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Abstract

We prove an existence result for an initial-boundary value problem which models
a perturbation of a phase transition phenomenon with supercooling effects. When
the perturbation parameter goes to 0, an asymptotic analysis is performed. It
leads to an existence result for a slight modification of the original problem in the
framework of Young measures.

1 Introduction

We address the following system of phase field type

(1.1) 0y + Loyx — kAY = f in Q x (0,7),
L .

(1.2) =00, Vx)(0x)” — Ax+ B(x) +0'(x) 3 (0 =0e) in 2 (0,T),

where € is a bounded, connected domain of RV, N = 1,2, 3, with smooth boundary
I' := 092, occupied by a physical system which undergoes a solid-liquid phase transition in
the time interval (0,7"). We denote by @ the space-time cylinder Q x (0, 7T"). The evolution
of the phase change phenomenon is described in terms of the absolute temperature v
of the system (. denoting the melting temperature), and of the order parameter Yy,
representing the volume fraction of the liquid phase. Hence, (1.1) is an energy balance
equation, obtained by adopting the Fourier law q := —xV4, with k > 0, for the heat flux;
L > 0 is the density of the latent heat of the phase transition, and f possibly represents a
heat source. On the other hand, the parabolic equation (1.2) yields the dynamics of the
phase parameter: here, §: R — 2R is a maximal monotone operator, the subdifferential
of a convex function 3, while ¢’ is a Lipschitz continuous function. For example, we
might choose 3 := 0Ij,4, i.e. the subdifferential of the indicator function of the interval
[a, b], thus inducing a constraint on the values of x. Combining this with an appropriate
quadratic polynomial as function o, /ﬁ\Jr o is equal to the double obstacle potential

o) ::{—(s—a)(s—b), if sé€la,bl,

~+00, otherwise.

(1.3)

On the other hand, 3 is also often chosen to be an increasing polynomial function, so that
the sum [+ o’ yields the derivative of a non convex energy potential W : e.g., the double

1



well potential
(1.4) W(r) = (r* —1)*/4 Vr eR.

Finally, n : R x R* — [0, +00) is a relaxation parameter function, which was first intro-
duced in the modelling of solid-liquid phase transitions with supercooling effects in the
paper [7].

In fact, in the previous paper [7], the following phase field model was addressed:

(1.5) 00 + Loyx — kAY = f in Q x (0,7T),

L
(16) n(ﬁa VX)atX - AX + a][o,l}(X) > 19_09 - 19(:) in 2 X (07 T)a

which was shown to be related to a generalized Stefan model with supercooling effects.
A thermomechanical derivation, according to the approach proposed by M. FREMOND
(see [11]), was also developed for (1.5, 1.6). In addition, in [7], (1.5, 1.6) was also derived
as an approximation of the Stefan model. Let us point out that such a derivation gives
insight on the role of the relaxation parameter function in (1.6): actually, n provides a
continuous approximation of the map (9, Vx) — ¢(9)/|Vx|, where ¢ : R — [0, +00) is
a function describing the dependence of the normal velocity of the freezing line on the
temperature. Hence, following the discussion in [7], we may think of

c(v c(v
n(v, V) = W;ﬁ’ or (¥, Vy) = ﬁzw’

for some 0 > 0. In [7], two existence results under two different sets of assumptions on 7
were proved for the system (1.5, 1.6), supplemented with third type boundary conditions
on v, homogeneous Neumann boundary conditions on Yy, and suitable initial conditions
on ¢ and y.

Later on, in the paper [12], it was argued that the order parameter equation (1.6) might
be replaced by the following relaxed equation:

(L7)  edx — (0, VX)(9x)” — Ax + 0l 1(x) 2 5(19 —Ue) inQx(0,7),

C
where ¢ > 0 is a fixed constant. In [12], it is indeed shown that the system (1.1, 1.7)
provides an approximation of a generalized Stefan problem modelling a solid-liquid transi-
tion in which the water can stay liquid for some time before freezing also at temperatures
below the melting temperature 9., but the ice melts at 9., in agreement with the physical
experience.

Actually, in the present paper we will consider the PDE system coupling (1.1) and an
alternative equation for the phase parameter, namely

(18) O =00, TN — A+ B0+ (03 30— 0) in @ x (0.7)
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(which of course generalizes (1.7)). Then, note that (1.2) can be formally obtained from
(1.8) by setting ¢ = 0. More precisely, we will firstly prove an existence result for the
system (1.1, 1.8), supplemented with the initial conditions

(L9) I,0) =Py X(,0) = o in

on ¢ and y, with third type boundary conditions on 9 and with homogeneous Neumann
boundary conditions on ¥,

(1.10) kO, +wid =g, Opyx=0 inlx(0,7),

where w is a positive constant and g : I' x (0,7) — R a given function, related to the
external temperature. Secondly, we will perform an asymptotic analysis of (1.1, 1.8, 1.9,
1.10) for vanishing €, and analyse the relations between the limiting system and system
(1.1, 1.2) in view of Young measure theory.

Let us point out that the equation (1.8) for the phase parameter displays a doubly non-
linear structure. More specifically, the analysis of (1.8) is connected with the study of
this abstract doubly nonlinear equation

(1.11) u'(t) + B(t)(u'(t)) + 0p(u(t)) > F(u(t)) in H, forae. te (0,T),

where H is a Hilbert space, {B(t)}ic(o,r) is a family of maximal monotone operators on
H, 0¢ is the subdifferential (in the sense of convex analysis) of a proper, convex, and
l. s. c. functional ¢ : H — (—00,+00|, and, finally, 7 : H — H is a given operator. In
fact, setting H := L*(Q), it is straightforward to check that (1.8) may be rephrased in
the form (1.11) with appropriate choices of {B(t)}ic(0,1), ¢, and F.

Therefore, the analysis of the system (1.1, 1.8) has led us to establish an existence theorem
for the Cauchy problem associated with (1.11), in the aforementioned setup, and under
the assumption that F : H — H is a continuous operator with linear growth (cf. (3.6)
later on). Indeed, we may think of F as a Lipschitz perturbation. As for {B(t)}ic(o.1), we
focus on the case of operators given by the product of a positive function in L>*(Q)) and a
maximal monotone bounded operator in H (see (3.9) below). Doubly nonlinear equations
of this kind are particularly relevant in the applications as shown in [9]; nonetheless, let
us point out that, as far as we know, (1.11) has not been investigated yet. Indeed, results
for time-independent B and F = 0 (but a more general operator d¢ acting on u’) have
been obtained in the seminal papers [9, 6] by means of the theory of maximal monotone
operators, [4, 5]. More recently, a Lipschitz continuous perturbation of a very particular
type, (but with a time-independent B) has been tackled in [15]. Indeed, our existence
result for (1.11) will follow from approximation by a time discretization procedure.

The plan of the paper is as follows. In the next section we give the notation, the as-
sumptions and state the main results. Section 3 is devoted to the proof of our existence
theorem for (the Cauchy problem related to) (1.11). Subsequently, in section 4, we prove



the well-posedness of the problem (1.1, 1.8, 1.9, 1.10): we introduce the Yosida regular-
ization of 3, we use a fixed point procedure which relies on the results of section 3, and
then we pass to the limit with respect to the regularization parameter. The asymptotic
analysis of (1.1, 1.8, 1.9, 1.10), as ¢ — 0, is performed in section 5 in the framework of
Young measures. Finally, some useful tools are recalled in the Appendix for the sake of
completeness.

2 General setup and main results

Our functional setting is given by the spaces
H:=L*(Q), V:=H'(Q), and W:={ve H*(Q) : dv=0};

we identify H with its dual space H’', so that W C V € H C V' C W', with dense and
compact embeddings. We denote by || - ||v, || - ||z and || - ||+ the norms on V', H, and
V', respectively, and by (-, )y the scalar product in H, while (-,-) is the duality pairing
between V' and V.

In general, given a Banach space Y, C°([0,T];Y) will denote the space of the weakly
continuous Y-valued functions on [0,7]. Finally, we denote by Cy(Q) the space of the
continuous functions on ) with compact support.

Assumptions on the data. We assume that the relaxation parameter function n fulfills
the following:

(2.1) n:R xR?— [0,+00) is continuous;

3K, >0 n(u,v) <K, VY(u,v)€R xR’

k

2.3 3k, >0 >_—1_ vy € R xR’
( ) n 77(% ’U) = 1+ |U‘ (uav) X
Moreover,
(2.4) B : R — 2% is a maximal monotone graph, 0 € 3(0), and 3 = 83, with
(2.5) B:R— [0, 0] convex, 1. s. c. ;
(2.6) o € CY(R), and o' € C"""(R) with Lipschitz constant A,.

The graph 3 : R — 2% and the function B : R — [0, 00] induce a maximal monotone
operator By : H — 2 and a functional By : H — [0, cc], with 3y = 98y. In the sequel,
we will often employ the notation

D(Br) = {v e H : Bulv) € Ll(Q)} .



Finally, when needed we will also strengthen our coercivity assumptions on the sum B\ +o

by
(2.7) 4Cs1, Cp2 >0 such that B(s) + o(s) > Cpils|> —Cpsa Vs€ D(3).

Remark 2.1. Note that if B and o are polynomial functions, and the degree of B is bigger
than the degree of o, then (2.7) clearly holds. So, the choice 8 + o = W, with W the
standard double-well potential (1.4)) is admissible.

Another admissible choice (associated with the original problem (1.5)-(1.6)), is given by

B\ being any proper, convex, l. s. c¢. functional with bounded domain (like the indicator
function of [0, 1]), and ¢ being any function satisfying (2.6), such that the double-obstacle
potential (1.3) would be admissible.

Also the choice # = £, with L(s) := In(;*;) if s € (0,1) and L(s) := +oo otherwise,
would be admissible.

As for the data of the problem, we suppose that
(2.8) do € H, xo0€V N D)
feL*0,T;V", geL*0,T;H Y*T)).
2.1 Variational formulation of the problem and existence result

Let us introduce the operator A : V — V' by

(Au,v) = /QVuVU dr Yu,v €V,
and let us also consider J : V' — V' defined by
(2.10) (Ju,v) := /QVU Vo4 w(u,v)r Yu,v e V.

Of course, J is linear and bounded on V; moreover, a standard version of Poincaré’s
inequality ensures that the operator J is also coercive on V', with bounded inverse J~! :
V' — V. Thus, we will endow the spaces V and V' with the norms

(2.11) lvll} := (Ju,v) Yo eV, |wl{ = (w J ' (w) YweV,

which are equivalent to the usual norms on V and V.

We also consider the function F € L%*(0,T; V") given by
(2.12) (F(t),v) == (f(t),v) + (g(t),v)r, Vv e Viorae. te(0,T).
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In the present framework, we can give the variational formulation for the initial boundary
value problem (1.1, 1.8, 1.9, 1.10) -note that for convenience we normalize the constants L,
k, and ¥, to 1, while highlighting the coefficient € of J;x in (1.8), in view of a subsequent
asymptotic analysis.

Problem 2.2. Find ¥ € H'(0,T;V')n C°([0,T]; H) N L*(0,T;V), x € H'(0,T; H) N

o~

CO([0,T]; V)N L2(0, T; W), such that x € D(B) a.e. in Q, and

(2.13) o0 +ox+JI9=F inV’, ae in(0,7T),

edx — N, Vx)(Ox)” +Ax+ &+ (x) =9 in H, a.e in(0,T),
for some € € L*(0,T; H) with ¢ € B(x) a.e. in Q,

(2.15) I(x,0) =do(z), x(x,0)=x0(z) forae x €.

(2.14)

We can now state our main existence result.

Theorem 1. Assume (2.1)-(2.2), (2.4)-(2.6), and (2.8)-(2.9). Then, Problem 2.2 admits
a solution (U, x,§).

Remark 2.3. Let us stress that the coercivity assumptions (2.3) on 1 and (2.7) are not
needed in the proof of Theorem 1, but instead play a crucial role in the proof of Theorem 2.
As it will be clear from the proof of the latter results, (2.3) and (2.7) basically compensate
for the poorness of estimates on 0, x.

Remark 2.4. Because of the special doubly nonlinear character of (2.14) (in particular,
due to the problems arising from the the factor n(9,Vyx) and the nonlinearity 3(x)), we
could not derive any uniqueness result for the Problem 2.2.

2.2 Singular limit of Problem 2.2

Let (Yo, X0, f,g) be a quadruple of data complying with (2.8) and (2.9), and let {V§}.,
{x§}s, {f°}:, and {¢°}. be suitable approximating sequences as ¢ | 0, fulfilling

~

(2.16) Xo— Xo inV, sup ﬁH(XS)’ < oo, U5g—1vy inH,

£

(2.17) =1 m L0, T;V"), ¢ —g inL*0,T;H (I)),

so that the sequence {F¢} C L?(0,T;V’) defined by {f°} and {¢°} by means of (2.12)
also fulfills

(2.18) Fe— F in L*(0,T;V') as e | 0.

Remark 2.5. The boundedness assumption for BH(XS) follows from the convergence for
X§ if a condition of the form

(2.19)  3Cs3 >0, ¢>0, such that Bu(v) < Cos (o)L, +1) Yve D(By) N V;
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holds. This condition is for example satisfied zfﬁ 15 polynomial of at most degree 6 or if
B is an indicator function.

Theorem 2. Assume (2.1)-(2.7). Let {95}, {x3}te, {f°}e, and {g°}: fulfil (2.16)-(2.17)
and, accordingly, let {(9, x:,&)} be a sequence of solutions to Problem 2.2 supplemented
with the sequence of data {(95, x§, f%,9°)}-

Then, there exist subsequences {U.,}, {xe.}, {&.}, and there exist 9 € H*(0,T;V’) N
C([0,T); HYNL*(0,T; V), x € HY(0,T; V') NnC°([0,T); H)NL>(0,T; V)N L*(0,T; W) C
Co([0,T); V), £ € L*(0,T; H), and a Young measure v = {vn} € V(Q;R), with

(2.20) sUpp(V(a,)) C M2y {0ixe, (7,t) + k > p} for ae. (7,1) € Q,
such that, setting

(2.21) Uz, t) = /R()\)du(x,t)()\) for a.e. (z,t) € Q,

we have £ € L*(0,T; L*3(2)) and the following convergences hold as k T oo :
(2.22) Xe, =X in L®(0,T;V) N L*(0,T; W),

(2.23) Xe, — X i LP(0,T; V)N CO[0,T); H) for all 1 < p < oo,
(2.24) e0ixe — 0 in L*(0,T; L*(Q)) ase | 0,

(2.25) (Ouxe,)” =€ in L*(0,T; L*Y*(92)),

(2.26) e, —". in L°(0,T; H) N L*(0,T;V),
(2.27)
(2.28)
(2.29)

Ve, — 0 in LP(0,T5H) for all 1 < p < o0,

ey +Xe, =0+ x  in HYO,T;V),

&, — & in L*(0,T; H).

Moreover, the quadruple (0, x,&,0) fulfills (2.13), the initial conditions (2.15), and

(2.30) (W, VX +Ax+E+0' (x) =9 in H, a.e in(0,T),
' € pflx) ae inQ.
Finally, for all 0 < t; <ty < T there holds

(2.31) x(x,t)) — /t2 Uz, t)dt < x(x,ta) for a.e. x €

t1

More generally, let n € M(Q) the limit Radon measure of Oyx-x, and p the Radon measure
on Q) given by

(2.32) (0. f) = /Q Fan) ( Iz <£>) dedt Vf € Co(Q).
Then,
(2.3 G f) > (ph f) Y € ColQ) with £ > 0.
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In the sequel of the paper, we adopt the convention of denoting by the two symbols C,
(" (whose meaning can vary within the same line) all the positive constants occurring in
the estimates, in some cases specifying their dependence on other known constants.

Remark 2.6. The inequality (2.31) yields that —¢ is a lower bound for the decrease of x.
It is an open question, whether one can formulate conditions ensuring that (2.31) becomes
an equality on some subset of 2 and for some values of t and s. Indeed, so far we have

not been able to conclude that ¢ = (Oyx)~, and hence to solve our original problem (1.1,
1.2, 1.9, 1.10).

3 An existence result for an abstract doubly nonlin-
ear evolution equation

Let us now enlist our assumptions on the function «, on the the operators B and F, as
well as on the functional ¢. Namely, we suppose that (cf. with the growth and coercivity
assumptions of [9, 6]):

dK, >0 st. 0<azr,t) <K, forae. (z,t) € Q;
B :R — 2% is maximal monotone, 0 € B(0), and

>0 ¢ <U(ju|+1) VEe€ Bw) YueR;
¢: H — (—o0,400| is proper, convex, L. s. ¢. ;, and 35 > 0 s.t.

W W W
w N =

[3%)
s

(
(
(
( the functional u +— ¢(u) + S|jul|}; has compact sublevels;

(
(3.

For example, a Lipschitz continuous operator F is admissible within this framework. Note
also that, by convexity, there exist positive constants S" and Cy such that

F . H — H is a continuous operator, and
IM >0 ||F(u)llg <M (Jlul|lg+1) VueH.

~— — ~— — ~— ~—

w
S Ot

(3.7) o(u) + S'||ull3; > —Cy VY u€H.

We will denote by By the realization of the operator B on H. Hence, By : H — 27 is a
maximal monotone operator, fulfilling

(3.8) FU >0 €y < U(||vl|lg +|9Q7?) VEe Bu(v) VueH.

Moreover, for a.e. t € (0,T) we will call B(t) the operator B(t) : H — 2! defined by
(3.9)
v € B(t)(u) if there exists £ € H, £ € By(u) s.t. v(x) = a(z,t){(z), for a.e. z €.



Problem formulation. Given the notation (3.9), we can now give a precise formulation
to the Cauchy problem for (1.11).

Problem 3.1. Given ug € H and f € L*(0,T; H), find a function v € H'(0,T; H) such
that

(3.10) u(0) = uo,

and there exist w, v € L*(0,T; H) such that

(3.11) w(t) € B(t)(W'(t)) for a.e.t € (0,T),
(3.12) v(t) € 0p(u(t)) for a.e. t € (0,T),
(3.13) u'(t) +w(t) +v(t) = Fu(t)) + f(t) for ae t e (0,T).

Theorem 3. Assume (3.1)-(3.6): then, for any ug € D(¢) Problem 3.1 has a solution
uw € HY0,T;H).

As it will be clear from the proof of Thm. 3, we can suppose f = 0 in (3.13) without loss
of generality, since this does not alter the substance of the argument.

3.1 Approximation

Time discretization. We fix a time step 7 > 0, such that there exists some N, € N
with 7N, = T, and consider the corresponding partition of the interval (0, 7T)

Pr={ty=0<t; <--<t, < - <ty _1<ty, =T}, t,:=nt forn=1,... N,

We also set

I
(3.14) al(z) = —/ a(z,t)dt forae xze€Q, n=1...,N,.
tn—1

-
By (3.1), o € L>*(Q) for all n = 1,..., N,, so that the operator
(3.15)
B": H— 2" given by:
v e B'(u) if there exists £ € H, £ € By(u), s.t. v(z) = o (z)é(z) for a.e. x € Q,
is well defined, maximal monotone, and bounded on H. Following the approach of [9, 6],

the starting point for the construction of approximate solutions to Problem 3.1 is the
following backward finite difference scheme:



Problem 3.2. GivenU? := ug, findU',... ., UN € H,w!,...,wN" € H, andv},... v €
H, such that for everyn=1,..., N,

n__ ,n—1
(3.16) b bt = FY i H,
T
n _ ,n—1
(3.17) M€@<£¥hﬂ,
-
(3.18) W' € D(u)

Indeed, Problem (3.2) has at least one solution {(u?,w?, v")}.\7,. This can be shown by
slightly adapting the proof of [6, Lemma 3.1].

Approximate solutions. Let U, and U_ be, respectively, the left-continuous and the
right-continuous piecewise-constant interpolant of the values {u?})~, fulfilling U, (t,) =
U (t,) =uforalln=1,... N, ie,

T

(3.19) U (t) =u" Yt€ (tp_1,tn), U (t)=u""' Vte[t,1,t,), n=1,...,N,.

T T T
We also introduce the piecewise linear interpolant U, of {u"}.7,, defined by

t— 1, thy —1 ,_
(3.20) U(t) := Lul + W V€ [th1,t,), n=1,...,N,.

T T 7

Also, let W, and V. be the piecewise constant interpolants of the values {w”})~, and
{w"}2 . Furthermore, we consider the piecewise constant interpolant @, of {a(x)}"7,,
ie.,

(3.21) fort,1 <t<t, @(x,t):=a’(zr) forae zel.
Note that @, € L>*(Q) and for any 1 < p < oo,

(3.22) a, —a in LP(Q) as T | 0.

Accordingly, we introduce the family of operators B, (t) : H — 2 by setting

v € By(t)(u) if there exists ¢ € H, ¢ € By(u) s.t.

(3.23) v(x) = (z,t)¢(x), fora.e. xe€.

Hence, (3.16)-(3.18) may be rewritten as

(3.24) U/(t) + Wo(t) + V. (t) = F(U(t)) forae. te(0,T),
(3.25) W.(t) € B,(t)(Ul(t)) for a.e. t€ (0,T),
(3.26) V.(t) € 0¢p(U.(t)) forae. t e (0,T).



Finally, let t., t,. : [0,7] — [0,T] be defined by

(327> EF(O) = 1—-7(0) =0, i’r(t) =1, for te (tk—17tk};

(t) =11 for te [tkfl,tk).

Of course, for every t € [0,T] t,(t) | t and t.(¢) Tt as T | 0.

In the sequel, we will prove that, up to a subsequence, the sequence {(U,, W,,V,)}.
converges to a triplet (u,w,v) solving Problem 3.1.

Preliminary results. The following result, whose proof is immediate, will play a crucial
role in passing to the limit in (3.24)-(3.26).

Lemma 3.3. Let {a,,} C L®(Q) be a sequence fulfilling

(3.28) AC >0 0<ap(x,t)<C forae (x,t) €Q,
(3.29) da € L™(Q) s.t. ap(z,t) — alz,t) forae (z,t) € Q.

For every m € N, let {B,,(t)}, be the family of mazimal monotone operators associated
with a, through (3.9). Let us denote by B, the realization of {B,,(t)} on L*(0,T; H),
i.e. the mazimal monotone operator By, : L*(0,T: H) — 2F°OTH) defined by

vEBu(u) < vt)eBu(t)(ut)) forae te(0,T), uvelL*0,T;H).

Analogously, let B - L*(0,T; H) — 2L°OTH) pe the operator associated with {B(t)} (cf.
(3.9)).
Then,

(3.30) B,, G-converges to B in L*(0,T; H) as m T 0o.

We will also need the following Discrete Gronwall lemmoa,

Lemma 3.4. Let v, ag, aq,...,Qn, Tg, T1, ..., T, be given non—negative numbers such that

i—1
xoﬁl/% x¢§¢+2ajxj,V1§i§n.
=0

Then, we have
i—1

x; < exp (Za]) , V1 <1 <n.
§=0
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3.2 Proof of Theorem 3

A priori estimates on the approximate solutions. First of all, we test (3.16) by
k—1
uf —uf~1. In view of (3.17), there exists ¥ € By (“’f_f ) such that wk(x) = of(x)&F(x)

T

for a.e. x € €1, hence
k—1

R [ K (“M‘“T Y oz

T

due to the fact that o > 0 a.e.in Q and to the assumption (3.2) on the operator
B : R — 28 Moreover, owing to the convexity inequality

(vF uf — g > d(uf) — p(uhh)

and to the trivial estimate

k k—1 (|2

H
testing (3.16) by u* — uF~1 leads to

Juf —wf %
27
Arguing in the same way as in the proof of [14, Prop. 4.6], we note that

1 " /1 1, - B
Sl — Slhuolly = 3 (Enufn% — 3l IH%I) =) S ([ P i P T

(3.32) +o(ur) < ¢(uf’1)+%\|f(u7'f’l)|!% < plur™H)+MP (1 + [lur™[3) -

k=1 k=1
- k k k—1 Juf —uk~ 1||H RN
< Sl = < Z oo Tl
u
k=1 k=1
n B B 1 n
< > n(e() = o) + MPrjut %) + uMT + = 7l
k=1 H k=1
T n
< < (o) = o) + udT + rhull) + (P74 5 ) Sl

k=1
< w8l % + 1 ((uo) + Co + MPT + M7 o)

n

; <MM2T+ ﬂ) Sl 3,

k=1

where we have Young’s inequality for a suitable > 0 to be chosen in the fourth inequality,
(3.32) in the fifth inequality, and finally (3.7). Hence, we obtain

n

)
el < C + 208" [ + 2 (MM27+ ﬂ) Sl 3

k=1
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where the constant C' only depends on ug, and the data of our problem. Then, let us

choose 1 = 1/(45"). For 7 sufficiently small, we can now apply Lemma 3.4, and we easily
conclude a bound for {U,} in L*>°(0,7"). Hence,

(3.33) U e 0.7) + 1 Uyl Lo 0.7y + |Ur || Lo 0,1y < C,

for a constant C' independent of 7.

Turning back to (3.32) and adding it up for £k = 1,...,n, we obtain

(3.34) A"wm@m@+¢@u%»s¢ww+AFT+M{Awaw@w,

whence there exists a positive constant C', independent of ¢t and 7, such that
(3.35) o(U,(t)) <C, and ¢(U(t) <C

by convexity.

Moreover, thanks to (3.7) and the estimate (3.33), we have that ¢(U,) is bounded in
L>(0,T), so that the energy estimate (3.34) also gives

(3.36) {U.} is bounded in H'(0,T; H).

Recall that W, = @,&,, for some & (t) € By(U;(t)) for a.e. t € (0,T). Hence, thanks to
(3.8) and (3.36), we have that the sequence {& } is bounded in L?(0,T; H). Then, by
(3.1), we deduce that

(3.37) {W,} is bounded in L*(0,T; H).
Furthermore, by a comparison in (3.24) and (3.6), we also have that
(3.38) {V.} is bounded in L*(0,T; H).
Finally, observe that

(3.39) 1T, — Uyl ooy = CTY2,

(an analogous estimate holds for U_), as a consequence of

tn
|w—mwms¢/|w®%mgc«
tn—1
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Compactness of the approximate solutions. For any vanishing sequence {7} of

time steps, 7, | 0 as k T 0o, we can find a further subsequence (still labelled T ), a limit
function v € HY(0,T; H), and w,v € L*(0,T; H), such that as k T +o0

(3.40) U, U, Uy, —u inL>0,T;H),
(3.41) Ul —u' weakly in L*(0,T; H),
(3.42) W, —w and V, —v weaklyin L*(0,T;H).

Indeed, the estimate (3.36) and the inequality

1U-() = Ur(s)llmr < (¢ = 8)2 10U || 22073m),

ensure that {U,} is equicontinuous on H for 7 sufficiently small. On the other hand,
thanks to (3.33) and (3.35), we may conclude that {U,(¢)}, is contained in some sublevel
of the function u — ¢(u) + S||u||%. Hence, by (3.4), the sequence {U,(¢)}, is relatively
compact in H for every ¢t € [0,7]. Thanks to the equicontinuity property, the Ascoli
compactness Theorem yields that {U,}, is relatively compact in C°([0,T]; H).

Hence, (3.40) follows, as well, thanks to (3.39).

Moreover, (3.41) and (3.42) follow from (3.36) and (3.37)-(3.38) by standard weak com-
pactness results.

Passage to the limit and conclusion of the proof. As a consequence of (3.40) and
of (3.5)-(3.6), we also have for all 1 < p < oo,
(3.43) FU,)— F(u) in LP(0,T;H) ask T oo.

=T

Then, also taking into account (3.41)-(3.42), we manage to pass to the limit in (3.24)
and conclude that the triplet (u,w, ) fulfills (3.13). Moreover, (3.12) follows from (3.40),
(3.41), and the strong-weak closedness of (the maximal monotone operator realizing) 0¢
in L2(0,T; H).

It remains to check (3.11): to this aim, for all 7 > 0 we consider the operator B, realizing
the family of the operators {B,(t)} in L*(0,T; H) (see Lemma 3.3). Thanks to (3.1),
(3.22), and Lemma 3.3, we have that

(3.44) B, G-convergesto B in L*(0,T;H) as k T oo,

B being the realization of the family of operators {B(t)} associated with the function a.
Hence, in view of (3.25), (3.41), (3.42), and the closure property (A.2) of of G-convergence,
(3.11) follows if we prove that

(3.45) lim sup /0 (W (0). U2 (1)), di < /0 (w(t), ' (#)) .

kToo
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Thus, we test (3.24) by U] and integrate on the interval (0,7). This leads to

| v ) e = [ 1w [ (a0.00), 0
+/0 (FU,, ()),UT’k())Hdt.

Therefore, taking the lim supy;, of both sides we obtain

limsup/0 (W (8), U, (¢ ), dt < —hmlnf/ |UZ (¢))3,dt

kToo
T
. ! 1
+11€1TIO% i (FU,, (1),U.(t)) dt—hmlnfg (v, ul —ul )y,

The first and the second term on right-hand side of the above inequality can be easily
dealt with in view of the convergences (3.41) and (3.43). As for the third summand, it
reduces to

¢(uo) — liminf ¢(Uy, (T) = d(uo) — liminf ¢(Ur, (T) < d(uo) — d(u(T)),

koo kToo

where we have used that, by construction, U,, and U, coincide on the nodes of the
partition P, , the uniform convergence (3.40), and the lower semicontinuity of ¢.

Hence, (3.45) follows from

limsup /0 (W, (6), U (1)), dt
s¢M®%¢W@DjAme&ﬁ+4(ﬂwmwwmdt
:14cw@—wm+fm@mmmHa=A<mmw@M%

where we have employed the chain rule [5, Lemma 3.3, p. 73| for 0¢. O

4 Existence for Problem 2.2

Throughout this section, we will set € = 1 in (2.14).
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4.1 An approximate problem

Let {f,},>0 be the sequence of the Yosida regularizations of 3 (see e.g. [5]): standard
results in the theory of maximal monotone operators ensure that 3, € CUP(R), with
Lipschitz constant 1/v. We also recall that, for every v > 0, 3, is the derivative of the

Yosida approximation 5: of B; in view of (2.5), for every v > 0 B;(r) >0 for all » € R.

We approximate Problem 2.2 by the following

Problem 4.1 (Problem P,). Find 9, € H'(0,T;V")nC°([0,T); H) N L*(0,T;V), and
x» € HY(0,T; H)n C°([0, T); V) N L0, T; W), fulfilling (2.15), (2.13), and

(4.1) Ix —n(0, Vx)(0x)” + Ax+ B,(x) +o'(x) =9 in H, a.e. in(0,T).

In the sequel, we first establish an existence result for Problem P,, and then we show
that any sequence {(v,, x,,)} of solutions to Problem P, converges, up to a subsequence,
to a pair (¢, x) solving Problem 2.2.

Proposition 4.2. Assume (2.1)-(2.2), (2.4)- (2.6), and (2.8)-(2.9). Then, for any v >0
Problem P, admits a solution (9, X, ).

We are going to prove Proposition 4.2 by applying the Schauder fixed point theorem to a
suitably defined solution operator.

Solution operator for the approximate problem. Preliminarily, we need the fol-
lowing result.

Lemma 4.3. Under the assumptions (2.1)-(2.2), and (2.4)-(2.6), for any x° € V, h €
L*(0,T;H) and j € L*(0,T;V) there exists a unique x € H'(0,T;H) N C°([0,T;V]N
L*(0,T; W) solving the Cauchy problem
Ox —nh, Vi) (0x)” +Ax+B.(x)+d'(x)=h in H, a.c. in(0,T)

x(0) = x".
Moreover, there exists a constant C' > 0, only depending on T, |Q|, v, and A,, such that
for any t € (0,T]

(4.2)

(4.3) x| 21 0,650 (0,42 (0,6w) < C (HXOHV + HhHLQ(O,t;H)) :

Proof. Note that (4.2) may be recast in the abstract form (3.13) setting
By :H — H induced by B:R —R with B(s):=—(s)” VseR,
a:Qx(0,T) =R given by a(z,t):=n(h(x,t),Vj(x,t)) fora.e. (z,t) € Q,
6 H 0. 400) o(v) = {fﬂ s Vol' ifv < H(@)
+00 otherwise,
F:H— H defined by F(v):=—-p,(v)—0c'(v) VveH,
f(t):==h(t) fora.e.te (0,T).
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Indeed, it is easy to check that, in the framework of (2.1)-(2.2) and (2.4)-(2.6), the above
choices fulfil the assumptions of Theorem 3. Let us only note that, since §, and o are
Lipschitz continuous on R, for all v € H, §,(v) + o'(v) € H, and the growth condition
(3.6) easily follows.

Hence, we may conclude that there exists a solution y € H'(0,T; H) to the Cauchy
problem (4.2). Further, testing the equation by J;x and integrating on the interval (0, ),
we obtain

/ 10(s) s + / / n(h(e. ), Vi, )@, ) Pads + & [Vx(0)
(44 / B, )z < LIV iy + / B00@) + CICI + / 1h(s)|12ds

#8215 [ 10,

where we have used (2.6) to conclude that
t ¢
10,012 N 2
i (0'(x(s)), Ox(s)) g ds < ||0 ) = O s + Tllo O + 5 | 190x(s)llzrds

t 1 t
< Tl OO+ 82 [ InGs) =l + 5 [ ool

as well as the elementary inequality

t
/ (h(s), rx(s / ()| Zyds + + / 100x(s) 2 ds.
0

Note that the second integral term on the left-hand side of the above inequality is non
negative, as well as the fourth term. Hence, there exists a positive constant C', depending
on T, ||, and A,, such that

1 t t s
1 [ 1@ s < € (ICR + 1o + [ ([ loxolBar) as).

Thus, the Gronwall Lemma yields an a priori estimate for || x|z (0 m) in terms of [|x°[|y
and ||h||20,7;1)- On account of (4.4), we deduce the same estimate for ||Vx||ze(0.:m),
hence for ||x||z(0,v)- Note also that

1V 1(h, V) (0:X) " 20,0 + 16" 0) =00y < C ([0l 20,660 + 1X°Nv) 5

while
180 Lz 0.6 < Co (10l 20,65y + 1IX°N1T)

(the constant C, in fact also depends on v, and blows up for v | 0). By comparison in
(4.2), we obtain [|Ax||r2.m < C(1+ [[X°[|v), whence the estimate for ||x||z204w) by
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standard elliptic regularity results. It is also well-known that H'(0,7; H) N L?(0,T; W)
is continuously embedded in C°([0,T]; V'), whence x € C°([0,T]; V).

In order to prove uniqueness (the same argument would also yield a result of continuous
dependence on the data xo and h), let x1, xo € H*(0,T; H) N C°([0,T; V] N L0, T; W)
be two solutions to (4.2), and let us denote by Y their difference x; — x2. Hence, X satifies

Ox(t) —n(h(t), Vi(£))(Oixa(t))™ + n(h(t), V(1) (Oix2(t)” + AX(E) + B, (xa(t)) — Bu(x2(t))
+0'(x1(t)) =o' (x2(t)) =0 in H forae. te(0,T),

which we test by d;x. Upon integrating on (0,¢), 0 < ¢ < T, we obtain

t
0

105 ds+ [ (cnh(s), D) @0 (61" + nl0(s), D) 00xa(s) O (5) s
#5ITRON = | (ba(s) +(a(s) = Alals) = o' (xa(). AT ds

L[t 1 e
<5 [ 1aseas+ (g a2) [ IR
0 v 0

By monotonicity, we have that

/0 (=n(h(s), Vi())(Oexa(s) ™+ n(h(s), Vi(s))(Oexz(s)) ", 0eX(s)) , ds > 0,

hence we deduce that

1 t - 1 t s _
5 | 1ol ds < <;+A5)T / ( / ||atx<r>||gdr) &,
0 0 0

which yields x(¢) = 0 for all ¢ € [0, 7], again by the Gronwall lemma. O

Let (9,%) € L*(0,T; H) x L*(0,T; V) be given: Lemma 4.3 applies, yielding the existence
of a unique Y fulfilling

L€ HY0,T; H)nC([0,T; V] N L0, T; W) with ¥(0) =y, and

(4.5) OX — n(0(t), VX(1)) (9X)” + Ax + B, (X) +o'(X) = () in H,
for a.e. t € (0,7).

On the other hand, easily adapting a standard result in the theory of parabolic equations
(see [13, Thm. 4.1, p. 238]), or applying the theory of nonlinear semigroups generated
by maximal monotone operators (cf. [4, Thm. 2.1, p. 189] or [5, Thm. 3.6, p. 72]), we
conclude that there exists a unique

(46) Je HY0,T: V') N C°([0,T); H) N L2(0,T:V) with 9(0) =9, and
' I+ J0=F—9x inV', ae in (0,7).
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On account of (4.5) and (4.6), we define S : L?(0,T; H) x L*(0,T;V) — L*(0,T; H) x
L*(0,T;V) to be the solution operator

(4.7) S(@,%) == (9. %).

Henceforth, we will use the simpler notation (¥, x) for (1/9\, X). Of course, any fixed point
(9, X) for S yields a solution to Problem P,,.

4.2 Proof of Proposition 4.2

Given Ry > 0 and a final time Ty > 0 (which will be specified later), we set
Y= {(w7u) € LQ(OaTO; H) X L2(0>T0; V) : maX{Hw|’L2(07To;H)’ HUHLQ(UvTo;V)} < RO}'

Proposition 4.4. Assume (2.1)-(2.2), (2.4)-(2.6), and (2.8)-(2.9).
Then, for any R > 0 there exists Ty € (0,T] such that

(4.8) S maps Y into itself;
(4.9) S:Y — Y s a continuous operator;
(4.10) S:Y —Y isa compact operator.

Proof. Ad (4.8). Fix (0,%) € ¥, and let (0, ) := S(9,%). It follows from Lemma 4.3
(cf. (4.3)), that there exists a constant C, only depending on 7', || and A,, such that

(4.11) x|z 0.70; 0o,y < C (Ixollv + 119 r20,m0:0)) < C (Ixollv + Ro) -

On the other hand, by construction the pair (¥, x) in particular fulfills problems (4.5)-
(4.6) on the interval (0,7p). Let us test (4.6) by ¥ and integrate on (0,t), t € (0, Tp]. Also
taking into account (2.11), we obtain

1 1 /[t
SO+ 5 [ 19)ds
0

1 [t 1 [ 1 [
3 [IFGIRas+5 [ o Ikds+ 5 [ 106 s
0 0 0

IN

(@12 o ) L
<5 [ IFG s +C (olly + 19 0m) +5 [ 190y
0 0

1 [t 1 [
<5 [ 1@ ds +C (hall + 1)+ 5 [ 106y

where in the last passage we have employed the previous estimate (4.11). A straightfor-
ward application of Gronwall’s lemma yields

1
413) 10O < Dol exp { T (G1F s + Dk} + ) b < Claal
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Therefore, we deduce from (4.11)-(4.13) that there exists a constant C, only depending
on T, |Q[, Ro, | Fllr20,rv7), [[Yollm, and [[xol[v, such that

max {[1x /20,10, [0l 20101y } < CTo.

Choosing 0 < Ty < Ry/C, we conclude that S(¥,%) € Y, whence (4.8).

Ad (4.10). In fact, for any (¥,X) € Y we have the following additional estimates for the
pair (¢, x) = S(¢,X):

Xl 2200wy < € (Ixollv + 19l z20,10:) < €,

(4.14) ,
||| e o,m05v L2 0,100y < C

where the constant C” only depends on T', ||, Ry, v, ||[F||r20,1:v1: [|[Yolla, and ||xol|v,
but not on (J,%). Indeed, the estimate for ||x||r2(0m.w) is a consequence of (4.3). The
bound for ||| z2(0.1,;v) follows from (4.12), which also yields

1912070y < IF a0y + C (ol + 1912070 ) + TollO 3w 7o

< C (IF B + IxollE + 1W0l% + B3+ )

the second inequality being due to (4.13). Arguing by comparison in (4.6), we also deduce
the estimate for [|9 g1 (0,11

Recalling the a priori estimates (4.11) and (4.13), we conclude that S is a compact oper-
ator.

Ad (4.10). Let {(0,,X,,)}n C Y fulfil
(4.15) Up — Voo in L*0,Tp; H) and Y, — X in L*(0,Ty; V)

as n | oo. Up to a subsequence, we may assume that for a.e. (x,t) € Q x (0,Tp),
Un(x,t) = Voo(x,t) and VY, (z,t) — VX (x,t). Hence, by (2.1), (2.2) and the Lebesgue
theorem, we conclude

(4.16) N0, VX,) = 10, VXao)  in L*(0, To; H).

The estimates (4.11), (4.13), (4.14) for the corresponding sequence S(U,,X,,) := (Un, Xn)
yield

X || 221 (0,105 50 (0,100 )22 0,705w) F [P || 0 (0,10:v )"0 (0,10 A 220,107y < C,

independently of n € N.
Standard weak compactness results, as well as the well-known [16, Thm. 4, Cor. 5], guaran-
tee that there exists a subsequence {ng }x, and a limit pair (y, ), with x € H(0, Ty; H) N
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C°([0, Tol; V') N L2(0, To; W), and 9 € H' (0, Ty; V') N C°([0, To]; H) N L*(0,Tp; V'), such
that the following convergences hold for {x,, } and {9, } as k T oo :

(4.17) Xn, =X in HY(0,Ty; H) N L>([0, Tp); V) N L*(0, To; W);
(4.18) X, — X 0 C[0,To); H) N LP(0, Tp; V) for any 1 < p < oo;
(4.19) Dy, —*0  in HY(0,To; V') 0 L2([0, To); H) N L*(0, Ty; V);
(4.20) O, — ¥ in C°[0,Tp]; V') N LP(0, Ty; H) for any 1 < p < oo.

By the Lipschitz continuity of 3, and o', we readily deduce from (4.18) that 3,(x,,) —
B,(x) and o'(xn,) — o'(x) in LP(0,Ty; H) for any 1 < p < oo. Moreover, there exists
¢ € L*(0,Ty; H) such that

(4.21) (s VX, ) (OXw, )™ = ¢ in L*(0, To; H).

By (4.15) and the convergences (4.17)-(4.21) so far retrieved, we are able to pass to the
limit in the equations (4.5) and (4.6) fulfilled by x,, and ©,,. Thus, we find

(4.22) 09+ ox+J9=F inV' ae. in (0,Tp);
(4.23) OX +CH+HAx+B,(x)+ ' (x) =% in H ae. in (0,Tp).

Actually, we have

(4.24) C(z,t) = —n(Voo(z, 1), X oo (2, 1)) (Orx(x,t))”  for a.e. (z,t) € Q x (0,T).

Indeed, by (4.16) and Lemma 3.3, the maximal monotone operator B, : L?(0,Ty; H) —
L*(0, Ty; H), defined by
(4 25)

/To/ (2.4), VX, (. ) (0(z, £))~ dedt Vo € LX(0,Ty: H) ¥n €N,

converges in the sense of graphs to the operator Be, still defined by formula (4.25)
with 17(Vao, VX ) instead of n(¥,, VY,,). Thus, in view of (A.2) (see Section A), we can
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conclude (4.24) by noting that
(4.26)

To
lim sup / / G (2,8), VX0, (@) O )~ (2, 1) didt <

koo

11msup(——||vXnk<To>uH ||vXo||%,)

kToo

— lim inf /0 (100 (O + (B () + 0 Ot (). Do ()11 — (T (8), B, (t))u) dt

kToo

1 1
< —§||VX(T0)”§1 + §||VX0||§{

- /O O (I19ex @113 + (B (x (1)) + 0" (x(£)), Oex () 1r — (Voo (1), Dex(t)) 1) dt

_ /0 " /Q C(a, )0 (. 1) dadt.

Observe that the first inequality in the chain above follows by testing (4.5) (written for
Xni) DY OrXn,, and the second one by combining the strong and weak convergences (4.17)-
(4.20); the final equality is due to (4.23).

Thanks to (4.22)-(4.23), and (4.24), we obtain that the limit pair (1, x) has the regularity
required in (4.5)-(4.6), and fulfills

(4.27) O+ 0x+JI=F inV' ae. in (0,Tp);
o'(x) =9

(4.28) OX — N(Vso, VX o) + Ax + Bo(X) + o inH ae. in (0,7p).

Hence, (9,%) = S(¥s0, X, ), and by the Uryhson Lemma we have that, by uniqueness of
the limit, the convergences (4.17)-(4.20) hold along the whole sequences {9, }, {x,}. In
particular,

S(Emyqz) - 8(5007230) in L2(O, To; H) x L2(07T0§ V),

which entails (4.9). O

Conclusion of the proof of Proposition 4.2. By the Schauder fixed point theorem,
the solution operator S : ) — ) has a fixed point (1, x), yielding by construction a local
solution to Problem P, on the time interval [0, Tp).

Let us now perform the following estimates: first, we test (4.27) by ¢, (4.28) by d;x, add
the resulting relations and integrate on (0,¢), 0 < ¢t < Ty. Upon cancellation of two terms,
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we easily obtain
@20) G100+ [ WEIRds+ [ [ a0, Ve sDlOtr. ) dads
# [ 1ol + 51V + [ Axte0)do

< gI0oll + [ (P60 ds+ 51Vl + [ Alola)da

N |

+ [ s, < il + 190l + 5 [ 17 ()13 ds

1 [ 1/t 1 t
45 [ 106+ 5 [ oo s+ 582 [ (o) = xallhas.
0 0 0

where we have used (2.11), and, in the last passage, the Lipschitz continuity of o’ (cf. the
proof of Lemma 4.3). Using that (3, > 0 and applying Gronwall’s Lemma, we deduce that

t
(4.30) / 100x(s) s < € (1ol + Ioll + 11120, ) exp(AZT?)
for any 0 <t < Tj. Hence, (4.29) and (4.30) yield that

(4.31)  |Ix|la o.6:m)nc0o.:v) + V10, VX)(0eX) ™ [ 220,60 + |9 coo.0:m)n200,6v) < C,

for a constant C' again depending only on ||xol|v, |0z, and ||F||L27,v7), but not on
t € [0,7p]. A comparison argument in (4.27) and in (4.28) and standard elliptic regularity
results entail the additional estimates

(4.32) Il 2y + 190l a1 0.0y < €.

It is straightforward to realize that the global estimates (4.30)-(4.32) guarantee that the

pair (9, x) can be extended to a solution of the system (4.5)-(4.6), on the whole interval
[0, 7. O

4.3 Passage to the limit in the approximate problem and con-
clusion of the proof of Theorem 1

The proof of Theorem 1 follows from the following result, stating that any solution (4, x,)
to Problem P, converges to a solution (¢, x) of Problem 2.2 as v | 0.

Proposition 4.5. Assume (2.1)-(2.2), (2.4)- (2.6), and (2.8)-(2.9), and let {(V,,x.)}v
be the sequence of the solutions to P,. Then, there exists a subsequence v; ,/* oo for
J 1 00, and a triplet (9,x,€), with ¥ € HY0,T;V') N C°([0,T]; H) N L*(0,T;V), x €
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HY0,T; H) nC°([0, T); V)N L*(0,T; W) and x € D(B) a.e. in Q, and & € L*(0,T; H),
such that the convergences (4.17)-(4.20) hold for {¥,,}, ¥ and {x.,,}, x as j T 0o, as well
as

(4.33) B, (xv,) =& in L*(0,T;H) asj 1 oco.
Moreover, £ € 3(x) a.e. in ), and the triplet (9, x, &) is a solution to Problem 2.2.

Proof. Note that the a priori estimates (4.30) and (4.31) are indeed independent of the
parameter v, whence, also by a comparison in (2.13),

(4.34) I xu |z 0,7 1) 0c0 (0,m3v) F [V (D0 VX)) (Oex) ™ || 20,7:m)
+ 10 0. 0vnnco o, 1)Lz 0, mv) < C,

for a constant C' only depending on the data xg, ¥y and F of the Problem. Hence, testing
(2.14) by 5,(x.), and noting that

t
/ <AXV(S)76V(XV(S))> ds Z 0
0
for all ¢ € [0, T] by monotonicity, we readily deduce that

Hﬁu(Xu)Hm(o,t;H) + HXuHL?(O,t;W) <C Vv>0 Vte [O7T]7

the second bound again by comparison in (2.14) and by elliptic regularity results.

By [16, Thm. 4, Cor. 5] and the aforementioned weak compactness results, there exists a
subsequence {n;} and a quadruple (9, x, &, () along which the convergences (4.17)-(4.20)
and (4.33) hold, as well as

CeL*0,T;H), —n(V,,,Vxy,)(0x,)” = ¢ in L*0,To; H) as j T oo.

Note that the maximal monotone operator 3 : R — 2R induces a maximal monotone
operator on L*(0,T; H). Thanks to [4, Prop. 1.1, p. 42|, to conclude £ € 3(x) a.e. in §,
it is sufficient to prove that

T T
limsup/O /Qﬁnj(an(x,t))xnj(x,t) dxdtg/o /Qf(w,t)x(x,t) dxdt,

Jloo

which is a consequence of the strong convergence for x,, in L*(0,7; H) and of (4.33).
Thus, passing to the limit in (2.13) and in (4.1), we find that the quadruple (9, x, &, ()
fulfills (2.13) and

(4.35) OxX+C+Ax+E+0(x) =9, £€B(x), inH forae. te(0,7T).
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Hence, in order to conclude that (9, x, ) solves Problem 2.2, it remains to check
C(z,t) = —n(I(x,t), Vx(2,1))(Ox(x,t))” for a.e. (z,t) € Q x (0,T).

This can be verified by exactly repeating the argument for (4.24) in the proof of Proposi-
tion 4.4, i.e., by proving the analogue of the lim sup inequality (4.26). The computations
for obtaining such inequality are the same as for Proposition 4.4, with the only exception

of
limsup< / /ﬁ,,] Xv, (7,1))0sxv, (7, 1) da:dt) / /f x, )0y x(z, t)dzdt.
jToo

Indeed, the above inequality follows from

hmlnf/ /ﬁl,] Xv,; (2,1))Oixy, (2, t)dxdt = llmlnf </ By, (X, (z,1))dx — / By, (xo(z dm)

> [ (Bt - Bten) e = [ [ eto 0tz

Here, we have applied the chain rule for 1. s. ¢. convex functionals to get the first and the
third identity. The intermediate inequality is a consequence of the fact that the integral
functional on H associated with (3,, Mosco-converges (see Section A and (A.1)) to the

integral functional on H associated with /ﬁ\ , and of the strong convergence of x,,(t) to x(t)
in H for all t € [0,7] .

O

5 Asymptotic analysis for Problem 2.2

Proof of Theorem 2. The first part of our argument consists in finding suitable a
priori estimates on the sequences {t.} and {x.}, in order to eventually apply suitable
weak compactness results. We will often use the short-hand notation

£

n® for n(V, Vo).

First a priori estimate. We test (2.13) by 9., (2.14) by 0;x., add the resulting equations
and integrate on (0, t). Applying the chain rule [5, Lemma 3.3, p. 73] to the subdifferential
(G of the l. s. c. , convex functional 3, we obtain

10Ol + [ 106) s+ < [ Nons)ds + 519x-(01F
61+ /O /Q 7 (@, )| (Boxe(, )" [Pdads + /Q (Blxe(a, 1)) + olxele, ) ) d
= 59515+ 51Vl + [ (B + o)) de+ [ (F(9).0.00)) as.
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Of course, the last term on the right-hand side of (5.1) is estimated in the obvious way

|y as) < 5 [IPGIRds+5 [ olkas

Moreover, by (2.6), there exists a positive constant, also depending on A,, such that

/Q o) < C (IGI% +1)

Taking into account (2.18), and that by (2.16) the sequences {5}, {x5}, and By (x5) are
bounded in H, in V', and in H respectively, we conclude that

/Q(B(Xs(x,t)) +a(XE($,t))) de < C

for a positive constant C' independent of ¢, whence we infer an a priori bound for x. in
L>(0,T; H) in view of (2.7) and Poincaré’s inequality.

In the end, (5.1) yields that there exists a constant C' > 0 such that

(5.2) 19 zoe 0,750 2200,75v) + [[Xell L 0,m3v) + 61/2||8tXa||L2(0,T;H) <C Ve>0,

Second a priori estimate. Furthermore, it follows from the previous estimate that

(5.3) IV1(Ve, V) (0ixe) 2oy < C - Ve >0,

whence, for a.e. t € (0,7)

/Q B, £))[Feda = / (0 (s £) (Do £)) | S ——

0 (1))}

< Jor ey ] .0 [ o5

dx
(5.4)

L3/2(Q)

L3(Q)
Note that the application of Hélder’s inequality in the latter passage is justified by the

following inequality, due to our assumption (2.3),

m < k(14 [Vxe( D))? < 2621+ [Vie(a,0)2) for ae. (,1) € Q.

Hence, in view of (5.2), 1/n° € L*°(0,T; H), and for a.e. t € (0,7

2
3

1
(n° (1))

2 2
< CA+VXOllzz@) < €O+ Xl i) <C

5@ L2(®)
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Thus, it follows from (5.4) that for a.e. t € (0,7")

1@exe(0) " | para () < IV 1e () (Dexe(8))” |l
so that (5.3) yields

(5.5) ||(atX€)_”LZ(O,T;L4/3(Q)) <C Ve>0.

Third a priori estimate. Preliminarily, we note that for a.e. € Q and for all ¢ € [0, T

t
/ 8tX€<x7 S)dS
0

< Ixe(@, Ol + Ixo (@)l

so that, by (5.2),

dz < QY (Ixell =0z + IXGlla) < €

t
/ ath—: (QJ, S)dS
Q1J0

Therefore,

atXa

+ [ [0

t
IOx) oy = [ [ @ncta)” <
< C+110xe) 20 ms04/32)))-
In view of the previous (5.5), we obtain
(5.6) 10xell o) < C Ve > 0.
Fourth a priori estimate. By comparison in (2.13), we conclude
(5.7) |9 + Xl orvy < C Ve > 0.

Moreover, testing (2.14) by & and integrating in time, we find

[ Boxctanae+ [ e

(5.8) X t
< / Blxg())dz + / (1F(5) Oxe(5)™ — 0" (xe()) + De(5), E:(5)),, s
Q 0

Actually, (5.8) ensues from the chain rule [5, Lemma 3.3, p. 73], and from the formal
estimate

/ (Ax(),£:(s)) ds > 0,

which is due to the monotonicity of # and could be made rigorous by approximating
with its Yosida regularization. Exploiting the positivity of 3, (2.19) and the boundedness
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of {x§} in V, the a priori bound (5.2) (which yields, by the Lipschitz continuity of o,
that ¢/(x.) is bounded in L*(0,T; H)), and, finally, (5.3), we easily deduce that

(5.9) {£.} is bounded in L*(0,T; H).

Finally, testing (2.14) by {Ax.}, using as usual the formal identity

1d

_ia 2
= thHVXEHH(t) for a.e. t € (0,7),

(Oexe(t), AXe(t))
and taking into account all the previous estimates, we conclude that {Ax.} is bounded
in L?(0,T; H), whence, by elliptic regularity results,

(510) ||X€||L2(O,T;W) S C Ve>0.

Compactness. (5.2) immediately yields (2.24); moreover, in view of (5.10) as well,
by standard weak-star compactness results, there exists a subsequence of {x.} and x €
L0, T; W) N L>(0,T;V) for which (2.22) holds. Note that, up to extracting a further
subsequence, in view of (5.6) and of [16, Cor. 4], x., — x in C°([0,T]; H) N L*(0,T;V).
Then, (2.23) follows from the pointwise convergence of x. to x in V', and from the estimate
(5.2) for [[xellLoeo,yv)-

As for {9., }, (5.2) yields that there exist 9 € L*(0,7;V)NL>(0,T; H) and a subsequence
(which we do not relabel), such that (2.26) holds. On the other hand, thanks to (5.7)
and [16, Cor. 4] as well, the sequence {9, + x., } is weakly compact in H*(0,T; V") and
compact in L*(0,T; H) (hence L?(0,T; H) for all 1 < p < oo by (5.2)): in view of (2.22),
(2.23), and (2.26), we easily identify its limit as ¥ + x, so that (2.28) ensues, up to a
subsequence. Hence, in view of (2.23) we immediately deduce (2.27) as well.

Further, (2.29) ensues from (5.9); by the strong convergence of x., to x in L*(0,7; H)
and by the strong-weak closedness of the graph of 8 (more precisely, of the graph of the
maximal monotone operator induced by 8 on L?(0,T; H)), we conclude that £ € 3(x)
a.e. in Q.

Finally, recalling Remark B.3, we infer from (5.6) that the sequence ;. is tight, so that
by Theorem B.2 0,x., admits a limiting Young measure v € Y(Q;R), fulfilling (B.5),
which entails (2.20), as well as (B.6).

Proof of (2.25). Now, we fix an arbitrary j € L?(0,T; L*(Q2)) and choose in (B.6) the
normal integrand g : Q@ X R — (—o00, +00] given by g(x,t,€) := j(x,t)(£)”. Note that the
sequence (z,t) — g~ (x,t,Oxe, (2, 1)) = (§(2, 1)) (OrXe, (2, t))~ is uniformly integrable on
@: in fact, the estimate

/I ) Orx )t < / 170 syl @oxen () sy

2
< N1Oixen) N 20509732 (/I”j(t)H%‘l(A)dt) VACQ, IC(0,T),
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the estimate (5.5) on Jyx., and the elementary property
Ve > 036 > 0s.t. |[ X A’ <6 = HjHLQ(I;L‘l(A)) <,

casily yield that {(j) (0ixe,)”} complies with the definition of uniform integrability.
Hence, by (B.6)

T
lim inf / porsin{@xey (D) 5(D) gy dt = lim in / (1) (Oxey (2, 1)) dadt
kToo 0 kToo Q

> [ it ([ (@ avent©) asir = | i 0. () g

Choosing now in (B.6) the normal integrand §(z,t,&) := —j(x,t)(£)~ (it can be checked
in the same way that the sequence (x,t) — g~ (x,t, 0, (z,t)) = (j(z, 1)) (Oexe, (2, 1))~
is uniformly integrable), we easily obtain

s [ (00 ()50 1y 1 < [ it ([ dvio©) oa

kToo
T
- / Lo ((1), 5 (1)) oy

Hence, we conclude (2.25). Combining this with (2.23), we observe that (2.31) is satisfied.
In the end, note that

(5.11) N VXer ) (Oixer)™ — (9, VX)) in L*(0,T; V'), as k T oo.

In fact, up to extracting further subsequences, we deduce from (2.23) and (2.27) that
Ve, — U and V., — Vx a.e. on (). Arguing as in the previous Section, we conclude by
the Lebesgue’s dominated convergence theorem that

NV, Vxe,) — 00, Vx) in LP(0,T; LP(R2)) for all 1 < p < oo,

and it is then easy to check (5.11), taking into account (2.25).

Passage to the limit. The convergences (2.22)-(2.28) so far obtained, as well as (5.11),
enable us to pass to the limit as g, | 0 in (2.13) (also taking into account (2.18)), in
(2.14), as well as in the initial conditions (2.15) (recalling (2.16)). Hence, the pair (9, x)
fulfills (2.13), (2.30) and (2.15). By (5.6), we also conclude that, up to a subsequence,
OiXe, weakly star converges to a Radon measure p € M(Q), which we can identify with
the distributional derivative Oyx of x. By Remark B.3, we may compare p and the limit
Young measure v. Indeed, introducing the measure p (cf. (2.32)), we deduce (2.33), which
states that the measure p — p is positive. 0
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A Mosco and G-convergence

We refer to, e.g., the monograph [1] for an exhaustive exposition of the notions which
we are going to briefly recall below. Throughout this subsection, H will denote a Hilbert
space, with scalar product (-, -).

Definition A.1 (Mosco convergence). Let ¢,, ¥ : H — RU{+o00} be proper, convex,
and l. s. c¢.  functionals: we say that {1, } converges to 1 in the sense of Mosco if

o Vz € H there ezists a sequence z, — z such that ¥, (z,) — ¥(2) asn T oo;

o VzeH and Vz, — z asn T oo, ¥(2) < liminf, e ¥n(2n).

As a straightforward consequence of [1, Prop. 3.20. p. 298], we have that for every proper
(convex and l.s.c) functional ¥ : H — R U {400}, the sequence of the Moreau-Yosida

approximates {i,} of ¢

(A.1) 1\ Mosco-converges to ¢ as A | 0.

Definition A.2 (G-convergence.). We say that a sequence A" : H — 2™ of mazimal
monotone operators converges to a maximal monotone operator A on H in the sense of G-
convergence (or in the sense of graphs), if V[z,y| € A there exists a sequence [z, y,] € A"
such that [z, y,] — [z,y] strongly in H x H.

A crucial property of G-convergence (which can be retrieved in the proof of [1, Prop. 3.59,
p. 361]) is that, when A" G-converges to A, then

(A.2)

Ly neAnaxnéxa n inH,
{[ nl Y y — [z,y] € A.

liminf,1e (Z0, Yn) < (2, 9)

B Compactness tools of Young measures theory

We briefly recall some basic notions and results of Young measures theory, referring to
e.g. [17, 3] for a self-contained introduction to this topic.

Notation. In the sequel, B will be a separable Banach space and () the product space
Q x (0,7); £ and B will denote the o-algebras of the Lebesgue measurable subsets of Q
and of the Borel subsets of B, respectively, and £ ® B the usual product o-algebra in
the space  x B. Further, the set of all Borel probability measures on B is denoted by
P(B), while C*(B) will be the Banach space of the continuous and bounded real functions
defined on B and M(Q); B) the set of measurable functions from @ to B.
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We recall that a function h: Q x B — [0, +00] is a positive normal integrand if

(B.1a) h:Q x B —[0,+00] is £ ® B-measurable,

(B.1Db) the maps v +— h(, ) (v) := h(z,t,v) are 1. s. c. for ae. (z,t) € Q.
A positive normal integrand h is also coercive if the sublevels
(B.1c) {ve€B:hgy(v) <c} are compact for any ¢ > 0 and for a.e. (z,t) € Q.

Definition B.1 (Young measures). A Young measure is a family v := {V() }@peo of
probability measures in P(B), such that one of the following two (equivalent) conditions
holds

(B.2a) (,t) € Q — vey(D) is L-measurable VD € B;

(B.2b) (x,t) € Q / F&) dvin(§) is L-measurable Vf € C*(B).
B

We denote by YV (Q; B) the set of all Young measures.

We recall a version of Fubini’s Theorem, adapted to families of Young measures [10, p.
20-11].

Theorem B.1. Let v = {V(m)}(x,t)eQ be a Young measure in B; there exists one and
only one measure v on L ® B such that

v(AxC) = /Al/(m)(C') dedt VA€ L, C e B;

in particular, v(A x B) =|A| VA € L. Moreover, for every L ® B-measurable function
h:Q x B —[0,400], the function

(:L‘,t)i—>/h(x,t,{)du($7t)(§) is L-measurable,
B

and the following extension of Fubini’s formula holds:

(B.3) /Q R € due 1) = / ( /B h(x,t,g)dy(m,t)(g)) ddt.

Q

Definition B.2 (Tightness). We say that a family U C M(Q; B) is tight w.r.t. a
normal coercive integrand h satisfying (B.1la, b, c) if
ueU

(B.4) S = sup/ h(z,t,u(z,t))dt < 4o0.
Q

We say that U is tight in B if there exists a normal coercive integrand h for which (B.4)
holds.
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The following crucial compactness result was first proved in [2].

Theorem B.2 (Balder). Let u" € M(Q;B) be tight w.r.t. a normal coercive inte-
grand (B.la,b,c,B.4). Then, there exists a subsequence u™ and a Young measure v =
{Vanteneo € Y(Q; B), which we call a limit Young measure for u”, such that for a.e.

(z,1) € Q
(B.5) supp(V(ep)) C My {um(z,t) : k > p},

(i.e. the measure vy is concentrated on the set of the limit points of {u™ (x,t)}), and

hgglf/@ (m,t,u”k(;p,t))dmdtz/Q(/Eg(x,t,f)du(m)(f)) dxdt

B.6
(B.6) for every normal integrand g : Q@ X B — (—00,400] s.t.

the sequence (x,t) — g~ (x,t,u™ (z,t)) is uniformly integrable.

Remark B.3. [Comparison between limits in the sense of measures.] For later conve-
nience, let us focus on the case B := R, and let {u"} C L'(Q) be a bounded sequence,
ie.,

(B.7) sup/ |u™(z,t)|dxdt < +o00.
neN JQ

It follows from well-known weak compactness results in functional analysis that {u™}
admits a subsequence {u™} weakly-star converging to a measure x in the space M(Q) of
the Radon measures on @), i.e.

(B3) tim [ (@, 0) e, )dwdt = (1, 1) ¥f € Co(@)
*JQ
Co(Q) denoting the space of the continuous functions on ) with compact support.

On the other hand, (B.7) is indeed a tightness estimate, as the functional h(x,t,§) := ||
is trivially a normal coercive integrand on @) x R. Therefore, by Theorem B.2, there exists
a limit Young measure v such that, up to a subsequence, (B.6) holds.

In particular, if the sequence {(u"™)~} is uniformly integrable, it follows from (B.6) that

li%gonf/q?f(x,t)u"k(x,t)d:vdt > /Qf(x,t) (/Rfdu(x,t)(f)) dxdt

for all positive f € Cy(Q) (it suffices to apply (B.6) to the integrand g(z,t,¢)
and note that, since f > 0, g~ (x,t,u"(x,t)) = f(x,t)(u") (x,t) for a.e. (z,t
us now denote by p the Radon measure on () defined by

(B.9) (o, f) = /Qf(a:,t) (/R fdu(m)(f)) dxdt.

Hence, in view of (B.8), we conclude

(B.10) (. f) = (e, f) V[ eC(Q), f=0.

= [z, 1)¢,
)E)Let
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