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Abstract

In this paper we deal with a doubly nonlinear Cahn—Hilliard system, where both
an internal constraint on the time derivative of the concentration and a potential for
the concentration are introduced. The definition of the chemical potential includes
two regularizations: a viscosity and a diffusive term. First of all, we prove existence
and uniqueness of a bounded solution to the system using a nonstandard maximum-
principle argument for time-discretizations of doubly nonlinear equations. Possibly
including singular potentials, this novel result brings improvements over previous
approaches to this problem. Secondly, under suitable assumptions on the data, we
show the convergence of solutions to the respective limit problems once either of the
two regularization parameters vanishes.
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1 Introduction

The main focus of this paper is the asymptotic behaviour, when either of the positive
parameters € or § converges to zero, of the following system:

Ou—Apu=0 in Qx(0,7), (1.1)

p € edwu+ B(Ou) — dAu+ ¢ (u)+¢g  inQx(0,7T), (1.2)
Ohu=0, p=0 in 002 x (0,7), (1.3)

u(0) = ug in 2, (1.4)

where 2 C R? is a smooth bounded domain and 7" > 0 is a fixed final time. Here 3 is a
maximal monotone graph, 1’ is the derivative of a possibly non-convex potential, and g is
a forcing term. We shall address the unknowns u and p as, respectively, the concentration
and the chemical potential.

System (L.I)—(L.2) is a modification of the celebrated Cahn-Hilliard (C-H) system, a
phenomenological model that has its origin in the work of J.W. Cahn [8] concerning the
effects of interfacial energy on the stability of spinodal states in solid binary solutions.
Cahn’s work built upon previous collaboration with J.W. Hilliard 9], where the functional

Fu) = [ (v + 51var) (15)

was proposed as a model for the (Helmholtz) free energy of a non-uniform system whose
composition is described by the scalar field w. In this functional, the bulk energy 1 (u)
represents the specific energy of a uniform solution, typically a non-convex function. The
quadratic gradient energy %|Vu|2 takes into account microscopic mechanisms that penalize
spatial variation of composition, and that are responsible for the presence of interfacial
energy between phases at the macroscopic scale. Cahn showed that certain states, which
would be unstable if only the bulk energy was accounted for, are in fact stable under local
perturbations, when the gradient energy is included in the picture.

Besides being a fundamental contribution to Materials Science, the C-H system has
had considerable success in many other branches of Science and Engineering where segre-
gation of a diffusant leads to pattern formation, such as population dynamics [20], image
processing [6], dynamics for mixtures of fluids [16], tumor modelling [1,/12,/13], to name a
few.

In the derivation of the Cahn-Hilliard system, the variation of the free energy ,

namely,
e = ) = v/ (u) — 6,

is the chemical potential that drives the space-time evolution of the concentration w
through the diffusion equation . Here we have written it after rescaling time, so
that the mobility (which we assume to be constant) is numerically equal to the unity
(equivalently, one may look at the Cahn—Hilliard system as the gradient flow, with respect
to the norm of the dual of a Sobolev space [15]). The connection between (I.1)-(1.2) and
the C-H system is more transparent if we rewrite as a pair of an equation and an
inclusion:

,U:,UC_H“_EatU‘{‘g, 56/8(6757,0
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The additional terms on the right-hand side do not affect the energy, but rather the
dissipation. This is evident from the energetic estimate

d

 Fu(t) + /Q V2 + (00 + B(Oyu))Opu < — /Q g0, (1.6)

which is obtained by testing the first equation by pu, the second equation by —0d,u, and
by adding the resulting equations.

Since the original work of Cahn, innumerable generalizations of the C-H system have
been proposed in the literature. They are so many that it would be difficult to provide a
comprehensive account in the present context. We prefer to refer to the review [24]. In this
respect it is worth mentioning that a systematic procedure to derive and generalize the
C-H system has been proposed by M.E. Gurtin [17], by extending the thermodynamical
framework of continuum mechanics, as also reported in [21]. Let us also mention an
alternative approach due to Podio-Guidugli [27] leading to another viscous C-H system
of nonstandard type [10}/11].

In this sea of literature, the problem that we consider belongs to the class of doubly-
nonlinear Cahn—Hilliard systems, characterized by nonlinearity both on the instantaneous
value u of the concentration and on its time derivative d;u. The particular form (L.1)—(L.2)
has been the object of mathematical investigation in [22| with Neumann homogeneous con-
ditions for the chemical potential, and in a previous paper of ours [5], where a discussion of
its thermodynamical consistency can also be found. The system — has also been
studied in [29] under dynamic boundary conditions. A similar system was investigated
in 23|, where the nonlinearity (0;u) is replaced by d;(u). Among other mathematical
work on the C-H system related to the present paper, we mention the contributions by
Novick-Cohen and al. [25,126] on the viscous C-H equation, which is obtained in the case
£ = 0 removing the nonlinear viscosity contribution.

In all of the above-mentioned results, existence of solutions for the system — is
proved under some polynomial growth assumptions either on the nonlinearity 3 acting on
the viscosity or on the nonlinearity ). While this is certainly satisfactory in providing some
first existence results, on the other hand it would be desirable to obtain well-posedness
for the system even for possibly singular choices of the nonlinearities. Indeed, this is
not only interesting from the mathematical perspective, but especially in the direction
of applications: it is well-known in fact that the most physically-relevant choice for the
double-well potential v is the so-called logarithmic one, defined as

c

Ylog (r): 9

with 0 <ec <.

[(1+7)In(1 +7) + (1 —7)In(1 — )] — %%2, re(-1,1),

The first main question that we answer in this paper concerns then the well-posedness
of system (1.1)—(L.4) in the case of arbitrarily singular nonlinearities 4 and . Our first
main result (see Theorem is a proof of the existence and uniqueness of bounded
solutions for the system (1.1)—(1.4) under no growth assumptions on § and v, possibly
including logarithmic behaviours as above. In this direction, we are inspired by some
arguments performed in [4], covering the analysis of the system — in the singular
case 0 = (. The main idea here was based on the fact that if the initial condition is within
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a finite interval (contained in the effective domain of the potential ¢) and if the bulk
free energy has sufficiently fast growth, then the concentration is essentially bounded in
the parabolic domain Q7 =  x (0,7). This allowed to deduce, through the Gronwall
lemma, a contraction estimate to prove existence and uniqueness of solutions. However,
in our case the presence of the term —dAw in the inclusion for the chemical potential
prevents us from relying on a similar contraction argument. To overcome this problem, we
prove a preliminary boundedness result: using a maximum principle for doubly nonlinear
parabolic equations in combination with a suitable time-discretization of the problem, we
show that the solution u never touches the edges of the domain of ¢ and remains bounded
in the parabolic domain )7. Thus, we are able to prove well-posedness also with very
singular behaviours of ¥ and 3, under less stringent conditions on the potential than
those in [5]. This novel result actually improves the previous approaches to the problem;
moreover, the argument is not standard at all and, in our opinion, gives value to our
contribution.

Once well-posedness is established in this general framework, we focus on questions
of more qualitative nature. More specifically, both the viscous term and the energetic
term in provide assistance in handling the possible non-smoothness of 8 and the
nonlinearity of ¢’. It is then natural to inquire whether one of these terms, alone, is
sufficient to guarantee well-posedness, and whether the singular limits obtained when
either € \, 0 or § N\, 0 converge to the the limiting equations.

The second main result of this paper (see Theorem [2.4)) is an asymptotic result, and
shows convergence of the solutions of (1.1])—(1.4)) in the limit € \, 0, with § > 0 being fixed.
This confirms that the diffusive regularization —dAwu alone allows to handle the doubly
nonlinear problem, even when the nonlinearity [ acting on the viscosity is multivalued
and not necessarily coercive. For example, a physically relevant choice for £ in connection
with phase-change and Stefan-type problems is the multivalued graph

—1 ifr <o,
Bsign(r) == § [-1,1]  ifr=0,
1 ifr>a0.

Note that although [, is nonsmooth and noncoercive, it can be chosen in the equation
as long as § > 0 only (even for ¢ = 0). From the mathematical perspective, the
main tools that we use here are compactness arguments combined with monotone analysis
techniques in order to pass to the limit in the two nonlinearities.

An alternative scenario to handle the monotone term would be to accompany it
with the viscous regularization €0,u alone, discarding the energetic regularization —dAu
through the interface energy. The degenerate case § = 0 was the object of the investi-
gation in [4]. This belongs to a wider class of degenerate parabolic systems which find
their application in the modelling of hysteretic behaviour in diffusion process, such as
hysteresis in porous media [2,7,130,/32] or in hydrogen storage devices |1§]. In all these
cases, the major manifestation of hysteresis is in the fact that the pressure that is needed
to induce adsorption is higher than the pressure needed to induce desorption. This sce-
nario is the object of our third Theorem [2.6] which covers the asymptotics of the system
— as § \( 0, with € > 0 being fixed. The main tools that we rely on consist again
in compactness and monotonicity techniques: furthermore, in the asymptotics 6 \, 0 we
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are able to show some refined L*°-estimates, allowing us to prove also the convergence
rate as 0 \, 0.

Note that if in addition to § = 0 we assume also § = 0, then we recover the viscous
forward-backward parabolic equation studied in [26]. The asymptotics 6 N\, 0 in the
viscous case € > 0 and with § = 0 was studied in the work [14], where convergence of the
vioscous Cahn—Hilliard to the limiting forward-backward parabolic equation was proved.

Here is the outline of the paper. In the next section we state the precise assumptions,
the analytical setting, and the main theorems that we prove. In Section |3| we prove the
existence result for §,e > 0 generalizing the results in [5]. Then in Sections {4 and |5 we
perform the asymptotics investigation once we let vanish the approximating paramaters
e and 0, respectively.

2 Assumptions and main results

Throughout the paper, € is a smooth bounded domain in R?* with boundary I and 7" > 0
is a fixed final time; for any ¢ € (0, 7] we use the notation

Qi :=Qx(0,t), X :=Ix(0,t), Q:=Qr, X:=2X.
Moreover, we introduce the spaces

H:=1*Q), V:=H(Q), Vy:=H)),

W=H*Q), Wo=WnV,, Wa={veW:0,v=0ae onl},
endowed with their usual norms, and we identify H with its dual, so that (V, H,V*) is a
Hilbert triplet. The symbol (-, -) denotes the duality pairing between V* and V. We will

need the following lemma, which is a variation of the well-know compactness lemma (see
e.g. [19, Lem. 5.1, p. 58]).

Lemma 2.1. For every o > 0, there exists C, > 0 such that

2 2
12l < oIVl + Cs 2]

e VzeV. (2.1)

Proof. By contradiction, assume that there is ¢ > 0 and a sequence (z,), C V such that

12al3 > @ | V2all s + 1 l|20] f,o* VneN.

Then, setting v, := 2,/ ||2,||; (note that z, # 0 for all n), it follows immediately that

lonlly =1, 5||an||§1+n||vn|%/o* <1 VneN.
Consequently, we deduce that there is v € H and w € HY such that, as n — oo,

v, v in H, Vv, = w in HY, v, =0 in Vj .

The first two convergences imply that v € V, w = Vv and v,, = v in V. Since V S H
is compact, we deduce that v, — v in H. Moreover, from the third convergence and the
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fact that H — V" continuously, we infer that v = 0. However, by the strong convergence
in H we have

0= [lvlly = Jim o]l =1,
which is absurd. This concludes the proof. O]
We assume that
Y € C*(a,b), —oco<a<b< +oo, (2.2)
P(r) >0 Vre(ab), (2.3)
lim ¢'(r) = —oo, lim ¢'(r) = +oo, (2.4)
r—at r—b—

P'(r) > —-K Vre(a,b), (2.5)

for a positive constant K. It is convenient to introduce
v:(a,b) > R, v(r) =d'(r)+ Kr, reR, (2.6)

which is maximal monotone and strictly increasing. In particular, there exists a unique
ro € (a,b) such that y(rq) = 0. We also define the proper convex function

) = /Ty(s)ds, r e (a,b). (2.7)

Furthermore, let

-~

B\: R — [0, +00] convex and l.s.c., with 3(0) =0, [:=005, (2.8)

and note that 0 € 5(0). We shall denote the convex conjugate of B by 56— 5-1. Note that
=1 : R — [0, 400] with B 1(0) =0, and 95~ 51 is nothing but 87!, the inverse graph of f5.
Let us also recall the Young inequality:

—_

s < B(?‘) + 571(s) Vr,s € R, where the equality holds if and only if s € 5(r).

For general results on convex analysis we refer to [3].

In this setting, existence of solution for problem (1.I)—(1.4) has been shown in [5]
for €,0 > 0 fixed, with additional growth restrictions either on g or 1. The first main
theorem that we prove here is a generalized existence result for the problem f
with €,0 > 0 fixed under no growth restrictions on the operators.

Theorem 2.2. Let >0, 6 >0, and

Upes € Wh s lao, bo] C (a,b) : ag <upes < by a.e. inQ, (2.9)
ges € HY0,T; H) N L™(Q). (2.10)
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Then, there are two constants af, by € R, possibly depending on € and &, with [ag, by] C
[ag, by] C (a,b), and a unique triplet (ues, fies, Ecs) such that

Ues € WH(0,T; H) N HY(0,T; V) N L0, T; Wy) (2.11)
ag < ues < by a.e. in@Q, (2.12)
pes € L°(0,T; Wo) N L*(0,T; H*(K2)), (2.13)
£y € L0, T H),  ¢'(u) € L®(Q), (2.14)
€5 € B(Opues) a.e. in Q, (2.15)
Orucs(t) — Apes(t) =0 for a.e. t € (0,7), (2.16)
pes(t) = €0pucs(t) + Es(t) — 0Aus(t) + U (ues(t)) + g(t)  for ace. t € (0,T), (2.17)
ues(0) = up. (2.18)
A continuous dependence result follows then.
Theorem 2.3. Let ¢ > 0 and § > 0. For any sets of data (uol,gz) = 1,2, satisfying

. - let (ug, pi, &) denote any corresponding solutions to 2.18. Then,

there exists a constant C.s, depending on the data, such that
|11 — MQH%?(O,T;VO) + Jlur — u2||%11(0,T;H)ﬁL°°(O,T;V) + /Q(ﬁl — &2)(Oyur — Oyuz)
< Cus (Jluo = woal? + lor = gallZ20an) - (2.19)

At this point, we state our first asymptotic result, keeping § > 0 fixed and letting ¢
tend to 0.

Theorem 2.4. Let 6 > 0 be fixed and assume that

up € W, ¢'(w) € H, geH'(0,T:H), g¢(0) € L¥(Q), (2.20)
301,02 >0: 1/}(7") 201’T|2—02 VTGD(I/)), (221)
20 := —0Aug + ' (ug) + g(0) s such that E—\l(—z()) e L'(Q), (2.22)
(a,b) =R, IM>0: |[@'(r)<MA+r®) VreR. (2.23)
Let also (g.). € HY(0,T; H) N L*(Q) fulfill
9:(0)=9(0),  g.—g inH'(0,T;H). (2:24)

Then, if (ue, pe, & )eso denotes the unique family solving (2.11)—(2.18|) with respect to the
data (ug, g), there exists a triplet (u, p, &) such that

w € Wh(0,T; Vi) N HY0,T; V)N L0, T; Wa), (2.25)

e L0, T; Vo) N L*(0,T; H*(Q)) , (2.26)

€€ L®0,T;H),  ¢'(u)eL®0,T;H), (2.27)

f € B(Ow) a.e.in @, (2.28)

Owu(t) — Ap(t) =0 for a.e. t € (0,T), (2.29)

wu(t) =&(t) — 0Au(t) + (u(t)) g(t) forae. te(0,T), (2.30)
u(0) = (2.31)
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and a sequence (), such that, as n — oo, £, \( 0 and

ue, —u in W0, T; V) N L0, T; Wh), u., —~u in H'(0,T;V), (2.32)
fog = g L0, T5 Vo), e, = p in L2(0,T; H(Q)), (2.33)
§eo =& i L¥(0,T5H),  ¢(ue,) = ¢/(u) in L0, T H),  (2.34)
enOpue, — 0 in L(0,T; H). (2.35)
Furthermore, if instead of (2.23)) we assume that

D(B) =R, aM >0: |s|<M1+|r]) VreR, Vsep(r), (2.36)

then the same conclusion is true replacing L with L* in (2.25)), (2.27), (2.32) and (2.34).

Remark 2.5. Let us comment on the construction of a possible family (g.). satisfying
([2-24). Since g(0) € L**(9), for instance one can choose g. := T.(g), where T, : R — R
is the usual truncation operator at level 1/e, i.e., T.(r) := max{min{r,1/c}, —1/e} for
r € R. Indeed, it is not difficult to check that g.(0) = g(0) provided that > 19(0)[| o< ()
and g. — g in H*(0,T; H).

The second asymptotic result investigates the behavior of the system as ¢ N\, 0. In
this case, we can prove the convergence of the whole sequence and even an error estimate

in terms of & (see (12.50))).
Theorem 2.6. Let ¢ > 0 be fized. Assume

u € H, [ag,bo] C (a,b) : ag <wug <by a.e. in, (2.37)
g€ HY0,T; H) N L>®(Q). (2.38)

Let (ups)s C Wa and (gs5)s € H*(0,T; H) N L*(0,T; V) N L>(Q) be such that

ag < ugs < by a.e. in ), (2.39)

01 (| Vuos||* + 6% || Auos 3y + 14 (uas) 17 < C (2.40)
2

||g5||H1(0,T;H)mL°°(Q) + o'/ ||96||L2(0,T;V) <, (2-41)

Ups —> uo in H, gs—g in HY(0,T; H). (2.42)

Then, if (us, pis, &5 )o>0 denotes the unique family solving (2.11)—(2.18) with respect to the
data (ugs, gs), there exist a triplet (u, u, &) and an interval [ay, by] C (a,b) such that

u € WhHe(0,T; H) N L™(Q), ag <u<by, ae inQ@, (2.43)
pe L0, T: W), (2.44)

e L™(0,T:H),  ¢'(u) € L¥(Q), (2.45)

¢ € B(0wu) a.e. in Q, (2.46)

Owu(t) — Ap(t) =0  for a.e. t € (0,T), (2.47)

pu(t) = edpu(t) +£(@t) + ¢’ (ult)) — g(t)  for ae. t€(0,7), (2.48)
u(0) = uo (2.49)
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and, as 6 \, 0,

us —u in W0, T; H) N L™(Q), us —u in H'(0,T; H),
ps = i L0, T;Wo),  ps = p i L2(0,T3 V),
U (us) = ¢'(u) in L2(Q),  '(us) = ¢'(w) an L*0,T; H),
& —& an Lo(0,T; H),
§Y%u =0 in HY(0,T;V), Sus — 0 in L0, T; Wy) .

In particular, there exists a constant M > 0, independent of 6, such that

|15 — M"L%O,T;Vg) + flus — UHHl(O,T;H)

< M (8 + Juos = woll s + g5 — 9l - (2.50)

Remark 2.7. Note that the limit problem with § = 0 admits a unique solution, as
it is proved in |4, Theorem 2.1|. This result, and in particular [4, estimate (2.9)], are
related to the error estimate stated here and can be compared with the continuous
dependence estimate for e,0 > 0. Actually, we point out that here, in order to prove
Theorem [2.3] we are using some stronger assumptions on the initial datum depending on
the fact that we deal with spatial regularity for 6 > 0.

Remark 2.8. Let us show that, under the assumptions 7, two sequences
(ups)s and (gs)s with the properties above always exist. Specifically, to construct them it
is possible to employ a singular perturbation technique. Indeed, we could introduce the
solution wgs of the elliptic problem

Ups — 61/2AU05 = Ug in Q, (251)
Onlips = 0 onTI
and let g5 be the solution of
— 512N = in
gs(t) — 02 Ags(t) = g(t)  in, (2.52)
angz$<t) =0 onI

for all ¢ € [0, 7. Then, (2.39) follows from (2.37)) and the maximum principle, while ([2.40)
can be shown by testing the equation in (2.51) by ugs and subsequently comparing the

terms and recalling the assumption ([2.2)). Also, the verification of (2.41)) and ([2.42)) is not
difficult, in particular for (2.42)) one can take advantage of the properties

. 2 2 . 2 2
limsup [luos|lz < lluolly,  limsup |gsllg o7 < N9l 0,750 -
5N\0 N0

Remark 2.9. The regularities ug € V and g € L*(0,T;V) imply u € H*(0,T; V) also for
0 = 0. Indeed, as it is discussed in in [4, Remark 5.1] we can formally take the gradient
of the equation and test it by Oyu: using the Lipschitz continuity of the operator
(I + B)~' (where I denotes the identity) and the Gronwall lemma, it is straightforward
to infer that w € H'(0,T;V) (see |4, Remark 5.1| for details).
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3 Proof of Theorems 2.2-2.3

This section is devoted to the proof of the above mentioned results.

3.1 The existence result

We focus here on the proof of Theorem [2.2] The main idea is to approximate the problem
as in [5] and to show that the approximated solutions satisfy further refined uniform
estimates. As ¢ and ¢ are fixed positive numbers in this section, we shall consider with
no restriction that ¢ = 6 = 1. Moreover, in order to simplify the presentation, we shall
avoid the subscripts € and ¢ for g and wuy.

Let now (ga)aeo,1) € HY(0,7; H) N L*(0,T;V) N L>(Q) such that
gr—g in H'(0,T;H) as AN\0, ||g)\||L°°(Q) < ||9||Loo(Q) VAe(0,1).

For example, one can take (cf. (2.52))) g) as the unique solution to the elliptic problem

g —Ngy=g inQ,
Ongx =0 onl.

Furthermore, denote by T : R — R the truncation operator at level 1/\, already defined
in Remark [2.5] Then, reasoning as in [5] we know that there exist a unique pair (uy, y5)
such that

uy € CH([0,T); H)N H*(0,T; V)N C°([0,T]; Wa) N L*(0, T; H*(Q)), (3.1)
pn € C°([0, T, Wo) N L2(0, T H(Q))

and, for every t € [0, 77,

uux(t) — Aua(t) =0, (3.3)
pa(t) = Opun(t) + Ba(Opun(t)) — Aun(t) + Aux(t)

+(ua(t)) = KT + Xy) " ua(t) + ga(t), (3.4)
ux(0) = ug, (3.5)

where 7 is defined in and 7y, B denote the Yosida approximations of the maximal
monotone graphs v and 3, respectively. Note that f is indeed an approximation
of the original system — in the following sense. The term Au) represents
a (small) elliptic regularization that is going to vanish as A N\, 0. Moreover, since T)
and (I + \y)~! converge to the identity in (a,b), the contribution —KT\(I + Ay)~*(uy)
represents an approximation of —Ku, hence the terms vy (uy) — KTx\(I+A\y) ™! (uy) provide
an approximation of ¢'(u).

The first estimates can be obtained with no additional effort from the arguments in |5}
§ 5.1-5.2] and owing to the Lipschitz-continuity of Ty and (I + A\y)~! on R. In particular,
we can test by iy, by Oyuy, and sum. Secondly, we can also (formally) test
by Oy, the time derivative of by Oyuy, and sum. Then, by also comparing the
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terms in (3.3) and using the elliptic regularity theory (as in [5, § 5.1-5.2]), it is readily
seen that

||u)\“WLOO(O,T;H)OHl(O,T;V) + ||N>\HLoo(o,T;Wo)mm(o,T;HS(Q)) <c (3.6)
for a positive constant ¢, independent of \.
We show now that u) satisfies also an L*>°-estimate by proving a maximum principle

that arises from a time-discretization of the approximated problem. We shall need the
following result, for which we refer to |28, Prop. 11.6].

Proposition 3.1. Let ® : V — [0,4o0] and Z : H — R be proper, convez, lower
semicontinuous, and assume that there exist ¢y, c1,co > 0 such that

(w,v) > co vl Vve H, Ywed=(v),
|wll; < e (T4 vl ) Vvoe H, Ywed=Z(v),
(w,v) > e 0|3 VoeV, VYwedd(v).

Set Ay := 0P, let Ay : H — H be Lipschitz-continuous and define A = A; + As.
Moreover, let f € L*(0,T; H) and vy € VN D(®). For every N € N sufficiently large, we
set 7 :=T/N and consider the discretized problem

[e=]

e
ag(%)+A(yf)9f’k, k=1,...,N, v, = o, (3.7)

3

with

1 kT

f’“:—/ f(s)ds, k=1,...,N.

T J(k-1)7
Then, problem (3.7) admits a solution (vF)i—o_. N, and the piecewise affine interpolants
vy of (V¥)k—o, N satisfy

HUTHHl(O,T;H)mLOO(O,T;V) <c
for a positive constant ¢ independent of T. Furthermore, there are a subsequence (T;)ien,
with 7; — 0 and an element v € H'(0,T; H) N L>(0,T;V), such that v.,, = v in
HY0,T; HYN L>*(0,T;V) and v is a solution to the problem

0= (0w) + A(v) 3 f, v(0) = vy .

Now, note that equation (3.4) can be written as

(I + B)(0un) + (A 4y + M = KTo (I 4+ Ay) ") (un) = pr — g - (3.8)
Hence, for any A € (0, 1) fixed, we can apply Proposition [3.1{ with the choices
— 1
=) := 5 ol + /@ CweH, o) = §/ (Vo +A2)) . veV,
Q

Al.:_A—l—)\[, Api=n = KT(I+M)7", fr=mo—on, 0= Uoes -

Let then (u’/{T) k—o...n be a Rothe-sequence for the approximated problem with parameter
A. Then, since the solution wuy to (3.3)—(3.5)) is uniquely determined, setting w, , as the
piecewise affine interpolant of (u’f\,T)kzom N, it turns out that

uy, —uy in H'(0,T; H)NL®(0,T;V) (3.9)
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for the whole sequence (uy ;).

Thanks to the estimate on (1)), and the boundedness of (g, ), there exists a positive
constant M, independent of A, such that

lx — gall o) < M. (3.10)

By the growth assumption on ¢, there are a, b € R with v € (a, b), [ao, bo] C [a,b] C (a,b),
and

Y'(r)y> M +1 forallr € [bb), (3.11)
P'(r)<—M —1 forallr e (a,al. (3.12)

Setting now afy := @ — %% and by := b+ —, we have [ag, bo] C [a,b] C [a),by] C (a,b).

By the properties of the resolvent (I + Ay)™!: R — R, it is well known that

. —1/ 1N _ 1 . 1N — 3/

(74 00) " a) = ah, (T +2) ) = B (3.13)
Note also that, since y(rg) = 0, it holds (I+\v)~*(rg) = ro, hence, recalling that (I+\v) ™!
is 1-Lipschitz-continuous,

(1 + Xv)~Hag) = ro| = [(1 + Xy) ™ (ap) — (T + M) (ro)| < |ag — rol,
(7 + M) 71 (b)) — ol = [(T+ M) 7 () — (1 + A9) " (ro) | < [bg — 7ol -

Since ry € (ap,by), we deduce from the last inequalities that (I + A\y)~'(ay) > af and
(I + X\y)71(b)) < b). Then, by making use of (3.13)), we conclude that there exists
Ao € (0,1) such that, for every A € (0, \y),

ay < (T+Xy) ap) <a, b= (T+ M) (b) < b
Moreover, since the resolvent (I + Ay)~! is non-decreasing, for every A € (0, \¢) we have
(I+X)Hr)<a VYre(aa, (I+X)Hr)>b Yre[b),b). (3.14)
We claim now that if the initial datum wu satisfies
ag < ug <by a.ein),

then
ag <wuy <by aein@. (3.15)

Thanks to the convergence (3.9)), it is enough to check that
ag <uy, <by ae inQ, fork=0,...,N.

By contradiction, let k& be the smallest index such that uf_ > b on a set of positive
measure in 2. Then, testing the analogue of (3.7) by (u} , — b)* we have

uI;:\T _u’j\'r1 / /
/Q(HBA) — . — ) /|VuM—b +|2
= /Q(#A — g — MK — (k) + KT+ y) 7 (W) (uf, — b)) F

:A g ) KT 00)™ 0 ) o~ ).
u)\7‘> 6
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Let us show that the right-hand side of the above equation is non positive if

1 1
A<min{ o b
ol 4

which is clearly not restrictive. Indeed, on the set {uf . > b}, owing to (3.14) we have
that (1 + Ay)~*(u} ) > b and consequently, as § > [b], also that

T+ M) () < (T+3) () ae in {uf, > 1)

Recalling the definition of the Yosida approximation

I—(I+M)!
= \ 5

we observe that v,(r) = v((I + \y)~!(r)) for every r € R. Therefore, by (3.11]) we infer
that, on the set {u} . > 0},

)\ul)f\ﬂ_ + 7)\(,“’;,‘» - KT)\([ + )\’)/)71(’&’;’7)

= M A+ (L + M) 7Ny ) = KL+ M) 7 (uh ;)
+ K (14 Xy) "M uh ) = KT (I + Xy) 7 (uh )

> uj -+ (1 + M)~ (uh )

> A+ M 1> M

where we have used that \ < ‘b—1,|
0

Hence, recalling (3.10|) we deduce that
[ g N () KT )~ ) < 0.
{ulf\yr>b’0}

This implies that

k—1

uk — U
/ (I+05)) <u> (uf, —by) <0. (3.16)
{uk >0} T

Now, on {u}, > by} we must have uy > b > ui;l because of the definition of k.
Thus, in view of the monotonicity of 5, and the fact that £5,(0) = 0, the integrand in
is positive. Since {uf . > b} has positive measure by assumption this leads to a
contradiction.

The above argument implies that the Rothe approximation u’}w satisfies the bound
uy, < by a.e. in ().

A similar procedure can be used to prove that u,, > af a.e. in @ (for brevity we omit
the details), hence (3.15)) follows. Consequently, noting also that

ap < (I +Xy) H(uy) < b ae inQ (3.17)
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and vy (uy) = (I + A\y)"H(uy)), since v € L>(ap, by) by (2.2) and (2.6]), we infer that
A (ua) [ ooy < € (3.18)

Taking now the duality pairing between (3.4) and —AQd,u,, integrating by parts we
have

Vol + | (0 [Vaunf* + / Aus(B) + / Vs (1)
Qt Q:
1
= 5/ (|AU0|2 + )\|VU0|2> + Vi - VOoyuy
@ Q:

— / at (g>\ + ’}/)\(U)\) — KT)\(I + /\’7)_1(1/,)\)) AU)\

t

+/Q (93 + 7 (wa) = KT+ Xy) 7 (un)) () Au(t)

- /Q (92(0) + (o) = KTA(I + Xy) ™} (uo)) Aug -

The first two terms on the right-hand side can be treated by the assumptions on uy and
the Young inequality. About the third term, note that, since ' € C°([ay, by]) by (2.2 .,

from it follows that
10 (un)] = [7A () Osun| < /(1 + Xy) " (un))|Grun| < c|dpun] -

Hence, using the estimates (3.6 and (3.10)), as well as the properties of (gy)», again by
the Young inequality we infer that

| , | A
5 | 1vousP+ [ gow)ivomt + 5 [P +3 [ [vuoP
¢ Q¢ Q Q

c(1+/t|AuA|2> |

The Gronwall lemma yields then
HAUAHLW(Q,T;H) <c, (3.19)
whence, by comparison in (3.4]), we also have
||6>\(atu>\) ||L°°(0,T;H) S C. (320)

Proceeding now as in [5, § 6], we can conclude.

3.2 The continuous dependence result

We focus here on the proof of Theorem [2.3] Let (u;, p;,&;) satisfy (2.11)—(2.18) with
respect to the data (ug;,g;), for ¢ = 1,2: then, setting u := uy; — ug, p = g — po,
=& — & up = 1up1 — Up2, and g := g1 — g2, we have
du—Ap =0 in Q,
=0+ & — 0Au+ P (wr) — ¥'(uz) + g n @,
u(0) = g in Q.
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Testing the first equation by u, the second by 0,u and taking the difference we deduce,
by monotonicity of 3, for all ¢ € [0, T,

)
/ Val e [ (ol + / o+ 3 / Vu(t)P
Qt Qt Qt Q
5 / !
< SIVully — [ @) = v w)au- | gou.

Now, the fact that uy,us € [af, by C (a,b) for some af, bf, yields

1 () — ()] < 1 o ]

Hence, using the Young inequality and the fact that

¢
u(t) = ug —I—/ Ou(s) ds
0

J
Owu)® + | €O+ 5/ (Vu(t)|?
Q¢ Q1 Q

we are left with

Vul?+ <
Q 2

(5 2 1 2 1 2
< 2 I%u0l + 2 11 o /Q al? + ol
t

) 2T 2T ) t L, 2
§§H oHH+—HUoHH "¢Il"00([a6,b6])/0 /Q ‘atu|2ds+gHgHL2(0,T;H)'

The Gronwall lemma yields then the desired continuous dependence estimate (2.19)).

4 Proof of Theorem 2.4

This section is devoted to the proof of Theorem [2.4] Since § > 0 is fixed and we let € N\, 0,
in order to avoid heavy notations we will not write explicitly the dependence on ¢ for the

quantities in play. In particular, let (ue, pi, £.) be any solution satisfying (2.11)—(2.18)) for
every € > (.

4.1 First estimate

We test (2.16) by p., (2.17) by Oyu. and subtract, obtaining

/ 1V e | +€/ |Oue|? + faatua /]Vua (t)|* + /wuE
/|Vu0|2 /1/1 ug) / G0, Vtel0,T].

Now, by ([2.6)—(2.7) we have
~ K K
¥(uo) =7 (uo) — 3|Uo|2 + t(ro) + §|7”0|2,



16 BONETTI — COLLI — SCARPA — TOMASSETTI

where, recalling that ¢'(ug) € H by (2.20)), hence also y(ug) € H,

o) < Aluo) + 71 (Y(uo)) = Y(uo)ug € L) .

Therefore, we see that ¢ (uy) € L'(2). By the monotonicity of 3 and conditions (2.20)),
(2.21) and (2.24)), integrating by parts in time the last term we infer that there exists
¢ > 0, independent of €, such that

0
/ Ve + e / o + 2 / V() + / e (1)

S c+ o, 81598“6_/Qgé(t)ué(t)—i_/g(o)uo

Q
1 4 1 2
<ot [ el / Bl + / i () + == (g (O + 19(0)L laoll -

Rearranging the terms and recalling that (g.). is bounded in H'(0,T; H) independently
of € by ([2.24)), an application of the Gronwall lemma leads to
||Ns||L2(0,T;VO) + ||U6||Loo(0,T;V) +¢l/? “atuéHL?(O,T;H) <c (4.1)

and by comparison in (2.16]) we also deduce that

||atue||L2(o,T;V0*) <c. (4.2)

4.2 Second estimate

In order to derive this estimate first we need to identify the initial values of the solutions
poe := pe(0) and uy, = Opuc(0).

Lemma 4.1. For every € > 0, there exists a unique triplet (pioe, ug., &oe) € Wo X H X H
such that

U'IOa - AIUOS =0 y  Moe = €U65 + SOE - 5Au0 + wl(uo) + g(O) ) 505 € B(ué)a)

almost everywhere in ). Moreover, there exists a positive constant c, independent of €,
such that

/\V/LOE]2+€/\u6€]2+/ﬁ/\1(EOE) <e  Weso.
Q Q Q

Proof. Since zy := —0Aug + ¢'(ug) + g(0) € H, existence and uniqueness of (fioe, ug., &oc)
follows from the maximal monotonicity of 3, arguing as in |5, p. 1006]. Moreover, testing
the first equation by f., the second by wy. and taking the difference we have

/|V,u05|2+5/ |U6€|2+/§05U65+/20U6€=0‘
Q Q Q Q

~

Since &. € [(uy,), on the left-hand side we have that &.u(, = /5 (ug€)+ﬁ/—\1(§05). Moreover,
by the Young inequality we have

[t e [P+ [ B+ [ 56
—— [t < [ T+ [ B,

from which the estimate follows thanks to hypothesis ([2.22)). O]
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Now, we proceed formally, testing (2.16)) by 0, /., the time-derivative of (2.17)) by Oyu.
and subtracting: a rigorous computation can be obtained through a discretization in time
(for further details, see for example |5, § 5.2]). We obtain then, recalling the previous

lemma and that " > —K by ([2.5)),
1 e —
5 [1n0F +5 [P + [ Fe0)+5 [ Vo
2 Jq 2 Jq Q Q:
1 € / a7 1"
=5 [Vl [P+ [ - [ @+ 0 w0 O,
2 Ja 2 Ja Q Q:

1
< et 109 i + (14K [ ol

t

By the compactness inequality (2.1]), we can handle the last term on the right-hand side as

0
(1 —+ K) 0 |8tu5|2 S 5/@ |V8tua|2 +c ”atuEHi?(O,T;VO*) ’
t t

so that by (4.2) and again (2.1)) we infer (possibly renominating c) that

“:U@HLOO(O,T;VO) + Hatus”L?(o,T;V) +e'? ||atu6||L°°(0,T;H) <c (4.3)
and, by comparison in (2.16), also
HatuEHLOO(O,T;VO*) + ||Ne||L2(0,T;H3(Q)) <c. (4.4)

4.3 Third estimate under assumption ([2.23)

We test by —3Adwu. + 0yy(u.): to this end, note that since dyu. € L*(0,T;V)
only, then —Ad;u. has to be interpreted as an element in L?(0,7;V*). However, be
aware that £ € L*(0,7; H), so that the estimate that we perform is formal. To be
rigorous, one should regularize [ with its Yosida approximation ) and then carry out
the computations: as a matter of fact, it is readily seen that the resulting estimate would
be independent of A, so that we avoid such technicalities here. We have

53 1= 00 42 (wR

+&d |VOu.|* + (5/ V& - Vo, + 8/ v (ue)[Opuc|* + / v (uz)€ 0,
Qt t t t

1
—5 [ 1= 880+ 1) +5 [ Ve Vou+ [ g ()
Q

Qt t
n / (Ouge — KOpu2)(—00u, +(u2)) — / (9:(8) — Fue(£))(—6Aue +(u2) (1)

+ /Q(g(()) — Kug)(—0Aug +v(u))  Vte[0,T].

Now, as we have anticipated, if we replace g with its Yosida approximation [, the third
term on the left-hand side would give the contribution

B (Oyue )| Vo> >0 YA>0.
Qt
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Moreover, it is also clear by the properties of 5 that the last term on the left-hand side is
nonnegative. On the right hand side, the first term is finite by assumption while
the second term is bounded uniformly in ¢ by . Furthermore, by , 1'
and (2.23), using the continuous embeddings V < L5(Q) and H?*(Q) < L>(2) we have

T
/Quev’(ue)atus S/O 12 ()] oo ) 17 (e (@D o5y NOrue (B) Loy

<c ||Ne||L2(0,T;H3(Q)) ||atue||L2(0,T;V) ||7/(Ua)||Loo(0,T;L6/5(Q))

5
< (14 [Juellpooomizo@)) < €

for a certain constant ¢ > 0 that we have updated step by step. Finally, we handle the
last three terms on the right-hand side using Young’s inequality, the estimate (4.1) and

the assumptions (2.20)) and ( - by
1
+/ | — 58w + ()2 + 1/ | — 62w + () [2(8)
t Q
Consequently, rearranging the terms and using the Gronwall inequality lead to

1=0Aue + 7 (ue) | o 7,1y < -

Since v is monotone, testing —dAu. + v(u:) by —Au,, integrating by parts and using the
Young inequality yield (recall that § > 0 is fixed here)

[ 18R <6 [ 1auP+ [ YVl = [ (Au)oa+w)

1
/|Au€]2 /|—5Au€—|—7(u6)|

almost everywhere in (0,7"). Rearranging the terms and invoking elliptic regularity we
deduce then

el oo 0.7y + 17U | oo 0.7y < € (4.5)
and consequently, by comparison in (2.17)),
||§s||Loo(o,T;H) <c. (4.6)

4.4 Third estimate under assumption ([2.36)

By (2.36) and (4.3 we immediately have
||§e||L2(0,T;H) <c. (4.7)
Then, with the help of a comparison in (2.17)) we see that
|[—0Au. + 'Y(Ua)HL?(o,T;H) <c.

Hence, by applying the same argument leading to (4.5 we arrive at

[uell p20.mwy + 17 (Ul 20,7,y < € (4.8)
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4.5 Passage to the limit

Let us assume first (2.23]). Then, by the estimates (4.1)—(4.6) we deduce that there is a
triplet (u, i, §) such that

u € WH(0,T; Vi) N HY0,T; V)N L0, T; Wa),
p € L=(0,T; Vo) N L*0,T; H*(Q)), £e L>™0,T;H), ne L>*0,T;H)
and, along a subsequence that we still denote by ¢ for simplicity,
ue = u in W0, T; Vi) N L0, T; W), u. —u in H'(0,T;V),
pe = p in L2(0,T;Vp),  pe —p in L0,T; H(Q)),
& =& in L0, T;H),  ~(u) =n in L=(0,T;H),
e — 0 in L>(0,T; H).
Now, from the first two convergences and a classical compactness result (see e.g. |31,
Cor. 4, p. 85|), we have that
u. —u in C°([0,T]; V),

which immediately implies that n = v(u) = 9'(u) + Ku a.e. in @ by the strong-weak
closure (see, e.g., [3, Prop. 2.1, p. 29]) of the maximal monotone operator ~.

Moreover letting then € \, 0 in - -, we infer by the weak convergences that
2.29)—(2.30) hold. Now, proceeding as in the first estimate we have that

/ €0, < / Vo2 + / 3(uo) — / 9oy + K / wm
/m\?——/wue )= [ 3tu(m))

so that, using the convergences already proved and the (weak) lower semicontinuity of the
convex integrands, we infer that

lir?\s(?p/faﬁtua_ /|Vuo| +/’y( 0) — /g@tu—l—K/uatu
- [ =5 [ 1vume - [ 5w,

Since we have already proved -—-, performing the same computation on the limit
problem yields that the right-hand side is exactly | 0 &0yu. Hence,

iimsup [ &0, < [ o,
N0 JQ Q
and this is enough to conclude that £ € f(du) a.e. in Q.

If ([2.36) is in order, we can proceed in exactly the same way using the estimates (4.7)—
(4.8]) instead of (4.5)—(4.6]): note that in this case, by [31, Cor. 4, p. 85] we can only infer
the strong convergence

u. —u in C°([0,7); H) N L*(0,T; V).

Since also u.(T") — u(7T) in V, the argument performed above still works by weak lower
semicontinuity.
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5 Proof of Theorem 2.6

This section is devoted to the proof of Theorem [2.6| We shall consider ¢ > 0 fixed and
we will not write explicitly the dependence on ¢ for the quantities in play. Thus, in what
follows we shall let (us, ps,&s5) be the solution to f with respect to the data
(ugs, gs) for every § > 0.

5.1 First estimate

To obtain the first estimate, proceed as in Section : we test (2.16]) by ps and we subtract
(2.17) tested by Opus. By integration over (0,t) for t € [0, 7], we obtain

1)
|V,u5|2—|—5/ |Opus|? + 55@“5"’5/ |VU5(?5)|2+/¢(U5(15))
Qt Qt Q¢ Q Q

1)
25/ !VU06!2+/"¢(U05)—/ gsOus .
0 Q Q

Since v/ (ugs) is bounded in H by (2.40), hence also 1 (ugs) is bounded in L'(2) as already
pointed out at the beginning of Section 4.1} Then, the first two terms on the right-hand
side are bounded uniformly in §. Moreover, one has

1 2 19 9
| s < - Vil + 5 [ 10w
Consequently, recalling also that

B(0rus) < Bl(Oyus) + B1(&) = &sdus
by the assumption (2.41]) on (gs)s and the Gronwall lemma we deduce that

||N6||L2(0,T;Vo) + HatUé”L?(o,T;H) + o' HuéHLw(o,T;V) + Hﬁ(atuﬁ)HLl(Q) < <5'9)

where ¢ is a positive constant independent of §.

5.2 Second estimate

We repeat the same estimate as in Section [£.2] First of all, we need to identify and
estimate the initial values of the solutions pgs := 115(0) and ug; := Oyus(0).

Lemma 5.1. For every 6 > 0, there exists a unique triplet (pos, uys, os) € Wo x H x H
such that

U65 —Apos =0,  pos = 5“65 + &os — 0Augs + W(an) + 95(0) . s € 5(”65)

almost everywhere in Q. Moreover, there exists a positive constant c, independent of 9,
such that

/|Vu05|2+5/|u65|2+/ﬁ/—\1(§05) <c  Wiso0.
Q Q Q
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Proof. Since zps = —0Augs + ' (ups) + g5(0) € H, the existence and uniqueness of
(tos, ups, Eos) follows from the maximal monotonicity of 8, arguing as in Section .
Moreover, testing the first equation by fys, the second by u(; and taking the difference

we have
[ st e s+ [ oty + [ sty 0.
Q Q Q Q

By monotonicity of 3, the fact that zps is bounded in H thanks to the assumptions

(2.40)—(2.41), and the Young inequality we have

€ ~ — 1
[ 19ual 45 [ a4 [ Buge)+ [ 56w = = [ 2ot < o auslly <.
Q Q Q Q Q €

from which the estimate follows. O]

Performing then the same computations as in Section we deduce that

1 —
§/Q|V/~ba(t)|2+g/ﬂ|3tua(t)|2+/ﬂﬁ_l(§a(t))+5 o |V3tucs|2+/Qt v (us)|Orus|?

1 / _
:—/ |VM05|2+£/ |u05|2+/5—1(§05)—/ (Orgs — KOyus) Orus
2 Jq 2 Ja Q 0

1 1 ¢
S c+ = ”81596“%2(0,']1;11) + | =+ K / / ’atu6|2 .
2 2 0 JO

As a result, we obtain the following estimate

1115 | e 2:90) + N5l 02,0y + 1B E 073200 + VB sl oy < € (5.10)
( ) (

whence, by comparison in ({2.16[), the inequality

| 125 || oo 0,5w70) < € (5.11)

5.3 Third estimate

The purpose of this subsection is to show that if the initial data satisfies the boundedness
assumption then us stays bounded in an interval [ag, by] C (a,b) uniformly in ¢,
namely

ag < wus < by, ae. inQ,

with ag, by € R independent of ¢ and [ag, by| C [ag, by] C (a,b). The idea here is to apply

the maximum principle to a nonlinear elliptic system that arises from a time-discretization

of (1.2)), as in Section .

To this end, let us note that, thanks to the estimate ([5.11]), the continuous embedding
Wy — L*°(Q2) and assumption (2.41)), there exists a positive constant M, independent of
0 such that

115 — gsl| (@) < M. (5.12)

Now, in principle the constants af, and bj, given by Theoremmay depend on 4. However,
going back to Section , we note that the choice of the constants a, b, ay, b, only depends
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on |[psx — sl () and the behaviour of . Hence, the uniform estimate (5.12)) implies
that a; and bj can be chosen independently of the parameter 4.

As a consequence, we deduce that there exist af,b;, € R, independent of §, with
[ao, bo] C [ag, by] C (a,b), such that

ag <wus <by ae in@, Vd>0. (5.13)
Hence, since ¢ € C*([ag, by]), we also have

19" (us) | oo () + 19" (tt6) | oo ) < - (5.14)

Arguing now as in Section [3|in order to prove (3.19)—(3.20)), i.e. formally testing (2.17))
by —6Y2A0,u;, we have by the Young inequality and estimate (5.14) that
3/2

5
e6'/? \V@tu(5|2 V[ Vs V@tu5+7 | Aus(t)]?
Q¢

53/2
/ Adigg? — 5172 / v (DDug, 15 — U/ (us) — gs)y

53/2
/|Au05| —|—/ (V,u(;—lﬂ (U5)VU5 Vg(;) (5/V8tu5)

t

<e (63/2 [0l + B+ ||ga||L2(O,T;v>)

51/2
c /\V@tU5l2+0(51/2/ |Vus|?.

Hence, rearranging the terms, using the assumptions (2.37)—(2.41)), together with the
monotonicity of 3, we infer that

c 53/2
551/2/ ]Vatu6|2 + N |Aué(t)|2 <c (1 + 51/2/ ]VU5|2) :
t Q ¢

+

Writing us = uos + [, Qyus(s) ds and recalling the assumption (2.40), we deduce that
(updating the constant ¢ at each step)

51/2 63/2
9 \V@mﬂz + 7 |Au(;<t)’2
Q Q
t
¢ (1 + 2012 || Vugs |3, + 2T6%? / [V &yus|® ds)
0 JQs

¢
c(1+51/2/ / |V Oyus|? ds) :
0 s

Hence, by the Gronwall lemma we deduce also the estimate
Y IV Beus | 2oy + 0% 11 AU | e o7y < € (5.15)

and, by comparison in (2.17)),
H&HLOO(QT;H) <ec. (5.16)
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5.4 Passage to the limit

From the a priori estimates (5.9)—(5.16|), using standard compactness results we have the
following convergences, up to a subsequence,
us = in WH(0,T; H) N L=(Q),
ps — pin L(0,T; W),
6Y%us =0 in HY(0,T;V),
dusg — 0 in L*(0,T; W),
& =& in L%(0,T; H).
In order to pass to the limit in the equation (2.17)), we need to prove now a strong
convergence for the sequence (us)s. We take the difference of (2.16)—(2.17)) for two different

indexes § and ¢": then, we test the first equation by ps — ps and the second by 0y (us —us),
obtaining

V(s — pe))* +¢ [ 10i(us — ug)|* + / (&5 — &s) (Orus — Oyus)
Qt Q¢ Qt

< Sya(t) - / (& () — & () e(ut5 — )

t

where

Sss (1) = / (625 — 8 Auy )0y (s — ug) — / (95 — 957)r (s — 1z)

t t

Note that by (5.15)) and (2.42)) we have that (Sss )ss is uniformly bounded in W*h(0,T')
and converges pointwise to 0 due to the convergences above. Hence, we deduce that

5575/ — 0 in CO([O,T]) .

Moreover, since ¢’ € C*([af, by]), we have
g |9 (us) — ¥ (u)[|0n(us — uy)]

19 2 1 "2 2
< 5 10— o) s 10y s

t

where .
/ s — g2 < 2T Juos — oy |13, + 2T / / 194 (us — )| ds
t 0 JQs

Hence, rearranging the terms and using the monotonicity of 5 and ([2.15]), we have that

9
Vs =)+ 5 [ 10uus s
Q¢ t

t
< S50l oy + (Hum ol + / /Q 104 (us —u>|2ds)
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for a positive constant ¢, independent of § and ¢’. The Gronwall lemma yields then

2 2 2
s =t 2 0.2ovey + 190C0ts = ) 2o ey < € (1S5l oy + s = wosll3) (5:17)
possibly updating the value of c. Recalling again (2.42]), we deduce that
us —u in H'(0,T; H), ps — o in L*(0,T5 V).

In particular, we have the convergence
2
10 0) = P < 1y [ s 0

Therefore, the strong convergence of us and the weak convergence of & to & allow us to
prove (2.28)), i.e. the inclusion ¢ € ((0u), by maximal monotonicity. Then, passing to

the limit in (2.16)—(2.18)) as ¢ \, 0, we can conclude.

Finally, note that letting ¢’ \, 0 in (5.17)) and taking (5.15)) into account, by the Young
inequality we obtain

2 2 9 9
s = kllkao ravey + 196(s = Wliaorimy < € (”“05 — ol + 195 = 9llZ2075) + 51/2) ,

that is nothing but (2.50)). Thus, we conclude the proof of Theorem .

Acknowledgments

EB and PC gratefully acknowledge some financial support from the GNAMPA (Gruppo
Nazionale per I’Analisi Matematica, la Probabilita e le loro Applicazioni) of INAAM (Isti-
tuto Nazionale di Alta Matematica) and the IMATI — C.N.R. Pavia. Moreover, PC
recognizes the contribution by the Italian Ministry of Education, University and Re-
search (MIUR): Dipartimenti di Eccellenza Program (2018-2022) — Dept. of Mathematics
“F. Casorati”, University of Pavia. LS has been funded by the Vienna Science and Tech-
nology Fund (WWTF) through Project MA14-009. GT acknowledges the support of
INdAM’s GNFM (Gruppo Nazionale per la Fisica Matematica) and the Grant of Excel-
lence Departments, MIUR-Italy (Art.1, commi 314-337, Legge 232/2016).

References

[1] A. Agosti, P.F. Antonietti, P. Ciarletta, M. Grasselli, and M. Verani. A Cahn-Hilliard-
type equation with application to tumor growth dynamics. Math. Methods Appl. Sci.
40 (2017), 7598-7626.

[2] F. Bagagiolo and A. Visintin. Hysteresis in filtration through porous media. Z. Anal.
Anwendungen 19 (2000), 977-997.

[3] V. Barbu. “Nonlinear differential equations of monotone types in Banach spaces”.
Springer Monographs in Mathematics. Springer, New York (2010).



ASYMPTOTICS FOR A DOUBLY NONLINEAR CH SYSTEM 25

[4] E. Bonetti, P. Colli and G. Tomassetti. A non-smooth regularization of a forward-
backward parabolic equation. Math. Models Methods Appl. Sci. 27 (2017), 641-661.

[5] E. Bonetti, P. Colli, L. Scarpa and G. Tomassetti. A doubly nonlinear Cahn-Hilliard
system with nonlinear viscosity. Commun. Pure Appl. Anal. 17 (2018), 1001-1022.

[6] A.L. Bertozzi, S.Esedoglu, and A. Gillette. Inpainting of binary images using the
Cahn-Hilliard equation. IEEE Trans. Image Process. 16 (2007), 285-291.

[7] N.D. Botkin, M. Brokate and E. El Behi-Gornostaeva. One-phase flow in porous
media with hysteresis. Physica B 486 (2016), 183-186.

[8] J.W. Cahn. On spinodal decomposition. Acta Metall. 9 (1961), 795-801.

[9] J.W. Cahn and J.E. Hilliard. Free energy of a nonuniform system. I. Interfacial free
energy. J. Chem. Phys. 28 (1958), 258-267.

[10] P. Colli, G. Gilardi, P. Podio-Guidugli and J. Sprekels. Well-posedness and long-time
behavior for a nonstandard viscous Cahn—Hilliard system. SIAM J. Appl. Math. 71
(2011), 1849-1870.

[11] P. Colli, G. Gilardi, P. Podio-Guidugli and J. Sprekels. Global existence and unique-
ness for a singular/degenerate Cahn—Hilliard system with viscosity. J. Differential
FEquations 254 (2013), 4217-4244.

[12] P. Colli, G. Gilardi, E. Rocca and J. Sprekels. Vanishing viscosities and error estimate
for a Cahn—Hilliard type phase field system related to tumor growth. Nonlinear Anal.
Real World Appl. 26 (2015), 93-108.

[13] P. Colli, G. Gilardi, E. Rocca and J. Sprekels. Asymptotic analyses and error esti-
mates for a Cah—Hilliard type phase field system modelling tumor growth. Discrete
Contin. Dyn. Syst. Ser. S 10 (2017), 37-54.

[14] P. Colli and L. Scarpa. From the viscous Cahn-Hilliard equation to a regularized
forward-backward parabolic equation. Asymptot. Anal. 99 (2016), 183—205.

[15] P.C. Fife. Models for phase separation and their mathematics. Electron. J. Differen-
tial Equations 48 (2000), 26 pp.

[16] C.G. Gal, M. Grasselli and A. Miranville. Cahn-Hilliard-Navier-Stokes systems with
moving contact lines. Calc. Var. Partial Differential Equations 55 (2016), Art. 50,

47 pp.

[17] M.E. Gurtin. Generalized Ginzburg-Landau and Cahn-Hilliard equations based on a
microforce balance. Phys. D 92 (1996), 178-192.

[18] M. Latroche. Structural and thermodynamic properties of metallic hydrides used for
energy storage. J. Phys. Chem. Solids 65 (2004) 517-522.

[19] J. L. Lions. “Quelques méthodes de résolution des problémes aux limites non
linéaires”. Dunod; Gauthier-Villars, Paris (1969).



26 BONETTI — COLLI — SCARPA — TOMASSETTI

[20] Q.X. Liu, M. Rietkerk, P.M.J. Herman, T. Piersma, J.M. Fryxell, and J. van de Kop-
pel. Phase separation driven by density-dependent movement: A novel mechanism
for ecological patterns. Phys. Life Rev., 19 (2016) 107-121.

[21] A. Miranville. Some generalizations of the Cahn-Hilliard equation. Asymptot. Anal.
22 (2000) 235-259.

[22] A. Miranville and G. Schimperna. On a doubly nonlinear Cahn-Hilliard-Gurtin sys-
tem. Discrete Contin. Dyn. Syst. Ser. B 14 (2010), 675-697.

[23] A. Miranville and S. Zelik. Doubly nonlinear Cahn-Hilliard-Gurtin equations.
Hokkaido Math. J. 38 (2009), 315-360.

[24] A. Miranville. The Cahn-Hilliard equation and some of its variants. AIMS Math. 2
(2017), 479-544.

[25] A. Novick-Cohen. On the viscous Cahn-Hilliard equation, in “Material instabilities
in continuum mechanics (Edinburgh, 1985-1986)”. Ozxford Sci. Publ., Oxford Univ.
Press, New York, (1988), 329-342.

[26] A. Novick-Cohen and R. L. Pego. Stable patterns in a viscous diffusion equation.
Trans. Amer. Math. Soc. 324 (1991), 331-351.

[27] P. Podio-Guidugli. Models of phase segregation and diffusion of atomic species on a
lattice. Ric. Mat. 55 (2006), 105-118.

[28] T. Roubicek. “Nonlinear partial differential equations with applications”. Birkhduser
Verlag, Basel (2005).

[29] L. Scarpa. Existence and uniqueness of solutions to singular Cahn—Hilliard equations
with nonlinear viscosity terms and dynamic boundary conditions. J. Math. Anal.

Appl. 469 (2019), 730-764.

[30] B. Schweizer. Hysteresis in porous media: modelling and analysis. Interfaces Free
Bound. 19 (2017), 417-447.

[31] J. Simon. Compact sets in the space LP(0,T; B). Ann. Mat. Pura Appl. (4) 146
(1987), 65-96.

[32] G. Tomassetti. Smooth and non-smooth regularizations of the nonlinear diffusion
equation. Discrete Contin. Dyn. Syst. Ser. S 10 (2017) 1519-1537.



	Introduction
	Assumptions and main results
	Proof of Theorems 2.2–2.3
	The existence result
	The continuous dependence result

	Proof of Theorem 2.4
	First estimate
	Second estimate
	Third estimate under assumption (2.23)
	Third estimate under assumption (2.36)
	Passage to the limit

	Proof of Theorem 2.6
	First estimate
	Second estimate
	Third estimate
	Passage to the limit


