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SUMMARY

In this paper, an asymptotic analysis of the (non-conserved) Penrose—Fife phase field system for two
vanishing time relaxation parameters ¢ and ¢ is developed, in analogy with the similar analyses for the
phase field model proposed by G. Caginalp (Arch. Rational Mech. Anal. 1986; 92:205-245), which
were carried out by Rossi and Stoth (Adv. Math. Sci. Appl. 2003; 13:249-271; Quart. Appl. Math.
1995; 53:695-700).

Although formally the singular limits for ¢ | 0 and for ¢ and 6 | O are, respectively, the viscous
Cahn—Hilliard equation and the Cahn—Hilliard equation, it turns out that the Penrose—Fife system is
indeed a bad approximation for these equations. Therefore, we consider an alternative approximating
phase field system, which could be viewed as a generalization of the classical Penrose—Fife phase field
system, featuring a double non-linearity given by two maximal monotone graphs. A well-posedness
result is proved for such a system, and it is shown that the solutions converge to the unique solution
of the viscous Cahn—Hilliard equation as ¢ | 0, and of the Cahn—Hilliard equation as ¢ | 0 and ¢ | 0.
Copyright © 2004 John Wiley & Sons, Ltd.
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1. INTRODUCTION

This paper is concerned with the asymptotic analysis in terms of two vanishing time relax-
ation parameters of the phase field model proposed by Penrose and Fife [1,2] for the modelling
of the kinetics of phase transitions. Namely, our analysis addresses the following system of
two parabolic equations in the unknowns ?J and y

sﬂt—i—/l}(,—A(—é) =f in Qx(0,7) (D)
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250 in Qx(0,T) )
Ue

where ¢, 0 are positive coefficients, 2 is a bounded, connected domain in RV, N =1,2,3, with
smooth boundary 02, occupied by a physical system subject to a phase transition in the time
interval (0,7). The evolution of the system is described in terms of its absolute temperature
¥ (whereas 9. is the critical temperature of the phase change), and of the order parameter y,
which is characteristic of the specific phase transition considered and may represent, e.g. the
fraction of lattice sites with pointing up spins in the mean field theory for Ising ferromagnets,
or the local proportion of the solid or liquid phase in a liquid—solid phase transition. In this
framework, the constant 4>0 is the latent heat density, f* possibly represents a heat source,
the maximal monotone operator 8 : R —2® is the subdifferential of a convex function ﬁ, g’
is a Lipschitz continuous function and the term f§ + ¢’ is the derivative of a non-convex free
energy potential #; for instance, ¥~ may have the double-well potential form

(x> — 1)

4 b
The differential inclusion (2) yields an Allen—Cahn type dynamics for the order parameter y,
while (1) renders the balance law

y)
Oy — Ay + p(x) +a'(x) + i

W(x)= xeR (3)

for the internal energy of the system e:=1 + Ay, when the heat flux q is postulated to have
the form

a= - VU, for ()=~ 5 )
Note that the coefficient & of ¥, could be interpreted as the specific heat, the term &, deriving
from the purely caloric part of the total free energy functional associated to the system—see
also Reference [3]—while ¢ is the coefficient of the interfacial energy term. Further, as it is
clear from the variational derivation developed in Reference [1] (see also Reference [4]), the
system (1)—(2) is thermodynamically consistent, namely in agreement with the second law
of thermodynamics.
Let us now slightly modify (2) by incorporating the term —A/9. in the Lipschitz function
¢’ and normalizing the constant A to 1. If we now set ¢=0 in the first equation (1) and
formally plug (2) into (1), the Penrose—Fife system then reduces to

2= A —Ax+ B +a' ()2 f in Qx(0,T) (5)
Accordingly, letting e=0=0 in (1)—(2) and proceeding in the same way, we formally obtain
2= A=A+ B+’ ()2 [ in 2 x(0,T) (6)

In fact, when 20 has the double well form (3), and thus
BOO)+ ' =7~ 1 (7)

(6) reduces indeed to the standard Cahn—Hilliard equation, which models the phenomenon of
phase separation in a binary mixture rapidly cooled down from an initially spatially homo-
geneous state into a miscibility gap. In this framework, the order parameter y represents the
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local concentration of one of the two components. The general form (6) for the Cahn—Hilliard
equation was proposed in Reference [5] (and further investigated in Reference [6]), possibly
to account for, e.g. a constraint on the values of the order parameter y, such as 0<y<1,
which could be incorporated in the maximal monotone operator 5. Note that, when /=0 and
(6) is supplemented with the initial condition

2(50)= 0 (&)
and the boundary conditions
Oy =0n(—Ay+E¢+0'(x))=0 in 02 x(0,7) 9)

(where 0, denotes the outward normal derivative on 0S2 and ¢ is a pointwise selection in f(x)
fulfilling (6) with the equality), then we can infer from (6) that

1 1
@/Qx(x,t)dx:@/gx()(x)dx for a.e. 1€(0,7)

i.e. x is a conserved parameter, in agreement with its physical interpretation as concentration.

On the other hand, (5) was first introduced (in the form corresponding to (7) and with
f=0) in Reference [7] to model viscosity effects in the phase separation of, e.g. polymer—
polymer systems. Subsequently, Gurtin [8] independently obtained (5) (with the choice (7)
for the non-linearity § + ¢’), as a particular case of a generalized Cahn—Hilliard equation he
had introduced taking into account the working of internal microforces in the model for phase
separation. We refer to Reference [9] for a detailed survey of the well-posedness results so
far proved in this connection. As for the Cahn—Hilliard equation, one can introduce a non-
linearity given by a maximal monotone graph in the standard viscous Cahn—Hilliard equation
and thus get (5). Once again, when /=0 and (5) is coupled with (8) and the homogeneous
Neumann boundary conditions (9), y is a conserved parameter.

The formal arguments we have developed to obtain (5) and (6) suggest the possibility
of investigating whether the viscous Cahn—Hilliard and the Cahn—Hilliard equations can be
actually viewed as singular limits of the system (1)—(2) for vanishing ¢ (which corresponds to
the case in which the specific heat tends to zero), and vanishing ¢ and 6. Analogous asymptotic
analyses were carried out for the phase field model proposed by Caginalp [10] (which can be
interpreted as a linearization of the Penrose—Fife phase field system, see Reference [4]), in a
series of papers [11-13]; we also mention [14,15], in which the asymptotic behaviour of the
attractors associated to the Caginalp phase field system was examined for the same vanishing
time relaxation parameters. As for the (non-conserved) Penrose-Fife phase field model, we
may also quote the two papers [16,17]. There, an asymptotic analysis (for 0 and/or the
coefficient of —Ay in (2) vanishing), is worked out in the particular case f=H !, H~!
being the inverse of the Heaviside graph.

In our framework, the question thus arises of checking if the solutions of the initial-boundary
value problem P} given by (1)—~(2), supplemented with

On = 0On (—119) =0 in 00 x(0,T) (10)

and the initial conditions
2(50) =0, I(-,0)=1 (11)
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do converge to a solution of the problem ((5), (8), (9)) (((6), (8), (9)), respectively), when
£l 0 (when &, 6] 0, respectively).

In fact, as we shall see later on (cf. Theorem 3 and Remark 2.3), the system (1)—(2) turns
out to be a bad approximation both for (5) and for (6). To fix ideas, let us focus on the
case of vanishing ¢ and fixed 0 >0—analogous considerations hold for ¢, 6] 0—and let us
conveniently rephrase the candidate limiting equation (5) by means of an auxiliary variable
u, which in the literature is known as chemical potential:

o —Au=f ae. in Q (12)
Sp—Ay+ <+ ()=u, C€P(y), ae inQ (13)

where we have set O:=Q x(0,7T). Then, let {(¥, %)} be a sequence of solutions to P,
converging to a solution y of the viscous Cahn-Hilliard equation as ¢/0: in view of the
structure (12)—(13) of the limiting equation, we may expect the sequence —1/9% to converge
to u in a suitable topology, which might possibly be strong enough to entail

. 1 .
u= 1‘%171971 <0 a..in Q (14)

as pointed out in Remark 2.3 later on. However, a sign constraint on the chemical potential
does not pertain to the viscous Cahn—Hilliard equation; in turn, it is substantially due to the
heat flux law (4) postulated for the balance equation (1). Further, the choice (4) does not even
ensure sufficient a priori estimates on {9%} in order to pass to the limit in (1): as a matter
of fact, no estimate is available on (a positive power of) {¥%}. These technical drawbacks
are latent in the fact that we can prove only a partial convergence result for the solutions to
P when ¢ 0, see Theorem 3 in the next section.

We are thus naturally led to approximate (5) and (6) by a phase field system featuring
an alternative form for the heat flux law. Actually, the previous arguments somehow suggest
to replace the map / in (4) with a strictly increasing function, which beaves like —1/x
only for x positive and x < 1, and which allows instead for a linear growth for x > 1.
The corresponding heat flux law was first introduced in its full generality—featuring growths
intermediate between the logarithmic and the linear ones—in References [18,19], based on
the consideration that the form (4) is well-suited to model low and intermediate temperatures,
but not large ones. Therefore, we will approximate (5) and (6) with the system

819t+XZ_A(gnq9_39> =1 in Qx(0,T) (15)

1
o — Ay +E+a'()=¢"0—

5 EeP(y), in Qx(0,T) (16)

where 1 is a fixed parameter, 0 <# < 1. Let us emphasize that we have replaced the occurrence
£(¥)= —1/¢ in both (1) and (2) with the term o, (?}), where

o (r):=¢€"r — %, reD(a,) = (0,4+0) (17)

Copyright © 2004 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2004; 27:1411-1445
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In fact, unlike the standard phase field system (1)—(2), in the approximating system (15)—(16)
we have introduced, the coupling term o.(¢) in the second equation has a linear growth at
infinity.

Henceforth, we will refer to the initial-boundary value problem given by (15)—(16), sup-
plemented with (11) and homogeneous Neumann boundary conditions for y and «.(}) (in
agreement with the previous (10)), as Problem P,.

In general, the problem arises of establishing a well-posedness result for the phase field
system

il + Ay — Au=f, uea(d), in Qx(0,T) (18)
kyyi — Ay +E+0'()=Au, Ee€Pf(y), in Qx(0,T) (19)

where o is in general a maximal monotone graph on R? and ki, k,, A positive constants. We
will couple (18)—(19) with (11) and the boundary conditions

Ony=0,u=0 in 0Qx (0,T) (20)

The main analytical difficulties connected with this initial-boundary value problem are due
to the presence of a double non-linearity (given by the two maximal monotone operators
o and f) and to the boundary conditions (20). In fact, third type boundary conditions are
generally prescribed for 9 (see References [16,20,21]), or for u. Indeed, the latter sort of
boundary conditions on u

Ouu+yu=nh on 002 x(0,T)

would make the problem easier to handle, by allowing to recover a H'(£2)-bound for u from
the first equation (18) by means of Poincaré’s inequality. In this connection, let us mention
the well-posedness results of References [22] and [3] for the phase field system (1)—(2) with
this kind of boundary conditions. In particular, in the latter paper the analysis is focused
on the graph a(r) = —1/r, r>0, but as we will see later on, it could be easily adapted
to a general maximal monotone operator o, provided that boundary conditions of the third
type on u are considered. On the other hand, a well-posedness result with homogeneous
Neumann boundary conditions for u (in the case of the standard heat flux law (4)) has been
obtained in Reference [23], but in one space dimension only, whereas in Reference [24]
non-homogeneous Neumann boundary conditions are considered in three space dimensions,
but under an additional ‘compatibility’ condition on the data of the problem. Finally, let us
mention the recent work [25], in which an existence and regularity result is demonstrated
for the Penrose—Fife system with the special heat flux law of Reference [18] and with non-
homogeneous Neumann boundary conditions. In this paper, the lack of ‘coercivity’ due to the
choice of the boundary condition for u is substantially overcome by introducing an additional
growth hypothesis on the convex potential ﬁ of the graph .

We will adopt the same hypothesis (see (28) in the next section) for handling the system
((11), (18), (19), (20)). Further, we will adapt the subdifferential approach devised in Ref-
erence [21] in order to tackle the double non-linearity given by the two maximal monotone
operators o and f3, and we will thus prove our main existence result Theorem 1, which ensures
in particular the well-posedness of P,, with the choices k| =¢, k, =0 and o =a, in the system
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(18)—(19). We will show—see Theorem 2—that the sequence of solutions to P, thus obtained
converges as ¢} 0 (and for fixed 6>0) to the unique solution of the initial-boundary value
problem ((8), (9), (12), (13)), providing as well some error estimates specifying the rate of
the convergences proved. As a byproduct, we will also obtain a well-posedness result for the
viscous Cahn—Hilliard equation in the general form (5), which has not yet been proved, to
our knowledge. Subsequently, we will develop an analogous asymptotic analysis, with error
estimates, for the approximate system given by (15) coupled to

5xt—Ax+X3—x:s"19—%, in 2% (0,7) (21)
for vanishing ¢ and ¢. Hereafter, we will refer to the problem (15), (21), with the initial and
boundary conditions (11) and (20) for y and &"J — 1/9, as Problem P’;. We will obtain in
the limit the unique solution to the standard Cahn—Hilliard equation with source term, see
Theorem 4.

Plan of the paper: The main existence and convergence results are stated in Section 2,
where the notation and some preliminary material on Mosco convergence are recalled as
well. Section 3 is devoted to the proof of our well-posedness result Theorem 1: the argument
relies on an approximation procedure and on a further regularization, which are developed in
detail throughout the Sections 3.1, 3.2, and it features the tools of variational convergence
introduced in the previous section. The asymptotic analyses of P, for vanishing ¢ (and fixed
0) and of P for ¢, 6] 0 are finally developed in Sections 4 and 5, respectively. In the latter
section Theorem 3 is proved as well.

2. MAIN RESULTS

2.1. Notation
We set
H:=1*(Q), V:=H'Q), and W:={vcH*(Q):0,v=0}
and identify A with its dual space H’, recalling that the embeddings
wWcVvcHcV cw’

are dense and compact. We will denote by (-,-)y the inner product in H, by (-,-), the duality
pairing between V' and V, and by |-|u, |||, || - ||»- the norms in H, in V and in V. Let 20,
v, #, and ¥ be the subspaces of the elements v with zero mean value m(v) = (1/|92])(v, 1)
in W, V, H, and V’. Let us also introduce the operator 4: V' — V' given by

(Au,v) = / VuVvdx VYu,veV
Q

A is the realization of the Laplace operator with homogeneous Neumann boundary conditions.
Indeed, we note that Auc ¥ for every u€V and that Au= — Auc H whenever uc .
Moreover, the restriction of 4 to ¥~ is an isomorphism and we can thus consider the inverse
operator A" : ¥’ — ¥, defined by

A(Nv)=v Yoey”

Copyright © 2004 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2004; 27:1411-1445
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Clearly, #'vew if v e #. Throughout the remainder of this paper, we will make a systematic
use of the relations

(Au, /'v) = (v,u) YueV, Yoey”’ (22)
(u, /'v) :/ V(N UV (AN v)dx = (v, Vu) Nu,ve?”’ (23)
Q
which entail that the following norms on V' and V"’

lull? := (Au,u) + (u,m(u))y  YueV 24)
vl := (v, N (v — m(v))) + (v,m(v))y  YuecV’ (25)

are equivalent to the standard ones on behalf of Poincaré’s inequality for the zero mean value
functions.

2.2. Statement of the main results
We here enlist our main assumptions on the system (18)—(19):
o is a maximal monotone graph on R with domain D(«), and (26)
o= 04, for a proper, convex function &:D(&)— [0, +0c0),
B:R—2% is a maximal monotone graph, (27)
B=0pB, with f:R—[0,400) a convex function s.t. f(0)=0 and
AME=0 || E|<Mp(1 + B(r)) VEeB(r), VreR (28)
c€C'(R) and ¢’:R— R is Lipschitz continuous with Lipschitz constant L. (29)

Note that (28) allows f to have at most an exponential growth, see also Reference [25].
In this framework, we can give a variational formulation of the initial-boundary value
problem for (18)—(19) corresponding to the data

weV, Pln)eLl(D) (30)
Yo€H, YoeD(a) ae. in Q, &)L (Q) (31)
feLl*0,T;H) (32)

Problem 1
Find 9eH'(0,T;V')NL>([0,T]; H)(CC2[0,T]; H)) and yeL>(0,T;V)NHY0,T;H)N
L2(0,T; W)(C Co([0,T1; V)) such that ¥ € D(x), x € D(B) ae. in Q,

k109 + A0y +Au=f in V', ae. in (0,T) (33)

Copyright © 2004 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2004; 27:1411-1445
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for some u e L*(0,T; V) with uc a(?) ae. in O
kg + Ay +E+d(yx)=2u in H, ae. in (0,7), (34)
for some &€ L*(0,T;H) with E€ f(y) ae in O
and subject to the initial conditions (11).

Note that the boundary conditions (20) for u and y are implied by the variational formulation
(33)—-(34); C°([0,T]; H) and C2([0,T1]; V) denote the spaces of functions weakly continuous
on [0, 7] with values in H and V, respectively.

The following continuous dependence result holds, ensuring that if Problem 1 admits a
solution, it is necessarily unigue.

Proposition 2.1
Let (90, xd, /1) and (93, x5, /) be two triplets of data for Problem 1 fulfilling (30)—(32) and
let (9%, %), i=1,2, be the corresponding solutions. Set

M= max {50l + 1213 + 1BG a + 1 B rm
Then there exists a positive constant Cj, depending on M*, T ||, k1, k>, A, and L (the Lipschitz

constant of ¢’), such that

”191 - 192||C°([0,T];V’) + ”Xl - XZHCO([O,T];H)OLZ(O,T;V)

<195 — v + lxo — 23l + 1S = fPllz,rn) (35)

Theorem 1
Assume that (26)—(29) and (30)—(32) hold. Then Problem 1 admits a unique solution (¥, y).

The viscous Cahn—Hilliard equation as singular limit of the Penrose—Fife phase field: We
can now rigorously formulate the initial-boundary value problem for the viscous Cahn—Hilliard
equation (12)—(13) (setting 6 = 1), with non-linearities.

Problem 2
Let f:R—2% and ¢ fulfil (27)—(29). Given yo and f such that
eV, Plw el @) (36)
FELXO,T; V'), m(f(1)=0 for ae. t€(0,T) (37)
find y € H'(0,T; H)NL>®(0,T; V)NL*0,T; W) and uc L*(0,T; V) satisfying
Oy +Au=f in V', ae.in (0,T) (38)
O+ Ayx+¢é+d'(x)=u in H, ae. in (0,T) 39)

for some &€ L*(0,T;H) with &€ () a.e. in Q

and such that the initial condition (8) holds for y.

Copyright © 2004 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2004; 27:1411-1445
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A continuous dependence statement can be obtained for Problem 2, as well.

Proposition 2.2
Let (01, f1) and (o2, f2) be two pairs of data for Problem 2 fulfilling (36) and (37), and let
¥i» i=1,2, be the corresponding solutions. Set

M, = g?"z{HXOiH% + 1Bz + ”fi”iZ(O,T;V’)}

Then there exists a positive constant C,, depending on M., T, |?| and L, such that

X1 — XZ”C"([O,T];H)QLZ(O,T;V)<C2(‘X01 — o2l +Ilf1 — f2||L2(0,T;V’)) (40)

To prove the existence of solutions to Problem 2, we proceed by approximation. First of
all, given the data (y, f) as in (36)—(37), we construct two approximating sequences {y°}
and {f*} such that

2LeV, BGLYeL'(Q) Ve>0, and 3% — yo in H (41)
feel*(0,T;H) Ve>0, f¢— f in L*(0,T; V") (42)

We can now consider for any ¢>0 the quadruple {(y., V., u., &)} (where u, = o (V,) =&, —
1/9, and &, is a selection in f(y.)), which fulfils the variational formulation (33)—(34) of
Problem P, ((11), (15), (16), (20))—note that, since we are interested in the case of vanishing
¢ only, we will systematically set 6 =1 in (16)—supplemented with the source term f* and
with the initial data (32,9°), {9°} being a sequence with the property

WeH, 9°(x)>0 forae xcQ, &W)el' () Ve>0 (43)

The following convergence result states that, under suitable assumptions on the sequences
of initial data {7} and {9°}, the sequence {y.} thus constructed converges as ¢/0 to the
(unique) solution y of Problem 2.

Theorem 2
(i) Let (x0, /) comply with (36)—(37), assume that the sequences of data {y°}, {0°}, and
{f*} satisfy (41)—(43), and that there exists a positive constant K such that

(D2 0], 8/(1og(19§(x)))* dr<K Ve>0 (44)
Q

2y + IGO0y <K Ye>0 (45)

where (log(9°(x)))~ = max(— log(9°(x)),0). Let (y., V) be the solution to P,: then there
exists a triplet (y,u, &) such that the following convergences hold for {y.} and {J;} as
€l 0, and for {u.}, {&.} along a subsequence {¢}

Ze—" 7 in H'(0,T;H)NL™(0,T; V)N L} 0, T; W) (46)
% — 1 in C°([0, T, H)NL*(0,T; V) (47)
ed; — 0 in L>=(0,T;H), and e9,—0 in H'(0,T;V") (48)

Copyright © 2004 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2004; 27:1411-1445



1420 R. ROSSI

u, — u as ktoo in L*(0,T;V) (49)
Eq — & as ktooin L*(0,T;H), and &< f(y) ae. in Q (50)

Moreover, (y,u,¢) fulfil (38)—(39) and the initial condition (8), namely y is the unique
solution to Problem 2.

(ii) There exists a constant C;>0, depending on T, |2| and L only, such that the error
estimates

e — CO([0,T]:H) N LA(0,T;V)

<G+ 17 = aollvr 4 128 = wolwr + ILf — Sl r) (51)

[|€0:| oo o, 720y < Ce 12 52)
hold for every ¢€(0,1).

It is clear from (51) that the smaller n is, the better is the error estimate for y, — y, and
subsequently the more accurate is the approximation of the viscous Cahn—Hilliard equation
provided by the system (15)—(16).

Finally, let us perform a asymptotic analysis of the standard Penrose—Fife phase-field system
(1)—(2) for vanishing ¢ and fixed 0 (say 6 =1). To this aim, we approximate the data y, and
f of Problem 2 by two sequences {7°.} and {/f?} fulfilling (41)—(42), and we also consider
a sequence {9%,} satisfying (43), as well as

el 0%l =0 as el0 (53)

For any ¢>0, we consider the quadruple (y%, 9%, ut, &) satisfying

1
0,9 + Oyt + Aul = fF, ub= —g0 in V', ae. in (0,7) (54)
O+ A, + &+ ()=ul, & ef(yl), inH, ae. in (0,T) (55)

namely the variational formulation of Problem P* (with A=4J=1), supplemented with the
data 99, x2,, and f?.

Theorem 3
Let y be the unique solution to Problem 2 supplemented with the data y, and f, and let us
consider a pair (u, &) satisfying (38)—(39). Suppose that u fulfils the additional hypothesis

u(x,t)<0 for ae. (x,t)€Q, and IVeL*(Q) st u=a(?d) ae. in Q (56)

(1) Then the following convergences hold for the sequence {(y%,94,u8, &%)} as € 0:

1 — x in C[0, T H)NLX0,T; V)

2E—*y in H'(0,T; HYNL>®(0,T; V)NL*(0,T; W) 57)

Copyright © 2004 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2004; 27:1411-1445



PENROSE-FIFE TYPE PHASE FIELD SYSTEM 1421

Besides, for any subsequence {¢} such that {u*%} weakly converges as k 1 oo to some function
u* in L*(0,T; V), there holds

u* —u* in L*(0,T;V) = Vu*=Vu ae. in Q (58)

Remark 2.3

This result is far from being satisfying: in fact, the sequence {y%} is shown to converge to the
solution of the viscous Cahn—Hilliard equation only provided that we know a priori that such
a solution exists—which is by the way ensured by Theorem 2. What is more, the argument
works under the additional assumption (56) on the chemical potential u, which is not natural
in the framework of the Cahn—Hilliard equation.

On the other hand, as we have already mentioned in the Introduction and will be clear from
the proof of Theorem 3, if the systems (1)—(2) and (12)—(13) are to be compared, in view
of the a priori estimates on {u?} we may expect u? —u in L*(0,T; V), up to a subsequence.
Therefore, the sign constraint (14) on the limiting chemical potential ensues, and the first part
of (56) turns out to be a necessary condition for (57) to hold.

The Cahn—Hilliard equation as singular limit of the Penrose—Fife phase-field: Let us first
of all recall the variational formulation (already given in Reference [13]), for the limiting
initial boundary value problem associated to the standard Cahn-Hilliard equation (6)—(7)
with source term f, and supplemented with the initial and boundary conditions (8) and (9).
As for Problem 2, our formulation features an auxiliary variable u.

Problem 3
Given yo€V and f as in (37), find yecHY0,T;V'")NL>(0,T;V)NL*0,T; W) and
ucL?(0,T; V) such that

Oy +Au=f in V', ae. in (0,T) (59)
Ay+7v —y=u in H, ae. in (0,T) (60)

and the initial condition (8) holds.

An existence theorem and a continuous dependence result, entailing uniqueness, for Problem
3 have already been established in Reference [13, Theorems 2.4, 2.5]. We are now going to
investigate the approximation of Problem 3 by means of the solutions to Problem P ((11),
(15), (20), (21)) for vanishing & and J. As a first step, we approximate the data y° and f
of Problem 3: namely, we consider three sequences {3}, {0%} and {f.s} such that

eV Ve, d>0, % —y in H asedl0 (61)
905 € H,9%(x)>0 for ae. xc, log(¥%)eL'(Q), Ve, d>0 (62)
[ €LY0,T;H) Ve, 6>0, fis— f in L*(0,T;V’) as 0 (63)

Theorem 4
(1) Given yo€V and f fulfilling (37), let {(y.s,9:5)} be the sequence of pairs solving
Problem P} for every &, ¢>0, supplemented with the approximate initial data {y%},
{99} fulfilling (61)—(62) and the source terms {f,5} as in (63); let us denote by {u,s}
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the sequence {&"J,; — 1/9,5}. Suppose moreover that (44) and (45) hold for {¥%} and

{X?&}'
Then there exists a (unique) pair (y,u) such that the following convergences hold for

the sequence {(y.5,Y:5)} as ¢, 0J0:

Yes —" x in L0, T; VYNL*0,T; W) (64)

Yes — xin CO([0,T]; V')NL*0,T; V) (65)

u,s — u in L*(0,T; V) (66)

&9 — 0 in L=(0,T;H) (67)
30,0 — 0 in L*(0,T;H) (68)
&0 + Yoo — x in H'(0,T; V") (69)

Furthermore, y € C°([0,T];H) and it is the unique solution to Problem 3.
(ii) There exists a constant C,>0, only depending on T and |(2|, such that the error
estimates (52) for ||edss||zoo(0,r:n) and

% — Xs&”CO([o,T];V/)mL2(0,T;V)

<Calllxo — 1%llvr + 6"2x0 — 2%l + 1.f — Sesll2ory + 174 5)(70)

hold for every ¢, d€(0,1).

2.3. Preliminary results

2.3.1. G-convergence. Let # be a Hilbert space with scalar product (-,-),: we say that a
sequence J,: # —2” of maximal monotone operators converges to a maximal monotone
operator 7 on H# in the sense of G-convergence (or in the sense of graphs), if V[x,yle T
there exists a sequence [x,, y,] € 7, such that [x,, y,] — [x, y] strongly in # x #.

A crucial property of G-convergence (which can be retrieved in the proof of
[26, Proposition 3.59, p. 361]) we will exploit later on is that, when 7, G-converges to
7, then

{[xn,yn] € Tp Xy —X, Y, — y in A and lim igf (xn,yn)yf<(x,y)yz}
=[x, y]eT (71)

Let us now recall the definition of Mosco convergence, which will play a basic role in the
proof of our existence result Theorem 1 in the following section.
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2.3.2. Mosco convergence. Let {ys},\y: # — RU{+o0} be proper, convex l.s.c. functionals
on #: we say that {i,} converges to \ in the sense of Mosco if

e Vz € # there exists a sequence z, —z such that Y,(z,) — y(z)
o Vze# and Vz, —z, Y(z)<liminf,jo Yn(z,).

The link between the two convergence notions we have introduced is yielded by [26,
Theorem 3.66]:

if Y, > in the sense of Mosco, then 0y, G-converges to Oy (72)

O, (0y, resp.) denoting the subdifferential (in the sense of convex analysis) of ¥, (¥, resp.).
Throughout the next sections, we will also make use of the two following inequalities for
the functional #” (the derivative of the double well potential #" in (3)):

VYpel0,1) 3C,=0: W' (ry=pr*—C, VreR (73)
Yu>0 3C,>0 #'(r)y<w*+C, VreR (74)

Throughout the proofs of Theorems 1-4, we will adopt the general convention of denoting
by the same symbol C several constants depending only on the quantities specified in the
statement of each theorem, and possibly on the initial data; we will specifically point out the
few occurring exceptions.

3. WELL-POSEDNESS FOR PROBLEM 1

Throughout this section, we will prove a well-posedness result for the system (18)—(19) in
which the constants k;, k, and A are normalized to 1.

3.1. An approximate problem

Let v be a positive constant; following Reference [24], we introduce the system consisting of
(19) and (75), where

Y+ +vwu—Au=f, wuco(?d), in Qx(0,T) (75)

with homogeneous Neumann boundary conditions on u and on y. Note that the additional
term vu in (75) makes the approximate problem ‘coercive’, in the sense that the operator
JV:V =V’ defined by

(J'o,w)y = v/ vwwdx + [ VoVwdx VYo,weV (76)
Q Q

is linear, continuous and coercive. Throughout this one and the following subsection 3.2, we
will endow the space V' with the inner product ((-,-)) given by ((v1,v2)):=(J v1,02) = (J v,
v1)V1,02 €V, and, accordingly, the dual space V' with the inner product ((wy,w;)).:=
Wi, ()" wa) = (wy, (J¥) " 'wi)Vwi,wy € V', J" being therefore the duality mapping between
V and V'.
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We can now give a variational formulation of the initial-boundary value problem associated
to (75) and (19).

Problem P

Given the data y, ¥ and f fulfilling (30)—(32), and @, f, ¢ as in (26)—(29), find J €
HY0,T;V'"YNL>(0,T;H) and y € L>=(0,T; V)NH'(0,T; H)NL*(0,T; W) such that ¥ € D(),
L €D(p) ae. in O,

09+ 0y +Ju=f in V', ae. in (0,7), 77
for some u € L*(0,T; V) with u € () a.e. in O
Oy +Ayx+E+0'(x)=uin H, ae. in (0,T), (78)
for some &€ L*(0,T;H) with € p(y) ae. in Q

and the pair (y,7) is subject to the initial conditions (11).

As far as the existence issue of Problem P is concerned, we will adopt a subdifferential
operator approach to deal with the double nonlinearity of the system (77)—(78). Namely, like
in References [3,27] (see also Reference [28], where the same subdifferential technique is
developed for a Volterra integrodifferential equation), we will interpret (77) as an evolution
equation in the space V' generated by a subdifferential operator associated to the graph o,
and we will accordingly provide a generalized formulation of Problem P".

Indeed, let us define the functional ¢: H — RU {400} by

+o00 otherwise

P(v):= {/’&(”("))d’“ if 4(v) €L'(2)

Note that ¢ is convex and Ls.c. on H, but its extension ¢ by +oo on V' is not Ls.c. on V’,
in general. Therefore, we can consider the l.s.c. envelope of ¢ on V', namely the functional
¢@: V' = RU{+o00} given by

@(v):= inf {1im %nf d(vy): v, in H, v,— 0 in V'}, veV’
nT+oo

By definition, ¢ is proper, l.s.c. and convex on V’; it has been proved (see Reference [27,
Cor. 1.6]) that ¢ coincides with ¢ on H and that the subdifferential d,.¢: V' —2" of ¢ in
the Hilbert space V' fulfils

Oprp()={S'weV' :weV, wea(v) ae. in Q}, YoeD(@re)NH (79)

Hence, we are naturally led to introduce the following extension of Problem P': note that
less regularity is required on the initial data and the source term.

Problem P,
Given

wev, B el (Q), eV nbD(e), frelX0,T;V") (80)
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find 9 € HY(0,T; V") and y € L>=(0,T; VYNH'(0,T; H)NL*(0,T; W) such that ¥(¢) € D(0y+ @)
for a.e. 1€(0,7),

09+ 0y +J'u=f"in V', ae. in (0,7),

for some u € L*(0,T; V) such that J'u(t) € 0y (I(t)) for ae. t€(0,T) (81)

and (78) holds, with the initial conditions
9(,0)=75  2(,0)=1xp (82)

When (x5, 95, ) = ()0, Do, /), the unique solution (¥, ) of Problem P" clearly solves Problem
P. On the other hand, on behalf of (79) we realize that any solution (?J, ) of P} is a solution
of P as well, provided that ¥ € C2([0,T7; H).

Proposition 3.1
Assume yp, ¥y and f" fulfil (80): then Problem P! admits a unique solution (1, x"); further,
under the additional regularity assumptions

[P eLN0.T;H), 9y eD(9)NIXQ) (83)
we have that 9" € C2([0,T]; H) and (9",%") is a solution of Problem P” as well.

3.2. Well-posedness for the approximate problem

The uniqueness part of Proposition 3.1—which entails the uniqueness of the solutions to
Problem P' as well—can be shown like the uniqueness results of References [24, Prop. 6.2]
and [3, Theorem. 3.1]. As for the existence, we will just outline the main steps of the proof
and leave the technicalities aside.

As in Reference [27, Sect. 3], we introduce a further regularization of Problem P! : namely,
under the additional hypothesis that «(0)> 0 (which we can assume without loss of generality
just to perform this regularization procedure, as it is pointed out in Reference [27]), we
consider the sequence {o,,} of the Yosida regularizations of the maximal monotone operator
o (see e.g. [29]), for a sequence 4,]0 as ntoo, and we accordingly define the functions
% R—=R

],.2
LY

a,(r) =0, (r)+ f, with primitives &,(r):=a, (r) + 3
n n

reR (84)

{a; } being the sequence of the Yosida approximations of 4. Note that o, is a Lipschitz con-
tinuous increasing function for every n € N; finally, let us introduce the functionals ¢, : V' — R
U {400}

w,(v(x))dx if veH
o) /Q (0(x))
Foo if ve V\H

The ¢, are coercive in H, as it can be readily verified from (84), so that it is easy to see
that, besides being convex, they are also l.s.c. on V’. Let us point out that (see Reference
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[27] for the proofs)
Oy pu(v)={S"weV' :weV, wea,(v) ae. in Q}, ve D0y ¢,)NH (85)
@, — ¢ as nToo in the sense of Mosco in V' (86)

hence by (72) dy' @, — Oy, in the sense of graphs.
Let us now consider the multivalued operators .7 : L2(0, T; V') — 2° 037" given by

ve p(u) iff v(t)edy @,(u(t)) for ae. te(0,7T)

for every ue L*(0,T; V"), and accordingly let .o/ be the realization of dy, on L*(0,T;V").

The operators .«,.</ are maximal monotone—see [29, Ex. 2.1.3, 2.3.3]. Furthermore, using
e.g. References [26, Prop. 3.60] and [29, Prop. 2.16], it is easy to check that the graph
convergence of dy ¢, to 0y ¢ in V' x V' induces the convergence

<4, G-converges to .7 in L*>(0,T; V') x L*(0,T; V' as nt oo (87)

Finally, we introduce the sequence {f5,} of the Yosida regularizations of the graph f, with
B, = 0p,; note that

|r — s|?

i =min (L 225+ fis)) 20 vre

since ﬁ takes positive values by (27).
We can approximate the data yj, 9y and f¥ of Problem P}: namely, there exist (see
Reference [3, Lemma 4.2]) three sequences {Jo,}, {yo.} and {f,} such that

Yon €V for every ne N, g, — Iy in V', and ¢,(Jo,) — @(93) as ntoo (88)
xon € W for every ne N, yp, — yp in V, and

/Q (B, (ton) + 0Cz0n)) dx — /Q (B + o) dv) as n oo (89)

[ €HY0,T;H) Vn and f, — " in L*(0,T; V') as n*t oo (90)
We can now introduce for every n € N the following initial-boundary value problem.

Problem P),
Given Yon, 70, and £, fulfilling (88)—(90), find ¥ € H'(0, T3 H)NL>(0, T; V') with J ", (") €
L*(0,T;H), and y. € L>=(0,T; W)NH'(0,T; V) satisfying

00, + Oy +J 0a(9,) = fu in H, ae. in (0,7) 91)
Oin + Ay + Pu() + 0" () =0, (9)) in H, ae. in (0,7) (92)
X;(':O):XOW "9;(':0):19% (93)

The proof of an existence and uniqueness result for Problem P) can be easily deduced from the
results in Reference [30]. We will now show that the solutions to this regularized problem
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converge to the unique solution of Problem P}, and, under the further assumption (83),
of P,

Proposition 3.2

Let {(99),7,)} be the sequence of solutions to Problem P}: there exists a quadruple of
functions ' € H'(0, T; HYNL>®(0,T; V)YNL*(0,T; W), 9 ¢ H'(0,T; V"), u €L*0,T;V) and
& eL?(0,T; H) such that 9*(¢) € D(dy @) and J'u’(¢) € Oy (9'(¢)) for a.e. t €(0,T), y* € D(B)
and &' € f(y") a.e. in Q, and the following convergences hold as n1 oo

1 — %" in HY(0,T; H)YNL(0,T; V)YNL*(0,T; W) (94)
% — " in C°([0,T); H)NL*(0,T; V) (95)

9 —9" in H'(0,T; V") (96)

o (9) —u’ in L*(0,T; V) (97)

BuCin) — & in L*(0,T; H) (98)

Moreover, (¢, ", u",{") fulfil (77), (78) and (82), so that (9", ") is the unique solution to
Problem P}. Further, if (83) holds and ¥, — ¢ in H, there holds

9 —*9" in L=(0,T;H), 9" € C°([0,T];H) and
(99)
9 =" in C°[0,T]; V).
Obviously, proving Proposition 3.1 reduces now to demonstrating the statement above.

Proof
In order to prove (94)—(98), we first obtain some a priori estimates on the sequence of
solutions {9, %'} in suitable norms. First, we test (91) by o,(9)), (92) by 0y, add the

n>

resulting equations and integrate on (0,7), ¢ € (0,7). Two terms cancel out and we thus obtain

t t t
/ (9, 1)) dx + v / 2O ds + / Vo, (02(5)[% ds + / 2 ds
Q 0 0 0

1 R t
#3160k + [ Beores+ [ [ oGwaes s
5 1 2 0 t v
= [ suuenar+ 39 + [ Bmenact [eron@isn)das (100
Q Q 0

Let us remark that we have the full /-norm of «,(«9)) on the left-hand side of (100), so that
we estimate the last summand on the right-hand side of the above relation by

| a@ieonas<s [ a3 [ la@olio (101)
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Moreover, on behalf of the Lipschitz continuity of ¢/, we deduce for the last term on the
left-hand side of (100)

t (Y v 1 ' v ! /
[ @aoneamennss| <5 [ oaehass [ o

t
+L2/ 70(8) = Honl7y ds (102)
0
(where L>0 is the Lipschitz constant of ¢’), and we can estimate the latter term by

t t
r / 1205) — fouy ds <I2T / lou,
0 0

D051 48 (103)

Collecting (100)—(103), taking into account the assumptions (88)—(90) on the data J,, yox
and f,, and finally applying Gronwall’s Lemma (sce, e.g. Reference [29, Lemma A.4]) to
1001 20.:1)» We easily conclude that

Il o,y 0,757y + NI 20757y + 180 (I | oo 0,221 2y
+ 1Bl 0.1y < C, (104)

for a constant C >0 independent of n, (but possibly depending on v). By comparison in (91),
we also infer that

10l 2 <C (105)
It is straightforward to see that

o’ Godll 20,7 < C

since ¢’ € C%!(R); then, testing (92) by Ay and using that the function f8, is monotone in-
creasing, we obtain that {4y} is bounded in L*(0, T; H), so that by standard elliptic regularity
results we have that

HX;HLZ(O,T;W)SC, as well as ||ﬁn(X;)||L2(O,T;H)<C; (106)

the last estimate following from a comparison argument in the second equation.

The previous estimates (104)—(106) and well known weak compactness results
[31, Theorem 4, Cor. 5] ensure that there exist u' € L2(0,T; V), 3’ € L=(0,T; VYNH'(0,T; H)N
LX(0,T; W), 9 € H'(0,T; V") and &' € L*(0,T; H) such that the convergences (94)—(98) hold
along some subsequences (which we will not specify for simplicity of notation) of {a,(¥))},
{0}, {9} and {B,(x})}; note that (88) and (96) ensure that 9! — " in C2([0,T7; V). Now, S
obviously induces a maximal monotone graph on L?>(Q): so, in order to check that &' e B(3"),
by Barbu [32, Proposition 1.1] it suffices to remark that

lim sup // ﬁ”(;{,ﬁ)x};dtdxé// &y dt dx (107)
0 0

ntoo
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To see this, we test (92) by y, and integrate on (0, 7'), noting that the left-hand side of (107)

equals

nToo

lim sup / / (oL — VAP = 0 GO+ 2ow(92)) dt d
0

= lim sup(|xon|7; —
ntoo

T
(D = IV 2 Foo 721 +/0 (@) )1 = (0" (165 )i ) dt)

T
=16l — 1Dy = 1V | oo.1:00) +/0 (' = (' () 1) dt

where the second equality can be obtained in view of on the assumption (89) on the approx-
imating initial data and on the convergences (95) for {y,}—which guarantee that ¢’(y))—
a'(y") strongly in L?*(0,T;H)—and (97). Note that the last member in the above chain of
inequalities equals the right-hand side of (107), as it is readily checked by passing to the
limit in (92) in view of (94)—(98).

Finally it remains to check that ", " and u" fulfil the first equation: noting (90), (94),
(96) and (97), which entails that

J (o, (90))—Ju in L*0,T; V") (108)
it all reduces to proving that
J'u'(t) € 0y (V'(t)) for ae t€(0,T)
which can be rephrased by means of the multivalued operator .o/ previously introduced as
J'u" e o (109)

Then, taking into account (71), (87), (96), and (108), we can conclude (109) provided that

T

T
lim sup A (" (a(V,(2))), 0,(2)))« dt < /0 (" (W'(1)), V(1)) dt

nToo

Thus, recalling the definition of ((-,-))., we test (91) by (J')~!'(¥"). The convergences so far
obtained allow us to pass to the lim sup in (91), obtaining the above inequality (we hereby
refer to the proof of Reference [3, Theorem 4.1], where all the computations are developed
in detail).

We have thus proved that the limiting pair (¢9",%") is the (unique) solution to Prob-
lem P): since the limits do not depend on the subsequences extracted, we finally infer
that the convergences (94)—(96) (and thus (97), (98) hold indeed for the whole sequences
{}s {05} {ow(¥,)} and {B"(%;)}.

In the end, it remains to see the additional regularity ¥* € C%(0,T; H). Indeed, upon as-
suming (83) and strengthening (90) up to f, — f in L*(0,T; H), we can test (91) by 9%(s)
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(which is in V for a.e. s€(0,7)), then integrate on (0,¢) and get

t
) ) v 3 v
O+ [ (036 T ds < [ufi + 519,
0

2
|L2(0,t;H)

1 : :
+ E (H.fn”iZ(O,T;H) + HatX;zH%z(O,T;H) + V2HO(,,(Q9;)||%2(OJ;H))

By the monotonicity of o, the integral term on the left-hand side is positive, and applying
Gronwall’s Lemma, we easily infer

|90\l oo,y < C (110)

which eventually entails (99) by virtue of [31, Cor. 5]. |

3.3. Passage to the limit and existence for Problem 1

The following convergence result holds for the sequence {(y",9",u",£")}, of the solutions to
Problem P".

Proposition 3.3

Let {(y",9",u",&")}, be the sequence of solutions to Problem P’: then there exist
y €HY0,T; H)NL>®(0,T; V) N L*0,T; W), 9 € H'(0,T; V')NL>(0,T; H),u € L*(0,T; V) and
€ L*(0,T;H) such that the following convergences hold as v | 0 and along some subse-
quence {v;} as kT oo

y —*y in HY(0,T; H)NL>®(0,T; V)NL*(0,T; W) (111)
y' — y in C°([0,T]); H)NL*(0,T; V) (112)
9 —*9 in H'(0,T; V')NL®(0,T;H) (113)
¥ — 9 in C°([0,T]); V") (114)
u® — uin L*(0,T; V), vu’ =0 in L*(0,T; H) (115)
&k — &in L*(0,T; H) (116)

and the quadruple (y,9,u, &) satisfies (33)—(34) and (11).

Proof

In order to provide some a priori estimates for the approximate solutions {0}, {y'}, let
us test (77) by u’, (78) by 0,x’ and integrate on (0,7) for a.e. t€(0,7). We retrieve the
analogue—obviously replacing ¢, by ¢", y, by y' and o,(¥)) by u'—of (100) in the proof
of Proposition 3.2. (Note by the way that we need to perform a regularization procedure
on the test function 0,x"(s), which does not belong to V for a.e. s€(0,T): to this purpose,
we refer the reader to [33, Lemma 2.1], where the suitable regularization is devised, and to
[13, Proof of Theorem 3], where the technique is applied in detail to a similar estimate).
However, unlike (100), we do not have the full V-norm of " on the left-hand side, since v
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is a vanishing parameter now. So we remark that

‘/ (f(s),u’(s))ds

<3 [+ [ e - mae s
[ 1@l s (117)
0
By comparison in (78),
/ L s s

< \Ql”z/0 LS (m(Gr" (s )] + [m(E ()] + [m(a’(2"(s)))]) ds (118)

Labelling S;,i = 1,2,3 the summands on the right-hand side of (118), using (28) and the
Lipschitz continuity ¢’, we can see that

Cl||f||L2(0T V’)+ ||5t/( ||L2(OzH) (119)
t
si<e [ 176l ( [0+ faemsmar) as (120)
0 Q
1 2 ' V)2
S3 < B I/ 20y a3 (1 + A 10" |72¢0,5:1) A5 (121)

where the constants ¢y, ¢;, and ¢; depend on |Q|, T, the initial datum y, the Lipschitz constant
L of ¢’ and My in (28).
Collecting (117)—(121), the analogue of the estimate (100) now reads

t t
[awremas+y [ ek ds+ [ 1906
Q 0 0
' ) 1 v A( Y
+ [ @k s+ 3 90Ok + [ o)< G+ 1 o)

' ) v 1 v v 1 v
+ ‘/o (0'(x"(s)), Oix"(5))u ds| + 5 [u" — m(u )leﬁ(o,t;l/) + ) 10:x H]zﬂ(o,t;H)

c(/ t 7 ( [+ wsmar) + 1021 o) (122)
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the constant Cy depending on the initial data ¢, yo. Now we can deal with the second term
on the right-hand side of (122) arguing as in (102)—(103), while, on behalf of (24), we have

1 ) Lo
3 0 =m0 g, = 5 [ 190G ds (123)

and the latter term above is controlled by the third integral on the left-hand side of (122).
Finally, in order to estimate the last summand on the right-hand side, we apply Gronwall’s

Lemma [29, Lemma A.4] to ||ﬁ(x"’(s))||L1(Q) + ||6,)("Hi2(0’S;H) and conclude that

x HIO,T:H)N L= 0,T:7) T VI/ZHHVHLZ(O,T;H) + [Ju" — m(”‘,)”LZ(O,T;V)

F 2O~ orei@) + 1BOO e riey < € (124)

for a constant C independent of v.
Recalling (28) and arguing by comparison in (78), we note that |[m(u")||;2r) < C, so that
we also infer that
[l 207y < € (125)

Moreover, since the estimates (105), (106), and (110) in the proof of Proposition 3.2 are in
fact independent of v, we deduce that

19" g0,y + 10" |z oy + 10 |20,y + 1E7 | 20,70y < €

So there exist y,¥,u, and & such that the convergences (111)—(116) hold along some subse-
quence {v;}.
We pass to the limit in (77)—(78) and, arguing in the same way as to prove (107), we note

that
1imsup// x"cf"dxdté// ¥ & dxdt (126)
110 0 0

entailing that £ € (y) a.e. in Q in view of [32, Prop 1.1]. In the same way, u € a(?}) a.e. in

0 follows from
lim sup // Pu’dxdt < // Yudx dt
vi0 0 0

by the properties of the maximal monotone operator «. Therefore, the quadruple (y,v,u, &)
fulfils (33)—(34), as well as (11) on behalf of (112) and (114).

The convergences (111)—(114) for the approximate solutions {", '} hold in fact along
the whole sequence, since the limit pair (¥,x) is unique, as we will show below. In turn, the
selections &€ f(y) and u € a(?}) satisfying (33), (34) are not uniquely determined, and we
cannot therefore reinforce the convergences (115)—(116). |

3.4. Uniqueness for Problem 1

Remark 3.4
We claim that there exists a positive constant C*, depending only on 7, |Q2| and L, such that
for any solution pair (19, ) of Problem 1 corresponding to data ¥y, yo and f which satisfy
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(30)—(32), there holds

16(D) | e 0,721 @)y + ||alX||%2(0,T;H) + HX”%&(O,T;V) +1BGO e 0.2 2))
< (141800 + 1B + 20l + 11f Bror.m) (127)

To check this, we test (33) by u, (34) by 0y, integrate both on (0,¢) and add the resulting
equations. Formal computations (which can be made rigorous by performing the regulariza-
tion on J,;y we have mentioned in the proof of Proposition 3.3) allow us to obtain, upon
cancellation of two terms,

R t t 1
[ avoyas+ [ vus)ds+ [ 1ol as+ 519200
+ [ Bemar< [enus)ds+ [ s+ 3 9201

+ /Q ) dx /0 ( /Q |a'(x<x,s>)atx(x,s)|dx) ds

The first summand on the right-hand side of the above inequality can be dealt with by
developing exactly the same estimates as in (117)—(123), while the last term can be treated
arguing as in (102)—(103). Recalling the computations developed throughout the proof of
Proposition 3.3, it is therefore easy to deduce that the estimate (127) holds.

Proof of Proposition 2.1

Let (4,9, u',&"), i=1,2 be two quadruples fulfilling the variational formulation of Problem
1 corresponding to the data ¥, i, and f7 and let ¢’ :=%' + 5’ be the corresponding internal
energies. Let us put

== 0= =2, Ei=el =@t wi=u' —u?, E=E -8, fi=f'-f?
Clearly, the quadruple (&, 7,u, &) satisfies
de+Ai=f in V', ae in (0,T) (128)
07 +A7+E+0'(n)— 0 (r)=i in H, ae. in (0,T) (129)
Now (128) yields that
%(m(é(t))):m(f(t)) for a.e. 1€ (0,T) (130)
whence, integrating in time, we find that there holds

Im(e())| <C(|[ — v+ llxo — zollv + ILf1 = f2||L2(0,T;V/)) (131)

for a.e. 1€(0,7) and for a positive constant C independent of .
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Let us test (128) by A7(e(¢)—m(e(t))), (129) by j(z)—m(é(t)), add the resulting equations
and integrate in time: we have to take into account the cancellation of the terms fot (u(s), i(s)—
m(é(s)))n ds, and note that

(Ore(t), N (e(1) — m(e(1))))

(O(e(r) — m(e(1))), N (&(1) — m(&(1))))

1d
2t

I16(t) — m(&(t))|3  for ae. t€(0,T)  (132)

since A"(e(t) — m(é(t)))€ " (the subspace of the zero mean value functions of V'), taking
into account (25) as well. Therefore, we get

3120 = @)+ [ @) ds+ 5 1706 + [ VG s
~ [[@srm@s ) ds + [ (E6).76)m a5 <5 10) — m@OD
0 0
gl =73+ 5 [ 160 m@s as | [ (@G0 - s s
- Cor
+§ Hf”iz(O,T;V’) +/0 /Qm(e(s))i(x,s)dxds

+/0 (m(&(s)), 0" (2'(s)) = o' (£())mr ds (133)

Now, the second (sixth, resp.) term on the left-hand side of the above inequality is positive
thanks to the monotonicity of the graph o (f5, resp.). As for the right-hand side of (133), we
first of all note that the fourth term is easily estimated by C]| ;Z||i2(0) ..y 0 view of (29), and
we can deal with the last term in the same way, also reminding the estimate (131) for m(é).
Moreover, integrating by parts and recalling (130), we note that

/0 (07(5) m(&(s)))y ds
- / (m(F(5)), 7)) ds + / m(@(1)7(x. 1) dx
0 Q

s = 1 _ 1 _
- [ (@) 75.0)dx < 317, + 3 7O
+CIYe = 9115 + 120 = 2l + 1.F a0, 7)) (134)
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Finally, we have

JRCCOIESIA
</0 |m(e_(5))\(||fl(S)HLl(Q)+||52(S)|\Ll(sz))d5

<2M/3|Q|/ |m(€_(S))|dS+M/f/ m(@sDIIBG )i
0 0
HIBGA$)| ) ds (135)

Obviously, the first summand on the right-hand side can be treated by means of (131),
while the second term is estimated by the data ¥}, x) and f’ of the problem as prescribed
by the preliminary a priori estimate (127). Collecting (133)—(135) and applying Gronwall’s
Lemma to |é(¢) — m(e(2))||3 + |7(¢)|3, we readily deduce the continuous dependence esti-
mate (35).

4. ASYMPTOTIC ANALYSIS OF PROBLEM P, AS ¢ 0

First of all, we give a sketch of the proof of Proposition 2.2, which extends the techniques
developed in Reference [13, Theorem 2.1] in demonstrating an analogous continuous depen-
dence result for the viscous Cahn—Hilliard equation (in the particular case of (7)). On the
other hand, the computations are similar to the ones developed for the proof Proposition
2.1. Therefore, we will just outline the main steps of the argument, referring the reader to
Reference [13] and to Proposition 2.1 for the details.

Outline of the proof of Proposition 2.2

Preliminarly, we show that there exists a positive constant C,., depending only on T, ||
and the Lipschitz constant L of ¢’, such that for any solution y € H'(0,T; H)NL>(0,T;V)
NL*0,T; W) to Problem 2 corresponding to data yo and f which satisfy (36)—(37), there
holds

|atXH%2(O,T;H) + HX”%OO(O,T;V) + ”ﬁ(X)HLOC(O,T;Ll(Q))

<G+ [1BG0)ll) + ol + 1 .7 (136)
To see (136), we test (38) by A7(0;x) (noting that m(d,y)=0 by (37) and (38)), we multiply
(39) by 0y, we integrate the resulting equations on (0,¢) and we finally sum them up: the
same computations of Remark 3.4 apply to this case, with obvious differences, and we get

(136).
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Now, to prove (40), we consider two solutions y; and y, to Problem 2 corresponding to
the data yo;, f, i=1,2 and we let y:=y; — x2. In view of the assumption (37) on the source
terms f;, we see that y has constant mean value m(y)=m(xo1) — m(x02). Then, we subtract
equation (38) for y, from (38) for y;, and we analogously proceed for (39); we test the
equations thus obtained by A4"(y — m(y)), and by y — m(y), respectively. Next, we integrate
in time and add the ensuing relations. Therefore, we get

1 1 !
3 10 = m) e + 5 |0 =) + [ 1Vl ds

' 1 2 1 2
+ ; (E65), 2D ds <5 o1 = o2 = m(O i + 5 [xor = 02 = m(p)l

1 1
+§Hf1 - f2H§Z(0,T; 1) + 2 ||l - m(l)”iz(o,r; )

+ ‘/O (0’ (1 (s)) = 0" (x2(s)) x(s) — m(y))mr ds

+ / (m().E1(5) — Ex(s)) s
0

Comparing the above inequality with (133) in the proof of Proposition 2.1, we see that the
last two summands can be treated by performing the same estimates developed therein. In
particular, we have to make use of the a priori bound (136) for \|[§(}(,~)||Loo(0’T;L1(Q)) in terms
of the data yo; and f;, i=1,2. Thus, we succeed in obtaining (40).

Proof of (i) in Theorem 2

In order to obtain a priori estimates on the sequences of approximate solutions {y.} and {¥,},
first of all we test (33)—in which the maximal monotone graph « is given by the function
o, in (17)—by u, = a.(9,) = &"J; — 1/, and we integrate in time. Next, we multiply (34) by
0Oy, and integrate on (0,¢). We add the resulting equations; two terms cancel out, and, upon
performing the regularization on the graph o, described in the previous Section 3.2, as well
as regularizing the test function J,y., we obtain

1+ t t
100 ¢ [ toeydr+ [ anl s+ [ Vs ds
43 IV + [ B+ [(@ s anmds =3 G

t
0

+ [ oo ar+ S0 —e [ oa@enans [Geaenes a3

Let us recall the elementary inequality » — log(r))%(r + |log(r)|) for every r>0,
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entailing

eltn ) gltn )
1w o [ a0 ds > S ol —o [ [l

8l+11 82
= > 19.(0)|7 — y 1907 — C

el

> 0k - C (138)

where we have used the elementary fact that ¢ <e'*" for ¢<1 and for every 0<p<I.
The last integral on the left-hand side of (137) can be handled as in (102)—(103), while
for the last summand on the right-hand side we argue exactly in the same way as in
the proof of Proposition 3.3—mnamely exploiting (28) and applying Gronwall’s Lemma, see
(119)—(123). Collecting (137) and (138), in view of the assumptions (44)—(45) on the app-
roximate data, we easily infer that there exists a positive constant C independent of &
such that

S(HW)/ZHI%HLOC(O, 1) + €| log(ﬁﬁ)HLOO(O,T;LI(Q)) + HXeHH!(O,T;H)me(o,T;V)
Bz 0.7 002y + lttell 20,7y < C (139)

(notice that the estimate for |[u;|;2(0, 7,1y follows from the bound for ||Vul;20,7.), as well
as from the estimate for |[m(u;)||;2,7), which can be inferred by comparison in (34)). Pro-
ceeding in the same way as in the proof of Propositions 3.2 and 3.3, we obtain the further
estimates

el 2o, 7wy + WEellzgo, 7,y + €ll0ell 20,77y SC - Ve>0 (140)

Therefore, (48) immediately follows, while invoking the (weak) compactness results of Ref-
erence [31, Theorem 4, Cor. 5], we find that there exists a triplet (y,u, &) such that the
convergences (46)—(47) and (49)—(50) hold along some subsequence {¢}. Thanks to (42)
as well, we can pass to the limit in the (variational formulation for the) approximate equations
(15) and (16) and we find that y, u, and ¢ fulfil (38) and (39)—indeed to see that &€ f(y)
a.e. in Q it suffices to argue by monotonicity as for (126). Finally, (47) and (41) ensure
that y satisfies the initial condition (8), and it is thus the unique solution of Problem 2; by
uniqueness, we infer that the convergences (46)—(47) hold in fact along the whole sequences

{:} and {7.}.

Proof of (ii) in Theorem 2
Let us set

Xe = Xe — 1> 53:23196+X3_Xs ﬁe::us_u 53:255_5: f:ﬁ_f
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Subtracting (38) and (39) for (y,u,&) from (15) and (16), respectively, for (y.,v.,u.,E.),
we find

08, + Aii,= f, in V', ae. in (0,T) (141)

Jer

O, +Aj, + ¢ +0' () —0d'(x)=i, inH, ae. in (0,7) (142)

Arguing as in the proof of Proposition 2.1, we see that
m@N<CE v + 120 = 20w + | £l 0.0y (143)

Let us test (141) by A"(€.(t)—m(e(t))), (142) by 7.(t)—m(é,(t)), add the resulting equations
and integrate in time. In view of (132) and cancelling two terms like for (133) in the proof
of Proposition 2.1, we conclude

%He}([) - m(éﬁ(t))”%// + / (8191:(5): ﬁ,;(S))H ds + / (5%;(5),'"(5::(3)))11 ds
0 0
iR+ / VL) ds + / (0(0(5)) — (1)), 7,(5))n ds
2 vE 0 & 0 v 2 &

1 ~
20— xolf + 5 ||sz§2(o,T; 71

+ [[C2mds <5 10.0) = m@ O] + 5

1 t . . t R -
+§/0 18.(s)=m(&.(s))][7 ds+/0 (m(&,(5)), u(s)+0"(:(s)) =" (x(s))mds  (144)
The only substantial difference between the inequality above and (133) in the proof of Propo-
sition 2.1 consists in the second term on the left-hand side, which is bounded by
1&0e | 20, 10y 18 | 20, 7510 < CEC P2 (145)

on behalf of (139). As for the remaining summands, we can work out the analogues of
the estimates (134) and (135); in particular, once again we will have to exhibit an a priori
estimate for ||f(x,)|| 112> Which is readily inferred from (139). Therefore, upon recalling (143)
for m(é,(¢)) and applying Gronwall’s Lemma to ||€,(¢#)—m(é.(¢))||%,+|7.(¢)3, we easily derive
from (144)

||e~s||%oo(0,r; vyt H)?gHch([o,T];H)mLZ(o,T;V)
SCEING + 128 = 205+ 1oy + 128 = 20l 47072
yielding (51) on account of (44) as well, whereas (52) obviously follows from (139). |
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5. ASYMPTOTIC ANALYSIS FOR P} AS €010

Proof of (i) in Theorem 4

Proceeding as in the proof of Theorem 2, we test (33) (with o =0a,) by u,s =¢"0,5 — 1/0.s, the
variational formulation (34) of (21) by 0,x.s, we sum up and integrate on (0,¢). Therefore
we get the analogue of (137)

81+;1 t t 1
S 10s0 + 0 [ ans@fyds+ [ Fas()fds+ 5 VG

4. w2 1+n
+/ <xw(x,t) - ,(m(x,t)> dx<C+ Z— |05, — 8/ log(V55(x)) dx
Q 4 2 2 Q

t
0

3 I+ [ ast [ () usto)) ds (146)

The last term on the left-hand side can be handled by means of (73), choosing e.g. p=1/2.
In turn, arguing as in (117)—(121), we see that for the last summand on the left-hand side it
suffices to observe that

/0 ol 8): (30, 71:5(5) + 15(5) — 7:0(5))) di

t
<jo)"? /O 1)l 188, 725(5) + 725(5) — 10(5))ds

3 [
<CO+ sl + 5 [ 10l ds

t
+ / o) 760 gy s (147)

where we have applied (74) with p=[Q|"2. Combining (146) and (147), we can estimate
the second summand on the right-hand side of the above inequality with the first term on
the left-hand side of (146), since 6°<é for < 1. Finally, we apply Gronwall’s Lemma to
||Xu3(t)||i4(m and we argue as in the proof of Theorem 2 (see (137)—(138)), so that we easily
deduce

g+m/2 |

s llrzco, 7y + 1ol 20,7 wynzse 0.7y + 51/2”@)&5”&(0, T:H)
H|e0ies + Oixesll 2o, 75 vy + ttesl 20,77y <C (148)

for a constant C >0 independent of ¢ and 6. Hence, we readily find that (67) and (68) hold;
further, by the compactness results in Reference [31], there exist ¥ and u such that (64) and
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(66) hold along some subsequence as ¢ and J /0. Now, taking into account (67) as well, we
deduce (69) for the same subsequence. The estimate (148) and the results in Reference [31]
ensure that {&v,s + 1.5} strongly converges in C°([0,T]; V"), so that we infer the first part of
(65).
The second one is instead deduced from
12
”Xsé - XHEZ(O,T;V) < ||X£(3 - XlliZ(O,T;V')”Xa‘é - XHLé((),T;V)HXcé - XHLZ(O,T;W)

which follows from well-known interpolation results: note that the first factor on the right-
hand side vanishes as ¢ and ] 0, whereas the last one is bounded in view of (148). Since
%0 — y a.e. in O along a subsequence by the Egorov theorem, by a simple application of the
dominated convergence theorem we conclude that

75— ¢® in L2(0,T;H) as & and 610 (149)

Finally, the further regularity y € C°([0,T]; H) ensues from y € L>(0,T;V)NC°([0,T]; V"),
which gives y € C%([0,T7]; V) c C°([0,T]; H) on behalf of [34, Lemma III.1.4].

By the convergences proved so far, we manage to pass to the limit in (15) and (21) and
we achieve that the limit pair (y,u) fulfils (59)—(60) with the initial condition (8). This done,
we deduce that y is the unique solution to Problem 3; since the limit u is uniquely determined
as well by (60), we recover that (64)—(66) and (69) hold for the whole sequence. |

Proof of (ii) in Theorem 4 -
We introduce 7,5 := e — > €eo := U5 + X5, Ues :=Ues — U, and fo5:= fos— f'; in this framework,
an estimate analogous to (143) holds for m(é,s), and, on account of (148), we further have

[m(7,s(t)| < &|m(Ues(t))] + [m(é:5(2))|
< 8(]_V’)/zllﬁc(sHLz(O,T;H) + CCe|I5Nv + 111 — llvr + | fosllzo, 7)) (150)

Let us take the difference between (15) and (21) for the pair (y.s, %) and (59) and (60)
for (y,u). We obtain that (7., €., l,5) satisfy the analogue of (141), as well as

0011+ ATy + 25 — 1 — (o — ) =1ty in V', ae.in (0,7) (151)

We test the former equation by é,5 — m(é,s), the latter one by J,; — m(é,5), we integrate in
time and sum up. We thus get an inequality perfectly analogous to (144)

1 t t
2 l6() — m@s()l + / (e0,5(5). Bus(s) ) ds + / V(7,550 ds
1 t
+ 5/ (atXL‘ti(S)s Zg&(s) - m(éz;é(s)))H ds + / (X?()(S) - XS(S)ﬂ Zs&(s))H ds
0 0
< 1 12u(0) — m@aO)3 + 2 1702 +1/’ 12.5(5) — m(Z.s()) |3 d
x 7 &0 m\ € v’ 7 e 1120, T;7") 7 o €e5(s m(eg5(s » as

t 1
+ /(J?g(s(s),f{g(s(s)—m(ésa(S)))H ds+/ (m(&.5(s)), 25(s) = (s Nmds  (152)
0 0
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Then, we recall the estimate (145) for the second term on the left-hand side, while the fifth
integral is positive by monotonicity; as for the fourth summand, we can rewrite it as

5/‘1
2 J, dt

+ 5/0 (m(£ia(5))s Zs(5) — m(Ees(5)) ) ds (153)

Zos(s) = m(Esa(s))7y ds + 5/0 (0 (8): Zo5(5) — m(&es(s))) ds

also taking into account that (d/dt)m(és(g(t)):m(;’;(t)) for a.e. t€(0,T). Clearly, the first
term in (153) brings about a bound for 6'2||7,; — m(E.s)||z>(0, .11y, While we can estimate the
two remaining summands by

& &’ ~ N -
5 HatXHiZ(O,T;H) + bl Hfs&”iZ(o,T;V’) + (175 — m(esé)HiZ(o,t;H) (154)

By suitably rearranging the terms, we see that the fourth integral on the right-hand side of
(152) equals

t

/ (Es(5): 715(5) — m(Tug(5))) ds — / (2.s(s).m(ed,p(s))) ds
0 0
- / (05(5), 725(5) — m(Zus(s))) ds + / (0,5 m(e0,s(s)) ds

1, . - ~
<5 e — m(XS(S)||iZ(O,t;V) + C(HeséHiZ(o,;;V/) + 82“1985”%2(0,T;V’))
2

We can estimate the second summand on the right-hand side of the above inequality by
€:s(2) — m(€s(t))3 + [|m(é.5(¢))||%,, also reminding the bound (150) for |m(é:)l|z.1),
|lm(é:s)||, while by Poincaré’s inequality the L°°(0,7') first integral term is estimated. Note
also that by Poincaré’s inequality we can estimate the first integral term on the right-hand
side of the above inequality by means of the term fot IV(7.5(s))|% ds on the left-hand side
of (152). Finally, referring to Reference [13, Proof of Theorems 2.1, 2.6] for the details, we
observe that for the last term of (152) there holds

/0 m@a (D) — 2 ds
< / M@ NIEE) + 72(5) + 1( )20 Fan5) — m(Foa(s))) ds

[ @AM + 7(5) + D1 175 = 1)

+ C(|[m(&es) |7 0,y + [1m(Ees) oo 0.0y [m(F sl o0 0.0 )X+ 265l 20y + 12l 720))  (155)
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Collecting (152)—(157), taking into account (150), the a priori estimates (148), the as-
sumption (44) on the initial data ¥%, and finally invoking Gronwall’s Lemma for the term

£0°

l|€:5(2) — m(é:5(2))||3, in (152), we finally obtain

Héc5||200([0,r];w) + 0|75 Foe 0, 7oy T 175 — m(f(sa)H%Z(o, )
SCE2 4+ 0%+ | fool? + s — 25 + 015 — 2°l)
which yields (70). 0

Proof of Theorem 3

Preliminarily, we test (54) by 1—1/9%, (55) by 0%, integrate in time both equations and sum
them up. By performing the same computations as in the proof of Theorem 2, we recover the
a priori bound

i co, reenynzee o, 2o, mowy + 14l 20, 7y + 1165200, 7301y < C (156)

for the approximate solutions y¢, u‘; note that we do not however dispose of estimates on ¥,
which prevents us from directly passing to the limit in the approximate system (54)—(55).

Next, we integrate both (54) for (¥, %) and (38) for (y,u) on (0,¢), t € (0,T), we
subtract one from another, and we eventually get

205 (0) + £0) — 2(1) + A ( oo - u(s))ds)

t
- / (f5(5) = f(s))ds + &%, + 7% — 70 in V"
0

which we test by u4(¢) — u(t) for a.e. t € (0,7). Then we take the difference between (55)
and (39) and we test it by x4 — y. We add the two resulting equations and integrate in time,
which yields

o [0 ~ ) s+ 3 70 = 10+ [ 90 )l ds

+ /Ot (V (/Os(ui(r) — u(r))dr) , V(ui(s) — u(s)))H ds
+ / (E5(5) — &) () — 2(s))r ds = / < / (S50 — £(r))dr, ai(s) — u(s)> ds
i / (9,1 (s) — u(s)) ds + / (2245 — 1008t (s) — u(s) ) ds

0 0

—/O (0" (22(s)) = 0" (x(s))s xi(s) = 2(s)m (157)
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The first term on the left-hand side can be split into

t t

o [ 1056~ )~ us) ds -+ o [ (D6u(s) ~ uls) ds

0 0

9 fulfilling (56), so that the first summand is positive by monotonicity, whereas the second
one is estimated by &||0|| 20, 7.p)l|1s — w1200, 7.y — 0 as £] 0, thanks to (156). Similarly, we
estimate the first summand on the right-hand side of (157) by

t
/
which vanishes for ¢ 0 by (42). The next two terms on the right-hand side of (157) can
be estimated likewise, on behalf of the assumptions (41) and (53) on the approximate data;
finally, the last integral is treated once again by exploiting the Lipschitz continuity of o’.

Applying Gronwall’s Lemma to |y2(¢) — x(¢)|3, we infer from (157) and (156) that (57)
holds, as well as

/0 () — f(r)dr

[ui(s) — u(s)lly ds < CILfS = Sl rnllui — ull .z
V/

\Y (/Z(ui(s) - u(s))ds) —0 in L>=(0,T; HY) as ¢ 0 (158)
0

On the other hand, (156) ensures that u® is weakly converging in L?(0,T; V), at least along
a subsequence; clearly, for any subsequence {u*} weakly converging in L*(0,7; V) to some
limit u*, there holds V(u*%)— V(u*) in L*(0,T; H). By comparison with (158), we conclude
that

t t
/ Vu(s)ds= / Vu*(s)ds for ae. t€(0,T)
0 0

being ¢ arbitrary, (58) ensues. |

Remark 5.1
It is clear from the argument developed above that (58) can be reinforced to

u(x,t)y=u*(x,t) for ae. (x.t)eQ (159)

as soon as the nonlinearity f§ 4+ ¢’ reduces to (7). Indeed, the weak convergence u* — u* in
L*(0,T; V) can be combined with the convergence (%)> — 3% — %3 —x in L*(0,T; H). In view
of (57), we are thus able to pass to the limit in (55), and obtain that the analogue of (39)
(in the case of (7)), holds for y and u*. By comparing (39) for « and (39) for u*, we then
deduce that (u(¢),1) = (u*(¢),1) for a.e. t€(0,7): combining this with (58), we completely
identify u#* and obtain the desired conclusion (159).
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