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On the Cahn-Hilliard equation with kinetic rate
dependent dynamic boundary conditions and non-smooth
potentials: Well-posedness and asymptotic limits

Maoyin Lv and Hao Wu

Abstract. We analyze a class of Cahn—Hilliard equations with kinetic rate dependent dynamic
boundary conditions that describe possible short-range interactions between the binary mixture and
the solid boundary. In the presence of surface diffusion on the boundary, the initial boundary value
problem can be viewed as a transmission problem consisting of Cahn—Hilliard-type equations both
in the bulk and on the boundary. We first establish the existence, uniqueness, and continuous depen-
dence of global weak solutions. In the construction of weak solutions, an explicit convergence rate
in terms of the parameter for the Yosida approximation is obtained. Under some additional assump-
tions, we further prove the existence and uniqueness of global strong solutions. Next, we study the
asymptotic limit as the coefficient of the boundary diffusion goes to zero and show that the limit
problem with a forward-backward dynamic boundary condition is well posed in a suitable weak for-
mulation. At last, we investigate the asymptotic limits as the kinetic rate tends to zero and infinity,
respectively. Our results are valid for a general class of bulk and boundary potentials with double-
well structure, including the physically relevant logarithmic potential and the non-smooth double
obstacle potential.
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1. Introduction

The Cahn—Hilliard equation was proposed in [8] as a phenomenological model to describe
spinodal decomposition in binary alloys. It characterizes the fundamental process of phase
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separation due to certain non-Fickian diffusion driven by the gradient of chemical poten-
tial. The Cahn—-Hilliard equation belongs to the so-called diffuse interface models, in
which the free interface between two components of the mixture is represented by a
thin layer with finite thickness. The diffuse interface methodology avoids tracking free
interfaces explicitly as in the classical free boundary problems, and it provides a thermo-
dynamically consistent description for the evolution of complex geometries. In particular,
topological changes in free interfaces can be captured in a natural and efficient way. For
further information, we refer to, e.g., [1,2,25] and the references therein. As a represen-
tative of the diffuse interface models, the Cahn—Hilliard equation has become a useful
tool for the study of a wide variety of segregation-like phenomena arising, for instance, in
material science, image inpainting, biology, and fluid mechanics. In recent years, the study
of boundary effects in the phase separation process of binary mixtures has attracted a lot
of attention. To describe short-range interactions of the binary mixture with the solid wall,
several types of dynamic boundary conditions for the Cahn—Hilliard equation have been
proposed and investigated in the literature; see, for instance, [40,53,63] and the references
therein.

1.1. Model description

Let T € (0, 400) be an arbitrary but fixed final time and Q C R¥ (d € {2, 3}) a smooth
bounded domain with boundary I" := 9. In this study, we consider the following ini-
tial boundary value problem of the Cahn—Hilliard equation subject to a class of dynamic
boundary conditions [38,42,49]:

d:0 = AL, in 2 x (0,7), (1.1
w=—Ag+ F'(), inQ x (0, 7). (1.2)
{;‘i“’;zo o-n ii i[?r’;?o)’ onT x (0,7), (1.3)
d;p = Ar6 — Ogpt, onI'x(0,7), (1.4)
0 = dnp — AT + G' (), onT x (0,T), (1.5)
@lt=0 = o, in Q. (1.6)

Here, the phase function ¢ : Q x (0, T) — R is related to local concentrations of the
two components of a binary mixture. The total free energy functional associated with the
system (1.1)—(1.5) is given by

1 )
£ = [ (51902 + £ )ax+ [ (19r0P + 6@ as. a

bulk free energy surface free energy

In particular, the surface free energy on the boundary is introduced to describe possible
short-range interactions between the solid wall and components of the mixture [27]. The
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nonlinear potential functions F' and G denote free energy densities in the bulk and on the
boundary, respectively. To describe the phase separation process, they usually present a
double-well structure, that is, with two minima and a local unstable maximum in between.
Typical and physically significant examples of such potentials include the logarithmic
potential [8] and the double obstacle potential [5]:

Fiog(r):= (1 +r)In(1 +7) + (1 =r)In(1 —r) —c17%, 1€ (=1,1), (1.8)

(1 —r?) if|r| <1,
Fops(r) 1= . (1.9)
+o00 if [r| > 1,
where the constants satisfy ¢; > 1 and ¢ > 0 so that Fjog, Faops are nonconvex. In practice,
regular double-well potential of polynomial type such as

1
Freg(r) := Z(r2 - 1% reR, (1.10)

and its generalizations are widely used (see [53]). In (1.2), u : Q2 x (0, T) — R stands for
the chemical potential in the bulk, while in (1.5), 6 : T x (0, T') — R stands for the chemi-
cal potential on the boundary. They can be expressed as Fréchet derivatives of the bulk and
surface free energies in (1.7), respectively. The symbol A denotes the Laplace operator in
2, Ar denotes the Laplace—Beltrami operator on I', V denotes the gradient operator in
the bulk, and Vr denotes the tangential (surface) gradient operator. In the boundary condi-
tions (1.3)—(1.5), the symbol n denotes the outward normal vector on I" and d,, means the
outward normal derivative on I". The nonlinearities F’ and G’ in (1.2) and (1.5) simply
denote derivatives of the related potentials. Nevertheless, when non-smooth potentials are
taken into account, F’ and G’ correspond to the subdifferential of the convex part (may be
multivalued graphs) plus the derivative of the smooth concave contribution. For example,
we have F, , (r) = 0I[—1,1](r) — 2c,r, where 01—y 13(r) is the subdifferential of the indi-
cator function of [—1, 1]. In this case, one should replace the equality in (1.2) and (1.5) by
inclusion. The boundary conditions (1.3)—(1.5) allow descriptions of the physically realis-
tic scenario with possible mass transfer between bulk and boundary as well as a dynamic
angle between the free interface (separating components of the binary mixture) and the
solid boundary at the contact line. In this aspect, we refer to [37], where a general ther-
modynamically consistent Navier—Stokes—Cahn—Hilliard system with dynamic boundary
conditions for incompressible two-phase flows with non-matched densities was introduced
and analyzed (see [30] for the existence of global weak solutions in a more general setting
with singular potentials). Besides, we refer to [23] for a related Cahn—Hilliard—Brinkman
model on incompressible creeping two-phase flows through a porous medium.

In our problem (1.1)—(1.6), we maintain two parameters L € [0, +o0c] and § € [0, +00)
that are important in the subsequent analysis. Other coefficients are set to be one for the
sake of simplicity.

We first explain the role of L € [0, +o00]. The bulk and boundary chemical potentials p,
6 are coupled through the boundary condition (1.3), which accounts for possible adsorp-
tion or desorption processes between the materials in the bulk and on the boundary [42].
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The mass flux d,u, which describes the motion of materials towards and away from the
boundary, is driven by the difference in the chemical potentials. In this sense, the coeffi-
cient 1/L can be interpreted as a kinetic rate. The value of L distinguishes different types
of bulk-boundary interactions. The case L = 0 was introduced by Goldstein, Miranville,
and Schimperna [38] (GMS in short) for the phase separation of a binary mixture con-
fined to a bounded domain with porous walls. The GMS model extends the Cahn—Hilliard
equation with Wentzell-type boundary conditions proposed by Gal [29] (see [31, 62] for
related mathematical analysis). Taking L = 0 in (1.3), we obtain the Dirichlet boundary
condition . = 6 on I x (0, T'), which implies that the chemical potentials © and 6 are
always in the chemical equilibrium (see [38] for more general situations with a factor that
can be a uniformly bounded positive function). The case L = 400 was introduced by Liu
and Wu [49] (LW in short) based on an energetic variational approach that combines the
least action principle and Onsager’s principle of maximum dissipation. Then, the homoge-
neous Neumann boundary condition for i implies that there is no mass transfer between
the bulk and boundary. In such a situation, the chemical potentials x and 6 are not directly
coupled. Nevertheless, interactions between the bulk and the surface materials take place
through the phase function ¢. Indeed, let us introduce a new unknown

Y =¢|lr, onI x(0,7), (1.11)

where ¢|r denotes the trace of ¢ (cf., [53,55]). Then, we find that the system (1.1)—(1.5)
yields a sort of transmission problem between the dynamics in the bulk €2 and the one
on the boundary T". Finally, the case L € (0, +00) was recently introduced by Knopf,
Lam, Liu, and Metzger [42] (KLLM in short). The corresponding Robin-type boundary
condition (1.3) describes the situation that the chemical potentials u and 6 are not in
equilibrium and they are related through the mass flux. Formally speaking, the KLLM
model (with 0 < L < 400) can be regarded as an interpolation between the GMS model
(L = 0, instantaneous mass transfer) and the LW model (L = +00, no mass transfer) via
a finite, positive relaxation parameter L (see [42] for a rigorous verification).

Next, let us comment on the parameter § € [0, +00), which acts as a weight for surface
diffusion effects on the boundary I". When § > 0, (1.4) together with (1.5) leads to a
Cahn-Hilliard-type dynamic boundary condition. The case § = 0 is closely related to the
evolution of a free interface in contact with the solid boundary, that is, the moving contact
line problem [11,57]. From the mathematical point of view, without surface diffusion, the
boundary conditions (1.4)—(1.5) (formally) reduce to

3190 — G"(@)Arg = G (0)|Vrp|? + Ar(dap) — dapr, onT x (0,7).  (1.12)

In the regime that the potential G is non-convex, in particular, G”(¢) < 0, we obtain
a backward heat equation on I', whose well-posedness is usually a delicate issue. As
pointed out in [18, 19], (1.12) yields a forward-backward dynamic boundary condition,
complemented with a Cahn—Hilliard equation (1.1)—(1.2) in the bulk.

The values of L and § also lead to differences in some basic properties for the ther-
modynamically consistent problem (1.1)—(1.6), such as mass conservation and energy
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dissipation (see [38,42,49, 63]). For a sufficiently regular solution, we have the energy
dissipation law

d 2 2 246 —
FEGO) + [ FpoPax+ [ 19re0P as + 4L [ luo - 80P s =0

forall t € (0,T), where y(L) = 1/L if L € (0, 400) and y(L) = 0if L = 0 or +o0.
This implies that, for all L € [0, +o¢], the total free energy E(¢) is decreasing as time
evolves. Nevertheless, the form of the free energy E depends on § (recall (1.7)) and the
energy dissipation varies according to L. On the other hand, we obtain the conservation
of total mass for L € [0, +00),

/Szgo(t)dx—i—/rgo(t)dS=/ngodx+/r¢0dS Vi [0, T].

while for L = +o00, mass conservation laws hold in the bulk and on the boundary sepa-

rately:
/(p(t)d)f:/goodx, /go(t)dS =/g00dS vVt €0, T].
Q Q r T

1.2. A brief overview of related literature

The Cahn—Hilliard equation with different types of dynamic boundary conditions has been
extensively studied from various viewpoints [53, 63]. For the case with a dynamic bound-
ary condition of Allen—Cahn type, thatis, 9,9 — §Arg + G'(¢) + dpp =0on T x (0,7),
we quote [11, 13, 17,21, 34, 35, 56, 58, 64] among the vast literature. We note that the
dynamic boundary condition of Allen—Cahn type corresponds to an L2-relaxation of the
surface energy (see [57]), while in our problem (1.1)—(1.6), the dynamic boundary condi-
tion of Cahn—Hilliard type accounts for the mass transport on I' with a (H !)’-relaxation
dynamics.

For mathematical analysis of the GMS model (L = 0), we refer to [12, 14, 16, 18,
22,28,38] and the references therein. In [38], existence, uniqueness, regularity, and long-
time behavior of global weak solutions were established under general assumptions on
the nonlinearities, with G being regular. On the other hand, well-posedness of the GMS
model with non-smooth bulk and boundary potentials was proved in [16], where the
boundary potential was assumed to dominate the bulk one. See also [28] for the strict
separation property and long-time behavior, and [22] when convection effects were taken
into account. In [18], the asymptotic analysis as § — 0, i.e., the surface diffusion term
on the dynamic boundary condition tends to 0, was carried out in a very general setting
with nonlinear terms admitting maximal monotone graphs both in the bulk and on the
boundary.

Concerning the LW model (L = +o00), well-posedness and long-time behavior were
first established in [49] when F and G are suitable regular potentials. By introducing
a slightly weaker notion of the solution, the authors of [32] proved existence of global
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weak solutions via a gradient flow approach, removing the additional geometric assump-
tion imposed in [49] for the case § = 0. Well-posedness for the LW model with general
non-smooth potentials has been obtained in [20]. In [19], the asymptotic analysis as § — 0
was investigated with non-smooth potentials in the bulk and on the boundary. A recent
work [51] established the strict separation property and showed that every global weak
solution will converge to a single equilibrium. We also mention [54] for the existence of
global attractors and [52] for the numerical analysis.

For the KLLM model (0 < L < +00), weak and strong well-posedness results were
established in [42] with suitable regular potentials F' and G. Under a similar setting,
long-time behaviors, such as existence of a global attractor/exponential attractors and con-
vergence to a single equilibrium, were obtained in [33]. Asymptotic limits as L — 0 and
L — +o00 were rigorously verified in [42] with regular potentials; see also [33] for further
properties in the limit L — 0. A nonlocal variant of the KLLM model (including a non-
local dynamic boundary condition) was proposed and investigated in [44]. Besides, for
simulations and numerical analysis, we refer to [3,42]. In the recent contribution [46],
a class of more general bulk-surface convective Cahn—Hilliard systems with dynamic
boundary conditions and regular potentials F', G were investigated. Therein, the trace
relation (1.11) for the phase function is further relaxed as follows (cf., (1.3) for the chem-
ical potentials):

onI' x (0,7).

Jowp =y —p|r if J €]0,+00),
dnp =0 if J = 400,

The Robin approximation with J € (0, +00) describes a scenario, where the boundary
phase variable and the trace of the bulk phase variable are not proportional (see [41] for a
similar consideration for the LW model). Existence of weak solutions for J, L € (0, +00)
was proved [46] by means of a Faedo—Galerkin approach. For other cases, existence
results were obtained by studying the asymptotic limits as sending J, L to 0 and +o0,
respectively. It is worth mentioning that all the related results mentioned above for the
KLLM model were achieved for regular potentials F', G, singular potentials, such as the
logarithmic potential (1.8) and the double-obstacle potential (1.9), are unfortunately not
admissible. The only known result on the existence of weak solutions to the KLLM model
with singular potentials including (1.8) can be obtained as a consequence of [30] on
a generalized Navier—Stokes—Cahn—Hilliard system with dynamic boundary conditions.
However, uniqueness and regularity properties were not available therein due to the pres-
ence of fluid interaction.

1.3. Goal of the paper

In this paper, we aim to study well-posedness and asymptotic limits as § — 0, L — 0,
or L — 400 of the initial boundary value problem (1.1)-(1.6) with a wide class of
bulk/boundary potentials F', G that have a double-well structure, in particular, including
the non-smooth logarithmic potential (1.8) and the double-obstacle potential (1.9).
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(1) Well-posedness of the KLLLM model (0 < L < +00) with surface diffusion (§ > 0).
We prove the existence of global weak solutions (see Theorem 2.7) and their continu-
ous dependence on the data that yields the uniqueness (see Theorem 2.9). Thanks to the
solvability of a second-order elliptic problem with bulk-surface coupling [43], we are
allowed to apply the approach in [16] for the GMS model to conclude the existence result.
To this end, we consider a regularized problem by adding viscous terms in the Cahn—
Hilliard equation as well as the dynamic boundary condition and substituting the maximal
monotone graphs with their Yosida regularizations. The resulting regularized problem can
be solved by the abstract theory of doubly nonlinear evolution inclusions (see Proposi-
tion 3.1). After that, we derive suitable estimates for the approximating solutions, which
are uniform with respect to the parameter ¢ for the Yosida regularization. Passing to the
limit as ¢ — 0, we can construct a global weak solution by the compactness argument.
The continuous dependence estimate can be proved by the energy method. Moreover, we
establish an O(g!/?)-estimate for the convergence of approximating phase functions in
L>®(0,T;(#'))N L300, T; V') (see Proposition 3.7), which seems to be the first result
of this kind for problem (1.1)—(1.6). Finally, after deriving some higher-order (in time)
uniform estimates for the approximating solutions, we obtain the existence of a unique
global strong solution (see Theorem 2.11). Our contribution extends previous works on
well-posedness of the KLLM model with regular potentials [42,46].

(2) Asymptotic limit as § — 0 for the KLLM model with fixed L € (0, +00). We
show that weak solutions to problem (1.1)—(1.6) obtained in Theorems 2.7, 2.9 converge
as 8§ — 0 (in the sense of a subsequence) and thus prove the existence of weak solutions to
the limit problem in which the boundary condition (1.5) is replaced by the one with § = 0
(see Theorem 2.15). Besides, we establish a continuous dependence result for the phase
function with respect to the data (see Theorem 2.17). This implies that the coupling of a
forward-backward-type boundary condition with the Cahn—Hilliard equation in the bulk
can be well posed in a suitable sense. Analogous conclusions have been obtained for the
GMS model and the LW model with general bulk/boundary potentials, respectively, in [18]
and [19]. Hence, our results fill the gap left by [18, 19]. Like in [18, 19], the solution of
the limit problem with vanishing surface diffusion loses some spatial regularity, so several
terms on the boundary including d,¢ should be understood in a weaker sense.

(3) Asymptotic limit as L — 0 or L — 400 for the KLLM model with fixed § €
(0, +00). In presence of the surface diffusion in the KLLM model, we rigorously jus-
tify the limit case of instantaneous reaction as L — 0 (see Theorem 2.20), where the
chemical potentials are in equilibrium, and a vanishing reaction rate as L — 400 (see
Theorem 2.23), where the chemical potentials are not directly coupled. Comparing with
the previous results in [42] that are only valid for suitable regular potentials, the main
novelty in our analysis is the treatment of non-smooth bulk and boundary potentials that
include the logarithmic potential (1.8) and the double obstacle potential (1.9). In order to
derive uniform estimates with respect to the parameter L, different approaches have to be
applied in the regime of vanishing (or large) kinetic rate. We remark that the asymptotic
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limit with respect to L turns out to be more involved in the case of vanishing surface
diffusion and general potentials. This issue will be studied in a future work.

Plan of the paper. The remaining part of this paper is organized as follows. In Section 2,
we introduce our notation and assumptions and then state the main results. In Section 3,
we consider the KLLM model with surface diffusion, proving the existence of global
weak solutions, the continuous dependence, and the existence of global strong solutions.
Besides, we obtain a convergence rate for the approximating phase functions. In Section 4,
we investigate the asymptotic limit as § — 0, which yields the existence of global weak
solutions to the limit problem with vanishing surface diffusion. A continuous dependence
estimate is also derived. In Section 5, we study the asymptotic limits with respect to the
kinetic rate as L — 0, L — +o00, in presence of the surface diffusion. In the Appendix,
we list some useful tools that are frequently used in this paper.

2. Main results

In this section, we first recall some notation for the functional settings; then, we describe
our problem and state the main results.

2.1. Preliminaries

For any real Banach space X, we denote its norm by | - ||x, its dual space by X’, and
the duality pairing between X’ and X by (-, )x’,x. If X is a Hilbert space, its inner
product will be denoted by (-, -)x. The space L9(0,T; X) (1 < g < +00) denotes the
set of all strongly measurable g-integrable functions with values in X, or, if ¢ = +o0,
essentially bounded functions. The space C([0, T']; X) denotes the Banach space of all
bounded and continuous functions u : [0, 7] — X equipped with the supremum norm,
while Cy, ([0, T]; X) denotes the topological vector space of all bounded and weakly con-
tinuous functions.

Let Q be a bounded domain in R? (d € {2, 3}) with sufficiently smooth boundary I :=
02 (at least Lipschitz). The associated outward unit normal vector field on I" is denoted by
n. We use || and |T'| to denote the Lebesgue measure of 2 and the Hausdorff measure of
", respectively. For any 1 < g < 400, k € N, the standard Lebesgue and Sobolev spaces
on  are denoted by L9(R2) and W*-4(Q2). Here, we use N for the set of natural numbers
including zero. For s > 0 and ¢ € [1, +00), we denote by H*9(2) the Bessel-potential
spaces and by W4 (Q2) the Slobodeckij spaces. If ¢ = 2, it holds H*?(Q2) = W*2(Q) for
all s and these spaces are Hilbert spaces. We will use the notation H*(Q) = H*?(Q) =
W#52(Q) and H°(R2) can be identified with L2(£2). The Lebesgue spaces, Sobolev spaces,
and Slobodeckij spaces on the boundary I" can be defined analogously, provided that I" is
sufficiently regular. We write

H*(I) = H**(T) = W**(T")



Cahn-Hilliard equation with dynamic boundary condition 185

and identify H°(I") with L2(T"). Hereafter, the following shortcuts will be applied:
H:=L*(Q), Hr:=L*T), V:=HYQ), Vr:=HD).

For every y € (H'(Q))’, we denote by (y)g = |27 (y, 1) a1 (@)y,H1 () its generalized
mean value over Q. If y € L(Q), then its spatial mean is given by

(Ve = IQI‘I/deX-

The spatial mean for a function yr on I', denoted by (yr)r, can be defined in a similar
manner. Then, we introduce the spaces for functions with zero mean:

Vor={yeV:(y)a=0} Vo i={y* eV :(y")a =0}
Vro:={yr € Vr:(yr)r =0}, Vgo:={yf €V : (yf)r =0}.

The following Poincaré—Wirtinger inequalities in €2 and on I hold (see, e.g., [26, Theo-
rem 2.12] for the case on I'):

lu —()allr < CallVulla Vuel, 2.1

lur — (ur)rlla: < CrlVrurllar Yur € Vr, (2.2)

where Cg (resp., Cr) is a positive constant depending only on €2 (resp., I'). For basic facts
of calculus on surfaces, see, e.g., [26, Section 2].
Consider the Neumann problem

—Au =y, inQ,
{ u=y, in (2.3)

dpu = 0, onT.

Owing to the Lax—Milgram theorem, for every y € V., problem (2.3) admits a unique
weak solution u € Vj satisfying

/QVu-vzdx = (3. Ovy VCeV.

Thus, we can define the solution operator Ng : V" — Vj such that u = Ngq y. Analogously,
let us consider the surface Poisson equation

—Arur = yr, onl, 2.4)

where Ar = divr Vr denotes the Laplace—Beltrami operator on I'. For every yr € VF,O»
problem (2.4) admits a unique weak solution ur € Vr satisfying

/ Vrur - VpeérdS = (yr.lr)vene Vi € Ir.
r
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Then, we can define the solution operator AT : Vf." o —> Vr,0 such that ur = Nryr. By
virtue of these definitions, we can introduce the following equivalent norms:

1/2
s = (/ngyﬁdx) vy e Vg,
1/2
Iyllv = (Iy = els +1()el?)” Vyev,
1/2
Iyrllvg, == /F|VFNFJ1F|2 dS) Yyr € V&,
1/2
yrllv, == (e = el +1or)eP)? Yo e Vi
r r,0

Next, we introduce the product spaces
£9:=L9(Q) x LY(T) and WK1 .= wki(Q) x wka(T)
for ¢ € [1,4o00] and k € N. In particular, we use the notation
H* = H*(Q) x H¥(I') = wk2,

Like before, we can identify #° with £2. For any k € N, #* is a Hilbert space endowed
with the standard inner product

((v.yr). (2. 2D gex := (¥, 2)gree) + Or.Zr)gkay V(. yr).(z.2r) € "

and the induced norm || - || gox := (-, ) ;éf We introduce the duality pairing

(0 yr). (€ e @ery,a00 = (. D12+ . {r)r2y Y. yr) €€, (L tr)edt’.

By the Riesz representation theorem, this product can be extended to a duality pairing on
(Y x Jet.
For any k € Z™, we introduce the Hilbert space

vk .= {(y.yr) € H* . ylr = yr a.e. on I},

endowed with the inner product (-, -)yx := (-, )z« and the associated norm || - ||y =
|| - || s« . Here, y|r stands for the trace of y € H¥(Q) on the boundary T', which makes
sense for k € Z™. The duality pairing on (V!)’ x V! can be defined in a similar manner.
For convenience, we also use the notation

VK = {(y,yr) € H*(Q) x H*"'2(") : y|r = yrae.on T}, kez*.

Thanks to the trace theorem, for every y € H*(Q), k € Z*, it holds (y, y|r) € vk,
For any given m € R, we set

22, = 1{(y.yr) € £2:|Q(y)a + IT|{yr)r = m}.
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The closed linear subspaces
k k k
Higy = H" N cf(o), V(o) %00 ‘f(o)’ kez*

are Hilbert spaces endowed with the inner products (-, ) g+ and the associated norms
|| - | g% » respectively. For L € [0, +00) and k € Z™, we introduce the notation

. {Jek ifLe©+00). {Je(’g) if L € (0, +00),

Jf = =
L VE i L =0, Lo: v, if L =0.

Consider the bilinear form
ar ((y’ yI‘)» (Zv ZF))

=[ Vy-Vzdx+/ V]"yr"VFZFdS+X(L)/(y—yr)(Z—ZF)dS
Q r r

forall (y, yr), (z,zr) € J1, where

1/L if L € (0, +0),
(L) = .
0 if L =0.

For any (y, yr) € #] o, L € [0, +00), we define

10Dl , = (030 Gy = lan((y). (ool @25)

We note that, for (y, yr) € "V(O) C J(’Ll o0 1, yr)||3€1 does not depend on L, since the
third term in a7, simply vanishes. The following Pomcare type inequality has been proved
in [43, Lemma A.1].

Lemma 2.1. There exists a constant cp > 0 depending only on L € [0, +00) and 2 such
that

I y)llez < cplyp)lzg, Y(.yr) € Hp (2.6)

Hence, for every L € [0, +00), Jfl 1o 1s a Hilbert space with the inner product (-, -) %) o
The induced norm || - || ), prescribed in (2.5) is equivalent to the standard one || - || g1 on

36’110 Besides, for any ﬁxed 6 > 0, we define the bilinear form

bs((y,yr),(z,zr)) := /gz Vy-Vzdx + 8/ Vryr-VrzrdS V(,yr),(z,zr) € gt
r
It is easy to check that

s yr) v

1, 1= s yr). .y Y(yyr) € Vo @7

yields a norm equivalent to || - || sz1 on ”V(lo)
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For L € [0, +00), let us consider the following elliptic boundary value problem:

—Au=y in 2,
—Arur + dyu = yr onT, 2.8)
Lozu = ur —ulr onT.

Define the space
Higy = {(v.yr) € (H") :|Ql(y)a + IT|{(yr)r = 0}.
The chain of inclusions holds
Hi o S Higy C Loy C Higy C(HYY S (HL) C (HL )

It has been shown in [43, Theorem 3.3] that, for every (y, yr) € 5‘6(3;, problem (2.8)
admits a unique weak solution (u, ur) € # 11, o satisfying the weak formulation

ar ((u.ur). (€.2r) = (. yr). (G5 ery. 50 V(E.Lr) € Hy

and the estimate
IGe, ur)llger < CHCY. yr)ll ety (2.9)

for some constant C > 0 depending only on L and 2. Furthermore, if the domain €2 is of
class Ck*2 and (y, yr) € ¥ f o» k € N, the following regularity estimate holds:

e, ur) [l gev2 < C (s yr)ll ger- (2.10)
The above facts enable us to define the solution operator
&L Hgy = Hi g (v.yr) = (wur) =Gy, yr) = (B (y. yr). B (y, yr)).

‘We mention that similar results for the special case L = 0 have also been presented in [16].
A direct calculation yields that

((.ur). (z.20) g2 = (ur). " (z.20))ggy | V(atur) € Hyy. (z.77) € LGy,

Thanks to [43, Corollary 3.5], we can introduce the inner product on J€(B)1 as
(2 ¥r). (2. 2)o,e = (@H (. yr), BH G 2y, Y yr), (2. 21) € Hg)

The associated norm ||(y, yr)llo.x := ((v, yr), (¥, yr))(l)’/*2 is equivalent to the standard
dual norm | - || g1y on Hgy- For any (v, yr) € (#')', we define the generalized mean

] _IR1e +ITIr)r
iy ) = S @11
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Then, it follows that

1yl == (1, yr) =y, yo)UR, + 1my, ye)P)? Y, yr) € (21

is equivalent to the usual dual norm || - ||(J€L1), on (J1Y.

Define the closed linear subspaces 'g(]i)) = Vk N éCfO). The following Poincaré-type
inequality has been proved in [18, Lemma A.1].

Lemma 2.2. There exists a constant Cp > 0 depending only on Q such that

Iylla <éplVylla V(. yr) € V. (2.12)
Moreover, we have the following interpolation inequality (see [42, Lemma 2.3]).

Lemma 2.3. For any y > 0, there exists a constant C,, depending only on L € [0, +00),
y, and 2 such that

Iyl + lyelae < vIVyla + Gl yo)los Y. yr) € V). (2.13)

Throughout the paper, the symbol C stands for generic positive constants that may
depend on €2, the final time 7', and the coefficients and the norms of functions involved in
the assumptions of either our statements or our approximation. Specific dependence will
be pointed out if necessary. Besides, we use different symbols to denote precise constants
that we would refer to.

2.2. Problem setting

In what follows, we assume that  C R¢ (d € {2,3}) is a bounded domain of class C2,
T € (0, +00) is an arbitrary but fixed final time, and we set

0:=Qx(0,7T), 2:=Ix(0,T).

For L € [0, +0¢], § € [0, +00), using (1.11), we can rewrite our target problem (1.1)—
(1.6) as follows:

i = Au in 0, (2.14)
p=-Ap+E+m(p)—f §&e€plp) in 0, (2.15)
0 = Ar6 — dput on X, (2.16)
0 = dnp —SArY +ér + nr(¥) — fr, ér € fr(¥) onX, (2.17)
p=y on X, (2.18)
{Lanﬂze—,u if L € [0, +00), on s 219
Ot =0 if L = +o0,
@lr=0 = ¥o in Q, (2.20)

Vlr=0 = Vo onT, (2.21)
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where f: Q - R, fr: X —>R,p0:2— R,y : " — R are given data. For convenience,
we denote (2.14)—(2.21) by problem (Sz, 5).
Hereafter, we consider the nonlinear bulk and boundary potentials F and G that can
be decomposed as
F=B+#% G=pr+7r.
Besides, we make the following assumptions:

(A1) /§ /§p : R — [0, +o0] are lower semicontinuous and convex functions with
B(0) = Br(0) = 0. Their subdifferentials

B:=0B, Pr:=dpr

are maximal monotone graphs in R x R, with effective domains D(f) and
D(Br), respectively. Since 0 is a minimum point of both ﬁ ﬂp, it follows that
0 € B(0) and 0 € Br(0).

(A2) D(Br) € D(B) and there exist positive constants g, co > 0 such that

1B°()] = elBr(r)| +co ¥r € D(Br), (2.22)

where 8° denotes the minimal section of the graph 8, i.e., B°(r) :={r* € B(r) :
|r*| = infseg(ry |s|} and the same definition applies to B..

(A3) 7, 7r € C'(R) and their derivatives 7 := 7/, mp := 7. are globally Lipschitz
continuous with Lipschitz constants denoted by K and K, respectively.

(A4) (f. fr) € L*(0, T; V).

(A5) (¢o. Vo) € V! satisfying B(¢o) € L1(Q), Br (o) € L1(T) as well as

{(po)e. (¥o)r € Int D(Br).

In order to obtain some further regularity properties of the weak solution, that is, (2.29),
we need the following additional assumption on the singular potentials F and G.
(A1) The nonlinear convex functions satisfy ,3 ,Bp € C([~1,1]) N C?(~1, 1). Their
derivatives § = ,B Br = /3} satisfy B, Br € C'(—1, 1) and are monotone
increasing functions such that

lim B(r) = —oo, lim B(r) =

r—>—1 r—>1

lim Br(r) = —oco, lim Br(r) = +o0
r—>-—1 r—>1

We also extend B(r) = gp(r) = 400 for any r ¢ [—1, 1]. Without loss of
generahty, we assume ﬂ(O) Br(0) = B(0) = Br(0) = 0. This also entails
thatﬁ(r) /31“(7') > Oforallr € [—1,1].

Remark 2.4. All the typical examples of potentials given in (1.8)—(1.10) fulfill the as-
sumptions (A1)—(A3), provided that the boundary potential dominates the one in the bulk
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as demanded in (2.22). The condition (2.22) follows the setting in [9, 15, 16, 20, 21, 49,
59]. An alternative choice is that the bulk potential dominates the boundary one (see,
e.g., [34,35]). These compatibility conditions are useful when we deal with the bulk-
surface interaction and derive necessary a priori estimates. Here, we take the classical
choice of a dominating boundary potential in order to avoid further technicalities. From
(A2) and (AS5), we find m(pg, ¥o) € Int D(Br). Besides, we note that, for non-smooth
potentials (1.8) and (1.9), only the logarithmic potential (1.8) satisfies (A1)’, but the dou-
ble obstacle potential (1.9) does not.

For convenience, below we will use the bold notation

(/)Z((p,llf), MZ(M»O), 5=(§7§I‘)y ”=(7T77TI‘)7 f=(f»fI‘)» (00=(<P0,W0),

and also for generic elements y = (y, yr) in the product spaces £2, #!, (H'), etc.
Owing to the solvability of the elliptic problem (2.8) for L € (0, +00), inspired by [15,
16,47], we can formally write our problem (S ) into a suitable abstract formulation. To
this end, we define the projection operator

P:£% - £3,. (v.yr) = (y —m(y,yr), yr —m(y,yr)),

where 1 is the generalized mean given by (2.11). Then, for any functions z € £2 and

y € i%o)’ it holds

Pz )z = [(Gm@yaxt [Goom@peds = Eop @2
Concerning the equations (2.14), (2.16), (2.19), using (2.8), we can (formally) write
Pp = GL(-d,9) in Jf(lo).

On the other hand, consider the lower semicontinuous and convex functional ®y : cf%()) —
[0, +00] given by

1 f 2 § / 2 . 1
— Vz|“dx + = VrzrlfdS ifz eV,
®s5(z) ;=42 Ja vzl 2 Jr | | ©

400 otherwise.

Forany z € "V(lo), we have 2®;(z) = bs(z,z). Thanks to [16, Lemma C], the subdifferential
0®s on ‘:C%o) fulfills

0®s(z) = (—Az,0nz —8Arzr) Vz e D@Ps) = H> N V. (2.24)

Set

[2{po) + [T |{¥o)r
|2] + [T

® = (w,o0r) := @ —mol withmg = m(@g) =
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Then, our target problem (Sg, s) with L, § € (0, 4+-00) is equivalent to the Cauchy problem
for a suitable evolution equation:

GL(@'(t)) + Pu(t) =0 in H) fora.a.t € (0,7),
r(t) = 30%s(@(1)) + £(2)
+m(w(t) +mol) — f(t) in£? foraa.t € (0,T), (2.25)
£@) € B(w(t) +mol) in &2 foraa.t € (0,T),
®[i=0 = g = (wo.wro) in f%(,),

where B(z) := (B(2). r(zr)) and @¢ := @o — mol.

2.3. Statement of results
In this subsection, we summarize the main results of this paper.

2.3.1. Well-posedness for L,§ € (0, +00). Let us start with the case L, € (0, +00).
First, we give the definition of weak solutions.

Definition 2.5. Let L, € (0, +00) be fixed parameters. Suppose that the assumptions
(A1)—(A5) are satisfied. The triplet (¢, u, &) is called a weak solution to problem (Sz, s)
on [0, T, if the following conditions are fulfilled.

(1) The functions ¢, u, & have the regularity properties
= 1 . gp—1 .l 2 2
w=¢—mol e H'(0, T,Jf(o)) N L*(0, T,'V(O)) N L=0,T;V?),
peL?0,T;#Y), &elL*0,T;%£?.
(2) The variational formulation

(0:0(0). ¥)gery.9e0 +ar(n(t),y) =0 Vy e H' (2.26)
holds for almost all ¢ € (0, T') and we have

w=-Ap+&+m(p)— f ae.inQ, (2.27)
0 = 0ng —SATY +ér +nr(Y) — fr ae.onX, (2.28)

with
£eB(p) ae.inQ, &refPr(y¥) ae.onX.

(3) The initial conditions are satisfied:

@li=0 = o ae.inQ, Y|;=0 =Y ae.onTl.

Remark 2.6. The regularity of ¢ implies that ¢ € C, ([0, T]; V1) N C([0, T]; £2). The
variational equality (2.26) provides a representation of the time derivative d;¢ as an ele-
ment of the dual space L2(0, T; (#1!)').
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Theorem 2.7 (Existence of weak solution for L, § € (0, +00)). Suppose that the assump-
tions (A1)—(AS5) are satisfied. For any given L,§ € (0, +00), problem (St 5) admits a
weak solution (@, i, &) on [0, T] in the sense of Definition 2.5. Moreover; if the assump-
tion (A1) is fulfilled, we have the following additional regularity,

@ € L*(0,T; W>?),  (B(p),Br(¥)) € L*(0,T: £7), (2.29)
where p € [1,6]ifd =3 and p € [1,+0) ifd = 2.

Remark 2.8. When (f, fr) = (0, 0), we can conclude the energy equality
t t
E(p(t), v () + f / [V(s)|? dx ds + / / |VrO(s)|? dS ds
0 Jo o Jr

(L) /0 /F u(s) — B(s)|? dS ds = E(go. o) V1 € [0.T],

where E (@, ) is given by (1.7) (recalling that ¥ = ¢|r). The energy equality presents
the dissipative nature of the bulk-surface coupled system (2.14)—(2.21). Besides, the map-
ping t — E(¢(2)) is absolutely continuous for all ¢ € [0, T']. This fact allows us to further
conclude ¢ € C([0, T]; V1!). For the derivation of the energy equality, we refer to [50,
Proposition 3.2] for the case that F, G satisfy (Al). For the general case under the
assumption (Al), including double obstacle potentials, the proof can be carried out in
the same way.

Uniqueness of the phase function ¢ associated with problem (Sz, s) is guaranteed by
the following continuous dependence estimate.

Theorem 2.9 (Continuous dependence for L, § € (0, +00)). Suppose that the assumptions
(A1)—(AS) are satisfied. Let (@;, Li, &), i € {1,2}, be two weak solutions to problem
(SL.s) corresponding to the data (@o,i, fi) obtained in Theorem 2.1, with

m(@o,1) = m(@o,2) = M.

Then, there exists a constant C > 0, depending only on K, K, Q, and T, such that
5 t
010 = 02010 + [ o1 = 02015, ds
0

t
< C(||¢o,1—¢o,2||3,*+ [ 1560 = 2Ol ds) Vie[0.T]. (230

In order to prove the existence of strong solutions, some additional regularity assump-
tions on @ and f are needed:

(A6) f :=(f. fr) e H'(0,T; £?).
(A7) @¢ € V? and the family

{095(po — mol) + B:(90) + m (o) — f(0) : & € (0, 0]}
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is bounded in J#! for some &g € (0, 1). Here, B: = (B¢, Br.c) denotes the Yosida
regularization for maximal monotone operators 8 = (8, fr); see (3.1)—~(3.2) in
Section 3.

Definition 2.10. Let L, € (0, +00) be fixed parameters. Suppose that the assumptions
(A1)—(A7) are satisfied. The triplet (¢, s, &) is called a strong solution to problem (Sz, 5)
on [0, T'], if the following additional regularity properties

@ € WH(0,T: (H"))n H'(0.T: V') N L0, T: 4?),
poe L0, T; 3N L*0,T; #2),
£eL®0,T;£?

are satisfied, and it holds

drp = Ap, a.e.in Q,
p=-Au+é+n(p)—f §&¢<po), a.e.in Q,
=1, Liyu=0-—pu, a.e.on X,

;¥ = Arf0 — opput, a.e.on X,
0 = 0hp —SATY +ér +nr(¥) — fr, ér € Br(¥), ae.on X,

@lt=0 = o, a.e.in 2,
Yli=0 = Vo, ae.on .

Theorem 2.11 (Existence and uniqueness of strong solution for L, § € (0, +00)). Suppose
that the assumptions (A1)—(A7) are satisfied. For any given L, € (0, +00), problem
(SL.s) admits a unique strong solution on [0, T'] in the sense of Definition 2.10.

Remark 2.12. With minor modifications in the proof (cf., [16,18]), we can still obtain the
conclusions of Theorems 2.7,2.9, and 2.11, if (A4) is replaced by the following alternative
assumption:

(A f = (f fr) e WH(0.T: £2).
Note that (A6) implies (A4)'.
2.3.2. Asymptotic limit: L € (0, +00) fixed, § — 0. Inthe case of L € (0, +00) and § =
0 (i.e., without surface diffusion), well-posedness of problem (S7,,0) can be established via

the asymptotic limit of problem (Sy, 5) as § — 0. To this end, we first introduce the notion
of weak solutions to problem (S7.,0).

Definition 2.13. Let L € (0, +00) be a fixed parameter, § = 0. Suppose that the assump-
tions (A1)-(A4) are satisfied. Besides, we assume that

(A5) (o, Vo) € Yl satisfying B((po) e LY(Q), 3p (Yo) € L1(T) as well as

(po)a. (V¥o)r € Int D(Br).
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The triplet (¢, i, ) is called a weak solution to problem (Sz,,9) on [0, 7], if the following
conditions are fulfilled.
(1) The functions ¢, p, & have the regularity properties

® =@ —mgl € H'(0.T: Hg)) N L(0.T: V) N Cu([0. T]: VY,
Ap € L*(0,T; H), p e L*0,T;H"),
g€ L*0.T:H x (H'*(I))

such that ¢|;—o = @0 in V! (by weak continuity).
(2) The variational formulations

(0:0(1). ¥)gery g1 +aL(u(t),y) =0 Yy e J' (2.31)

and

(r(1),2) g2 = va(f) -Vzdx + (§(2),2)a + {Er @), zr) (mr2ryy, 512

+(x(@() = f(1),2)g2 ¥ze V' 2.32)
are satisfied almost everywhere in (0, 7'), and
£€plp), aeinQ, (2.33)
T
[ Brnasars [ erce = mneymemd < [ frevasa 23y
0

for all {r € L2(0, T; H'/2(I")), where the last integral is intended to be +0c whenever
Br¢r) ¢ L'(D).
Remark 2.14. We can deduce that

uw=—-Ap+&+nm(p)—f ae.inQ, (2.35)
0 = 0ng + ér + r(¥) — fr in (HY*(T)) ae.in (0, 7). (2.36)

Indeed, (2.35) follows from the fact A € L?(0, T; H) and the weak formulation (2.32).
Concerning (2.36), since for almost all ¢ € (0, T') it holds that ¢(¢) € V and Ag(t) € H, we
deduce from [7, Theorem 2.27] that d,¢(z) is well defined in (H/2(I"))’. Hence, (2.36)
can be deduced from (2.32) by using (2.35).

Theorem 2.15 (Asymptotic limit: L € (0, +00) fixed, § — 0). Let L € (0, +00) be given.
Suppose that the assumptions (Al)—(A4) together with (A5) are satisfied. We consider a
family of data {q)g, f8}5e(o,1) that satisfy the assumptions (A4) and (AS). Assume in
addition that there exists a constant M > 0 such that, for all § € (0, 1),

SIVEVE 13, + 1B@D L) + 1BrWd)lia) < M. (2.37)
£ L20.:0e1) < M, (2.38)
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andas § — 0,
(og — @o weakly in v, f8 — f weakly in L*(0,T; £2). (2.39)

Let {(¢%, u?, §8)}g€(0’1) be weak solutions to problem (Sr ) corresponding to data
{(Pg, fﬁ}se(o,l) that are determined by Theorem 2.1. Then, problem (St o) admits a weak
solution (@, ju, &) in the sense of Definition 2.13 such that as § — 0 (in the sense of a
subsequence),

o' >0 weaklyin H (0, T; (¥,
weakly star in L*°(0, T'; ﬁl),
strongly in C([0, T]; £2),
Ag® = Ag  weakly in L*(0,T; H),
[LS — . weakly in L*(0,T; #1),
g5 & weaklyin L*>(0,T: H x (H'(I))),
—SATYS + & — &0 weakly in L*(0, T; (HY?(I)Y),

895 =0 strongly in L®(0,T; VY.

Remark 2.16. For any initial data ¢ satisfying (A5)', the existence of an approximating
sequence {(pg}ge(o,l) as in Theorem 2.15 is guaranteed by [18, Proposition A.2].

Uniqueness of the phase function ¢ associated with problem (Sz,,0) is ensured by the
following continuous dependence estimate.

Theorem 2.17 (Continuous dependence, L € (0,+00), 5 =0). Let L € (0, +00) be given.
Suppose that the assumptions (A1)—(A3) are satisfied. Let (@i, pi, &;), i € {1,2}, be two
weak solutions to problem (SL,,0) corresponding to the data {(@o,i, fi)}i=1,> satisfying
(A4) and (AS) with m(@o,1) = m(@o2) = mo. Then, there exists a constant C > 0,
depending only on K, Kr, 2, and T, such that

t
910 = 0200050 + [ lloa(5) = 0209, ds
t
<(looa—poalle+ [ 1110 = 05, &) VT @d0)
0

Remark 2.18. Thanks to Theorem 2.17, every convergent subsequence {¢%} in Theo-
rem 2.15 converges to the same limit ¢. In the case when the two graphs §, Br exhibit the
same growth, we can obtain further results on refined convergence and error estimate; see
Corollary 4.7.

2.3.3. Asymptotic limits: § € (0, +00) fixed, L — 0 or L — +o00. Problem (Sz, s) with
L € (0, +00) can be viewed as an interpolation of the GMS model (with L = 0) and the
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LW model (with L = +00). Assuming § > 0, below we provide a rigorous investigation
of the asymptotic limits as L — 0 and L — +o0, respectively.

First, we introduce the definition of weak solutions to the GMS model (cf., [16, Defi-
nition 2.1]).

Definition 2.19. Let § € (0, +00) be a fixed parameter, L = 0. Suppose that (A1)—(A5)
are satisfied. The triplet (@, pt, &) is called a weak solution of problem (S¢_5) on [0, T], if
the following conditions are fulfilled.

(1) The functions ¢, u, & have the regularity properties
0 =w+mol e HY(0,T;(V))) N L®©0,T; V)N L?>©0,T;V?),
pel?0,T;VY, &elL*0,T;%£?.

(2) The variational formulation

(0:9(1), y)(viy vt +ao(u(t),y) =0 VyeV! (2.41)
holds for almost all ¢ € (0, T') and we have

nw=-Ap+&+n(p)—f ae.inQ, (2.42)

0 =0 —S8ATY +ér +nr(Y)— fr ae.onX (2.43)

with
£e€B(p) ae.inQ, &refPr(y¥) ae.onX.

(3) The initial conditions are satisfied

@li=0 = @o ae.inQ, Y|;=0 =110 ae.onl.

Theorem 2.20 (Asymptotic limit: § € (0, 400) fixed, L — 0). Let § € (0, +00) be given.
Suppose that the assumptions (Al )—(AS) are satisfied. For every L€(0,1), let (oL, uL &L)
be a weak solution to problem (S, s5) corresponding to the data (@g, f'). Then, there exists
a triplet (9%, u°, £°) such that as L — 0 (in the sense of a subsequence),

ot — ° weakly in H (0, T: (V') N L0, T;V?), (2.44)
weakly star in L>(0, T; V'), (2.45)
strongly in C([0, T]; £2), (2.46)
pl = un® weakly in L0, T; 3%, (2.47)
L > E%  weakly in L*(0,T; £?) (2.48)
with
16" = 1*IrllL20.7:mr) < CVL. (2.49)

The limit triplet (¢°, u°, £°) is a weak solution of the GMS model (Sy s) corresponding
to the data (@g, f') in the sense of Definition 2.19.
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Remark 2.21. Thanks to [16, Theorem 2.1], the limit function (po, as a solution to prob-
lem (Sp,s), is unique. Hence, every convergent subsequence {@L*} in Theorem 2.20 con-
verges to the same limit ¢°.

Next, we introduce the definition of weak solutions to the LW model (cf., [20, Defini-
tion 2.1]).

Definition 2.22. Let § € (0, +00) be a fixed parameter, L = +o00. Suppose that the
assumptions (A1)—(AS) are satisfied. The triplet (¢, p, &) is called a weak solution to
problem (So,s) on [0, T], if the functions ¢, u, & have the regularity properties

@ e HY(0,T: V)N L>®0,T; V)N L*0,T; H*(Q)),
v e HY(0,T; V{) N L™, T; Vr) N L*0, T; H*(T)),
weL*0,T;V), &£eL*0,T;H),

0 € L*(0.T:Vr), ér € L*(0,T; Hr),

and they satisfy

(0r, 2) vy +/ Vu-Vzdx =0 VzelV, a.e.in (0, 7),
Q

p=-Ap+E+n(p)—f §&¢€plo). a.e.in Q,

=1, a.e.on X,

(04, ZF)VI’-,VF —I—/ Vr0 -VrzrdS =0 Vzr e VT, a.e.in (0,7),
r

0 = 0ngp —S8ATY + ér + v (V) — fr,  Er € fr(¥),
Qli=0 = o, ae.inQ, Yl|;=o =11y, ae.onTl.

.e.on X,

o

Theorem 2.23 (Asymptotic limit: § € (0, 400) fixed, L — +00). Let § € (0, +00) be
given. Suppose that the assumptions (Al)—(AS) are satisfied with &, nr being differen-
tiable on R. For every L € (1, 400), let (o&, u*, &%) be a weak solution to problem
(SL.s) corresponding to the data (9o, ). Then, there exists a triplet (9°°, p°°, £°) such
that as L — 400 (in the sense of a subsequence),

ot = @™ weakly in H'(0,T; V') N L2(0, T; H*()),
weakly star in L*°(0,T;V),
strongly in C([0,T]; H),

vl — > weakly in H'(0, T; V{) 0 L?(0, T; H*(T)),
weakly star in L*°(0, T; Vr),
strongly in C([0, T]; Hr),

pl = u™  weakly in L*(0,T; 31,

EL > £ weakly in L*(0,T; £2),
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and , c
L L
Z”@ — wlrlliLzco,r:Hp) < ﬁ

The limit triplet (9p°°, u°°, £°°) is a weak solution of the LW model corresponding to the
data (9o, f) in the sense of Definition 2.22.

Remark 2.24. Thanks to [20, Theorem 2.4], the limit function ¢°°, as a solution to prob-
lem (Seos), is unique. Hence, every convergent subsequence {@%*} in Theorem 2.23
converges to the same limit 9.

3. Well-posedness in the presence of surface diffusion

In this section, we focus on the case when the surface diffusion on I' is present, that is,
8 > 0. Then, we prove Theorems 2.7, 2.9, and 2.11 on the well-posedness of problem
(SL.,s) for any given L, § € (0, +00).

3.1. Approximation via Yosida regularization

To prove the existence of weak solutions to problem (Sz, s) with general potentials, we
approximate the maximal monotone operators 8 and Sr by means of suitable Yosida
regularizations; see, e.g., [16,20] for the case of Cahn—Hilliard equations with dynamic
boundary conditions. For each ¢ € (0, 1), we define §;, fr, : R — R, along with the
associated resolvent operators Jg, Jrs : R — R by

Belr) = ~(r = Jor) =~ — (I + ) (), 3.1
Bra(r) = ——(r — Jra(r)) i= —(r — (I + £0Br)"" (")) (3.2)
Y] g0

for all r € R, where ¢ > 0 is the constant given in the condition (2.22). The related
Moreau—Yosida regularizations ¢, Br, of 8, fr : R — R are given by (cf., e.g., [60])

~ 1 ~ 1 ~ r
Butr) = Sigll;{glr P+ ﬂ(s)} = 5l = 5P + B = [ psras
Er,g(r) = Sigﬂf{:{iv — s+ B\p(s)} = /Or Bre(s)ds VreR.

From (A1), (A2), we find B:(0) = Br,-(0) = 0. Besides, B¢, Br, are Lipschitz continuous
with Lipschitz constants 1/¢ and 1/gp, respectively (see [6, Propositions 2.6 and 2.7]).
Thus, it follows that 38 and ,3\118 are nonnegative convex functions with (at most) quadratic
growth. Moreover, it holds (cf., e.g., [4, 60])

1B(r)| < |B°(r)| forr € D(B), |Bre(r)| <|B2(r)| forre D(Br), (33)
0<Be(r) <B(r), 0<PBre(r)<PBr(r) VreR. (3.4)
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Thanks to [9, Lemma 4.4], we keep the compatibility condition

|Be(r)| < olBre(r)[ +co VreR, 3.5

with the same constants o and cg as in (2.22). Additionally, the following inequalities hold
for e € (0, 1) (see [34, Section 5]): for any given ro € Int D(Br),

Be(r)(r —ro) = 8o|Be(r)| —c1.  Pre(r)(r —ro) = 8o|Bre(r)| —c1 (3.6)

for all r € R, where dg, c; are positive constants depending on rg but independent of €.
Recalling the abstract formulation (2.25) for problem (S, 5), it is straightforward to
check that the first and second equations in (2.25) yield the single evolution equation:

GL(w/(t)) + 0®s(w (1)) = P(—&(t) — m(w(t) + mol) + £(¢)) in cf%O) 3.7
for almost all # € (0, T'), where
E(t) € B(w(t) +mol) inE?> foraa.te(0,T).

For each ¢ € (0, 1), let us consider the following approximating problem for (3.7): find
@ 1= (we, wr,¢) satistying

s@, (1) + B (@, (1)) + 0Ps(wc (1))
= P(—B:(w(t) + mol))
+P(—m(w:(t) + mol)) + P(f(¢)) in SC%O) foraa.t € (0,7), (3.8)

®eli=0 = @0 1= @o —1ol, in L. (3.9)

Proposition 3.1. Assume that the assumptions (A1)—(AS) are satisfied. For each ¢ €
(0, 1), problem (3.8)—(3.9) admits a unique solution

w, € H'(0,T; :tifo)) NC ([0, T]: v(lo)) NL*0,T; v(zo)).

Proof. The proof mainly follows the argument for [16, Proposition 4.1], which is based
on the abstract theory of doubly nonlinear evolution inclusions [24] combined with the
contraction mapping principle.

By the definition of &, it is straightforward to check that

(el + &Mz, 2) g2 = e]z)|32 + (BFz.2)g2
L L
=elzl% + (€"2.6" 1) 4y |
> 8||z||?22 Vz e cf%O).

On the other hand, thanks to (2.9), we find

Il +@")zllgz <elzllg2 + 18zl g2 < (e + O)lzllg2  Vz € £5).
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As a consequence, for each & € (0, 1), the operator I + &% is coercive and with linear
growth in :ﬁ%o). These facts enable us to apply the abstract theory [24, Theorem 2.1] with

the particular choices A = eI + &L, B = 05, H = :E%O), and V = "V(lo) therein. Hence,
for any given function @ € C([0, T; i%o))’ we can conclude that there exists a unique

1 g2 Lyl g2
we H'(0,T:£5,)) N L0, T; V) € C([0,T]: £3y))
satisfying 0®s(w) € L%(0, T’ i%o)) and

(e + 8M)e' (1) + 005 (@ (1))
=P(—B:(@(t) +mol) —w(@(t) +mol) + f(¢)) in éf,%o) foraa.t € (0,7),
®|;=0 = wo in éli%o).
In this way, we can define the map ¥ : @ +— w from C([0, T']; :E%O)) into itself. Next, for
given @@ e C([0, T; £, i € 11,2}, we set 0® := W(@D). Consider the equation of
their differences
(@) = @?)) + 65 (") - @?)) + 105" —0?)
=P(—B.(@" +1iol) + B3P + mol) — n(@D + mol) + m(@P + o).

Taking the £2 inner product with © (! — @@ and using the monotonicity of d®s, we
obtain

1d
__||(,)(1) — (,)(2)”?62 + Ed_t”w(l) _ w(z)”g’:'<
< (=Be@W +1ol) + Bo(@® +1igl). 0 — @),
+ (—n(a(l) +iiol) + (@@ + mgl), 0D — “’(2));@2

<Colla® =8P g2 0V — 0@ 4

3.10
© ©’ ( )

where the last inequality follows from the fact that 8, Br., 7, nr are Lipschitz con-
tinuous, and C; > 0 depends on K, Kr, €. Using the Cauchy—Schwarz inequality and
Gronwall’s lemma, we deduce from (3.10) that

t
000 - 0Dl = [ 1506 -3V, ds Ve e0.7]
0

which implies

lo® @) —0®)}, <Cale® -8 V1 €[0.T].
(0)

@2
C([0,TL:22,)

Fork € Z1, we set w,(ci) = pk (@ (i)). By iteration, we infer from the above estimates that

k
) @ ]2 T\ _ =@)2
|0y () — o (l)”.zgo) = CS(k!)”“’ - ”C([O,T];:C%O)) vt €[0,T].
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Hence, there exists some ko € Z™ large enough such that

@ _

2 1 2) 12
“wlo w(LO) < —||(g(l) — ( )”

2
| C0.T1:E3,) = 3 C([0.TT:£3,)"

This yields that WX° is a contraction mapping from C ([0, T']; cf%o)) into itself.

Therefore, thanks to the contraction mapping principle, W*0 admits a unique fixed

point w, € C([0, T]; £3y)). It follows that

W(w,) = U(Wr(0,)) = R (W(w,)).

Hence, we find ¥(w,) = @, because of the uniqueness of .. By the definition of ¥, @,
is indeed a solution to problem (3.8)—(3.9). Its uniqueness easily follows from an estimate
similar to (3.10) and Gronwall’s lemma.

For every ¢ € (0, 1), we have shown that problem (3.8)—(3.9) admits a unique solution
such that

we € H'(0.T: £3)) N L=(0.T: V) with 0®s(w,) € L*(0,T: £3)).

In view of (2.24), we can apply the elliptic estimate [43, Theorem 3.3] to conclude that
W € LZ(O, T; "V(zo)). Finally, observing that

H'(0,T; £3,) N L*(0.T: V) € C([0,T): V).

we arrive at the conclusion of Proposition 3.1. ]

3.2. Uniform estimates
For every ¢ € (0, 1), in view of Proposition 3.1, we set ¢, := w, + mol and
He(t) := ey (1) + 0Ps(@e(1)) + Be(@s(1)) + m(pe(t)) — f (1) foraa.t € (0.7).
Then, the evolution equation (3.8) can be written as
@L(w;(l)) 4+ pe(t) —me(t)1 =0 in 58%0) fora.a.t € (0,T) (3.1D)

with
me(1) := m(Be(@e(1)) + w(@e(t)) — f(2)) foraa.r€(0,7). (3.12)
It follows that

Pue = pe —mel € L*(0,T; Hg)) and mg € L?(0,T).

As a consequence, Ly = (i, 0:) € L2(0, T; #') and the following weak formulations
hold:

f drws(r)y dx + / drore(t)yr dS + / Vite(t) - Vy dx + / Vr0s(t) - Vryr dS
Q T Q T

1
+ — | () = 0:()(y —yr)dS =0 Vy € H, (3.13)
L Jr
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and

/,ug(t)zdx+/ Oc(t)zr dS
Q r
= 8/;2 0, we(t)z dx + S/F drore(t)zrdS + /Q Vawe(t) - Vzdx
+8 [ Vron)-Vezrds + [ 800 + m(00) - f0): dx
r Q

+ [ Bree) + xrwe@) - frwlzras vz e ! (3.14)
r
for almost all ¢ € (0, T'). In particular, it follows from (3.14) that

e = €0;ws — Awg + Pe(@e) + m(@e) — f, ae.in @, (3.15)
0 = Eatwl",s + Onwe — 8Arwr,e + Bre(Ye) + nr(Ye) — fr. ae.on X. (3.16)

Besides, since @/, € L%*(0,T; f%o)), we infer from (3.11) and the elliptic estimate (2.10)

that w, € L?(0, T; #?). This allows us to deduce from (3.13) the following pointwise
relations:

0;we = Ajdg, a.e.in Q, (3.17)
d;wre = Arbfe — Onjte, ae.on X, (3.18)
Logpe = 0 — e, a.e.on X. (3.19)

Now, we proceed to derive uniform estimates with respect to the approximating param-
eter e € (0,1).

Lemma 3.2. The mass is conserved in time, that is,
m(@e(1)) = m(po) =mo Vi e€[0,T]. (3.20)

Proof. The conclusion (3.20) easily follows from the definition of ¢, and the fact that
we € C([0, T];élffo)). |

Lemma 3.3. There exists a positive constant My, independent of ¢, § € (0, 1), such that

1/2
e/ ”wsHLOQ(O,T;.:C%O)) + ||ws||Loo(o,T;Je(5)1) + ”wS”LZ(O,T;’V(lo))

+ 1Be(@e) 10,71 (@) + 1Br.e (We)llLio, ;L1 (ry) < M1, (3.21)

where the norm || - ||v(10) is defined as in (2.7).

Proof. We adopt the same strategy as in [9, 15, 16]. Testing (3.8) at time s € (0, T') by
g, using (2.23) and the definition of the subdifferential d®g with the fact ®5(0) = 0, we
obtain
8(@4(5), 0c(5) 22 + (BH(@4(5)), e(5)) g2 + Ps (@ (s))
+ (Bs(9e(5)). @s(5) g2 = (f (5) — T (9s(5)), ws(5)) £2 (3.22)
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for almost all s € (0, T'). Recalling the assumptions (A2) and (A5), we find 1719 €Int D(Br).
Then, we can apply the inequalities in (3.6) with ro = mg to get

(Be(9:(5)), @e(s)) 2
= / Be (@6 (5)) (e (s) — rig) dx + / Br.e (Ve () (Ye(s) —mo) dS
Q r

> 5o /Q 1Be(ge ()] dx — 112 + 8o [F Bre(We(s)| dS — e [T (3.23)

for almost all s € (0, T'). Furthermore, owing to the assumption (A3) and the interpolation
inequality (2.13), there exists a positive constant M7, depending only on K, K, 7 (i),
nr (myg), |2|, and |T'|, such that

(f 5) = 7 (pe(5)) 0e(5))
1 2 1 2 2
<5 [ 1rore; [looP e & [ looPo

5 [1r0Pas + 5 [loraoPas+ & [[lor.oP as
tlao) [ fo@lar+ o) [ lor)las
Q r

- 1
= M+ 1 f @ + l0s®15) + 7IVes@)F  foraa.s e (0.7). (324)

From (3.22)—(3.24), we obtain

d d 1
€£Ilwe(S)||§z + allwa(S)II(z),* + EIIsz(S)IIir + 8| Vrore ()3,

+250f |Be(s(s))| dx +230/ |Br.e(Ye(s))]dS
Q r
<2e1(IQ| + T + 2M1 (1 + [ f ()52 + l@s(9)I[5) foraa s e (0,7),
which combined with Gronwall’s lemma leads to the conclusion (3.21). [
Lemma 3.4. There exists a positive constant M», independent of ¢, 8 € (0, 1), such that
1/2
||a)s||Loo(o,T;v(10)) + &V ||(o;||L2(0’T;;g%O)) + ”(U/EHLZ(O,T;J((B;)
+ 1Be(@e) Lo, 7:01 @) + I1Bre(We) Lo, 71 (r)) < Mo, (3.25)

where the norm || - ||v(10) is defined as in (2.7).

Proof. Testing (3.8) at time s € (0, T') by @} = ¢, using (2.23) and the chain rule for
subdifferentials (see, e.g., [60, Lemma 4.3], and also [23, Proposition A.1]), we find

3 (0o + [ Butonn + @M ax + [ Froio) + armas)
Q r

+ell@p()F + @i )5
= Pf(s),wi(s))g> foraa.se (0,7T). (3.26)
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Since G (w/(s)) € V(o) for almost all s € (0, T'), we observe that

1
(Pf(5).@c(s))g2 = Pf(5). GF (@) gy, = Lel@IR. + SIF @15 327)

-2
Integrating (3.26) over (0, ¢) with respect to s, we infer from (A3) (i.e., 7, I are at most
with quadratic growth), Lemma 3.2, (3.27), and (3.4) that

1 S ~ ~
SIV0l + S10r Ol + [ Aetenax+ [ Browo)as
t 1 t
Ly MCACT R EEy PAB A
0 0
1 ~ ~
< sloolly + [ Benax+ [ framyas + [ Feuar- [ w0
(0) Q r Q Q
1 t
+ [ Aras - [ Frwaenas + 3 / 1f )13 ds
1
= sloaliyy + [ Banax+ [ Broas
+C(1+ 90lBen + loe(t) + ol [n)
1 t
+ 5/0 £ ()3 ds Vi e[0,T]. (3.28)
The interpolation inequality (2.13) implies

lo:®l%: < vIVoelF + Cyls(0l5,. Yy > 0.

Then, taking y sufficiently small (independent of §), we infer from (3.21), (3.28) and (A5)
that

1 ) ~ ~
V00l + 3 1Vore Ol + [ Beoo)ar + [ fratpnas
t 1 t
Y ARGy W PACI A
0 0
t
<C+ %/ If ()3 ds Viel0,T], (3:29)
0

which gives the estimate (3.25). [

Lemma 3.5. There exist positive constants M3 and My, independent of €,§ € (0, 1), such
that

1Be(@) 20, 1:01 ) + I1Br.e (We)llL20. 1501 (ry) < M3, (3.30)
Imell 20,7y + IellLzco, 7501y < Ma. (3.31)
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Proof. We can deduce from (3.22), (3.23) that

S /Q 1Be(0e(5))] dx + o /F Brs(Ve(s)]dS

< (121 + 1T + (f (5) — w(@e(s) — ewy (), @4 (5)) 22
— (BL(@L(). 0s(5) g2
=a(Q+ ) + (Lf &) ez + 1w (@e(s) g2 + eloy(s)g2)llwe(s)ll 22
+ @) ]lox|@e(s)]ox fora.a.s e (0,T). (3.32)

Due to Lemma 3.4 and (A4), the right-hand side of (3.32) is uniformly bounded in
L?(0, T). This yields the estimate (3.30). Next, by the definition of m(s) (recall (3.12)),
we have

6
me(s)|? < m(llﬂe(%@)) 171y + 17 (@) Z1 () + 111 7)1

- 1Bre eIy + I WD 1oy + T () 13,)

for almost all s € (0, 7). Integrating over (0, 7'), using Lemma 3.4, (3.30) and (A3), (A4),
we obtain the first estimate in (3.31). On the other hand, it follows from (3.11) that

IPRe() ey , = N0b()llox. (3.33)
This fact combined with Poincaré’s inequality (2.6) yields
le(s)ler < IPre()lger + llme($)Uiger = ClIPre() ), + llme(s)1]| 22
< Clp®)llox + (21 + D2 |me(s)| - foraa.s € (0.7).
Recalling (3.25), we obtain the second estimate in (3.31). [

Lemma 3.6. There exist positive constants M5, Mg, and M7, independent of ¢ € (0, 1),
such that

I Be(@e)llL2c0,1:0) + I1Be(WellL2(0,1:Hp) < Ms, (3.34)
I Br.e (We)llL2o,7; 1) < M, (3.35)
l@ellz20,7;92) < M7. (3.36)

Proof. The proof of (3.34) follows the argument for [16, Lemma 4.4]; we sketch it here
for completeness. Testing (3.15) by Be(¢e) € L2(0, T; V), using (3.16) and noting that
(Be(@e))Ir = Be(Ye) € L*(0,T; Vr), we find

[g B (0o ()| Vor(s) 2 dx + [ Be(@s(s)]%

5 / BL(Ye(s)) [ Vror.s(s)2 dS + / Bro(Ve(5)Be (Ve(5)) dS
T T

= (f(5) + pe(s) — 07 (s) — 7(@:(5)). Be(@e(s))H
+ (fr(s) + Os(s) — edrwr e (s) — 0 (Ve(5)), Be (Ve ($))) Hr (3.37)
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for almost all s € (0, T"). Recalling the compatibility condition (3.5) and noticing that
Be(r), Br,e(r) have the same sign for all r € R, we get

/Fﬂr,a(l/fe(S))ﬂs(%(S))dS =/FIﬂr,e(%(S))llﬂs(l/fe(S))ldS

A%

1 240 €0
; /F Bty (o) ds - & /F 1B (Wa(s))] dS

A%

1 2 Cg
— | |Be(We(s)|"dS — [T
20 Jr 20
On the other hand, we observe that

/ Be(@e ()| Vs (5)|? dx = 0, / Be(¥e(5))| Vror,s(s)|* dS = 0.
Q r

By Young’s inequality and the Lipschitz continuity of 7 and nr, we can find a positive
constant M5, independent of ¢ € (0, 1), such that

(f(5) + pe(s) — £d,0(5) — 7(9e(5)), Be(@e () mr
1 -
= SIBelpeNE + Ms(1+ 1LF () + e () F + loe)IF + elldiwe(s)l1E)
and
(fr(s) + 0s(s) — edswr s (s) — 70 (Ve (), Be (Ve (5))) rar
1
< E||/3@(x//s(s)>||%qr

+oMs(1+ 1| fr )z + 10: ) + llors ()l + eldior.s()l7,)-

Combining the above inequalities, integrating (3.37) in (0, 7') with respect to s, we infer
from Lemmas 3.4, 3.5 that

1 (T ) 1 (7 )
3 | it o [ ip o e s 6

where C > 0 is independent of ¢ € (0, 1). This yields the estimate (3.34).
By comparison in (3.15) and the estimates just proved, we have

|Awellz20,1:8) < C, (3.39)

where C > 0 is independent of ¢ € (0, 1). Next, testing (3.16) by Br.«(¥¢) € L*(0,T; Vr),
we can deduce that

S/Fﬂf,g(ws(S))Ierr,e(S)lz dS + [|Bre (Ve ()l
= (fr(s) + Oc(s) — €0:0r6(s) — Inws(s) — 7 (Ve (s)). Br.e (Ve () Hr

1
< Ellﬁr,g(l/fe(S))llffF +3(1L O 17 + 101z,
+ el drore ()l + 18nwe ()7 + ll7r (We(s)) ) (3.40)
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for almost all s € (0, T'). Integrating (3.40) over (0, T'), we infer from Lemmas 3.4, 3.5
that

I1Br.e (el L20,7:0r) < C(1 4 00@ellL200,7: Hy))- (3.41)

By comparing the terms in (3.16), we infer that

1
lowx = rorelzori < € (145 )0 + lnorliorm). (42

where the constant C > 0 is independent of ¢ € (0, 1). Combining (3.39) and (3.42), we
can apply the elliptic estimate (2.10) (with L = 0, k = 0) to get

l@ellz2c0,1:902) < C(1 + [|0n@ellL2¢0,7: 1)) (3.43)

where the constant C > 0 is independent of ¢ but depends on §. Thanks to the trace
theorem and the Ehrling lemma (see Lemma A.2), we have

0nwellz2(0,7: 07y < Cll@ellL20,7;m2-7 () for somer € (0,1/2)

< €lloell20,1:H2(@)) T+ CellwellL2(0,75v)-

Hence, taking € > 0 sufficiently small, we can conclude (3.36) from (3.43), with some
constant M7 > 0 independent of ¢ (but depends on §). Finally, this estimate together
with (3.41) easily yields the estimate (3.35). [

3.3. Existence and uniqueness of weak solutions

Proof of Theorem 2.7. We are in a position to prove the existence of weak solutions to
problem (Sg, s). This can be done by passing to the limit in the approximating problem
as ¢ — 0, applying a standard compactness argument as in [16]. Owing to the uniform
estimates derived in Lemmas 3.2-3.6, there exist a subsequence of ¢ (not relabeled) and
some limit functions @ = (w,wr), g = (1, 0), &€ = (&, ér) and m such that

we = ®  weakly starin L0, T V(y)), (3.44)

ws = @ weaklyin H'(0,T; #)) N L*(0,T;V?), (3.45)

ewe — 0 strongly in HI(O, T; 282), (3.46)

pe — . weakly in L2(0,T; #1), (3.47)
Be(pe) — £ weakly in L?(0,T; H), (3.48)
Br.e(Ve) — &r  weakly in L?(0, T Hr), (3.49)
me — m  weakly in L2(0, T). (3.50)

From (3.45), due to the Aubin-Lions—Simon lemma (see Lemma A.1), we find

@, > @ strongly in C([O, TI; 56%0)) n L2(O, T; 'V(IO)), (3.51)
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which implies
¢: — @ = ® +mol strongly in C([0, T]; £%) N L*(0, T; V1). (3.52)
The above facts also imply that

Qli=0 = ¢@o ae.inQ, Yli=o=1vYo ae.onT.
Moreover, (3.52) and the Lipschitz continuity of 7, 7 ensure that
(ps) — m(@) strongly in C([0, T]; £2),

and m = m(§ + n(p) — f) with & = (€, &r). Due to the maximal monotonicity of 8 and
Br, by applying [4, Proposition 2.2] and (3.48), (3.49), (3.52), we obtain

£efB(p) ae.inQ, érefPr(y) ae.onX. (3.53)

Now, we are able to pass to the limit in the weak formulations (3.13), (3.14) to recover
(2.26) and

(1(1). 2) g2 = bs(@(t),2) + (£(1) + m(p(1)) — £ (1),2)g> VzeV! (3.54)

for almost all # € (0, T'). Since z € V! is arbitrary, we can conclude that the limit triplet
(@, p, &) is indeed a weak solution to problem (Sz 5).

Finally, we establish the additional regularity (2.29) under the assumption (A1)’. The
estimate for nonlinearities (8, Br) is similar to [28] for the case L = 0 and we just sketch
it. As in [36], for each k € N \ {1}, we introduce the Lipschitz continuous function Ay :
R — R by

1 1
EEQTILINT S
T T

1 1
he(r):=qr if—l—i-%frfl—%,

1 1 ifr >1 :
; 1r %

We define ¢ := hy o @, ¥ := hy o ¥ and denote @ := (¢, ¥y) forall k € N\ {1}. It
follows that ¢z € L>®(0,T; V') and

Vor = Vo xiasia-tp Vrve = Vrv xasa-1p

where the function y[_; +ha-1] is the characteristic function of interval [—1 + k’ 1— ]
Fork e N\ {l}and p > 2 we see that

Br = |B(@i)|?2Blpr) € L®(0.T:V), PBrx:=|BrWi)?>Br(¥x) € L=(0,T;Vr)

are well defined, and

VB = (p = DIB@)I” 28" (9e)Ver,  VrBrx = (p — DIBr (W) P ~>Br (¥i) Vr vk
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Besides, Bx|r = |B(Wr)|P2B(¥k) € L=(0, T; Vr). Define

pi=p—n(p)—f and 6:=6—nr(y)— fr.
Then, it holds (jz, 5) € L2(0,T;£P), where p € [2,6]ifd =3 and p € [2, +00) if d = 2.
By a similar process as in [28], we can deduce that

B0 ll20,7;L2 ) + IBr(¥i)ll20,7;L0 ()
< Cp(llitlliz2c0, 7522 )) + 102200, 7522 (r)) + 1)-

Passing to the limit as k — 400, owing to Fatou’s lemma, we conclude that

) Cwp pe2,6] ifd =3,
(B(g), Br(¥)) € L=(0,T; £7), {p L. too) ifd =2. (3.55)

Next, since ¢ satisfies the following bulk-surface elliptic problem

N 1) ac.in €,
=1, a.e.on I,
—Ary + o = 6— Br(y¥), ae.onT,

applying (3.55) and the L?-regularity theory for the bulk-surface elliptic system (see [45,
Proposition A.1]), we find

2.6 ifd =3
01201 wery, JPERE i ’ (3.56)
p €2,400) ifd =2.

The case p € [1,2) follows from (3.55), (3.56) and Holder’s inequality.
Hence, we finish the proof of Theorem 2.7. [

Proof of Theorem 2.9. In what follows, we prove the continuous dependence on the initial
data and the force terms. This can be done by the standard energy method. For i € {1, 2},
let (¢;, i, &;) be a weak solution to problem (S7 s) corresponding to the data (¢, f;)
with

m(@o,1) = m(@o,2) = my.

Set w; := @; —mol. We consider the difference between (3.7), at the time s € (0, T), for
®1(s) = (@1(5), 0r,1(5)) and @2(s) = (w2(s), @r,2(s)), that is,

L (@] (s) — w5(s)) + 0Ps(@1(s) — w2(s))
= P(=&1(s) + &2(s5))
+P(—m(@1(s) + mol) + m(w2(s) + mol)) + P(f1(s) — f2(5)).
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Taking £2 inner product with @ (s) — @2(s), by the Lipschitz continuity of 7, 71, we
obtain

31016 = @20 R + o1(5) @260,
FE10) —E25).01(5) ~ @22
=~ (@1(5) + o) ~ 7(@2(5) + o). w1(5) ~ @2(5)) 2
+ (f1(5) = f2(5), @1(s) — @2(5)) £2
< (K + Kp)||l@1(s) — @2(5) | 32

+ 1f1(5) = f2) vy l@1(s) — @2(s)][4n (3.57)
for almost all s € (0, T'). Since w1(s) — wa(s) € 'V(IO) for almost all s € (0, T'), by the

Ehrling lemma (see Lemma A.2) and Poincaré’s inequality (2.6), we get
lo1(s) = @2(5) %2 =< €ll@1(s) — wz(S)II%(lo) + Cello1(s) — @2(5) 15
for any € > 0. Besides, it follows from (3.53) and the monotonicity of 8, Br that

(61(5) — &2(5), @1(5) — @2(5)) g2
= (£1(5) — £2(5), 01(s) — @2(s))g2 = 0 fora.a.s € (0, 7).

Inserting the above inequalities into (3.57), taking € > O sufficiently small and applying
Young’s inequality, we obtain

1d
S g @) - @2() 15 + @1 (s) — wz(s)llﬁ;(lo)

=

[01(5) = 026)[3y + Cllo1(s) = 02(5)[F0 + CILAE) = £2(5)

N =

for almost all s € (0, T'). Then, by Gronwall’s lemma, we arrive at the conclusion (2.30).
[ ]

Thanks to the uniqueness of the phase function ¢ associated with problem (S s),
we are able to provide an estimate on the convergence rate for ¢, — ¢ in terms of the
parameter ¢ of the Yosida approximation.

Proposition 3.7 (Convergence rate). Suppose that the assumptions of Theorem 2.7 are
satisfied. Let @ be the unique solution to the approximating problem (3.8)—(3.9) and ¢
the unique weak solution to problem (Sy s). Then, we have

ll@s — @llLoo.:5e1yy + 19s — @llL200,7:v1) < CE Ve € (0,1),

where the constant C > 0 depends on 7, r, B, Pr, and the V3 norm of the initial data
@o, but not on ¢.
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Proof. For any €1, &, € (0, 1), let w,, and w,, be the corresponding solutions to the
approximating problem (3.8)—(3.9), respectively. Recalling the relation

Qe = @Wg + mol, i €{l,2},
we consider their difference @« = @¢, — @;,. It follows from (3.8) that

GL(gl) + 0Ds(+)
= _81¢;1 + 82‘?::2 + P(—Be, (9e,) + Bey (95,))
+ P(—7m(ps,) + 7 (ps,)) in L3y, (3.58)

Testing (3.58) by @4 and integrating in [0, ] C [0, T'], we obtain
1 2 ' 2
SO+ [ o)1, &
t
= [ o100 + 200,50, 020225
t
+/0 (—Bei (96, (5)) + Bey (96, (5)). @ (5)) g2 ds

t
+ [ Cra ) + n@n©).0u(6)) g2 ds
0
= J1+ Jo+ J3. (3.59)
Using Lemma 3.4, we obtain that

S = /0 (—e18" (@}, (9)) + 22879, (5)), 94(5)) gy s

t
<c /0 €119l ) llow + 210, () llo.0) [ (5)[1v1 ds
< C(e1 + &2). (3.60)

Concerning J,, we apply the argument in [10]. It follows from the definition of the Yosida
approximation that Jo¢, = ¢, — £B8(¢.). From this, we find

_ / f (/381 ((pel) — /382 (fﬂez))t/)* dx ds
0 JQ
== [ B = Bra(i) U ) = Tl s

t
- / / (Ber (061) — Bes (06,) (618, (90,) — £2Ben(9s,)) dxds.  (3.61)
0 Q

The first term on the right-hand side of (3.61) is nonpositive by the monotonicity of g and
the fact that B.(¢e) € B(J:(¢e)) (cf., [39, (2.7)]). On the other hand, the second term on
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the right-hand side of (3.61) can be estimated by Holder’s inequality and (3.34), that is,

- / / (Ber (¢e1) — Ber (@6)) (€1 (9er) — €282 (9,)) dx ds
0 Q
= —¢&1|Be, (goé’l)”iZ(()’T;H) —&2|Be, (@92)”22(0];}1)
+ (o1 + 62) /0 /Q Ber (0e1)Ber (0ey) dx ds

< (e1 + &2)1Be; (@e ) lL20,7: 1) | Ber (@) | L2(0,7; 1)
< C(e1 + &2).

Similarly, by the monotonicity of Br and (3.35), we can obtain the following estimate for
boundary potentials:

t
[ [ Breie) ~ Breaa v ds ds < Cler + ea).
0o Jr
The above estimates provide the control of J5:
Jo < C(e1 + &2). (3.62)

To handle J3, using (A3) and the Ehrling lemma (see Lemma A.2), we find
t
2 = max(K.Kr) [ o)l ds
0

t t
< max{K, K]"}E/ ||¢*(S)||2V(10) ds + max{K, Kp}C. / @ ()[3, ds.  (3.63)
0 0

Combining (3.59), (3.60), (3.62), (3.63), and taking € > 0 sufficiently small, we obtain

t t
o« + [ oIy 5= Certen+C [ loulads Ve .11
0 0
Then, we deduce from Gronwall’s lemma that
”(o*”ioo(o,T;]g(B)l) + ”‘D*Hiz(O,T;V(IO)) S C(Sl + 82)7 (364)

where the constant C > 0 is independent of €1 and ¢5.
The estimate (3.64) implies that

{9:} is a Cauchy sequence in L°°(0, T; J{’(E)l) NL%*0,T;V")

as ¢ — 0. Denote its limit by ¢. Recalling Theorems 2.7, 2.9, we find ¢, — ¢ strongly
in L2(0, T; V') N C([0, T]; £?) and ¢ is the unique weak solution to problem (Sz 5).
Hence, we can pass to the limit ¢, — 0 in (3.64) and obtain

e, — ‘P”]Zpo(o,r;(gel)/) + llos, — ‘/’”1242(0];1;1) =< Cey,

which completes the proof. ]
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Remark 3.8. In the recent work [39], the authors studied the nonlocal Cahn-Hilliard
equation

8t(p= AI,L in Q,
u= B(p)+ B(p) + m(¢p) inQ,
Ot =0 on X,

with Bo(x) 1= [o J(x — y)(p(x) —¢(y))dy and J € L? (R%). Assuming some addi-

loc
tional assumptions on the nonlinearity 7 and applying the theory of Hilbert—Schmidt

operator for the nonlocal term, they proved the convergence rate

loe — @llL20.7:m) < C /e,

where ¢ is the parameter of the Yosida approximation.

3.4. Existence and uniqueness of strong solutions

Proof of Theorem 2.11. Now, let us consider strong solutions to problem (Sz s). The
uniqueness is guaranteed by Theorem 2.9. As in [16], we can prove the existence by
deriving some uniform estimates for higher-order norms of the approximating solutions.
For any h € (0, 1) sufficiently small, we consider the difference between (3.8), at time s
and s + A, that is,

(@, (s +h) —0(5) + G (@i(s + h) — 0(5)) + 15 (@e(s + h) — 0 (s))
=P(—Be(we(s + h) + mol) + Be(@.(s) + 1191))
+ P(=m(ws(s + h) + mol) + m(@c(s) + mol))
+P(f(s+h)— f(s)
for almost all s € (0, T — h]. Taking £2 inner product with (s + #) — w¢(s), then

integrating from 0 to ¢ with respect to s, and dividing the resultant by 42, using the mono-
tonicity of 8, and fr,, we obtain

elost -0 1o+ -o0)
2 h g2 2 h 0%
+1/’ Oe(s +h) —oe) |*
2 0 h V(IO)
_efet —wo|* | 1@eh) w0
2 h g2 2 h 0%
t B 2
+ (K—f—Kr—f—l)[ @s(s + k) — 04(s) ds
2) Jo h g2
1 [ - 2
+_/ [+ —fOI°
2 Jo h ¢
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ws(h) — wo we(h) — oo |* 1/’
- +_
0,% 4 0

h 22 EH h

t 2
f+h—f©]|?
+c/0 0j*d +2/0 SR A

we(s +h) —we(s)
h h

The first two terms on the right-hand side can be controlled as in [16, (4.35)]. Integrat-

ing (3.8) from O to A, taking the inner product with (w¢(h) — wg)/h?, we obtain

2 @e(s +h) — 0 (s) ||

h

ds
1
Vo)

xZ

eloch) —wo|® |1
2 B e 2

e(h
< (2 [ P00 + Bulouto) + w0 - L))

we(h) —wo |
h

0,*

£2

_— (@L(w) ! /0 P(a%(%(S))+ﬁs(<ﬂs(5))+ﬂ(¢a(5))—f(S))dS)

h h
1 ws(h) =@
4 h 0.%

2

h
+C H% / P(0Ds(0s(5)) + Be(pe(s)) + m(@e(s)) — f () ds (3.65)
0 g1

Thanks to the additional assumptions (A6), (A7), the last term on the right-hand side
of (3.65) is bounded for all ¢ € (0, &¢]. Then, by Gronwall’s lemma, we obtain that

we(l +h) —@(r)
h

are bounded in L*°(0, T — h; J{(B)l) NL*0,T —h; v(lo))7

and

81/2“’6(’ +h) —w(1)
h
uniformly with respect to ¢ € (0, ¢]. Passing to the limit as 7 — 0, we obtain

are bounded in L>(0, T — h; £2),

e'?) o, Iooo,;22) + l@%l Loo(o.7: ) + @, llL20.1:v1) < Ms, (3.66)

where the constant Mg > 0 is independent of ¢ € (0, g¢].

Keeping the improved estimate (3.66) and the assumption (A7) in mind, arguing as
in Lemmas 3.5-3.6, without integration in time over (0, 7') but taking the L°°-norm on
(0, T), we obtain

lmellLooco,7) + | ellLo,T;9e1) < Mo,
[ Be(@e)llLoo(o,7;m) + I1Br,e(Ye)llLo(o,7;Hr) < Mo,
||wa||L°°(0,T;J€2) < Mo,

where the constant My > 0 is independent of ¢ € (0, g¢]. Passing to the limit as ¢ — 0, we
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obtain the following additional regularities for the solution (w, i, &):

1, . -1 1 .l . 2
® € Wh(0,T; H) ) N H'(0,T:V(g)) N LPO0,T: H?),
e L®0,T:;H#Y, &elL>®0,T;L£%.

Since w’€L?(0, T} 'V(IO)) and Pu =6 (—w’), we can infer from the elliptic estimate (2.10)
that u € L2(0, T; #?).
Applying the above regularity properties and integration by parts, the weak formula-

tion (2.26) can be rewritten as
0= /Q(atw(t) —Ap(r))ydx + /F(atwr(t) — Ar0(t) + (1)) yr dS
+ %/(O(I) — (1) — Loau(t))r —y)dS Vy e H', aa.t e (0,T). (3.67)
r

Since y € #! is arbitrary, it easily follows from (3.67) that

diw = Ap, a.e.in Q,
d;or = Arf — 0, ae.on X,
Loy =60 — pu, a.e.on X.

In summary, (@, i, §) is a strong solution to problem (S, ) in the sense of Definition 2.10.
The proof is complete. u

4. Asymptotic limit as § — 0 and well-posedness without surface
diffusion

In this section, we investigate the asymptotic behavior of weak solutions to problem (Sz s)
as § — 0, with L € (0, +00) being fixed. Our goal is to show that the limit problem (S7.,0)
without surface diffusion is still well posed.

4.1. Uniform estimates

Let the assumptions of Theorem 2.15 be satisfied. For any &, ¢ € (0, 1), we consider the
approximating problem (3.8)—(3.9) with data {(pg, f 8}8e(0,1)- Let wﬁ be the unique solu-
tion given by Proposition 3.1. Besides, we set

ol =0l +mgl. pli=edwl + 05 @) + Belod) + m(od) — £,
where nﬁg = rh((pg). Then, ((pﬁ, ;Lﬁ) is also uniquely determined and satisfies (3.13)—(3.19)
with {93, f}se0,1)-

As in the proof of Theorem 2.7, when ¢ — 0, ((pﬁ , ;Lﬁ, B: ((pﬁ)) converges (up to a sub-
sequence) to some limit triplet (@®, u®, £%), which is a weak solution to problem (S L.8)



Cahn-Hilliard equation with dynamic boundary condition 217

with data {q)g, fS}SE(()’]). Since the uniqueness of %, £% is not clear (cf., Theorem 2.9),
the related convergence should always be understood in the sense of a suitable subse-
quence. Below we will not relabel the convergent subsequence for the sake of simplicity.

We now derive uniform estimates of the solutions (¢®, u%, &%) with respect to the
parameter § € (0, 1).

Lemma 4.1. There exists § € (0, 1) such that

sup |m(@® (1) < Mio V8 € (0,38, @.1)
tel0,T]

where Myo > 0 is independent of § € (0, g]

Proof. Recalling the mass conservation property (3.20), we have n_1((pg (1) = n"1((pg) for
t € [0, T]. This together with (3.52) implies

m(e’ (1)) = m(ey) Vi €[0,T]. 4.2)

On the other hand, it follows from (2.39) that lims_,¢ n_”t((p‘g) =m (o) € Int D(Br). Then,
the conclusion (4.1) easily follows. [

Lemma 4.2. There exists a positive constant M1, independent of § € (0, g], such that
9% oo o,7s0e1yy + 1% 20,737y + 82 IVE Y 20,7301
+ 18 o7z @) + 16X L1 07301 () < M. (4.3)
Proof. Recalling (3.21), we have
|0l + IV 2,75 + 821 Vrof 20,7810
+ 1Be@Dllz10.:L1 @) + IBre@WD oLy < C.

where C > 0 is independent of §, €, thanks to the assumptions (2.37), (2.38). By the weak
lower semicontinuity as ¢ — 0, we find

s 5 5
[l ||Loo(o,T;J€(5)1) + IV 200,70 + 82 Vel L2 0.7 17)
5 5
+11E° 1o, 521 @) + Nérllzro, sy < C.s

where % = ¢ — I’l_’lgl and C > 0 is independent of §.
The above estimate combined with (4.1) and Poincaré’s inequality (2.12) yields the
conclusion (4.3). [

Lemma 4.3. There exists a positive constant M5, independent of § € (0, g] such that

e oo, m3v) + 821V Y | ooo.r: 1) + 1B@) Lo 7:11@))
+IBr WD) lxo iy +10:0° 207,050 + IPK 20,70 ) < Mz (44)
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Proof. Recalling (3.29) and using the assumptions (2.37), (2.38), we get
Lo sz o Sio.8 L PN
VOl Ol + 5196 Ol + 5 [ 100201, ds
+ [ Beatanax+ [ Browionas ¢ viep.r),
r

where C > 0 is independent of &, &. Using (3.33) and passing to the limit as ¢ — 0, we
deduce from the weak lower semicontinuity of norms that

t t
IV O3 + 8IVYs@13, + /0 19:0° ()2, ds + [0 PRl ()1, ds
+ [ Beb (1)) dx + / Bt (1))dS = C foraa.t e [0.7].
Q T

The above estimate combined with (4.1) and Poincaré’s inequality (2.12) yields the con-
clusion (4.4). [

Remark 4.4. From (4.4), we easily obtain the uniform estimate
§ §
1% 11 cogo.7551) + 8210 | Lo o, r:v1) < C.
Lemma 4.5. There exists a positive constant M3, independent of § € (0, g] such that

5 s 5
18°M 20,71 @) + IR lIL20,7;01 )y + IR°lL200,7;501) < Mi3. (4.5)

Proof. Using the estimates obtained in Lemmas 4.1-4.3, we can get the conclusion (4.5)
by the same argument for Lemma 3.5 and passing to the limit as ¢ — 0. ]

Lemma 4.6. There exists a positive constant M4, independent of § € (0, 8~] such that
186 20,7200 + 1000”20, 75012 0yyy + 82N ATY [lL20.7:070)
+ &2 0. + 1ER I L20,75v7) < Maa. (4.6)

Proof. By the same argument for (3.38) and using the assumptions (2.37), (2.38), we can
deduce that

1B @) I20.7:1) + 0 1B 20,7010y < €,

where C > 0 is independent of §, €. Passing to the limit as ¢ — 0, we get

1% | 20,70y + @ 2E N 220,700y < C- 4.7

By comparison in (2.27), we infer from the above estimates and the assumption (2.38) that

|Ap° lz2¢0,7:m) < C, (4.8)
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where C > 0 is independent of §. Thanks to the trace theorem [7, Theorem 2.27] and the
elliptic regularity theorem [7, Theorem 3.2], we infer from the estimates (4.4), (4.8) that

||8n¢8||L2(0,T;(H1/2(1"))’) =<C. 4.9)
By comparison in (2.28), we infer from the estimates (4.4), (4.5), (4.9) and the assump-
tion (2.38) that
I = 8ATY® + 2.2
T IIL2(0,T;(H/2(T)))
= ||98||L2(0,T;H1-) + ”8n¢8||L2(0,T;(H1/2(1"))’) + ||7TF(1/f8)||L2(0,T;HF)
+ 1 A2 220,710

<C. (4.10)

Since 8'/2Ary? is uniformly bounded in L2(0, T’ VL) by the estimate (4.3), a direct
comparison in (4.10) yields
&2 20, 73w < C. 4.11)

Collecting the estimates (4.7), (4.8), (4.9), and (4.11), we arrive at the conclusion (4.6). m

4.2. Passage to the limit as § — 0

Proof of Theorem 2.15. From the uniform estimates obtained in Lemmas 4.1-4.6, we find
that there exists a triplet (¢, ., &) satisfying the regularity properties

0 HY0,T;(HY)NL®0,T; V"), A¢e L*0,T: H),
peL?0,T; 7Y,
£ e L?0,T:H x (HY*(IN)),

and the following convergence results hold as § — 0 (in the sense of a subsequence):

o’ > ¢ weakly starin L0, T; V"), (4.12)

o' > ¢  weaklyin H'(0,T; (JY)), (4.13)

A(ps — Ap weakly in LZ(O, T.H), 4.14)

wd > p  weaklyin L2(0, T; #V), (4.15)

g5 > & weaklyin L2(0,T: H x V}), (4.16)

§o >0  strongly in L®(0,T; V"), 4.17)

—SAryS + &5 — &r weakly in L2(0, T (H2(I"))). (4.18)

Here, we note that (4.17) implies §Ar 1//8 —0in L?(0,T; VIC); thus, (4.16) and (4.18) are
consistent. Next, by Lemma A.1, we can conclude

(p5 — ¢ strongly in C([0, T]; £?). (4.19)
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This implies @|;=9 = @¢ thanks to the assumption (2.39). Besides, it follows from (4.2)
that

m(e(1)) = m(po) Vi €[0,T]
The strong convergence (4.19) combined with the assumption (A3) also gives
JT((pS) — m(p) strongly in C([0, T]; H),
ar(¥®) — wr(y)  strongly in C([0, T); Hr).
Passing to the weak limit as § — 0 in (2.26) yields the variational formulation (2.31).
Next, we write (3.54) as
1’ (0),2)22 = (VO* (). V)i + (. 2)m + (= 8ArY’ + & 2r) sy o
+ @@ )~ fP0).2)g VzeV!

for almost all ¢ € (0, T'). Letting § — 0, we easily recover (2.32). Thanks to the clas-
sical results in [4, 6], the weak convergence (4.16) and the strong convergence (4.19)
combined with the demi-closedness of the maximal monotone operator § yield (2.33),
that is, £ € B(¢) almost everywhere in Q. Moreover, by exactly the same argument as

in [18, Section 3.2], we can justify the variational inequality (2.34) for &£r. According
to (4.18) and [18, Remark 2.6], we have ér € dJx (), where

[ Br(y)dSdr if Br(y) € L'(Z),

Js 1 L2(0.T; H/*(I')) - [0, +00], Jg := ,
+o00 otherwise.

In summary, the limit (¢, pt, &) is a weak solution to the system (Sz, o) in the sense of
Definition 2.13. The proof of Theorem 2.15 is complete. ]

4.3. Uniqueness and further properties

Proof of Theorem 2.17. The proof is similar to that for Theorem 2.9. Keeping in mind that
8 = 0, in analogy to (3.57), we obtain

%%le(s) — wz(s)llﬁ,* + IV (@1(s) — @2()) I3

4 / (1(5) — E2(5)) (@1 (5) — 2 (s)) dx
Q

+ (§r,1(5) — r2(s), or,1(8) — ©r2(5)) (H71/2(m)y, H2(T)

< (K + Kr)|l@1(s) _w2(s)||§g2 + || f1(s) — f2(3)||(171)/||(01(5) —@2(5) |51
(4.20)

which holds for almost all s € (0, T). Since @1 (s) — w2 (s) € 'V(IO) for almost all s € (0,7),

from Poincaré’s inequality (2.12) and the interpolation inequality (2.13), we get

l@1(s) —@2(5)ll5 = Cl[V(w1(s) —w2(5) [
lo1(5) = @2() %> < YIV(@1(5) = @2()) |77 + Cyll@1(s) — @2(5) 13
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for any y > 0 and almost all s € (0, T'). Besides, it follows from the monotonicity of S,
Br that

/Q(El (s) — 2(5)) (w1 (s) — w2(s)) dx
+ (ér,1(s) — ér2(s), wr1(s) — Q)F,z(s))(Hl/z(r))f,H1/2(r) >0 foraa se(0,7).

Inserting the above inequalities into (4.20), taking y sufficiently small, then by Gronwall’s
lemma, the fact m (@) = m(¢,), Young’s inequality, and Poincaré’s inequality (2.12), we
can conclude (2.40). [

Finally, if the bulk and boundary potentials exhibit the same growth, some further
properties of the asymptotic limit as § — 0 can be obtained. More precisely, we have the
following corollary.

Corollary 4.7. Let the assumptions of Theorem 2.15 be satisfied. In addition, we assume
that

(A8) D(B) = D(Br) and there exists a constant M > 1 such that

1
27 PrO =M =< 1B°(r)l = M|Br(r)| + M ¥r € D(B).

(1) Improved regularity: the limit triplet (@, i, &) obtained in Theorem 2.15
satisfies
9 € LX0.T: HY2(Q)), 8ap € L*(0.T:Hr). ¥ € L2(0.T: V1),
gr € L*(0,T; Hr), é&r e fr(¥) ae onX.

(2) Refined convergence (in the sense of a subsequence): it holds

g & weaklyin L*(0,T: Hr),
§¥% =0 weaklyin L>(0, T; H>?(I)),
@ — SATY® — ¢ weakly in L*(0, T'; Hr)
as § — 0 and (2.36) can be replaced by 6 = dy¢ + ér + nr (V) — fr almost
everywhere on X.

(3) Convergence rate: ifn_1((pg) = m(@o) for § € (0, 1), then: forall § € (0, 1),
it holds
lo® — o + o’ — ol 5
@~ PliLe,rio,) T 119~ PliL2,1;91)
< C(8"2 + 195 — wollos + L1 = fllL20,mi2)-

Since the proof of Corollary 4.7 follows the same arguments for [18, Theorems 2.10,
2.12], we leave the details to interested readers.
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5. Asymptotic limits with respect to kinetic rate: L — 0 or L — +o00

In this section, we study the asymptotic limit of solutions to problem (S, 5) as L — 0 or
L — 400, with § € (0, +00) being fixed.

For any ¢ € (0, 1), we consider the approximating problem (3.8)—(3.9) with data
(@0, f). Let oL be the unique solution given by Proposition 3.1. We set

(psL = wsL + mpl, /.Lélf = satwf + 8@3(0)5) + ,Bg((psL) + n((psL) - f,

where mg = m(@g). Then, ((oSL, [LSL) is uniquely determined and satisfies (3.13)—(3.19)
with data (@g, f).

As in the proof of Theorem 2.7, when & — 0, (oL, uL, B (o)) converges to certain
limit triplet (%, w’, £L), which is a weak solution to problem (S 1,s) with data (@o, f).
Since the uniqueness of w”, £ is not clear (cf., Theorem 2.9), the related convergence
should always be understood in the sense of a suitable subsequence. Below we will not
relabel the convergent subsequence for the sake of simplicity.

The proofs of Theorems 2.20 and 2.23 rely on uniform estimates with respect to the
kinetic rate L. The first estimate comes from the mass conservation. Recalling (3.20) and
passing to the limit ¢ — 0, we get

(@™ (1)) = m(go) = mo Vi €[0,T]. (5.1)

Nevertheless, further uniform estimates have to be derived separately for the two different
cases L — Oand L — +o0.

5.1. Thecase L — 0
We now proceed to derive uniform estimates for L € (0, 1].

Lemma 5.1. There exists a positive constant C1, independent of L € (0, 1], such that

L L
[l ||L00(0,T;J€(5)1) + o™ lL20.rv

+ 1E 0.1y + 1EE L 0.7:21(ry) < Ci. (5.2)

1
®)

where ot = @& — mgl.
Proof. Recalling the derivation of (3.21), we have
”(‘)5”12400(0,7’;3((5)1) + ”(‘)5”1242(0,7’;17(10)) + ||,35(¢£)||L1(0,T;L1(Q))

+IBre (WO L1 0,311 (r)
< C(ellwoll3z + llwoll§ . + 1),

where C > 0 is independent of L, . By the weak lower semicontinuity as € — 0, we find
L L L L
12 ||ioo(0,T;!;%)1) + @ ||22(0,T;v(10)) + 1% L1071 @) + IEF Lo, 101 (Ty)

< Clwoll§ .+ 1). (5.3)
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Recall that, for any fixed L € (0, +00), the norms | - || 1 and | - || ) , are equivalent on
H g o- This fact yields

Ivllez < Iyllser < Clivliges, < Cllyllzey, Yy edHiy YLEOIL (54
where C > 0 is independent of L € (0, 1]. As a consequence, it holds

2 L 2 L
loollox = €7 @ollyy = (@0. G @o) 22

L A L A
< llwollg2l8"@ollg2 = Cllwollg2I&@oll g = Cllwollg2ll@ollo.x-

together with (5.3) yields the conclusion (5.2). [

Hence, ||@ollo,« < 6”&)0”;@2, and thus, it is uniformly bounded for L € (0, 1]. This

Lemma 5.2. There exists a positive constant Cy, independent of L € (0, 1], such that

% L0791y + IB@") L0, 7521 @) + 1Br @) Lo r:11 ()
L L
+ [[9:9 ”LZ(O,T;J{’(B)I) + [IPp ”LZ(O’T;'%II,,O) <G (5.5

Proof. Recalling (3.29) and (3.33), passing to the limit as ¢ — 0, we can deduce the
uniform estimate (5.5) from the weak lower semicontinuity, (5.1), (5.2), and Poincaré’s
inequality (2.12). ]

Lemma 5.3. There exists a positive constant Cs, independent of L € (0, 1], such that

”at(PL”LZ(O,T;('Vl)’) < Cs. (5.6)

Proof. From (5.5) and the definition of || - ||=7le ,» we find

1
IVubilzzo.rmy + V005 | L20.7:0 + ﬁ”ﬂL — 0 2080 <C. (5.7)

where C > 0 is independent of L € (0, 1]. Taking z = (z,zr) € V! in the weak formula-
tion (2.26), we get

(005 (1), 2)(v1y +[ Vuk@) vzdx +f VoL (t) - VrzrdS =0
Q T
for almost all # € (0, T'). Then, it follows that

[(8:@™ (1), 2)wiy v < IV O IV2llm + V85 0ot [ V2 |l
< IVt Ol + IV8EOllap) Izllvr,

which together with (5.7) implies the estimate (5.6). [
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Lemma 5.4. There exists a positive constant Cy, independent of L € (0, 1], such that

IEX 200,701 + 1EE L2010y + 15 20,7901y < Ca (5.8)

Proof. Keeping the estimates (5.1), (5.2), (5.4), (5.5) in mind, we can obtain the uniform
estimate (5.8) with respect to L € (0, 1] by the same argument for Lemma 3.5 and passing
to the limit as ¢ — 0. ]

Lemma 5.5. There exists a positive constant Cs, independent of L € (0, 1], such that

L L L
1E% | 20,7;m) + IEF 220, 7: ) T+ @7 lL200,7;v2) < Cs.

Proof. To conclude, we apply the same argument for Lemma 3.6 and then pass to the limit
as ¢ — 0. The estimate for ||~ l22(0,7;v2) follows from the estimate for (%32 lz2(0,7:v2)>
(5.1), and Poincaré’s inequality (2.12). [

Proof of Theorem 2.20. The existence of a limit triplet (¢°, u°, £°) with expected reg-
ularity properties and the (sequential) convergence results (2.44)—(2.48) are guaranteed
by (5.1), Lemmas 5.1-5.5, and the same compactness argument as in the proof of Theo-
rem 2.15. By (2.46), (2.48) and the maximal monotonicity of 8 and Br, we find

£% ¢ B(¢% ae.inQ, 519 € fr(v°) ae.onX.

Then, taking limit L — 0 in (2.26), (3.54), we recover (2.41) and

(10(1),2) 2 = b3 (@°(0), 2) + (E°(1) + m(@°(1)) — [ (1), 2)g> VzeV' (59)

holds for almost all t € (0, 7). Since z € Vlis arbitrary, we can conclude (2.42) and (2.43)
from (5.9). The inequality (2.49) follows from (5.7). This also implies

wllr =6° ae.onX.

Hence, (goo, [LO, & 0) is a weak solution of GMS model in the sense of Definition 2.19. The
uniqueness of ¢° has been established in [16, Theorem 2.1]. The proof of Theorem 2.20
is complete. ]

5.2. The case L — 400

‘We now derive uniform estimates for L > Z, where L > 1 is a constant to be determined
later.

Lemma 5.6. There exists a positive constant Cg, independent of L > 1, such that

100"l 20, 7:50-1) + 0% 1Loo(0,73v1)

—1
(0)

+ 1B@) L. 7:01@) + I1Br W )Les.:21 ) < Cé. (5.10)
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Proof. Testing (3.8) at time s € (0,T) by 9,0’ € QC%O), with the help of (2.23), we obtain

s (os@ton+ [ Agkonar+ [ Browtonas)
+eldwl ©)% + log ()3,
= —~(Pr(p} (5)). :07 (5) g2 + (Pf (5). 8,07 (s)g2 foraa.s € (0.T). (5.11)
Similar to (3.27), it holds
(Pf(5). 005 ()2 = Pf (). G (w0 () |
< 0L O+ 17O, .12
and
|(Pr (97 (5)). 9@ ()2 | = [P (@ (). & B () |

P (0 ()53 13:05 (5) 0.5

IA

A

1
< 1007 @5+ IPE(@r )5 - (513)

Thanks to the additional assumption that r, 7T are differentiable on R, we deduce from
(A3), (pf = wg“ + mo1, and Poincaré’s inequality (2.12) for all L > 1, it holds

1P (0 (D5 | < IVTles ) + IVrar (v (5)) 1y
+ @k () = e (WEO) 1,
< K2Vl 53 + KRIVrof ()17, + 3K llof (5)[F
+ 3KE|of ()17, + 6IT (I (720)* + |7rr (1720) %)
< CllwsL(S)Ilﬁ,(lo) +C. (5.14)
where C > 0 is independent of L > 1. In view of (5.12), (5.13), (5.14), and (A4), we infer
from (5.11) and Gronwall’s lemma that, for all L > 1, it holds
1 ~ ~
Lk OI2, + / Belgl @) dx + f Bre(wE()ds
2 (0) Q r
t 1 t
ve [ et @lads+ 5 [ wlol.a=c viepT)
0 0

where C > 0 depends on ||w0||%(10), mo, [q B(go) dx, Ir Br (o) ds, I f 20,51y, €2,

and T'. Passing to the limit as ¢ — 0, by the weak lower semicontinuity and ¢* = 0’ +
mo1, we obtain the estimate (5.10). ]

Lemma 5.7. There exists a positive constant Cy, independent of L > 1, such that

180"l 20.7:v7) < C7. (5.15)
||3zWL||L2(0,T;VF’) <Gy (5.16)
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Proof. From (5.10) and the definition of || - ”Jle ,» We see that, for L > 1, it holds

1
IViE L2y + VR0 20,710y + ﬁHML — 05 20remy) < Co (5.17)

where C > 0 is independent of L. For any z € V, taking z = (z,0) € #! in (2.26), we
obtain

L L 1 L L _
(0:0 (t),Z)V’,V-i-/QV[L (t)'VZdX+Z/F(“ (t)—0L@)zdS =0  (5.18)

for almost all # € (0, T'). It follows that
1
(00" (@), 2)v v | < IVuE O a V2] + Z||ML(Z) — 05Ol o 2

1 1
< C(nwL(r)uH L L. L

= ﬁnwz)—0L<z>||HF)||z||V,

which implies

10t ) lly: < c(nw%)uﬂ + % - %W(z) _ eLo)nHF).

Then, by (5.17), we get (5.15). Analogously, for any zr € Vr, taking z = (0, zr) € #!
in (2.26), we obtain

OOz + [ 9080 - rzrds - - [ @b -0t @)zras = o
By the same reasoning, we arrive at (5.16). ]
Lemma 5.8. There exists a large constant L > 1 such that, forall L > L, it holds

IE5 20, 7:2 1 @)y + IEE 20,010y < Cs(1+ 000" 2200, 7:1))- (5.19)
where Cg > 0 is independent of L.
Proof. Taking the test function
y = (Nalp" = (p")e), MW" — (¥5)r)) € X!
in (2.26), then we obtain
0= (30", Na(e™ — (")) vy + v ™ M — ) D)y

+ f Vb -V Na(et — (oF)a) dx + / Vol Ve Nr(E — (ph)r)ds
Q r

7 [ = 6h e — (M) - Mr(wE — (yHilas
r
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= (30", Na(o" — (")) v + (" MW F — W E) v
+ [kt~ P ax+ [ otwh - ghmas
Q r

7 [ - 6h et — (Ha) - Me(wE — (yHilas
r

5
=) R;. (5.20)
j=1
It follows from the definition of Ng, NT, Holder’s inequality, and Poincaré’s inequali-
ties (2.1), (2.2) that
|Ri| + |Ra| < [(3:0%, Na(p" — (")) viv| + (09" Mo = ) ))ve v
< Clag" v Vel + Clay " v I Vvl .- (5.21)

Next, by the trace theorem and the elliptic estimates, we find

Rl = | [ =01 Na " ~ (ph)a) ~ Mot = (wH)rds

IA

c
Tt = 0% (le™ = @ Fallvy + 10" = (W )rlve,)

C 1
< ﬁ(ﬁw —eLnHr)(nwLnH ). (5.22)

The estimates for R3, R4 are more involved. By (2.27) and (2.28), we get
Ry + Ry = f uh g = (ph)q) dx +/ oLyt — (yh)r) dS
Q I
_ / VoL P dx + 5/ Ve P ds
Q r
s [t - haat [t - whnas
Q T
+ /Q (xlgt) - (" — (ph)a) dx
+ /F (e (Wh) — fr)@E — () ds

+ ({(p")a — (¥5)r) /r Inp™ ds. (5.23)

Consider the third and fourth terms on the right-hand side of (5.23):
et —twharar + [ et - whinas
— [+t~ mmar + [ k@t~ i) as
+(igola— (Ma) [ §Par+ (ol - W) [skas. 52
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It follows from (5.17) and (5.18) that

po)a — (@ ()l = / (B0E (5). 1)y y ds

ml
)
< it | 1o -0 0o

- |F|1/2|T|1/2 1

e T —IIML—GLIILZOT-H
12 \/Z \/Z (0,T;Hr)
- C/|F|1/2|T|1/2 1

and in a similar manner,
C//|T|1/2
|(Wo)r — (W ()| < BLEEENG Vi €[0,T], (5.26)

where the constants C’, C” > 0 in (5.25), (5.26) are independent of L. Since {¢o)q,
(Vo)r € Int D(Br), recalling (3.6), we can first work with the approximating solutions
gosL and then pass to the limit as ¢ — 0 to get

/sL(w (o)) dx = S I1e — cPlal,

fsp(w (Wohr)dS = 6P L L1y — 2T,

Set gg = min{S(()l) , 8((,2)}, 1= max{cfl), clz)} There exists some L > 1 sufficiently large
such that L R )
C'|IT|z|T|2 1 - 8 C"IT|2

QI VL~ 2 2
Then, it follows from (5.24)~(5.26) that

VL > L.

=

sl-
0| S

[ EL(ph — (P)a)dx + / gLt — (yhyr)ds
Q T
4
z 5

Concerning the last three terms on the right-hand side of (5.23), from (A3) and Holder’s
inequality, we get

>

UE8 L@ + IEE L)) — 1(1K2 + |T]). (5.27)

‘ [t = 16t~ (pharan

+ ‘ / () — ) E — (yh)r) dS
T

+ '(«o% — () /F dap” dS‘

< Cllo"llz2(1 + l@" ll 22 + 1 f l22 + 100”1 117)- (5.28)
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Returning to (5.20), owing to the estimates (5.21)—(5.28), we infer from (5.10), (5.15),
(5.16), (5.17), and (A4) that

8o
E(”EL”LZ(O,T;U(Q)) + 1EF 20,711 ry))
1/2 L2
<CTYV2(1 4+ 10" 1} wo.1:22)
+ Clo" L2 (ILf 20,7522 + 1000 120,735
c 1 L _ gL ) L
+ —| —= —0 2 . 0 .2
(It = 8z i ) o o
+ C(10:0% 20,7277y + ||8IWL”L2(0,T;V1£))”‘PL||L°°(0,T;’V1)
< C(1+ 19ap"llz2¢0,731r)) VL = L.
where C > 0 is independent of L € [Z, +400). Thus, the conclusion (5.19) follows. ]
Lemma 5.9. There exists a positive constant Co, independent of L > L, such that
" 20,791y < Co(1 + 19a9™ 20,73 1)) - (5.29)

Proof. From (2.27) and (2.28), we find

Ly _ L L Ly [ a0t }
it = | [ € +xeh) - o= [t as |

01 = o [ 6+ At = i + gy as.
which together with (5.10), (5.19) and (A4) imply
K5 all2o,r) + 105 rllz20.r) < C(1+ 1909" | L20,7:07))- (5.30)
By (5.17), (5.30) and Poincaré’s inequalities (2.1), (2.2), we obtain (5.29). ]

Lemma 5.10. There exists a positive constant Cyg, independent of L > Z, such that
€5 20,750y + NEF IL200,7: ) + 0% 220, 7:902)
< Cro(1 + 190" I 2(0,7:51)) - (5.31)

Proof. To conclude, we apply the same argument for Lemma 3.6 and then pass to the limit
as € — 0. The estimate for ||@~ l22(0,7;v2) follows from the estimate for (%32 lz2(0,7:v2)>
(5.1) and Poincaré’s inequality (2.12). [

Proof of Theorem 2.23. To complete the proof, it remains to control ||0a¢”|I12(0.7: Hp)-
Thanks to the trace theorem and the Ehrling lemma (see Lemma A.2), we find

10" 2207221y < Cllo™ 120,712 @)y for some r € (0,1/2)

< elle®lr2.m:m202) + Cello™lz200.7:7)-
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Hence, taking € > 0 sufficiently small, we can deduce from (5.10) and (5.31) that

1 ~
o™ I 2(0,7:5e2) < §||¢L||L2(0,T;H2(sz)) +C VL=>L.

This yields the uniform bound of || @ || .2 (o, 7.5¢2) for all L>L,and thus, ||d,¢” l2¢0,7:Hy)
is bounded as well.

Keeping the above uniform estimates in mind, we can take the limit as L — +oo
(in the sense of a subsequence) and prove Theorem 2.23 in the same way as for Theorem
2.20. L]

A. Appendix

We report some technical lemmas that have been frequently used in our analysis.
First, we recall the compactness lemma of Aubin—Lions—Simon type (see, for instance,
[48] in the case ¢ > 1 and [61] when g = 1).

Lemma A.l. Ler X, < X1 C X5, where X; are (real) Banach spaces (j = 0,1,2). Let
1 <p<+4o00,1=<gq < +4ooand]l be abounded subinterval of R. Then, the sets
{pe LP(I:Xo) : d:p € LY(I; X2)} <> LP(I: X1) ifl < p < +o0,
and
to € LP(I:X0) : i € LYUI: X2)} > C(I:X1) if p = +00, > 1.
The following Ehrling lemma can be found in [48].

Lemma A.2. Let By, By, B be three Banach spaces so that By and Bi are reflexive.
Moreover,
By <>~ B — Bj;.

Then, for each € > 0, there exists a positive constant C¢ depending on € such that

Izl < €llzllB, + CellzllB, V2 € Bo.
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