) ||19n\|2Loo(o,T;H)nL2(o,T;V) + E”atXnH%?(O,T;H) +|\Xn||%oc(c,g) < B.

Moreover, B depends only on o, Yo, ko, |[¢|lwiior), [|¢llwiio,r),
|kl 220,15 Ileolls [fllzro,m;my+2200,m5v7y, A, T, and on the Lebesgue
measure |Q| of the domain Q.

Proof. First we observe that (2.3) and (4.4) imply (see, e.g., [3,
Lemma 3.3, p. 73])

1 t
(4.8) EHatXnH%?(O,t;H) = A/o (On (1), OeXn (-, 7)) dr VT € [0,T].

Then we choose v = ¥, in (4.3) and integrate it in time from 0 to
t €10,T]. Accounting for the initial condition (4.5), we obtain

40
(4.9) S l9nl O + kol VOl 72(0,0.m1)

7

= 219512 — o / (00 (7). O, 7)) dr = S L),

where

L(t) = / (Ot % Xn) (1 7), Do 7)) d,
I5(t) = / (Orio % 0n) (7). D7) .

I(t) ::/O (i 5 V) (-, 7), V(- 7)) b,
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for any ¢t € [0,7]. Since 9(v * Xn) = Y(0)Xn + (¥ * X,) and
" * Xnllr20,6m) < |21 0,6 XnllL2(0,67), then from the Holder
inequality, (3.13), (2.3), and (2.1) it follows that

(4.10)

¢Q]
L] < S RO + 11700} + 19nlZ2 0,0 ¥t € [0,T].
By arguing in a similar way, we infer that

411) I < {leO) + €'l HnllZ20,um Yt € [0,T].

A further application of the Hélder inequality in time along with (3.13)
gives
(4.12)

t
_ ko

[L6(8)] < ko HlmnllZ20.0) /0 V0|72 (0 rprvy AT + ZHVﬂWHiz(O,t;H’V)

for any t € [0,7]. Recalling (H4) and letting f; € L*(0,T; H) and

fo € L2(0,T; V') be such that f = f; + f2, we easily have

(413) L) < / 1A G 191 + g 1 i

+ Z{WnHL?(o,t;H) + ||V19n\|2Lz(o,t;HN)} vt e[0,T).

Now we multiply (4.8) by to/A and add it to (4.9). Then, with the
help of (4.10-13) it is straightforward to deduce that

Yo

©0 ko
(4.14) 7\|19n("t)||2 + 7||V19n\|2L2(0,t;H) + ||8tXnHL2 0,¢;H)

0,0 1o, I2llZervn
< £l |2 4 HRECT)
0
DO + 111201}
+{1+|w( Y+ 1 Nl om + 2 }/ 97| dr
||’€n||L2 0,7)

2 [ 90l

/I|f1 N a7l dr
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for any ¢ € [0,T]. Setting now

1/2
1
(415) Balt) = (1100 OIPHIT00 0+ 510 B )

for t € [0,T], by (4.14) and (4.1-2) it is easy to see that there are two
positive constants Co, C3 and a positive function Cy € L'(0,T) such
that

(4.16) R%(t) < Cy+Cs /t R%(7) dT—!—/t Cy(T)Rp(7)dr Vit e [0,T)],
0 0

where Cy, C5,Cy are independent of n and have (at most) the same
dependences as does B. By applying to (4.16) an extended version of
the Gronwall lemma (see, e.g., [1, Theorem 2.1]) we infer that there is
a constant Cs, depending only on Cy, C3, and ||Cy||1(0,1), such that

(4.17) Ra(t) < Cs Ytelo,T).

Finally, (4.15), (4.17), (2.3), and (2.1) imply (4.7) and this concludes
the proof of the lemma. i

Thanks to the a priori estimate (4.7), there exists a pair (9, X) such
that, possibly taking subsequences,

(4.18) 9, — ¥ weakly star in L>(0,T; H) N L*(0,T;V),
(4.19) Xn, — X weakly star in L>°(Q),

1
(4.20) —0yX,, — 0 strongly in L*(0,T; H)
n

as n /" oco. We are going to show that (9, X) solves Problem (P2). By
(H1), (H89) (cf. also Remark 2.1), (4.2), (4.18-19) it is not difficult to
deduce the following convergences

(4.21)
@* U, — @19 weakly star in Wh*°(0,T; H)n H'(0,T; V),
(4.22) Y% Xp — % X weakly star in W(0,T; H),

(4.23)
K %0y — kx19  weakly star in L>(0,T; H) N L*(0,T; V).
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Next we fix two functions f; € L'(0,T; H) and fy € L?(0,T; V") such
that f = fi1 + fo. By comparing the terms of (4.3), from the previous
estimates it follows that the sequence &, := 9;(poUn + YoXn) — f1
is bounded in L2(0,T;V’) independently of n. Hence, at least for a
subsequence, &, weakly converges to some limit & in L2(0,T; V). But,
as

[ ettty == [ (et + vx) (0,1
0 0

T
+A<mwmmmm

for any v € H}(0,T;V), then one can easily check that & = 9;(pod +
oX) — f1. Therefore,

(4.24)

(0 (9ot +1oXn) = f1) — (Dp(po? +hoX) — f1)  weakly in L*(0,T; V")
asn /" oo and the pair (¢, X) satisfies (2.8). Besides, because of (4.5-6)
and (4.1), it is straightforward to recover the initial condition (2.10).

Now we consider (4.3) and replace f by f1 + fo. With the help of
(4.24), (4.18) and (4.21-23), by standard arguments we can pass to the
limit as n goes to co to get the variational equality
(4.25)  (Bi(o? + YoX) = f1,0) + (Be(p * V), v) + (99 * X), v)

+ ko(Vﬁ, V’U) + (k * Vﬁ, V’U) = <f2, 7)>
YoeV, ae in |0,T],
which coincides with (2.4). It remains to show (2.9). As X, satisfies
(2.3), from (4.19) it follows that 0 < X <1 a.e. in Q. Then, in order to

complete the proof of Theorem 2.2, it is sufficient to prove, for instance,
that

T
/O (O t), (X =7)(-t))dt >0

VyeK:={neL*0,T;H):n(-t) € K for a.e. t €]0,T[}.
Taking an arbitrary v € K as test function in (4.4) and integrating this
inequality in time, we obtain

1 T T
—A«mame—wumwSAA<mmmm@mﬁ

(4.26)

n

T
_A/O <19n('at)a’7('at)>dt
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for any v € K. Hence, owing to (4.18-20), to get (4.26) it suffices to
check that

T T
(4.27) limsup/o <Xn(',t),19n(-,t)>dt§/0 (X(-,1),9(-,1)) dt.

n,/co

In order to show (4.27) we observe that
(4.28)

T
/O Xn(51),0n(,1)) dt
T

© I
<—@3wu&qmﬂHy+@g[;«1*ﬁxnwa%«¢»dt

By (4.18-19), (4.24), and by compactness we have that
(poUn + YoXn — 1% f1) — (0o + hoX — 1 % f1)

weakly star in H(0,T; V") N L>(0,T; H) and strongly in L2(0,T;V").
Then (4.28), (4.18) and the weak lower semicontinuity of the norm in
L?(0,T; H) imply that

T
(4.29) limsup/ X (-1 8), O (- ) dt
n,/oo 0

1 T

< P
o Jo

1 T

—%Mmm%+%4«nm@m%m@

that is (4.27). Therefore, (1, X) is a solution of Problem (P2). O

<(</7019 + 1/)OX —1x fl)('vt)a ﬂ(’t» dt

Remark 4.1. Note that the proofs of both the a priori estimate (4.7)
and the passage to the limit strongly depend on the fact that 3 (cf. (4.4)
and (2.5)) is linear. Otherwise, the asymptotic behavior of Problem
(P1) as « goes to 0 still remains an open question.

5. Proof of Theorem 2.3. In this section we shall prove that
Problem (P2) has a unique solution. By contradiction we assume that
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there exist two different solutions (91, X1), (¥2, X2) and set © := 91 —5,
X := X1 — X2. Taking the difference of the equations (2.4) written for

Y1, X1 and 99, X2, then integrating in time and using (2.10), we obtain
(cf. (3.16))

(51) <’(/)0X—|—’(/)*X,’U>:<]:,U>,
where
(F,v) = —(poO + ¢ *0,v) — (kgV(1%0)+ V(1 xk=0),Vv),

for any v € V, ae. in ]0,7[. Note that F € L*(0,7;V’) since
© € L*(0,T;H) N L?(0,T;V) and (H1), (H8), (H3) hold (one can
see Remark 2.1 too). Owing to (H8), there exists one and only one
function ¥ € WhH1(0,T) satisfying (cf., e.g., [7, Chapter 2, Theorem
3.1])

oW+« W =1 in [0,7].

This function ¥, named resolvent of 1/, allows one to rewrite the
equation (5.1) as (cf., e.g., [7, Chapter 2, Theorem 3.5])

(5.2) YoX =F—-UxF inV', —ae in]0,7T].

By means of (5.1-2) we deduce that
(5.3)
(000, v) + (thoX,v) + (ko V(1 % ©), Vv)
=—(p*x0,v) = (V(1xEk*0),Vv)+ (poP O + ¥ x 0 x O),v)
+ (koV(Tx1%x0) + V(¥ x1xk=x0), Vo)

for any v € V, a.e. in ]0,7T][. Now, choosing v = © in (5.3) and
integrating it in time, we have

t k 13
54) ¢ollOlf s+ | [ X0+ RUTAO)CIF = Kt
=8
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where

K0 =~ [ ((or O, 00, dr

Ig(t) := — /Ot(V(l xkx0)(-,7),VO(:, 7)) dr,
no(t) = [ (oW O)(,7), O(, ) dr.
It~ [ (W 5 O)(,7), O, 7)),
Lia(t) = /Ot(kovoy*1*@)(-,7),v9(.,7))d7,

Ii5(t) == /0 (VT *1xk*x0O)(-,7),VO(-, 7)) dr,

for any t € [0,T]. By comparing Ig, Iy with I5, I3 and arguing as in the
deduction of (3.19-20), it is easy to see that

el [+ 2
5.5 0] < 200 [ 010 i -+ B0y

(5.6)

202, t
(O] < { =200 4 WO+ W | [ 190 0) P dr

+%||V(1*@)(~,t)\|2 vt e [0,7].

Accounting for ¥ € WH1(0,T), the same reasoning leads to the



20 P. COLLI AND M. GRASSELLI

following estimates

(5.7)
t
¥o
1001 < @l ¥l | 10120 47 + SO0 sy
(5.8)
10 5 gl [ o
10O € —E00 [ 01 gy -+ 22101 00
(5.9)

t
[Th2(t)] < ko{2||‘1’\|2m<o,t)+\\1’(0)\+||‘1”||L1<o,t)}/0 V(1 0)(,7)|*dr

k
+ V=0 D),

(5.10)
2/|W * k|2, ¢
0] < { S ECO 0 oo} [ 9050 ar

ko
+Rwa o)l
holding for any ¢ € [0,T]. Next, as x; € H(¥;), i = 1,2, a.e. in Q (see

(2.9)), owing to the monotonicity of the Heaviside graph H, we have
that

(5.11) /Ot/ﬂzc@>o vt e[0,T).

Then, from (5.5-11) it follows that there is a constant C§, only depend-

ing on the values o, ko, ||2|lz2(0,7), |[¥|lwr10,ry, and ||E|lwr10,1),
such that

%) k
O o) + G IV (1 ©) (1)
t
gcﬁ/o 1O1Bto.rerr) + IV (15 ©)(, 712} dr

for any ¢t € [0,7]. Hence, by applying the Gronwall lemma (cf., e.g.,
[3, p. 156]), we infer that © = 0, i.e., ¥; = ¥5. Finally, by comparison
in (5.3), it is straightforward to conclude that X; = X2. Thus, we get
a contradiction and uniqueness is completely proved. O
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Remark 5.1. Tt is easy to see that, replacing (H1) by the weaker
assumption ¢ € L?(0,7T), the uniqueness result for Problem (P2) still
holds (cf. (5.5) and (5.8)).

Remark 5.2. We point out that our existence and uniqueness results
for the Stefan problem with memory improve and generalize the re-
search developed in [2]. Indeed, it suffices to compare the hypotheses
(2.2-3) of [2] with our assumptions on k, ¢ and observe that Barbu
does not require the internal energy e to depend on the past history
of X. As one can easily check, also the techniques used in proofs are
rather different.
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