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A Cahn-Hilliard system with forward-backward dynamic
boundary condition and non-smooth potentials

PIERLUIGI COLLI(), TAKESHI FUKAO@ AND LUCA SCARPA

Abstract. A system with equation and dynamic boundary condition of Cahn—Hilliard type is considered.
This system comes from a derivation performed in Liu—Wu (Arch. Ration. Mech. Anal., 233:167-247,
2019) via an energetic variational approach. Actually, the related problem can be seen as a transmission
problem for the phase variable in the bulk and the corresponding variable on the boundary. The asymptotic
behavior as the coefficient of the surface diffusion acting on the boundary phase variable goes to 0 is
investigated. By this analysis we obtain a forward-backward dynamic boundary condition at the limit.
We can deal with a general class of potentials having a double-well structure, including the non-smooth
double-obstacle potential. We illustrate that the limit problem is well-posed by also proving a continuous
dependence estimate. Moreover, in the case when the two graphs, in the bulk and on the boundary, exhibit
the same growth, we show that the solution of the limit problem is more regular and we prove an error
estimate for a suitable order of the diffusion parameter.

1. Introduction

Let 7 > 0 be some finite time and let 2 C RY (d = 2,3) be a bounded smooth
domain. Consider the heat equation: for a given initial data ug := up(x), x € €2, and
heat source f := f(¢,x), find u := u(t, x), (t,x) € Q := (0, T) x , satisfying

ou—Au=f inQ, u() =up in<, (1.1)

besides some suitable boundary condition. If instead the sign in front of the Laplace
term Au appearing in the heat equation is positive, that is,

du+Au=f inQ, u®) =uy in<, (1.2)

the resultant is known to be an ill-posed problem. Indeed, (1.2) is backward-in-time
and can be interpreted as a determination problem of the history of heat diffusion as
follows: by the change of variable U(¢) := u(T —t),t € (0, T'), we obtain

WU —AU=—f inQ, UT)=uy inS, (1.3)
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where the initial condition is changed as a terminal condition at time 7. From the gen-
eral theory of partial differential equations, it is known that the forward heat equation
(1.1) has the special property of the smoothing effect. More precisely, you can gain the
smoothness of the solution at any short time even if the initial datum is not so smooth.
Therefore, this consideration suggests us that some small noise in the terminal data
may come from pathological deviations on intermediate states for the backward heat
equation (1.3). In this sense, the continuous dependence is a delicate problem and
we can say that the backward heat equation is ill posed, in general. The issue of the
existence of solutions is also delicate. In order to discuss it, one needs some additional
settings (see, e.g., [37]).

About this class of problems, let us raise the question: what can happen when the
backward problem is set on the boundary as a dynamic boundary condition?

In this paper, we are concerned with a (possible) backward heat equation on the
boundary I' := 9€2 of some smooth bounded domain 2 C R4 (d = 2, 3); namely, we
address a backward equation as a dynamic boundary condition of a problem which
consists in finding v : ¥ — R that satisfy

v+ Arv=Gu onX :=(0,T)xT,
v(0) =vy onT,

where 9; and Ar stand for the time derivative and Laplace—Beltrami operator (see,
e.g., [26]), respectively. Moreover, vy : I' — R is prescribed. The backward nature
of the boundary problem is due to the fact that the sign of the Laplace—Beltrami
term appearing in the dynamic boundary condition is positive. The detail about the
right-hand side Gu is given later: indeed, the variable u : Q := (0, T) x Q — Ris
also unknown and runs in the bulk, being related by a transmission condition to the
unknown v : ¥ — R on the boundary.

In order to give rigorous sense to the backward dynamics on the boundary, first
we artificially provide the problem with a suitable equation in the bulk with a fourth-
order boundary condition in such a way that the respective bulk-boundary problem is
well-posed. Then, by performing a vanishing diffusion on the boundary, in particular
we recover the second-order backward heat equation on the boundary. The equation
considered in the bulk is of Cahn-Hilliard type (see [8]), that refers to a celebrated
model describing the spinodal decomposition in a simple framework of fourth-order
partial differential equations. Some historical and mathematical description of Cahn—
Hilliard systems can be found in the papers [7,16,30,38,39], to mention only a few.
On the boundary, we consider the following dynamic condition of Cahn—Hilliard type
(see, e.g., [14,23,36]): for § € (0, 1] we look for v : ¥ — R fulfilling

v —Arw =0 onX, (1.4)
w=—6Arv—+ Br(w) +nar() —g-+du onZxX, (1.5)
v(0)=vy onT, (1.6)
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where Br is a monotone function (it may be also a graph), nrr is an anti-monotone
Lipschitz continuous function, d, stands for the normal derivative, g : ¥ — R is
a given datum. In the last term of (1.5) the normal derivative of another unknown
function u : Q — R appears, and correspondingly u has to satisfy

oju—Apu =0 in Q, (L.7)
w=—-Au+pBw)+nu)—f inQ, (1.8)
oy =0 onX, (1.9)

U =v onx, (1.10)

u(0) =up in Q, (1.11)

where the symbol A stands for the Laplacian, u. represents the trace of u on I", 8 and
7 play the same role in the bulk as Sr and 7t on the boundary, f : Q — R is another
datum. Of course, in (1.4)—(1.11) two auxiliary variablesw : ¥ — Randu : Q0 — R,
which have the physical meaning of chemical potentials, are also outlined.

Here, we intentionally construct the system from the equations on the boundary with
side conditions on the bulk. This implies that the system presents the main equations
on the boundary with the equations in the bulk interpreted as auxiliary conditions
(same procedure as, e.g., in [11,17,18] and references therein). Note that if we simply
take Br(r) = 0, nir(r) = —r forr € R, and let § — 0 in (1.4)—(1.5), then the target
equation on the boundary reads

0tv+ Arv = Gu := Ar(dyu —g) on X (1.12)

and actually makes sense as a backward equation. On the other hand, the complemen-
tary system (1.7)—(1.11) is ready to help in order to gain solvability of the full problem
despite the backward equation on the boundary.

The main topic of this paper is related to the rigorous discussion of the limiting pro-
cedure as § — 0 for the complete system (1.4)—(1.11) and the novelty is the treatment
of wider classes for g and Br. Indeed, we can postulate that 8 and fr are maximal
monotone graphs, that may be multivalued, with suitable growth properties. In this
respect, the equations (1.5) and (1.8) should be rewritten for suitable selections 7 of
Br(v) and & of B(u), respectively. In fact, in our approach f and fr are the subd-
iffentials of proper convex lower semicontinuous functions E B} R — [0, +00]
such that B\(O) = B} (0) = 0, and the growth of g is dominated by the one of fr, in
the sense of assumption (A1) below with condition (2.24). In this framework, we can
prove that the solution to (1.4)—(1.11), whose determination is ensured by the results
in [14], suitably converges as § — 0 to the solution of the limit problem in which
(1.5) is replaced by the analogous condition with § = 0. Actually, it occurs that in the
limiting process the solution of the problem with § € (0, 1] looses some regularity at
the limit, and the limit boundary equation w = dy,u — g + Br(v) + v (v) has to be
properly interpreted in the sense of a subdifferential inclusion in dual spaces. However,
the limit problem turns out to exhibit a well-posedness property since the continuous
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dependence of the solution with respect to the initial data and the source terms f and
g can be proved. In addition to these results, in the special situation when the two
graphs § and Br have a comparable growth (cf. assumption (2.50) later on), we show
that the solution enjoys more regularity and the limit boundary equation makes sense
also almost everywhere. Moreover, we examine the refined convergence and arrive at
an error estimate, for the difference of solutions, of order §1/2.

Let us now mention some related work. Recently the equation and dynamic bound-
ary condition of Cahn—Hilliard type have been studied in several papers from various
viewpoints. In particular, the Cahn-Hilliard system coupled with the dynamic bound-
ary condition of Cahn—Hilliard type as (1.4)—(1.11) has been introduced and examined
by Liu—Wu in [36] for smooth or singular potentials. Then, it is important to quote
the article [23] where the same problem is treated with a gradient flow approach.
After that, the well-posedness problem for non-smooth potentials has been discussed
in [14]. Among other contributions for this model, we point out [40] for the long
time behavior and [42] for the numerical analysis. As a remark, there is a similar
system of equation and dynamic boundary condition of Cahn—Hilliard type, which
has been analysed, earlier than the one in [36], by Gal [22] or Goldstein—Miranville—
Schimperna [25]. For this similar model, which however does not postulate a trans-
mission condition like (1.10), the same authors of this paper investigated the problem
with forward-backward boundary condition in [13]. A sort of intermediate problem be-
tween Goldstein—Miranville-Schimperna [25] and Liu—Wu [36] has been considered
(see, e.g., [1,31]). About the vanishing diffusion on the dynamic boundary condition,
the reader may also see the treatments in [12,44] for other Cahn—Hilliard systems, as
well as [3,4,15] for vanishing diffusion in the bulk and convergence to regularised
forward-backward problems. In the light of vanishing diffusion, let us additionally
mention the contributions [10,19], in which the asymptotic limit of a Cahn—Hilliard
system converging to a nonlinear diffusion equation is considered: the approach of
[10,19] consists in taking, for § € (0, 1], the Cahn—Hilliard system

atu—A/j,=0 inQ,
w=—8Au—+ Bu)+éx(u)— f in Q,

with Neumann boundary conditions, where the functions 8 and § are the monotone
and anti-monotone parts of the derivative of a double well potential. Letting 6 — 0, the
target problem is based on the nonlinear diffusion equation d,u — A(B(u) — f) =0
in Q. Similar asymptotic limits have been applied also in other contexts (see, e.g.,
[20,21,23,29,32-34,45,48]).

We present a brief outline of the paper which is structured as follows. In Sect. 2,
the reader can find the notation and the basic tools for a precise interpretation of the
problem, which is clearly stated in terms of variational equations and regularity of
solutions. After that, the main theorems are precisely stated. Section 3 is devoted to
the proof of the uniform estimates, independent of the coefficient §, for the solution to a
viscous approximation of the system (1.4)—(1.11), this viscous approximation having
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already been used in [14]. Finally, in Sect. 4 the main theorems are finally proved,
with the proofs presented in this order: we start with proving the passage to the limit
as § — 0 on the basis of the uniform estimates; next, we deal with the continuous
dependence estimate, of the solution with respect to the data; then, we examine the
refined convergence and show the error estimate of order §'/2
two graphs exhibit the same growth.

in the case when the

2. Main theorems

In this section, we present the main theorems. To this aim, we set up the target
problem and its fundamental settings.

2.1. Notation and useful tools

Let T > 0 be a finite time and let @ ¢ R? (d = 2, 3) be a bounded domain
with smooth boundary I' := 92. Moreover, we define the sets Q := (0, T) x € and
% := (0, T) x I'. We use the following notation for the function spaces: H := L3(Q),
V = HY(Q), and W := HZ(). Norms and inner products will be denoted by
| - |x and (-, -)x, respectively, where X is the corresponding Banach or Hilbert space.
Analogously, let Hp := L*(I"), Vp := H'(I'), Wr := H?(I'),andset Zp := H'/>(I")
as well. Next, we define the bilinear formsa : V x V — Randar : Vr x Vr - R
by

a(z,?) :=/ Vz-Vzdx forz,zeV,
Q
ar(zr, zr) = / Vrzr - VrzrdD' for zr, Zr € Vr,
r

where the symbol Vr stands for the surface gradient. Moreover, we define two func-
tionsm : V* — Rand mr : V' — R by

1

m(z") = @(Z*, I)y=y forz* e V¥,
1

mr(zf) = ﬁ(zl’i, Dy v for 7 € VE,

where the symbol X* stands for the dual spaces of the corresponding Banach space
X, 19| := [q1dx,and |T'| := [ 1dI".If z* € H, then m(z*) is the mean value of
Z*. Analogously, mr(zf:) has the same meaning for zj- € Hr. Using them, we define
Hy := HNker(m) ={z € H:m(z) =0}, Hr,o := Hr Nker(mr), Vo := V N Hy,
and Vr o := Vr N Hr o with the following inner products

(2, DHy =@, DH for z, Z € Hy,
(2, vy i=a(z,2) forz,z € W,

(zr, Zr)Hyo = (zr, Zr)gr for zr, Zr € Hry,
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(zr,Zr)vp, :=ar(zr, zr) forzr,zr € Vrpo.

We point out that, owing to the Poincaré—Wirtinger inequality, there exists a constant
Cp > 0 such that

<8 < Co(fz - m@L, + Im@F) forallze v, @)
2% < CP|Z|%/O forallz e Vo, (2.2)
lzrly, < C1><|zr - mr(zr)ﬁ,n0 + |mr(Zr)|2> forallz € Vr, — (2.3)
|ZI‘|%/F < CP|ZF|%/F,0 forall zr € Vro. (2.4)

Therefore, we can define the bounded linear operators F' : Vo — V{ and Fr : Vr o —
Vlik,O as follows:

(Fz,2)yg v, = alz,2) forz,Z € Vp,

(Frzr, Zr)vg .o = ar@r, Zr) for zr, Zr € Vro,

and observe that F' and F are duality mappings. Moreover, F'z = 0 in V] if and only
if z = 0in V), that is, F is invertible. Analogously, Fr is also invertible. Therefore,
we can define the inner products

@ v = (5 F ')y for 2%, 2" € V.
* =k . —1zx * =k *
(zrs 20)vg, = (ers R Zn)vegvee  forzp. Zp € Vg,

which give the related norms
1/2
¥y = {/ |VF—1z*|dx} for z* € V{,
Q

1/2
|ZF|V;O = {/F IVrFl-_lz’fldF} for z1. € V(.
Finally, we introduce the following norms in V* and V%,

*) * # |2 * |2 172 * *
|2" ] = |Z m(z") VJ+|m(z )| for z* e V7, (2.5)

2 w2112 ¥ _ U
Ve AP e v @6)

lzrlrs = {|ZF —mr(zf)

and observe that they are equivalent to the standard induced norms ||y« of V*and |-| Vit
of V¥, respectively. Then we obtain the following dense and compact embeddings:

Ve H—V* Vi Hy— V],

Vr <> — Hr — V{, Zr<> < Hr— V{, Vro<— < Hro— V[,

where “— <" stands for the dense and compact embedding.
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For the reader’s convenience, we recall useful tools in functional analysis. The
first tool is related to the trace theorem (see, e.g., [5, Theorem 2.24], [43, Chapter 2,
Theorem 5.7]), which states that there exist unique continuous linear operators yy :
V — Zr and y; : W — Zr such that

Yoz =z forallze C®(Q)NV,
yiz = dyz forallz € C®(Q)NW.

Moreover, there exists a positive constant Cy such that
lvzlzy < Cylzly forallz € V. 2.7)
2.2. Target problem

Now we set up our target problem of the forward-backward dynamic boundary
equation along with the bulk condition of Cahn-Hilliard type and considering non-
smooth potentials. Find v, w, n : ¥ — Rand u, u, & : Q — R satisfying

v —Arw =0 ae.on X, (2.8)
w=0dyu+n+nr()—g, nepPr(v) ae.onZX, 2.9)
ou—Ap =0 ae.in Q, (2.10)
u=—-Au+é&+au)—f, &epu) ae.inQ, 2.11)
dyu =0 a.e.on X, (2.12)

U =v a.e.onx, (2.13)

v(0) =vy ae.onT, (2.14)

u(0) =ug ae.in L, (2.15)

where Br and B are maximal monotone graphs on R x R, =t and 7 are Lipschitz
continuous functions, g : ¥ - R, f: 0 - R, v : ' - R,and ug : 2 — R are
given functions. Combining (2.8) and (2.9), we find a structure of second-order partial
differential equation of forward-backward type on the boundary equation. Indeed, in
general the sum Br + 7zt is not monotonically increasing on the whole domain. As
prototypes, we can choose

> Br(r) := r3, nr(r) := —r forr € R (corresponding to the smooth double
well potential);

> Br(r) :=In((1 +r)/(1 —r)), ir(r) := —2cr forr € (—1, 1) (derived from
the singular potential of logarithmic type, where ¢ > 0 is a large constant which
breaks monotonicity);

> Br(r) = 0lj—1, 1), nr(r) := —r for r € [—1, 1] (for the non-smooth
potential, where the symbol 9 stands for the subdifferential in R);
> Br(r) := 0, ar(r) := —r for r € R (for the backward-like heat equation on

the boundary).
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In our approach, according to previous contributions (cf., e.g., [9,12-14]), about B
we prescribe a condition on the growth, that sets a control by the growth of fr, see
the later assumption (A1) and condition (2.24). Instead, we can choose any Lipschitz
continuous function for , independent of 7.

2.3. Main theorems

We recall an auxiliary Cahn—Hilliard system approaching our target problem: for
6 € (0, 1], find ug, us, & : O — R and vs, wg, ns : £ — R satisfying

dius — Aus =0 a.e.in Q, (2.16)

ps = —Aus+ & +m(us) — f, & € Bus) ae.in Q, (2.17)
oys =0 a.e.on X, (2.18)

(us))- =vs ae.onX, (2.19)

o;vs — Arws =0 a.e.on X, (2.20)

ws = dyus — SArvs +ns +mr(vs) — g, ns € Pr(vs) a.e.on X, (2.21)
us(0) = up a.e.in €, (2.22)
v5(0) =vg a.e.onT. (2.23)

This system of equation and dynamic boundary condition of Cahn—Hilliard type has
been introduced by Liu—Wu in [36] and its solvability is discussed in the papers [23,36]
under some restrictions for 8 and Br, while in the case § > 0 the well-posedness issue
is examined in [14, Theorems 2.3, 2.4, and 4.1] under our general conditions on the
graphs 8 and Br (cf. the assumption (A1) below). The aim of the present paper is the
extension of the results in [14] to the limiting situation § = 0. In particular, in our
analysis we are able to avoid the geometric conditions of Liu—Wu (cf. [36, Theorem
3.2], see also [23]).
In this paper, we assume:

(Al) B and Br are maximal monotone graphs on R x R, and there exist proper,
lower semicontinuous, and convex functions 8, fr : R — [0, +-o00] satisfying
B(0) = Br(0) = 0 such that

B =8B, Pr=0pr.

Moreover, we assume that D(Br) C D(f) and there exists positive constants
01, c1 > 0 such that

|B°(r)| < 01| BR(r)| +¢1 forall r € D(Br). (2.24)

(A2) m,nr : R — R are Lipschitz continuous, with their constants L and Lr,
respectively. Moreover, we set 7 (o) := [i 7 (r) dr and T (p) := [ 7r(r)dr,
peR;

(A3) f e L?*0,T;V)andg € L%, T; Vr);
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(A4) ug € V,vg € Vr satisfy ypug = vg in Zr. Moreover, ug € L>®(R), so that
vg € L°°(I") as well, and

[ess inf ug(x), ess sup uo(x):| C int D(B),
xeQ e

|:ess inf vp(x), ess sup vo(x)j| C int D(Br).
xel xel

Note that this implies that B(ug) € L1 (), Br(vo) € L1(T"), my := m(ug) €
intD(B), and mrq := mr(vg) € intD(Br).
We notice that in (A1) the symbol B° stands for the minimal section defined by

Bo(r) = {r* e p(r):1r =Srerllgig) Isl},

and same definition holds for 8. Of course we can choose B(r) = Br(r) = 0 for
re D(r) =R
Recalling the known resultin [ 14] we obtain the following proposition for s € (0, 1].

Proposition 2.1. [14, Theorems 2.3, 2.4] Under the assumptions (A1)—(A4), there
exists a sextuplet (us, us, &s, vs, ws, ns), where us and vs are uniquely determined,
so that

us € H'(0, T; V)N L0, T; V)N L0, T; W),
us € L*0.T: V), & € L*(0,T; H),

vs € H'(0, T; V) N L0, T; Vr) N L*0, T; Wr),
ws € L*(0, T; Vr), ns € L*(0, T; Hr)

and they satisfy
(0rus, 2) v+ v +/ Vus-Vzdx =0 forallz €V, ae. in(0,T), (2.25)
Q
ns = —Aus + & +mw(us) — f, & € Bus) ae. inQ, (2.26)
(us)r =vs aeonkx, (2.27)

(0 vs, ZF>VF,VF +/ Vrws - Vrzrdl' =0 forall zr € Vr, a.e. in (0, T),
r

(2.28)
ws = dyus — SArvs + 15 +7r(vs) — g, 15 € Pr(vs) a.e on X, (2.29)
us(0) = ug a.e in 2, (2.30)
v5(0) =vg ae onT. (2.31)

We note that, due to the lack of the regularities of time derivatives, Eqs. (2.16)
and (2.20) are replaced by the variational formulations (2.25) and (2.28), respectively.
Moreover, the boundary condition (2.18) is hidden in the weak form (2.25). Here
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and hereafter we frequently use the notations z|. and 9,z in place of ypz and yz,

respectively.
Our main theorem is stated here:

Theorem 2.2. Under the assumptions (A1)—(A4), there exists at least one sextuplet

(u, 1, &, v, w, n) fulfilling
ue HO,T; V)YNL®O,T; V), AuecL*0,T;H)
pel*0,T;V), &eL*0,T;H),
ve HY0, T; V)N L™, T; Zr),
we L*(0,T: Vr), nelL*0.T:Z})

and satisfying (2.8)—(2.15) in the following sense:

(0ru, Z)v*v +/ Viu-Vzdx =0 forallz €V, a.e.in(0,T),
Q

w=—-Au+és+nw)—f, §€pu) ae inQ,
U =v ae onx,
(00, zr) v v +/ Vrw - Vrzrdl' =0
r
for all zr € Vr, a.e. in(0,T),
(w7 ZF)H[‘ = (av” + n, ZF)ZF,ZF + (nI‘(U) - & ZF)H[‘
for all zr € Zr, a.e. in(0,T),
(n.2r — v)zz.z¢ s/ﬁr<zr)dr—/ﬁr<v)dr
r r
for all zr € Zr, a.e.in (0, T),
u(0) =ug a.e. in,

v(0) =vg aeonl.

(2.32)

(2.33)
(2.34)

(2.35)

(2.36)

2.37)
(2.38)
(2.39)

Moreover, (u, u, &, v, w,n) is obtained as limit of the family {(us, us, &s, vs, ws,
ns)}o<s<1 of the sextuplet solutions given by Proposition 2.1, in the sense that there

is a subsequence {8 }ken such that, as k — +o0,

us, — u weakly star in HY 0, T; V*YNL>®0,T; V),
Augs, — Au weakly in L2(0, T; H),

dpus, — dyu weakly in L*(0,T; AR

Ws, — 1 weakly in LZ(O, T;V),

&, — & weakly in L2(O, T; H),

vs, = v weakly star in H'Y0,T; VEYNL®(0,T; Zr),
Skvs, — O strongly in L=(0, T; Vr),

ws, — w weakly in L2(O, T; Vr),

(2.40)
(2.41)
(2.42)
(2.43)
(2.44)
(2.45)
(2.46)
(2.47)
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ns, — 1 weakly in L*(0, T; V%), (2.48)
(=8k Arvs, +15,) — 1 weakly in L*(0, T; Z}%). (2.49)

Remark 2.3. About the inequality (2.37), we point out that whenever n € L?(0, T; Hr)
then (2.37) is actually equivalent to the inclusion n € fr(v) a.e. on X, or equivalently

n € dlx(v),

where

/ Br(zr)dTds if Br(zr) € L'(%),
>

400 otherwise.

Is : L*(0, T; Hr) — [0, +00], Is(zr) :=

On the other hand, if we only have n € LZ(O, T; Zl’i), then (2.37) means that n €
d0Jyx (v), where

/ Br(rydlde if Brizr) € L(2),
M)

+00 otherwise.

Js 1 L}(0, T; Zr) — [0, +ocl, Js(zr) :=

Here, the main point is that, since we are identifying Hr to its dual, the subdifferential
dIy is intended as a multivalued operator

dIz from L?(0,T; Hr) to L*(0, T; Hr),
while dJx is seen as an operator, multivalued as well,

3Jx from L?(0,T; Zr) to L*(0,T; Z}).
For further details we refer to [2,6].

Remark 2.4. Take, for instance, the case fr = 0, which yields that 8 should be at
most bounded due to (Al) and (2.24). In this case, it is compulsory to have n = 0
and, therefore, by a comparison of term in (2.36) we deduce that d,u € L2(0, T;Zr),
being in fact w = d,u + nr(v) — g an element of L0, T; Vr). Then we interpret
the backward equation (2.35) on the boundary as

(0rv, ZF)VF,VF —i—/ Vr(avu + JTF(U)) - VrzrdIl
r
= / Vrg - VrzrdIl forall zr € Vr,
r

a.e.in (0, T), where thanks to (A3) we can move the term containing g to the right-hand
side, but we cannot split d,u + nr (v) € LZ(O, T; Vr).

Next theorem is related to the continuous dependence on the given data:
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Theorem 2.5. For any data {(f©, g®, u’, v’)iz1 2 satisfying (A3), (A4) and
suchthatm(u(()l)) = m(uéz)), mr(v(()l)) = mr(v(()z)), let u®D, @ @ y@ @ 5@y
be some respective solutions obtained by Theorem 2.2. Then there exists a positive
constant C > 0 such that

W) = u@ O + V@) - vP 07,
' t
+/ D (s) — u@ s ds +/ vV (s) —v@ ()], ds
0 0

< oI =L o - PR,

! t
+/o |#06) - f(Z)(S)ﬁde/O 18V s) —g(z)(S)ﬁj(r dS)

forallt € [0, T].

Of course, this theorem entails the uniqueness property for # and v. If 8 and Sr
are single-valued functions, then the whole sextuplet (u, u, &, v, w, ) obtained by
Theorem 2.2 is unique as well.

As a remark, the discussion of the continuous dependence is delicate for backward
problems in general. In such a problem, under the assumption of the existence of
bounded solutions, the conditional stability is discussed in some sense in [28] (see
references therein) and in [46] for the Cahn—Hilliard equation.

The results that follow are inspired by the analogous ones in [13].

Theorem 2.6. Under the assumptions (A1)—(A4), suppose also that
D(B) = D(Br), there exists a constant M > 1 such that
%|,3§(r)| —M < |B°()| = M(|BE()| +1) forallr e D(B).  (2.50)
Then, the limiting sextuplet (u, u, &, v, w, n) obtained in Theorem 2.2 also satisfies

ueL*(0,T; HY*(Q)), du e L*0,T; Hr), ve L*0,T; Vr),
nelL?0,T: Hr), neprv) ae onX.

Moreover, in addition to (2.40)—(2.49), the following convergences hold, as k — +o00,

ns, — 1 weakly in L*(0, T; Hr), (2.51)
Skvs, — O weakly in L*(0, T; HY*(I)), (2.52)
dputs, — Sk Arvs, — dyu weakly in L*(0, T; Hr). (2.53)

In particular, (2.36) can be rewritten as

w=ou+n+nr(w)—g aeon. (2.54)
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Remark 2.7. We note that the additional assumption (2.50) is a reinforcement of (A1)
and (2.24), for some constant M > max{o1, c1}. In fact, (2.50) implies that the two
graphs 8 and fBr have the same growth properties.

Theorem 2.8. In the setting of Theorem 2.6, let (u, u, &, v, w, n) denote the sextuplet
solution of the problem (2.32)—(2.39) given by Theorem 2.2 and, for 0 < § < 1, let
(us, us, &s, vs, ws, ns) be the sextuplet solution of the problem (2.25)—(2.31) given by
Proposition 2.1. Then, there exists a constant C > 0, independent of 8, such that
1/2
lus — ul oo 0,7:vn220,1:v) F 195 = Voo, 7svenz2,ri 2 < €87 (2.55)

forevery$ € (0, 1] and, as § — 0,

vs — v weakly in L2(O, T; Vr). (2.56)

3. Uniform estimates

In this section, we will obtain uniform estimates independent of the parameter
0 < § < 1. To do so, we recall another suitable approximation to the auxiliary
problem. Then, taking care of the previous known results, we will obtain uniform
estimates that are useful for the limiting procedure.

3.1. Yosida approximation and viscous Cahn—Hilliard system

In the approach of [14], Proposition 2.1 has been proved by considering the follow-
ing viscous Cahn—Hilliard system: for §, A € (0, 1]

dius ) — Apsy) =0 ae.in Q, 3.1
s, = Aopug ) — Augsy + Br(usy) +mw(us ) — f ae.in O, (3.2)
dyusa =0 ae.on X, 3.3)
(us,3))r = vs5,5 ae.onx, (3.4)
0ivs ), — Arws, =0 ae.on X, 3.5)
ws,. = A0y vs, + Oyl — SArUs

+ Bra(vss) + 7r(vs,) — g ae.on X, (3.6)
us(0) =up a.e.in Q, 3.7
v5.,(0) =v9 ae.onT, (3.8)

where B, and fr, are the Yosida approximations of B and fr, respectively, defined
by

1
—AUD:XO—U+WYW»

> =

Br(r) = —(
1
Py

1
Bro(r) =5 (r = Jra) =2 (r = + M) () forr e R.
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From the well-known theory of maximal monotone operators (see, e.g., [2]), we see
that B, and Br, are Lipschitz continuous functions with Lipschitz constant 1/A.
Moreover, it holds that

1B.("] < |B°(M], 0= Bulr) < B, forallr € D(B),  (3.9)
|Bra(] < [B2()|, 0<PBra)<Br() forallr € D(Br). (3.10)

The approximating problem (3.1)—(3.8) is well posed [14], namely, there exists a
unique quadruplet (us , (s, Vs, i, Ws.2), With

us; € H'(O, T; HyN L™, T; V)N L*0,T; W),

psa € L2O, T; W),

vs.i € H'(0, T; Hr) N L>®(0, T; Vr) N L*(0, T; Wr),

ws5. € L*(0, T; Wr),

satisfying (3.1)—(3.8). Moreover, (us.5, (452, Vs.x, Ws,2) converges to the sextuplet

(us, ws, &s, vs, ws, Ns)

given by Proposition 2.1 in a suitable sense, where &5 and 75 are the limits of S8, (u5.3)
and Br.,(vs.») as A — 0, respectively (see, [14, Theorem 2.3]). Therefore, we omit
the details of the limiting procedure A — 0 in this paper.

From the next subsection, we will obtain the uniform estimates for the approximating
problem (3.1)—(3.8), whereas we will discuss the limiting procedure § — 0 in the next
section.

3.2. 1st estimate (related to the volume conservation).

Integrating (3.1) over 2 x (0, ), multiplying by 1/|€2|, and using (3.3), (3.7) we
obtain

m (w51 (1)) = muo) = mo (3.11)

for all # € [0, T']. On the other hand, integrating (3.5) over I x (0, #) and multiplying
by 1/|T"|, from (3.8) we have that

mr (vs,2.(1)) = mr(vo) = mro

for all ¢ € [0, T]. Also, we observe that

d
<3t(1/l8,k(t) — mo), 1)V*,V = — /Q us(t)dx =0,

dt

which yields that d; (s, (t) — mo) € V', and analogously 9;(vs,»(t) — mro) € Vﬁ,o
for a.a. t € (0, T'). Moreover, there exists a positive constant My > 0 such that

|m(u5,l)|Loo(O’T) + |mr(v5,k)|Loc(0’T) =< M1~ (312)



J. Evol. Equ.  Cahn-Hilliard system with dynamic boundary conditions Page 15 of 31 89

3.3. 2nd estimate

Multiply (3.1) by F‘l(ug,k(t) — up) and (3.5) by Fr_l(v(;,;\(t) — vg). Then, using
(3.3) we obtain

(3 (us.0.(t) — uo), F~" (us () — ”O))VO*,VO
+/ Vs (t) - VE us (1) — ug) dx =0, (3.13)
Q
and

(0 (v5.1 (1) = v0). i (v5.2(0) = v0))

0:Vr.0

+/ Virws 1 () - Vi Fr ' (vs,2(6) — vo) AT = 0 (3.14)
r

for a.a. t € (0, T). Next, multiplying (3.2) by us ,(t) — uo and using (3.4) we infer
that

(15.(8), us 3.(1) — uo),,
= %%WM(D - uo|i,0 + /Q Vus.(t) - V(us, (1) — uo) dx

_ (Bvua,x(f)’ Us,k(t) - UO)H[‘
+ (Br(us.1(0)), w5 5.(1) — o)y + (7 (s (1)) = £(0), us 1(1) — uo),.  (3.15)

Analogously, multiplying (3.6) by vs . (f) — vo we have that
(ws,2.(1), vs,1 (1) — vo)Hr
A d 2
= EEM,A(U - v0|Hr,o + (yues (1), vs,1(1) — UO)HF
+ 8/ Vs, (t) - Vr(vs, (1) — vo) dT
r

+ (B (vs.a (1), vs.2(1) — vo)HF + (71 (vs,1 (1)) — g(0), vsa(t) — vo)Hr-
(3.16)

By merging (3.13), (3.14), (3.15), and (3.16), and then adding |us ; (t) |%_1 to both sides
of the resultant we obtain

2 A O —wll + L s - v
Vi T a0 Olhy T 5 g 170 Olve,

1d
§E|M5,)L(t) — Ug
A d
43 310840 = vl + lusa@ff +5 [ [rvsa o ar
+ (Br(us, 2 (1), us 0 (6) — uo)yy + (Bro(vs,u (1), vs,5.(1) — UO)HF

< |M3’)L(t)|2+/ Vu(m(t)-Vuodx+8/ Vrusa(t) - VrypdI'
Q r
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— (7 (us n () — f(), us,3.(1) — uo)y — (7r (vs,1(1)) — g(2), vs2 () — vo)Hr
(3.17)

fora.a.t € (0, T). Now, on the left-hand side, by the convexity of ,Ba and Er, 2, as well
as (3.9)—(3.10), we deduce that

(Br(us (), us5.(t) — uo)yy + (Bro(vs.a (1)), v5u.(1) — UO)HF
> / B (us,5(1)) dx — / Bug) dx + / Br. (vs 1.(1)) dT" — / Br (vo) dr".
Q Q r I

On the right-hand side, by the Young inequality we have
/ Vus (1) - Vugdx + 5] Vrusa(t) - VrygdD'
Q r

1 1) 2
< Sl OF + 3 / | Vrvs 5. (0] dT + luol} + 8lvol3,..
r

Furthermore, applying the Ehrling lemma (see, e.g., [35, Chapter 1, Lemma 5.1]) for
V < H <><> V* we see that for any ¢ > 0 there exists a positive constant
C, > 0 such that

s 1 03 = elus O, + Co(1+ |us 2.0 = oy, ). (3.18)

where we have added and subtracted u( in the second term on the right-hand side and
used the equivalence of | - |y= and | - |v0* on V. Moreover, thanks to (A2) and (A3),
using the Young inequality and again the Ehrling lemma it turns out that there exists
a positive constant C > 0 depending on 7, |ug|y, and |2| such that

— (7 (usn (1) — f(), us,3.(1) — uo),,
< (L|us ], + |7 O], + }f(t)|H)(|uu(t)| + luolm)
<e|u“(z)|v+cg( >+C<1+|f(t)|H>

fora.a.t € (0, T). Analogously, using the Young inequality, the Ehrling lemma with
respect to the inclusions Zp < <> Hp <> V¥, and the estimate (2.7) for the trace yy,
we deduce that

— (7r (5.2 (1)) — g (1), vs (1) — UO)Hr
< (Lr|vs,x(t)|Hr + \NF(O)IHF + \g(l)lHr)(|va,A(l)|Hr + lvolar)

2 2
Ve, T C (1 + |g(t)|Hr>

< elus s (O]], + Celvs i) — vo

fora.a.t € (0, T), where we exploited the equivalence of | - |V* and |- |Vr on Vi I and
we let the updated value of C depend also on &, |vo| Ay, and |T"|. Therefore, going
back to (3.17) we choose ¢ small enough and apply the Gronwall inequality, obtaining

sup |us (1) — uo

« T sup Aus (1) — uo
1€[0,T] V T] | |H°
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+ sup |vsa(t) —vo . + sup Alvsa(t) —vo
IG[OT]} |V ] | }Hro

2 2
—i—/ |us.(s)]y, ds +8/ |VFU5,A(S)|Hr ds
0 0
T T
+/ ‘ﬂ)\(us,/\(s))hl(m ds+/ |ﬁr,x(vs,x(8))|L1(F) ds < M>, (3.19)
0 0
where the constant Ms dependson T, | f|12(0. 7 )+ 181220, 7: Hipy» [0l Vs and 8'/2 v v..
3.4. 3rd estimates

Firstly, multiplying (3.1) by ws. 5 (¢) + f(¢) and using (3.3) we obtain

(Brts 100, 13,100 + F Oy / Vi) dx

1
- [ Vi vrwax = 3 [ Fusaof ar+ 3 [ [vrof ar

(3.20)
fora.a.t € (0, T). Secondly, multiplying (3.2) by 3,15, (¢) leads to
(rus 1 (), w30 (0) + F(D))
= Mdus s (0] + ;j / Vs 5.(0) | dix = (Bpis (1), 3054 (1))
+ % {/Q/é;(ug,k(t))dx +/;Zﬁ(u5,k(t)) dx}. (3.21)

Analogously, multiplying (3.6) by 0;vs.,(¢) we infer that
(0rvs,.(1), ws . (1) + g(t)>VF’VF
2
= Morvs A (O] + (Bvus (1), Bvs.2 (1)) + S / |Vrus (0] dr

d ~
@ {/ ,BF,A(US,A(I)) dr + [ r (Ug,)t(t)) dr} , (3.22)
t r r

while multiplying (3.5) by ws . (¢) + g(¢) gives

(3rv5 .00, w31 0) + 8 D)y + / |Vrws ()2 dr
/|V1~w3 A(r)| dr + = /|Vrg(t)| dr. (3.23)

Combining (3.20)—(3.23), integrating the resulting inequality from O to 7, adding the
term (1/2) |u57,\(t)|%l to both sides, and using (3.7)—(3.10), we obtain
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I 2 1 [ 2
3 A ’V;L,;,)L(s)|Hds+§ A WFU)(S,A(S)}HF ds
! 2 ! 2 1 2
[ Jos a0l s+ [ ol a5+ Slusaof;
1) -~ —~
+§|Vrva,;\(t)|zr +/Q/3A(M5,A(l)) dx—i—/rﬂr,x(va,x(l)) dar
1 1) —~ —~
< EIVMOI%I-FEIVrvoI%Ir +/ ﬂ(uo)dx+/ Br(vo) dT’
Q r
1 (7 2 1T 2 1 2
+5/0 |f(s)|vds+§/0 |g(s)|vrds+5|u5,k(t)]H

+/Q|ﬁ(u3,x(z))|dx+/Q|ﬁ(uo)|dx+/F|ﬁp(v3,k(t))|dr+/F|ﬁp(vo)|dr
(3.24)

forall ¢+ € [0, T']. Here, from (A2) we see that

70| < Llrlz—i—iln

1
7 ()| < Lrlr? + E!nr@}z

for all » € R, therefore

/Q|7T\(Ms,x(f))| dx + /Q|ﬁ(uo)| dx < Lus 5.(0)]3; + Lluoly + —
~ ~ 1
/F’ﬂr(va,x(f))‘ ar + /Fynrwo)\ dr < Lefus 3, + Lrluofy, + 7=l OF,

Now, applying again the compactness inequalities and the estimate (2.7) for the trace,
we see that for any ¢ > 0 there exists a constant C, > 0 such that (3.18) and

0350 3. = elus O + Ce(1+ 5,000 = woly,. ) (3.25)

hold, where C, depends on |ug|m, [vol ar-, |$2], and |I'|. Thus, using (3.19), we deduce
that there exists a positive constant M3 > 0 such that

T T
/(;|VM6’A(S)|?{dS+/O }VI‘U)S,)\(S)ﬁ#dS

T 2 T 2
+/\/ |a,u5,k(s)|Hds+A/ |8,v3,k(s)|H ds

+ SuP |M3A(t)|v+ SUP 5|Vrvsx(t)|H

tel0

+ sup [,BA us;. (1)) dx + sup /,B\r,)h(vg,x(t)) dr < Mj. (3.26)
te[0,T] tel0,7]1JT

From (3.1), (3.3), and (3.5), it straightforward to infer that

|9yus,.(5) < |era,x(s)|§{r,

Ve = Vsl
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for a.a. s € (0, T). Thus, the estimate (3.26) also implies that

T T
/ EXTRO] ds—i—/ |8,05.1(5)| 7 ds < Ms. (3.27)
0 0 0 r,0

3.5. 4th estimate.

Thanks to (A1) and (A4), we can use the following useful inequality (see [41,
Appendix, Prop. A.1] and/or the detailed proof given in [24, p. 908]): there exist two
positive constants ¢», ¢3 > 0 such that

(Br(usn (1), us 5.(t) — uo)yy = c2 /Q|/3A(M8,A(t))| dx — c31€2,

(B (520)), v3(6) = W),y = 2 /F 1Brs (v5.1(0)| dT — eI

fora.a.t € (0, T). Therefore, merging (3.13)—(3.16) again and recalling the definition
of inner products of V" and VF,O’ we have

e {/Q|ﬂk(u,g,k(t))| dx + /F|/3r,,\(v5,)x(t))|dl*} —c3(121+1T)
< (f(0) — 7 (usn (D)) — Ayus . (8), us 3. (1) — uo)y — (rus 1 (1), us (1) — uo)vo*

+ (80 =70 (v3. (D) = 2052, (D), 5.5, (5) = v0) g = (Brv5.2.(1), V5,1.(6) = V0) e
< {1 O+ I a.20) gy + 2o 1 0] s 10 = vl

{180y + (w2 0) g, + 200550y Hos o0 = wol .

+ [Bhus.1.(0)| e [103.5. 1) = o] e + 105,00y [v5.0(0) = w0y (3.28)

for a.a. t € (0, T). Here, from (A2) and (3.26)—(3.27) it follows that the right-hand
side of (3.28) is uniformly bounded in LZ(O, T): hence, there exists a positive constant
My > 0 such that

T T
2 2
L 180 ss )y 5+ [ 1B (0a ) ey b = e 329
3.6. 5Sth estimate
Setting Wy := H2(Q) DHOI (2), we multiply (3.2) by an arbitrary ¢ € L%(0, T; Wo)

and integrate by parts. Recalling the continuous embedding Wy < L°°(2), we obtain
that

T
/0 (15.2.5), £(5)) ds

T
< fo Rarits 1 (5) + 7 (5 0(9)) = £5)] €] ds
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T T
+[) NVMB,A(S)|H|V§(S)|H dS+CA |IB)\(M3,)»(S))|L1(Q)|§(S)|W0 ds,

where the positive constant C only depends on 2. Therefore, exploiting the estimates
(3.26) and (3.29) we infer that

T
fo 5.0 (9) [y ds < M. (3.30)

Now, we apply the Ehrling lemma for the spaces V < < H < Wy to deduce that
for every ¢ > 0 there exists a constant C; > 0 such that

52y = e[ Visa® |y + Celusa)lyy, foraas e ©.1).

Consequently, the estimates (3.26) and (3.30) yield, possibly updating M5,

T
|45.1(5)[} ds < Ms. (3.31)
0

Next, we test (3.2) by 1 and integrate by parts using the boundary equations (3.4) and
(3.6). Recalling that d;us,3 (1) € V§ and 9,vs,,(t) € Vlf,o’ it easily follows that

/Ma,x(t)dx-i-/ ws, ;. (1) dI’
Q r
- /Q B (5.(0) dx + (s 1 (1)) — £ (). 1),
[ Bra(usr®) dr + (e (15, 0) = g0, 1), (3.32)

fora.a.t € (0, T). Then, by virtue of (3.19), (3.29), (3.31) and assumptions (A2) and
(A3), comparing the terms in (3.32) yields that

1
the function ¢ +— mr(w(;,;t(t)) = ﬁ / ws, 5 (1) dI’ is uniformly bounded in LZ(O, T),
r

whence the estimate (3.26) and the Poincaré—Wirtinger inequality allow us to infer that

T
2
/ |ws,2(5)[, ds < Ms. (3.33)
0
3.7. 6th and 7th estimates

We test now equation (3.2) by B, (us,) and equation (3.6) by B, (vs,1), then we
combine them obtaining

ad [~ 5
——f ﬁx(ua,x)dX-i-/ ﬁf\(ua,,\)IVua,xlzdx-l-f |Br(us )| dx
2dr Jo Q Q

A d

+ ——/ E(va,x)dr-i-fs/ ﬂﬁ(vs,x)lvrvs,xlzdF-F/ B (v5,,)Br.a(vs ) dI’
2dr Jr r r
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= /Q (5,0 + f — 7w (us,2)) Balus,z) dx + ﬁ (ws.p. + & — 70 (vs,2)) Ba(vs,2) AT
(3.34)

Now, we recall assumption (A1) and point out that (2.24) entails that the same in-
equality holds for the Yosida approximations §; and fr ; (see, e.g., [12, Appendix]).
Hence, for the coupling term above we have the control

1 2
/ﬁk(va,x)ﬂr,x(vs,;\)dr > —/|/3A(v<s,;\)| dar - ¢
r 201 Jr
for some constant C. Then, integrating (3.34) over (0, T') and applying the Young

inequality, from (A1)-(A4) and the estimates (3.26), (3.31), (3.33), it is standard
matter to deduce that

A /Q B (u5.(T)) dx + 2 /F B (vs 2.(T)) dT

T T
+ /O 15 (5.1 (), ds + /O Bu(tsa)f ds = Mg (339)

for some positive constant Mg. Next, by comparing the terms in equation (3.2) we
have that

|Aus 3 ()] < |50y + A|ous 1 (O] 4] Br(us a )]y + |7 (us )| + [ £ O]
fora.a.t € (0, T), whence
T 2
/ |Au5,;h(s)‘H ds < Mg. (3.36)
0

We proceed now by exploiting the idea of [13]. Together with the trace theorems
for the normal derivative (see, e.g., [27, Lemma 5.1.1, p. 209]), estimates (3.26) and

(3.36) yield that
T
/ |yies 5. (s)
0

Analogously, recalling the estimate for § 172y, V5.2 1n L°°(0, T'; Hr) in (3.26), by (3.4)
the trace of 81/ zug, » 1s uniformly bounded in L? (0, T'; V). Therefore, by virtue of the
elliptic regularity (see, e.g., [5, Theorem 3.2, p. 1.79]) and again the trace theorems
for the normal derivative, we obtain that

2. ds < Me. (3.37)
r

T
2
5/ favua,k(s)|Hr ds < M. (3.38)
0
Consequently, by comparing the terms in equation (3.6) one deduces that

—38Arvs (1) + Br.a (Ué,A(t))

2
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=< [Bous 1. (0] 71 + C(Jwsn O] . + 2055 Oy e (v5.20) [y + |20 )

fora.a.r € (0, T), hence that

T
/0 ‘—8Arv5,x(s) + Br.(vs.2.(5))

5o ds < M. (3.39)
r

Since 8'/2Ap vs,5, is bounded in L>°(0, T'; V) by the estimate (3.26), a direct com-
parison in (3.39) yields also

S ds < My, (3.40)
r

T T
3/0 | Arvs (s) %,r* dS+/O |Br.. (vs.1(s))

4. Proofs of main theorems

We start by discussing the limiting procedure. The main issue concerns the passage
to the limit as § — 0. Indeed, it is known from [14, Theorem 2.3] that letting A — 0
with weak and weak star convergences, we can prove Proposition 2.1. Moreover,
the limit functions us, us, &, vs, ws, and ns satisfy (2.25)—(2.31) and same kind of
uniform estimates obtained in the previous section, that is, the estimates

sup [us (D)3 + sup 8|Vrus()], < Ms, @.1)

tel0,T] tel0,T]
r 2 r 2

/0 |a,u5(s)|vg ds+f0 |3,U5(S)|Vlf0ds < Ms, 4.2)
r 2 T 2

fo |M5(S)|Vds+[) |w5(s)|vr ds < 2Ms, 4.3)
T t t

/0 l&s(s)|>, ds+/0 |Aus ()|, ds+/0 |5 (5)| 7, ds < 3Ms, (4.4)

T
/ | =8 Arvs(s) + ns(s) 22;2 ds < My, (4.5)
0

eds <2M;7.  (4.6)
r

T T T
2 2
5/ |3vts (). ds+8/ |Arvs(s) Vr*ds—l-/ |5 (s)
0 0 0

Moreover, we have that

m(dus()) =0, mp(d;vs,()) =0 4.7

for a.a. t € (0, T). As a remark, using (4.2) and recalling the definition of norms in
(2.5)—(2.6), we deduce similar uniform estimates for {0;us}se(0,1] in L?(0, T; V*)and
{0:vs}se(0,17 in L2(O, T; V¥), respectively.

4.1. Proof of Theorem 2.2.

From (4.1)—(4.6) it follows that there exist a sextuplet (u, u, &, v, w, ), with
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ue H' O, T; VHNL®0,T;V), AuclL*0,T;H),
wel*0,T;V), &eL*0,T; H),

ve HY 0, T; Vi) N L™, T; Zr),

we L*0,T;Vr), nel?0,T;Z}),

and a subsequence {3y }xcN such that, as k — o0, the convergences (2.40)—(2.49)
hold. Moreover, by virtue of the Aubin—Lions compactness results [47] and the com-
pact embeddings V < < H and Zr <> <> Hr, the following strong convergence
properties

us, - u in C([0, T]; H), (4.8)
vs, = v inC([0, T]; Hr) (4.9)

hold as well. The Lipschitz continuities of 7 and 7t give us then, as k — oo,

m(us,) — w(u) in C([0,T]; H), (4.10)
mr(vs,) — wr(v) in C([0, T1; Hr). 4.11)

Therefore, taking the limit in (2.25) and (2.28) we can obtain the variational for-
mulations (2.32) and (2.35). The conditions (2.38) and (2.39) are also inferred from
(2.30)—(2.31) on account of (4.8)—(4.9). Thanks to (2.40) and (2.45), the boundary
condition (2.34) follows from (2.27) and the continuity of the linear trace operator yy
from V to Zr.

The first equation in (2.33) is coming from the one in (2.26) owing to the conver-
gences (2.41), (2.43), (2.44), and (4.10). The second condition in (2.33) is proved by
the demi-closedness of the maximal monotone operator induced by 8, by virtue of the
strong convergence (4.8) and the weak convergence (2.44). The variational formula-
tion (2.36) is also obtained from the first equation in (2.29), due to the convergences
(2.47), (2.42), (2.49), and (4.11).

To conclude the proof of Theorem 2.2, it remains to prove (2.37). To this aim, we
multiply the equality in (2.26) by us, and integrate the resultant over Q with respect
to time and space variables. Using (2.27), we have that

/ |Vus, |* dxdt —/ s, vs, dUdr
Qo =

—l—/ &5 us, dxdr = / (:U“Sk —m(us,) + f)ugk dxdr. 4.12)
0 0

On the other hand, multiplying the equality in (2.29) by vs, and integrating then over
33, we find out that

/ dypus,vs, AUz + 8 / |Vrus,|> dlds
z z

+ / ns, vs, dTdr = / (ws, — 7 (vs,) + g)vs, dTdr. (4.13)
x X
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Summing (4.12) and (4.13), using lower semicontinuity and weak-strong conver-
gences, we obtain that

lim sup/ ns, Vs, dI"dz
=

k—+00

< lim sup/ (u(;k —m(us,) + f)u(;k dxdr + lim sup/ (w,;k — mr(vs,) + g)vgk dI'dr
o =

k—+00 k—+00

— lim inf / |Vus, |> dxds — lim inf / £s, us, dxdr — lim inf §; / |Vrus, |* dTdt
k—>+o0 Jo k—+o00 )

k—+00 0

5/( —n(u)+f)udxdt+/(w—nr(v)+g)vdf‘dt

T
/qu| dxdr — /éudxdt —/ (n, U>ZF,Zr dt (4.14)

and the last equality can be recovered combining the equation in (2.33) tested by u
and (2.36) with zr = v (cf. also (2.34)). Now, using the definition of subdifferential
for Ar in L?(X), from the second inclusion in (2.29) we have that

/E 1o, (¢ — vs,) dTdr + /E Br(vs)) dTdr < /Z Br(cr)dldi  (4.15)

for all ¢r € L%0, T: Hr). If lr € L%0, T: Vr), then by virtue of the weak conver-
gence (2.48), the strong convergence (4.9), the weak lower semicontinuity of Ar, and
(4.14), we obtain

T
li dI'dr = , « 7. df,
m Zﬁakfr /o (. ¢r)zx, zr

T
lim inf (—/ 15, Vs dth) = —lim sup/ ns, Vs, dIdr > —f (n, U>Zl’5,zr dr,
x by 0

k=400 k— o0

lim inf / Br(vs,) dT'dr > / Br (v) dTdr.
)} >

k——+00

Therefore, taking the infimum limit in (4.15), we deduce that

T
/0 (. ¢r =) zz,zp df < /Eﬂr(ér)drdt —/Zﬁr(v)dl“dt (4.16)

forall ¢r € L0, T; Vr). Asn € L>(0, T; Z ), by a density argument we can prove
that (4.16) holds also for all zr € L2(0, T; Zr). Indeed, for a given arbitrary {1 €
L2(0, T; Zr) and ¢ > 0, we can take the approximations {{r ¢}e>0 C L2(0, T; Vr)
defined as the solutions to

{r,e —&Arire =<¢(r ae.onX.
In fact, thanks to [10, Lemma A.1] we have that

{re — {r in L2(0,T; Zr) ase — 0,
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Ep (lre) < Ep((r) a.e.on X, forall e > 0.

Thus, replacing ¢r by ¢r . in (4.16) and letting ¢ — 0, we easily obtain the validity
of (4.16) for all ¢r € L%(0, T; Zr), which is an equivalent formulation of (2.37). U

4.2. Proof of Theorem 2.5.

Next, we prove the continuous dependence result stated in Theorem 2.5. Assume
that £, F@, ¢M ¢® satisfy (A3), ul)’, ul?, vV, v satisfy (A4) and

m(uy) = m(ug”). mr(vy”) = mr(vg”). 4.17)

For these data let (u, u®, @ @ @O »@y i = 1,2, be respective solutions
obtained by Theorem 2.2 Put i := u") — 4® and analogously use the same notation
for the differences of functions. Taking the difference of (2.32), (2.33), (2.35), and
(2.36), we have

@ it, ey +f Vi Vzdr =0, @.18)
Q
(2 = (Vit, Vo) u — ity 2ip) 22,z + €, D + (T(w1) — w(w2) — £, 2),
4.19)
forallz € Vanda.e.in (0, T),
(0,0, ZI‘)VF*,VF + / Vrw - Vrzrdl' =0, (4.20)
r

forall zr € Vr and a.e.in (0, T),
@, zr) i = (Bvil + 17, 2r) 7z 70 + (Tr (V1) = T(W2) = &, 2r)y.. (42D)
for all zr € Zr and a.e. in (0, T'). Moreover, using (4.17) we have
m(ﬁ(t)) =0, mr(ﬁ(t)) =0
forallt € [0, T]. Takez = F~liin (4.18),z = &1 in (4.19), z = Fr_lf) in (4.20), and

zr = vin(4.21), respectively. Then, combining the obtained equalities and integrating
over (0, t), we deduce that

Ly_ o 1,_ o2 d oo d oo d

S+ 50+ [lao a5+ [ E.a0) s+ [(i6).50); 4 s
1 | 0o

= E'L_‘O'i + §|ﬁ0|12-’* +/0 (F&) + 7 (@@ () — 7 (@D (), (), ds

t
+ /O (@@ +mr (P () =70 (1D (5), () . ds
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forallt € [0, T]. Now, we invoke the monotonicity of the maximal monotone operators
induced by B and Br (cf. Remark 2.3) to see that the last two terms on the left-hand
side are nonnegative. We also use the following estimate

5[}, < C2laes)];, < CECela)|y,.

which comes from (2.7) and (2.2). Then, on account of the Lipschitz continuity of &
and 7, by applying twice the Ehrling lemma we can conclude that for all & > 0 there
is a constant C; > 0 such that

N SN SN TIT | T
aof: 150l + [l 6+ g [ 156, s

o -2 HEFINT) f_oo2 T
<ol + ol + [ |7l ds+e [l as+ e [ faw[as

t t t
+/O |§(s)|§{r ds+8/0 |t7(s)|22r ds+cg/0 |t7(s)|12“’*ds

for all ¢ € [0, T']. Thus, choosing ¢ > 0 sufficiently small and applying the Gronwall
lemma, by the Poincaré—Wirtiger inequality (2.2) we complete the proof of Theo-
rem 2.5. 0

4.3. Proof of Theorem 2.6.

We point out that the further assumption (2.50) on the graphs yields additional esti-
mates on the solutions. Indeed, since assumption (2.50) induces the same inequalities
on the respective Yosida approximations (details are given in [11, Appendix]) and, in
particular, (2.50) implies that

1
a7z | B s @)Par < [ (18 (o0a0) -+ M) ar
fora.a. t € (0, T), the estimate (3.35) entails that

|ﬁ}‘(u5*)‘)|L2(0,T;H) + |ﬂr’)‘(v5’}‘)|L2(0,T;Hr) <C

for some positive constant C. Hence, recalling the estimates (3.26), (3.33) and (3.37),
by comparison of terms in (3.6) we find out that

avué,). - SAFU(S,A |L2(O,T;Hr) + 5|AFU5,)\ |L2(0,T;Z’li) =< C (4’22)
and consequently, by elliptic regularity,
|3v5s)‘|L2(0,T;H3/2(F)) =C. (4.23)

Then, we can take the limit as A — 0 and infer that
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r 2 r 2 g 2
/ |n5()[ . ds+/ |Bvus(s) — 8Arvs(5)[} ds+/ 1805(5) |3y ds = €
0 0 0
(4.24)

in addition to (4.1)—(4.6). Thus, in view of (2.40)—(2.49), when passing to the limit on
a subsequence &; we also deduce (2.51)—(2.53) and the boundary equation (2.54) at the
limit. At this point, as u € L>(0, T; V), Au € L*(0, T; H) and d,u € L*>(0, T; Hr),
by elliptic regularity (see [5, Thm. 3.2]) it follows that

ue L*0, T; H¥*()),
whence, from (2.34) and the trace theory,
veL*0,T; V).

Eventually, the pointwise inclusion ér € Br(ur) a.e. on X is ensured in this frame-
work, as explained in Remark 2.3. This ends the proof of Theorem 2.6. 0

4.4. Proof of Theorem 2.8.

For 6 € (0, 1] let (us, us, &, vs, ws, ns) be the sextuplet, solution of the prob-
lem (2.25)—(2.31), obtained in the passage to the limit as . — O and let (u, i, &, v, w,
n) denote the solution of the problem (2.32)—(2.39) arising from the above proof of
Theorem 2.6 (cf. Theorem 2.2 as well).

Now, we argue similarly as in the proof of Theorem 2.5 and use the notations
iy 1= Us — U, fls i= s — 4, &5 1= &5 — &, Dg 1= U5 — U, Ws 1= W5 — W, fls := 15 —1).
Here, in place of (4.18)—(4.21) we have the equalities

(Outs, Z)v+v +/ Vits - Vzdx =0, (4.25)
Q
(4.26)
forall z € V and a.e. in (0, T);
(0, vs, ZF)VI:“,VF +/ Vrws - VrzrdI' =0, 4.27)
r
(Ws, zr)ay = 5/ Vrus - Vrzr dT + (Opits + 75, 2r) Hy-
r

+(rr (vs) = 7 (v), zr)y, (4.28)

forall zr € Vr anda.e.in (0, 7). As
m(its(s)) =0, mr(is(s)) =0

forall s € [0, T], we can take z = F ~liig(s) in (4.25), z = —iis(s) in (4.26), and add
them with a cancellation; then, we choose zr = F 155 (s)in (4.27),and zr = —v5(s)
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in (4.28), and add the two resultants with another cancellation. Finally, we can take
the sum and integrate over (0, t), obtaining

1 ~ 1 ~ t ~ t
§|u5(t)|i+§|v5(t)|l%’*+/0 |u5(s)|2VO ds+5/0/F|Vrv5(s)|2dFds
t t
+f0 (& (9). 1y (9)),, ds—i—/o (r_],,(s),ﬁ(s))Hr ds
t t
=8// Vrvg(s)'Vrv(s)dl"ds—i—/ (n(u,s(s)) —n(u(s)),it(s(s))H ds
0Jr 0

t
4 fo (- (v5(9)) — 71 (v(s)). T5(5)), ds

for all + € [0, T]. Next, we observe that

t

t
/0 (&, (). ity (s)), ds > 0, /O (71 (5), (), ds = 0

due to the monotonicity of g and fr;

1 ) 1 ) t
a//vrus(s)-vru(s)drdsgff/ |Vrv3(s)]2dr‘ds+f// |Vru(s)|” drds
0Jr 2 JoJr 2 JoJr

by the Young inequality; moreover, we can treat the terms containing the differences
w(us(s)) —m(u(s)) and nr (vs(s)) — mr (v(s)) exactly in the same way as in the proof
of Theorem 2.5, using Lipschitz continuity and the Ehrling lemma. Then, with the
help of the Gronwall lemma and the Poincaré—Wirtiger inequality (2.2) we arrive at

= 2 =12 -2
(51100 0.7y F 10817000, 7 vy 13120 1)
T T
- 2 2
+|Ualiz(0j;zr)+8/(; /Fyvm(m dthfC(S/O /F\vrv(m drd:

for some positive constant C depending only on data. Then, as v belongs to L2(0, T’;
Vr), it is straightforward to deduce both the error estimate (2.55) and the additional
convergence (2.56), which is a consequence of the boundedness of fOT f r Vrus(t) |2dF
dr independent of 8 and the strong convergence vs — v in L2(0, T; Zr). ]
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