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Abstract. We consider a general class of bulk-surface convective Cahn—
Hilliard systems with dynamic boundary conditions. In contrast to classi-
cal Neumann boundary conditions, the dynamic boundary conditions of
Cahn—Hilliard type allow for dynamic changes of the contact angle be-
tween the diffuse interface and the boundary, a convection-induced mo-
tion of the contact line as well as absorption of material by the boundary.
The coupling conditions for bulk and surface quantities involve parame-
ters K, L € [0, 00], whose choice declares whether these conditions are of
Dirichlet, Robin or Neumann type. We first prove the existence of a weak
solution to our model in the case K,L € (0,00) by means of a Faedo—
Galerkin approach. For all other cases, the existence of a weak solution is
then shown by means of the asymptotic limits, where K and L are sent to
zero or to infinity, respectively. Eventually, we establish higher regularity
for the phase-fields, and we prove the uniqueness of weak solutions given
that the mobility functions are constant.
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1. Introduction

In recent times, the description of immiscible two-phase flows in a bounded
domain by diffuse-interface models has become very popular. This is especially
because those systems can usually be handled more easily in terms of math-
ematical analysis than their sharp-interface counterparts. In such models, the
location of the two fluids inside the container is represented by an order param-
eter, the so-called phase-field. The time evolution of this phase-field function
is often described by a convective Cahn—Hilliard equation. There, the velocity
field of the mixture enters via the material derivative of the phase-field. The
time evolution of the velocity field is usually described by a fluid equation,
e.g., the Navier—Stokes equation. Very frequently used Navier—Stokes—Cahn—
Hilliard models for two-phase flows are the Model H (see [25,27]), which covers
the case where both fluids have the same individual density, and the Abels—
Garcke—Griin model (AGG model) (see [1]), which is even capable of describing
the situation where both fluids have different (i.e., unmatched) densities.

For the Model H and the AGG model, the standard choice are homoge-
neous Neumann boundary conditions for the Cahn—Hilliard quantities (i.e., the
phase-field and the chemical potential) as well as a no-slip boundary condition
for the velocity field. However, these choices lead to some crucial limitations
of these models:

e The contact angle between the diffuse interface and the boundary of the
domain is fixed at ninety degrees at all times, which is unrealistic for
many real-world applications.

e The motion of the contact line, where the diffuse interface intersects the
boundary of the domain, is driven only by diffusion. This means that a
motion of the contact line caused by convection is not taken into account.
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e No transfer of material between the bulk and the boundary of the domain
is allowed. Therefore, any absorption of material by the boundary cannot
be described.

For a more detailed discussion of these issues, we refer the reader to [23].

To overcome these limitations, a new Navier—Stokes—Cahn—Hilliard model
with dynamic boundary conditions was derived in [23]. It can be regarded
as an extension of the AGG model and is capable of describing two-phase
flows with unmatched densities. In the case of matched densities, some first
analytic results (namely the existence of weak solution and their uniqueness
under certain additional assumptions) were presented in [23]. The case of un-
matched densities, however, is much more involved. This is mainly because in
the Navier—Stokes equation, the density function then depends on the phase-
field, and a further flux term related to the interfacial motion will appear. In
the case of unmatched densities, at least for certain parameter choices in the
dynamic boundary conditions, the existence of a weak solution to the model
introduced in [23] was shown in [17] by an implicit time discretization scheme.
A different strategy to prove the existence of weak solutions to the model pro-
posed in [23], in a unified framework for all parameter choices in the dynamic
boundary conditions, is to first analyze the underlying bulk-surface convective
Cahn—Hilliard subsystem separately. Using this information, a weak solution
to the full Navier-Stokes—Cahn-Hilliard system is then to be constructed by
means of a suitable fixed point argument.

This motivates us to investigate the following bulk-surface convective
Cahn—Hilliard system with dynamic boundary conditions:

O + div(pv) = div(ma () Vi) in Q, (1.1a)

p=—eA¢p+e 'F'(p) in Q, (1.1b)

O + divr (Yw) = dive (mp(¥) V) — Bma(é)Onp on %, (1.1c)

0 = —erkArt) + e 'G' (1) + aednd ony,  (1.1d)

{eKanqS:az/J—(b if K e (0, 00), onz (Ll
Onp =0 if K =00

{Lmsz(¢)3nu = 30— ifLe Do), ons (LD
ma ()0 =0 if L =00

Pli=0 = ¢o in Q, (1.1g)

Ylt=0 = Yo on I (1.1h)

Here, Q C R? with d € {2,3} is a bounded domain with boundary I':=09,
T > 0 is a prescribed final time, and we set Q:= x (0,7) and X:=I" x (0,T).
The outward unit normal vector field on I' is denoted by n. Moreover, Vr, divp
and Ar denote the surface gradient, the surface divergence, and the Laplace-
Beltrami operator on I', respectively.

The function ¢ : @ — R is the bulk phase-field. It is an order parameter,
which represents the distribution of the two immiscible materials within the
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domain €. Similarly, the surface phase-field ¥ : ¥ — R represents the distri-
bution of two materials on the surface. The functions F' and G are double-well
potentials, which lead to the effect that ¢(¢) and +(¢) will attain values close
to £1 in most parts of Q and T' (which correspond to the pure phases of the
materials). In the remaining intermediate regions, which are called diffuse in-
terfaces, ¢ and 1 are expected to exhibit a continuous transition between the
values —1 and 1. The functions g : @ — R and 6 : ¥ — R represent the
bulk chemical potential and the surface chemical potential, respectively. The
non-negative, scalar functions mgq(¢) and mr(¢) are called mobilities. They
depend on the phase-fields and describe where diffusion processes occur. More-
over, the functions v : Q — R? and w : ¥ — R? are prescribed velocity fields
that correspond to the flow of the two materials in the bulk and on the surface,
respectively. In this paper, we always assume that v-n = 0 on X. We point out
that in many cases (e.g., in the model derived in [23]), v and w are related by
the condition w = v|x on ¥. However, as this relation will not have any impact
on our mathematical analysis, we consider v and w as independent functions
to keep our model as general as possible. Furthermore, ¢ > 0 is a parameter
related to the thickness of the diffuse interface in the bulk, whereas ep > 0
corresponds to the width of the diffuse interface on the boundary. The param-
eter £ > 0 acts as a weight for the surface Dirichlet energy ¢ — [ Vel dr,
which has a smoothing effect on the phase separation at the boundary.

The time evolution of (¢, i) is determined by the bulk convective Cahn—
Hilliard subsystem ((1.1a), (1.1b)), whereas the evolution of (1, 6) is described
by the surface convective Cahn-Hilliard subsystem ((1.1c), (1.1d)), which is
coupled to the bulk by expressions involving the normal derivatives d,¢ and
Onpt- The bulk and surface quantities are further coupled by the boundary
conditions (1.1e) and (1.1f), which depend on parameters K, L € [0, 0] and
a, B eR.

In (1.1e) and (1.1f), the parameters K, L € [0, 0o] are used to distinguish
different cases, each corresponding to a certain solution behaviour related to
a physical phenomenon. The case that has been studied most extensively in
the literature is K = 0. In this case, (1.1e) is to be interpreted as the Dirichlet
type boundary condition ¢ = a1y on X. This choice makes particular sense
along with a@ = 1, if the materials on the boundary are simply considered as
an extension of those in the bulk. Originally, the boundary condition (1.1f) was
introduced in the non-convective case (i.e., v =0 and w = 0) in the following
literature:

e The choice L = 0 was proposed in [14] and [24]. Then, (1.1f) can be
restated as the Dirichlet condition g = (80 on X, which means that the
chemical potentials  and 0 are always in a chemical equilibrium. In this
case, a rapid transfer of material between bulk and boundary can be
expected (see, e.g., [29]).

e The choice L = oo was introduced in [32]. In this case, (1.1f) is a ho-
mogeneous Neumann boundary condition on p, which means that the
mass flux between bulk and surface is zero. Consequently, no transfer of
material between bulk and surface will occur.
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e The choice L € (0,00) was first used in [29] to interpolate between the
extreme cases L = 0 and L = oo. In this case, a transfer of material
between bulk and surface will occur, and the number L~ is related to
the rate of absorption of bulk material by the boundary (cf. [29]).

In the convective case (i.e., with non-trivial velocity fields v and w), the
boundary condition (1.1f) was also used in the Navier-Stokes-Cahn-Hilliard
model derived in [23] and in the Cahn-Hilliard—Brinkman model studied in
[12]. Furthermore, the model derivation in [23] shows that the parameter §
acts as a weight for the mass flux between bulk and surface. This means that
[ can also be negative and therefore, we simply assume (§ € R.

However, we also want to cover the case, where the materials on the
boundary are not the same as those in the bulk. For instance, this is the case
if the bulk materials are transformed at the boundary by a chemical reaction.
In this case, the surface phase-field might not be proportional to the trace
of the bulk phase-field, so the choice K = 0 would not be appropriate. In
our model, this is taken into account by the choice K € (0,00]. In the case
K = oo, (1.1f) degenerates to a homogeneous Neumann boundary condition
for the phase-field. For most applications, this might not be the preferred
choice as it is known that such a Neumann boundary condition enforces the
diffuse interface to always intersect the boundary at a perfect angle of ninety
degrees. In fact, this is one of the aforementioned limitations we usually want to
overcome by the usage of dynamic boundary conditions. However, we include
the case K = oo for the sake of completeness. In the case K € (0, 00), (1.1f) can
be regarded as a Robin type boundary condition. It is suitable to describe a
scenario, where ¢ and the trace of ¢ are not proportional, but it still allows for
dynamical changes of the contact angle between the diffuse interface and the
boundary. In the context of bulk-surface Cahn-Hilliard equations, condition
(1.1f) with K € (0,00) was used in [28] (in the non-convective case) and in
[12] (in the convective case). In [28] and [12], it was further shown that the
limit K — 0 can be used to recover the boundary condition (1.1f) with K = 0.
Especially in the case that the materials on the boundary differ from those
in the bulk, the parameter « could be any real number (even with a negative
sign). Therefore, to keep the model as general as possible, we allow for a € R.
However, for our mathematical analysis, we will need the additional relation
af Q| + |T| # 0. Of course, this is trivially satisfied if o and 3 have the same
sign.

We further want to point out that including the case K € (0, 0o) also helps
our mathematical analysis. This is because the existence of a weak solution
to (1.1) can be shown by a suitable Faedo—-Galerkin scheme only in the cases,
where the boundary conditions are of the same type (i.e., K = L =0, K =
L=ocor0< K, L < o0), as otherwise, the spaces of admissible test functions
in the weak formulation do not match. In this paper, we will first construct a
weak solution of (1.1) in the case 0 < K, L < co. Then, we prove the existence
of a weak solution in the remaining cases by sending the parameters K and L
to zero or to infinity, respectively.
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Let us now discuss some important properties of our model. The system
(1.1) is associated with the total energy

Br(@0) = [ 5196P + 7 F(@) do+ [ B [Vrof + ' Glw) ar
1 2
() [ Flov =0l

where the function

(1.2)

B(K)— K=', if K € (0,00),
"o, if K €{0,00}

is used to distinguish the different cases corresponding to the choice of K.
Sufficiently regular solutions of the system (1.1) satisfy the mass conversation
law

B [, é(t) dz + [ o(t) AT = B [, do da + [pbo AT, if L € [0,00),
(1.3)

Joo(t)de = [, ¢ dx and [ () dT = [L1p dT, if L = o0

for all t € [07 T]. As mentioned above, this means that a transfer of material
between bulk and surface is allowed only in the cases L € [0,00). Moreover,
sufficiently regular solutions satisfy the energy identity

gEK (¢,0) = /d)'v Vi dm+/¢w Vi dl — /mg |Vu\ dx

(1.4)
- / mr () [V[? dT — L(L) / (80— ) dr
T T

for all ¢ € [0, T]. We point out that in the non-convective case (i.e., v = 0 and
w = 0), the right-hand side of (1.4) is clearly non-positive. This means that the
energy dissipates over the course of time and the terms on the right-hand side
of (1.4) can be interpreted as the dissipation rate. In this case, the system (1.1)
can be derived as an H~! type gradient flow of the free energy Ej subject
to the inner product (-,-); 5, that will be introduced in Sect. 2, (P5) (cf. [29,
Remark 2.2] and [28, Section 3]). Moreover, if L = oo, the system (1.1) can
also be derived by an energetic variational approach that combines the least
action principle and Onsager’s principle of maximum energy dissipation (cf.
[32, Section 2] and [28, Appendix]).

In the convective case (i.e., v and w are non-trivial), the energy identity
(1.4) does, in general, not imply dissipation of the energy. However, if the
velocity field is not just prescribed but determined by a Navier—Stokes equation
(cf. [23]) or a Brinkman/Stokes equation (cf. [12]), an energy dissipation law
for the corresponding total energy can be obtained.

A brief overview of related literature. In the non-convective case, we refer
to [6-8,13,19,20,37] for analytical results and to [2,3,26,33-35] for numerical
results on the Cahn—Hilliard equation with a dynamic boundary condition of
Cahn—Hilliard type. The nonlocal Cahn—Hilliard equation with a nonlocal dy-
namic boundary condition of Cahn—Hilliard type was proposed and analyzed
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in [31]. Results on the Cahn—Hilliard equation with dynamic boundary condi-
tions of second-order (e.g., of Allen—Cahn or Wentzell type) can be found, for
instance, in [4,5,9,18,21,38,39,42].

The convective Cahn-Hilliard equation with dynamic boundary condi-
tions was analyzed, for instance, in [10,11,22], and also in [15-17,23] as part
of a system in which the velocity field is described by an additional fluid equa-
tion.

For more information on the Cahn—Hilliard equation with classical ho-
mogeneous Neumann boundary conditions or dynamic boundary conditions,
we refer to the recent review paper [41] as well as the book [36].

Structure of this paper. In Sect. 2 we collect some notation, assumptions, pre-
liminaries and important tools. After introducing the notion of weak solutions
of (1.1), our main results are stated in Sect. 3. In Sect. 4, we construct a weak
solution in the case (K, L) € (0,00)? via a Faedo-Galerkin approach. After-
wards, in Sect. 5, we investigate the asymptotic limits K — 0, K — oo, L — 0
and L — oo, which prove the existence of weak solutions of (1.1) in the limit
cases. In Sect. 6, under suitable additional assumptions, we establish higher
spatial regularity for the phase-fields in the context of weak solutions. In the
case of constant mobilities, we eventually prove the continuous dependence of
weak solutions on the velocity field and the initial data. In particular, this con-
tinuous dependence result directly entails the uniqueness of the weak solution.

2. Notation, assumptions and preliminaries

In this section, we introduce some notation, assumptions and preliminaries
that are supposed to hold throughout the remainder of this paper.

2.1. Notation
Let us first introduce some basic notation.

(N1) N denotes the set of natural numbers excluding zero, whereas Ny =
Nu {0}.

(N2) Let Q C R? with d € {2,3} be a bounded Lipschitz domain in R?,
and let I:=0Q denote its boundary. For any s > 0 and p € [1, 0], the
Lebesgue and Sobolev spaces for functions mapping from 2 to R are
denoted as LP(2) and W*P(€2). We write || - [|1»(q) and || - ||ws» () to
denote the standard norms on these spaces. In the case p = 2, we use
the notation H*(Q2) = W*2(Q). In particular, H°(Q2) can be identified
with L?(Q). The Lebesgue and Sobolev spaces on I' are denoted by
LP(T') and W*P(T') along with the corresponding norms || - || z») and
| - [lws.»(r), respectively. For vector-valued functions mapping from
into R?, we use the notation LP(Q), W*P(Q) and H*(Q). The spaces
L?(T"), W*P(T") and H?(T") are defined analogously. For any real numbers
s >0 and p € [1,00] and any Banach space X, the Bochner spaces of
functions mapping from an interval I into X are denoted by LP([; X)
and W#P?(I; X). Furthermore, for any interval I and any Banach space
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X, the space C(I; X) denotes the set of continuous functions mapping
from [ to X.
For any Banach space X, its dual space is denoted by X'. The cor-
responding duality pairing of elements ¢ € X’ and ¢ € X is denoted
by (¢,¢)x. If X is a Hilbert space, we write (-,-)y to denote its inner
product.
For any bounded domain Q C R? (d € N) with Lipschitz boundary T,
u € HY(Q) and v € H(T)', we write

()=, 1) (W)= (0, 1)

U)n: |Q| U, L)H1(Q)5 V)p: |F| U, L)HY()

to denote the generalized means of u and v, respectively. Here, || de-
notes the d-dimensional Lebesgue measure of (2, whereas |T'| denotes the
(d — 1)-dimensional Hausdorff measure of I'. If u € L(Q) or v € L(T),
the generalized mean can be expressed as

oy 7,
U)o = — [ udz, V= — [ vdl,

respectively.
For any bounded domain Q@ C R? (d € N) with Lipschitz boundary
T := 09, we introduce the space

L3, (Q):={v e L*(Q) :divo=0inQ, v-n=0o0nT}.

We point out that in the definition of L3, (£2), the relation div v = 0
in ©Q has to be understood in the sense of distributions. This already
implies that v-n € H~'/2(I"), and therefore, the relation v-n =0on T
is well-defined.

2.2. Assumptions

We make the following general assumptions.

(A1)

(A2)

(A3)

(2 is a non-empty, bounded Lipschitz domain in R? with d € {2, 3}, whose
boundary is denoted by I':=0f). Moreover, T' > 0 denotes an arbitrary
final time and for brevity, we use the notation

Q:=Qx (0,7), X:=I'x(0,7).

The constants in system (1.1) satisfy €,ep,k > 0, and a, 8 € R with
afB|9Q| + |T'| # 0. (The latter condition is required to apply a certain
bulk-surface Poincaré inequality, see (P6).) Since the choice of er, € and &
has no impact on the mathematical analysis, we will simply set (without
loss of generality) € = ep = k = 1 in the remainder of this paper.

The mobility functions mg : R — R and mr : R — R are bounded,
continuous and uniformly positive. This means that there exist constants
mg,, Mg, my, My > 0 such that

0<mg <mgq(s) < M5 and 0<mp <mp(s) <My forall seR.
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(A4) The potentials F' : R — [0,00) and G : R — [0,00) are continuously
differentiable and there exist exponents p and ¢ satisfying

2,00), ifd=2,
pe{%z 6. ifd—3 and ¢ € [2,00)

as well as constants cgs,cqgr > 0 such that the first-order derivatives
satisfy the growth conditions

[F/(s)] < e (14 [s[77), (2.1)
G (5)] < eqr(1+]s]") (2.2)

for all s € R. These assumptions already imply the existence of constants
cp,ce > 0 such that ' and G satisfy the growth conditions

F(L+s"), (2.3)
a(L+s]") (2.4)

F(s)<c
G(s)<c

for all s € R.
(A5) There exist constants ar, ag > 0 and bp, bg > 0 such that the potentials
F and G introduced in (A4) satisfy

F(s) > ap|s|” — bp, (2.5)
G(s) > ag |s|* — ba (2.6)
for all s € R.
(A6) The potentials F' and G introduced in (A4) are twice continuously dif-

ferentiable, and there exist constants cgr, cg > 0 such that the second-
order derivatives of F' and G satisfy the growth conditions

[P ()| < cpn(L+|sP72), (2.7)
|G" ()] < can(L+|s|"7%) (2.8)

for all s € R. We point out that these assumptions already imply the
growth conditions (2.1)—(2.4) stated in (A4).

Remark 2.1. A standard choice for F' and G is the polynomial double-well
potential

W:R—R, W(s)=1(s>-1)>

It satisfies the assumptions (A4)—(A6) with p = ¢ = 4. However, singular po-
tentials such as the logarithmic Flory—Huggins potential or the double-obstacle
potential are not admissible as they do not satisfy any polynomial growth con-
dition. Nevertheless, the investigation of system (1.1) with singular potentials
is an interesting topic for future research.
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2.3. Preliminaries
(P1) For any real numbers s > 0 and p € [1, o], we set

Lr=LP(Q) x LP(T), and H*=H*(Q) x H*(T),

provided that the boundary is sufficiently regular. As usual, we identify
£? with ‘HC. Note that H* is a Hilbert space with respect to the inner
product

((6,9),(C.6) ) o= (& O oy + () oy for all (6,4),(C,€) € H

and its induced norm || - |[3¢s:= (-, ) 5e 12 We recall that the duality pairing
can be expressed as

((0,9), (€)= (0, Q) 2 + (¥, ) 21y

if (¢,) € L2 and (¢, €) € HE.
(P2) Let L € [0,00] and 3 € R. We introduce the closed linear subspace

Dp:={(¢,%) € H' : ¢ = Bp a.e. on '} C H'
and define
1 HY, if L € (0,00],
HL ﬂ:: 3
’ ’Dﬁ, if L=0.
Endowed with the inner product (-,-)HlL’B =(,)3 and its induced

norm, the space H}J’ 5 1s a Hilbert space. Moreover, we define the product

<(¢a w) ) (Ca £)>Hi.ﬁ:: (¢7 C)LQ(Q) + (1/}7 é-)Lz(F)

for all (¢,v), (¢, €) € £2. By means of the Riesz representation theorem,
this product can be extended to a duality pairing on (Hiﬂ)’ X Hiﬁ,
which will also be denoted as (-, -)lej.

(P3) Let L € [0,00] and 3 € R. We define the closed linear subspace

_— { {(#9) € 5 BID (9) + L] () = O}, i L € [0,00),
LI\ {(6,6) € T () = (W) = O}, if L = oo,

Note that VL is a Hilbert space with respect to the inner product
()3 and its mduced norm.
(P4) Let L € [0,00] and § € R. We set

—1 .
h(L)— L= %fLE(O,oo),
0, if L € {0,00},

and we define a bilinear form on H! x H! by

((6.0).(C.€)) /w VCd:rJr/er Vre dT
+I(Z) / (B — 6)(6€ — ) dT
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for all (¢,v), (¢, &) € H'. Moreover, we set
1/2

1 66,6) lesi=( (6,6, (6,) )2
for all (¢,1)) € H!. The bilinear form (-, ) 5 defines an inner product on
Vi g>and ||-[| s defines a norm on V} g, that is equivalent to the norm ||-
21 (see [30, Corollary A.2]). Moreover, the space (V] 5, (-,-)., || - lz.5)
is a Hilbert space.

(P5) For any L € [0,00] and 3 € R, we define the space

o1 :{ {(6,9) € (My 5)" : BIQI(d)g + IT| (¥)p = 0}, if L € [0, 00),
B (9, 9) € (HY) () = (¥)p = 0}, if L = oo.

Using the Lax-Milgram theorem, one can show that for any (¢,v) €
Vglﬁ, there exists a unique weak solution Sg g(¢,7) =

(S?B(Qﬁ,w),sgﬂ((b, V) € Viﬁ to the following elliptic problem with
bulk-surface coupling:

—ASP 5 =—¢ in Q, (2.9a)
—ApS] 5+ BOnSL 5 = —1 onT, (2.9b)
LonSE 5 =BSL 35— Sis onT. (2.9¢)

This means that Sz, g(¢, 1) satisfies the weak formulation
(SL,ﬁ((rb? 1/))7 (Cv 5) )Lﬁ = _<(¢a 77[}) ) (Cv £)>H1L1[3

for all test functions (¢, () € H} 5. Consequently, we have

182.5(¢, %)l < ClH (D, 9) 343, (2.10)

for all (¢,9) € VL_’},, for a constant C' > 0 depending only on 2, L and
(. We can thus define the solution operator

Spp: Vi —Vig (6,0)— Sl ) = (S7s5(6,¢),SL5(6,0)),

as well as an inner product and its induced norm on Vglﬁ by

( (¢’ w) ) (Cv f) )L’ﬁ’*::(SL,ﬁ(d)a ¢): SLﬁ(Ca 5))[/’,3’

1/2

|| (¢7 w) ”Lﬂ,*::( (¢7 1/)) ’ (¢5 ¢) )L,ﬁ,*’
for (¢,v),((,€) € V;lﬂ. This norm is equivalent to the norm || - ||(H}”g)/

on VL?,%' For the case L € (0,00), we refer the reader to [30, Theorem
3.3 and Corollary 3.5] for a proof of these statements. In the other cases,
the results can be proven analogously.

(P6) We further recall the following bulk-surface Poincaré inequalitiy, which
has been established in [30, Lemma A.1]:
Let K € [0,00) and «a, 5 € R with a8 + || # 0 be arbitrary. Then
there exists a constant C'p > 0 depending only on K, «a, 3 and ) such
that

I (0,%) llz2 < Cpl(¢,%) | K0 (2.11)
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for all (¢,) € H}(,a satisfying 5 |Q] (¢)q + |T'| (¥)r = 0.

We conclude this section by presenting a simple inequality that will be
frequently used in our mathematical analysis.

Lemma 2.2. Let K € [0,00] and o € R. Then, it holds
1S 1Ze < 20168 Nl IV VEE) ez + 11 (€ €) Iy, -

for all (C,€) € Hi -

Proof. Let (C,§) € Hj, be arbitrary. Recalling the definition of My,
(see (P2)), we have

16 O, = Gl < N(C Nz + [(VE V) L2

Using Young’s inequality, we deduce

1(¢€) 122 = (6,6, (6 ),
<G Ny (G E) Nl
1S ) Nrete 116 E) Nz + 116 ) Naase (VG V€) || 2

<3Oz + 516 1By +I1E O e I (VE V) |22

IN

A

Hence, the claim directly follows. O

3. Main results

As mentioned in (A2), we set € = ep = k = 1. This does not mean any loss
of generality as the exact values of €, er and k do not have any impact on
the mathematical analysis (as long as they are positive). By this choice, the
system (1.1) can be restated as follows:

Ot + div(gv) = div(ma (@) Vi) in Q, (3.1a)

p=—Ad+ F'(9) nQ  (31b)

oy + divp (Yw) = divp(mp(¢)Vrb) — Bma(¢)Onp on X, (3.1c)

0 = —Ary + G'(¢) + adnd on X, (3.1d)

{Kan¢=a¢—¢ if i € [0, 00), onz (310
Onp =0 if K =00

{Lmﬂ(¢)3nu =0 —p i Le,00) T (31f)
ma ()0 =0 if L =00

Pli=o = o in €2, (3.1g)

Yle=o = o onT. (3.1h)
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The total energy associated with this system reads as
1 2 1 2
Ex(o,0) = | 5IV0+ F(8) do+ [ 2 |Vrof +G(y) ar
Q r
1 2
+1(K) [ Slav -0
r

We now introduce the notion of a weak solution to system (3.1).

Definition 3.1. (Weak solutions of system (3.1) for K,L € [0,00]) Suppose
that assumptions (A1)-(A4) hold. Let K, L € [0,00], let (¢o,%0) € Hj , be
arbitrary initial data and let v € L?(0,7;L3, (Q)) and w € L?(0,T;L3(I))
be given velocity fields. The quadruplet (¢, ), i, 0) is called a weak solution of
the system (3.1) on [0,77] if the following properties hold:

(i) The functions ¢, v, p and 0 have the following regularity:

(¢, 0) € C([0,T]; L) N H (0,75 (Hy, 5)) N L=(0, T Hie o) (3.2a)
(1, 0) € L*(0, T, Hy, 5). (3.2b)

(ii) The functions ¢ and ¢ satisfy the initial conditions
Olt=o = ¢o a.e. inQ, and Y=o =1y ae. onT. (3.3)
(iii) The functions ¢, ¥, u and 6 satisfy the weak formulation
(000.0) (¢ ey, = [ ¢0-VCdn = [ pw-Vegar
—/ ma(p)Vu - V(¢ de — / mr(y)Vrd - V& dT (3.4a)
Q r
~ (L) [ (90— (B¢ - O ar.
r
d 69 dr
fyrae ),
= / Vo - Vn+ F'(¢)ndr + / Ve - Vrd + G ()9 dT
Q r
+ h(K) /F(al/) — ¢)(a? —n) dT, (3.4b)

a.e. on [0, 7] for all ((,&) € HIL”@, (n,9) € H}(,a.
(iv) The functions ¢ and 1 satisfy the mass conservation law

{Mﬂ ) dz + [ b(t) dT = Bfﬂqﬁodx—i—frwodF if L € [0,00), 55

fQ dz = fQ d)g d:v and fF )dl' = fF Yo dl', if L =00

for all t € [0, T7.
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(v) The functions ¢, ¢, u and 0 satisfy the energy inequality

Exc(6(8), (1)) + /0 /Q ma(6) |Val® dz ds

T / t / mr(¥) V6] dr ds + =(L) / t / (80 — )2 dT ds

t t
—//(;Sv-Vudxds—//ww-VdeFds
o Ja o Jr

< Ex(¢0,%0)
for all ¢t € [0,T).

(3.6)

Now, we are ready to formulate the main results of this paper. The first
main result provides the existence of a weak solution to system (3.1) in all
cases (K, L) € [0, 00]%.

Theorem 3.2. (Existence of weak solutions of (3.1)) Suppose that the assump-
tions (A1)-(A4) hold. Let K,L € [0,00], let (¢o,h0) € Hi, be arbitrary
initial data, and let v € L*(0,T;L3, (Q)) and w € L*(0,T;L3(T)) be given
velocity fields. In the case K € {0,00}, we further assume that (A5) holds.
Then, there exists a weak solution (¢p,, u,0) of the system (3.1) in the sense
of Definition 3.1, which has the additional regularity

(1,0) € L*(0,T; L) if K € (0,00]. (3.7)

Let us now assume that (A6) holds, that the domain € is of class C* for
k € {2,3}, and in the case d = 3, we further assume that (A4) holds with
p < 4. Then, we additionally have

(p,7) € L0, T; H?) if K € (0,00], (3.8)
(p,9) € L*(0,T; H*) for k =2,3, (3.9)
(p,7) € C([0,T); HY) if (K, L) € [0,00] x (0,00] and k=3  (3.10)

and the equations

p=—0A¢+ F'(9) a.e. in Q,

0 = —Art + G'(¥) + adnd a.e. on Y,
Kopp=ap —¢ if K €0,00), e on 3
Onp =0 if K= o0 o

are fulfilled in the strong sense.

Remark 3.3. The continuity property (3.10) also holds in the case K = L =0
provided that « # 0, 8 # 0 and the potentials F' and G satisfy the compati-
bility condition

F(as) = afG(s) for all s € R.

In that case, we have (F'(¢),G'(¢))) € Hj s = Dg, which allows us to use
Proposition A.1 similarly as in Sect. 6.1.
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Proof of Theorem 3.2. The existence of a weak solution in the sense of Defi-
nition 3.1 is established in

Theorem 4.1 if (K, L) € (0,00) x (0,00),
Theorem 5.2 if (K, L) € {O} x (0, 00),
Theorem 5.4 if (K, L) € {oco} x (0,00),
Theorem 5.6 if (K, L) € [0, 00] X {0}
Theorem 5.8 if (K, L) € [0, 00] x {oc0}.
Moreover, in the case K € (0, 0], the additional regularity (3.7) follows from

the corresponding aforementioned theorems. All remaining results are shown
in Theorem 6.1. 0

Remark 3.4. We point out that Theorem 5.2, Theorem 5.4, Theorem 5.6 and
Theorem 5.8 are not only useful to prove Theorem 3.2, but also provide further
valuable insights about the asymptotic limits K — 0, K — oo, L — 0 and
L — oo, respectively, on the level of weak solutions.

Our second main result shows continuous dependence of weak solutions
on the velocity field and the initial data in the case of constant mobilities. As
a direct consequence, this entails uniqueness of the weak solution.

Theorem 3.5. (Continuous dependence and uniqueness) Suppose that the as-
sumptions (A1)-(A4) hold, and that the mobility functions mq and mr are
constant. If d = 3, we additionally assume that (A4) holds with p < 6. Let
K,L € [0,00], let (¢¢,%4) and (¢3,43) € ’H}(’a be two pairs of initial data,
which satisfy

(66 — 08 b — ¥3) € Vi s (3.11)

and let vi,v2 € L*(0,T;L3, () and wy,wy € L*(0,T;L3(T")) be given
velocity fields. Suppose that (é1,11, p1,61) and (¢2,v9, u2,02) are weak so-
lutions in the sense of Definition 3.1 corresponding to (¢g,vs,v1,w1) and
(2,2, va, ws), respectively. Then, the continuous dependence estimate

| (1(t) — da(t), v1(t) — 1ba(t)) ||iﬁ
< H (¢é - ¢ga'¢’(1) - ng)Hi,g,* exp <C/0 ]_'(7-) dT)

[ 116~ v 0106) ~ wao) [ (€ [ Fryar) s

(3.12)

holds for almost all t € [0, T, where F:=|| (vi,w1) ||2s and the constant C' > 0
depends only on 2, the parameters of the system and the initial data.

In particular, if (¢4, %8) = (¢, 12) a.e. in A x T, v1 = vy a.e. in Q and
w; = wq a.e. on X, estimate (3.12) ensures uniqueness of the corresponding
weak solution.

The proof of Theorem 3.5 will be presented in Sect. 6.2.
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4. Existence of weak solutions in the case K, L € (0, 00)

Theorem 4.1. Suppose that the assumptions (A1)—(A4) hold. Let (¢o,10) €
H' be arbitrary initial data, v € L*(0,T; L3, (Q)), w € L*(0,T;L3(T")) and
K,L € (0,00). Then there exists a weak solution of the system (3.1) in the
sense of Definition 3.1 which further satisfies (u,0) € L*(0,T; L?).

Proof. Step 1: Discretization via a Faedo—Galerkin scheme. It is well known
that the problems

—A( = Xp(, in Q,
{angzo?C mE S ArE=ArE on',

have countable many eigenvalues, which can be written as increasing sequences
{A,}jen and {A\}en, respectively. The associated eigenfunctions {(;}jen C
HY(Q) and {¢;}jen € HYT) form an orthonormal Schauder basis of L?(Q)
and L?(T"), respectively. In particular, we fix the eigenfunctions associated to
the first eigenvalues AL, = AL =0 as ¢; = |Q|7/? and & = [T/, Moreover,
the eigenfunctions {(; } jen and {&; }jen also form an orthogonal Schauder basis
of HY(Q) and H(T), respectively.

For any m € N, we introduce the finite-dimensional subspaces
Ap =span{Ci,...,Cny C HY(Q), B, =span{¢,.... &, ¢ HY(T),

along with the orthogonal L?(Q)-projection P4, and the orthogonal L?(T)-
projection Pp_ . In particular, there exist constants Cq, Cr > 0 depending only
on  and T, respectively, such that for all ¢ € H'(Q) and ¢ € H'(T),

IPa,.Clla ) < CallCllai@ and ||Ps,,&lla @) < Crlléllam)-

For any m € N, and ¢ € [0, T], we make the ansatz

Gm(t)=> al'(t)¢; ae inQ  ¢p(t):=) ()¢ ae onl, (4la)

j=

P ()= ()¢ ae. inQ,  Opn(t)=Y d'(t)§ ae onl. (41Db)

j=

H
<.
Il
—

H
<.
Il
—

Here, the scalar, time-dependent coeflicients a*, b7, cJ*,d}", j = 1,...,m are
assumed to be continuously differentiable functions that are not yet deter-
mined. They need to be designed in a way such that the discretized weak

formulation
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<(at¢)m7 8twm) ) (<>£)>H1 - / Omv - V(do — / Ymw - V& dIl
Q r
= —/ mg(gﬁm)V/Jm . VC CL’C — / mp(¢m)vI‘9m . va dF
Q r

=17 [ (B ) (3 - O . (4.2a)

mCd 0, & dl’
/Q i € da + /F ¢
- /Q Vb - VC+ F' () da + / Vit - Vi€ + G (th)€ AT
N

+ K7 [ (@ — om)(ag — O ar. (4.20)

r
holds on [0, T] for all (¢, &) € A, xB,,, supplemented with the initial conditions
dm(0) =Pa, (¢o) a.e. in €, Ym(0) =Pg, (o) a.e.onT. (4.3)

Now, consider the corresponding coefficient vectors a™:=(al*,...,al?),
b™:=(b", ..., b)), c™i=(c, ..., ) and d™:=(d},...,dD). Testing (4.2a)
with (¢1,€1) ..+, (Cm, &m), we conclude that (a™,b™)" is determined by a
system of 2m ordinary differential equations, whose right-hand side depends
continuously on a™,b™, c¢™ and d™. In view of (4.3), this system is subject to

the initial conditions
[2™];(0) = a}*(0) = (¢0,¢j) » for all j € {1,...,m},
[b™];(0) :b}n(o) = (v0,&;), forall j € {1,...,m}.

Moreover, testing (4.2b) with (¢1,&1),-- -, (G, &m), we infer that (c™,d™) 7 is
explicitly given by a system of 2m algebraic equations, whose right-hand side
depends continuously on a™ and b™. Thus, replacing (¢™,d™)" in the right-
hand side of the aforementioned ODE system by this algebraic description, we
obtain a closed 2m-dimensional ODE system for (a™,b™) ", whose right-hand
side depends continuously on (a™, b™) . We can thus apply the Cauchy-Peano
theorem to obtain a local solution (a™,b™)" : [0,77) N [0,7] — R*™ with
Ty > 0 to the corresponding initial value problem. Without loss of generality,
we assume that 7", < T and that (a™,b™)T is non-extendable, i.e., T is
chosen as large as possible. Now, we can reconstruct (¢™,d™)" : [0,T%) —
R?™ by the aforementioned 2m-dimensional system of algebraic equations. In
view of (4.1), we thus have shown the existence of functions

(¢m>Pm) € CH([0, T )i HY),  (ptm, Om) € CH([0,T,); HY)

solving (4.2) on the time interval [0, T ) subject to the initial conditions (4.3).
Step 2: Uniform estimates. We establish suitable estimates for each approxi-
mate solution (@, Y, thm, Om ), which are uniform with respect to the index
m. In particular, let T,,, < T, be arbitrary. In the following, let C' denote
a generic non-negative constant depending only on the initial data and the
constants introduced in (A3)—(A4) including the final time 7', but not on m
or Tp,.
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Testing (4.2a) with (fm,0m), (4.2b) with — (0¢¢pm, Orhr,), adding the
resulting equations, and integrating with respect to time from 0 to ¢, we derive
the discrete energy identity

EK(%(t),wm(t)H/ /mg(%)\wmﬁ dz ds+/0 /Fmr(wmwremﬁ dr ds

+L‘1//,6’9 — pt)? dI ds

Ex(¢m(0),¥m(0)) + /0 v - Vitm dxds+/ /wmw Vrb,, dI ds
(4.4)

for all ¢ € [0,7,,]. Now, due to the growth conditions on F,G (see (A4)),
the Sobolev embeddings H'(Q2) — L%(Q) and HY(T') — L4(T), the trace
embedding H'(Q)) — L2(T'), and the properties of the projections P4, and
Pg,,, we use the initial conditions to infer

Eic(¢m(0), $m(0))
< SIVEA, (80)[320) + 5 IVrEs, (o) 3xcry + r (19214 [Ba,, (90) 2, c))
2
+cc (11 + IPs,, (¢ >||m)) 53 (10115, @o)ll ey + I, (60)ll ey )

< Cll (60,v0) e + € (14 6037 0y ) +C (14 ol ) -
(4.5)

To obtain a suitable bound on the energy and the integral terms on the left-
hand side of (4.4), we have to deal with the convective terms appearing on
the right-hand side. To this end, we start by deriving for all ¢t € [0,T,,] the
estimate

t t
/ / Om - Vi, dr ds + / / Ypw - Vi, dI' ds
0 Ja o Jr

t
S/O pmllze @Vl s @) IVmll L2 ) + 1¥mllLs @y lwllLs @) [ Vrbml 2 ry ds
* t * t
ma 2 mp 2
< T2 [ IV ey s+ T [ 190 ds
t
e / 10125 el 2110y + 1012 0y [om 2y s

m||2L2(r) ds

t
+€ [ (1ol + 1013y 1 G ) e s, (46)

using again the embeddings H'(Q2) — L5(Q) and H'(T') — L5(T'). Recalling
that F,G > 0, and that the mobility functions mqg and mp are uniformly
positive (see (A3)), we infer from (4.5) and (4.6) that
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1 mé [t mis [t
3 @) e+ 5 [ [ 19l dwds e 55 [0 [ (9e6,* ar ds
0 JQ 0o JI

t
+L*1/ /(ﬂem — fi)? dI ds
0 JI

t
<C+0 [ (1wl +10ls) | Gt o ds

t
<C+ C’A (H’UH%ﬁ(Q) + Hw||2L3(F)) | (Prms ¥m) ”%(,a ds
(4.7)

for all t € [0,T,,]. Here, the last inequality follows from the bulk-surface
Poincaré inequality (P6), which usage is justified by the following reasoning.
First, testing (4.2a) with (3, 1) yields the discrete mass conservation law

for all ¢ € [0, Tm], where we used that
B9 (Pa, (¢0))g + T {Ps,, (%0))r = ((Pa,.(¢0),Ps,. (10)), (5:1)) o
= ((¢0>1/)0) ) (5a 1) )L2 =p |Q| <¢0>Q + |F‘ <¢0>F~

Hence, considering

_B19[{go)g + Tl (o)1
B2 1Q + (T ’

and invoking (4.8), we infer
B (@m(t) = Be)g + [T] (Ym(t) —c)p =0 for all t € [0, T5n].
This allows us to use the bulk-surface Poincaré inequality (P6), which yields

[ (@ ¥m) 22 < || (dm — Be, ¥m — ) [z + || (Be, ¢) || 22
< Cpll (ém,¥m) k.0 + C.

Thus, using Gronwall’s lemma, we conclude from (4.7) that

16O ) i < Cexp (€ [ (10l + Il )

T
< Cexp (c | (Wl + Il ds)

for all t € [0,T,,]. We thus readily deduce that

I (@ms Ym) [ Foe 0.7, 001) + K~ Haom = i, 1ir2ry) <O (4:10)
In view of (4.7), this additionally entails

1 (Vs Ve0in) (12201, 2) + L7 HIB0m = il 2207, 020y < C- (411)

Next, we derive a uniform estimate for (g, 6,,) in the full H! norm. To this
end, let (¢*,¢*) € H! and consider (¢, &) := (P4, (¢*),P5,, (€%)). By the growth

(4.9)
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conditions (2.1) and (2.2) from (A4), the Sobolev embeddings H'(Q) — L5(12)
and H'(T') — L24(T"), and the trace theorem H'(Q) — L2(T'), we have

[t 0m) + (€€ s | = (1 O (G, E))rs|
< IVémllL2@)IVClL2 ) + I1F (m)ll Lors@yllCliLo)
+ IVrtm |l L2y IVréll ey + 1G" (@m)ll L2y €l L2
+ K7 awm — dmll L2y llag — €l 2
< C(1+ 6mlli oy + I6mllEo ) Il ooy
+ C (L bl vy + [y ) €1y

<O (1+ ImliFrn ) + 1mln g ) IH(C5€7) e
(4.12)

on [0, T},]. Taking the supremum over all (¢*,£*) € H! with || (¢*, &%) [/ <1,
and exploiting (4.10), we conclude that

| (s Om) | Loe 0,75 012)1) < C (4.13)

Now, due to Lemma 2.2, we have

(s Om) 122 < 201 (ttm, 0r) Nl reryy | (Vs V0im) 22 + 1| (s ) [y

(4.14)
on [0,7,,]. Utilizing (4.11) and (4.13), we deduce from (4.14) that
| (s Om) | 40, 1522y < C. (4.15)
In view of (4.11) we additionally infer
| (bms Om) 12 (0,10 501) < C. (4.16)

Lastly, we derive a uniform estimate of the time derivatives. Therefore, we
consider again (¢,€):= (P4, (¢*),Pg,, (€*)) for an arbitrary (¢*,£*) € H!. Re-
calling that the mobility functions mq and mr are bounded (see (A3)), we use
Hélder’s inequality as well as the continuous embeddings H'(Q) < L%(Q) and
HY(T) — L5(T) to infer that

(Ot dm, Oepm) , (C*1 € ))

= (Ot pm, Ot ) , (¢, €)) w1 |

<lomllar)llvlize @)Kz @) + Clltm |z @) 1Kl 21 (o)
+ [[m ez yllw s oy 1€z oy + CllOm |l (o) 1€l e ()
+ L7 HB0m — pm || L2 (0 18€ = Cll L2y

on [0,T,,]. Hence, after taking the supremum over all (¢*,£*) € H! satisfying
| (C*, &%) ||ln < 1, taking the square of the resulting inequality and integrating
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in time over [0, T,,], we deduce that

1 (BsGm, Bxtom) 122 (0. 1,101y

< CllpmllToo 0,111 ) 1917 20,7228 2))
+ CH?/JmHZLw(o,Tm;Hl(F))Hw”%?(o,Tm;La(r))
+ Cl (Vs VeOm) 1120 7,,..2)
+ CllBOm — ptimll72 0.7, :12(r)-

Exploiting the uniform estimates (4.10) and (4.16) we conclude
[ (Oebm, Octom) L2070 5101)) < C. (4.17)

Step 3: Extension of the approzimate solution onto [0, T]. Using the definition
of the approximate solution (4.1) and the uniform estimate (4.10), we obtain
for any T,,, € [0,T};), all t € [0,T3,] and j € {1,...,m}

a7 O] + 57 ()] = [Gm(6):6) oy | + | (@ (0):€) 2 ey

< Nl@mllLe(0,1m:22)) + [¥mllLee0.1,,:2(r)) < C-

This shows that the solution (a™,b™) T is bounded on the time interval [0, T7%)
by a constant that is independent of m and 7};,. Hence, by classical ODE
theory, this allows us to extend the solution beyond the time 77;,. However, as
(a™, bm)T was assumed to be non-extendable, this is a contradiction. We thus
infer that the solution (a™,b™)" actually exists on [0, T]. Since the coefficients
(c™,d™)" can be reconstructed from (a™,b™)T, we further conclude that
the coefficients (¢™,d™)" also exist on [0, 7. This automatically entails that
the approximate solution (@, ¥m, fim, 0m) exists on [0, 7] and satisfies the
discretized weak formulation (4.2) on [0, 7] for all m € N. Additionally, as the
particular choice of T}, did not play any role in the derivation of the uniform
estimates established in Step 2, we infer that the estimates (4.10), (4.11),
(4.15), (4.16) and (4.17) remain true after replacing T}, with 7. In summary,
we conclude that for each m € N, the approximate solution (@, ¥, thm, Om)
satisfies the uniform estimate

| (Bebm, Otthm) L2 0,741 )y + | (Pms ¥m) | Loe 0,7:71)
+ lethm — dmll Lo 0,522y + || (ms Om) [ 20,0511y + 1| (o, Om) [ 4 0,1522)

+ 180m — pmllL2(0,7522(r)) < C.
(4.18)

Step 4: Convergence to a weak solution. In view of the uniform estimate
(4.18), the Banach—Alaoglu theorem and the Aubin-Lions—Simon lemma imply
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the existence of functions ¢, ¢, p and 8 such that

(0s0m: Otom) — (D10, 0s)) weakly in L?(0,T; (H')"), (4.19)
(Pmsthm) = (&, %) weakly-star in L>(0,T; H'),
strongly in C'([0,T]; H®) for all s € [0, 1),

(4.20)

(Hms Om) — (1, 0) weakly in L*(0,7; £%) N L*(0, T; H'),
(4.21)
B0y — fim — B0 — p weakly in L2(0,T; L*(T")), k (4.22)
Aty — O — a1 — ¢ weakly-star in L (0, T; L*(T")), (4.23)

as m — oo, along a non-relabeled subsequence. From these convergences, we
readily obtain the desired regularities (3.2a)—(3.2b) of the functions ¢, ¢, u and
6. Hence, Definition (i) is fulfilled.

Using Sobolev’s embedding theorem, we infer from (4.20) that

bm — ¢ strongly in C([0,T]; L"(2)) for all r € [2,6), and a.e. in @,
(4.24)

Y, — Y strongly in C'([0,77; L™ (T")) for all r € [2,00), and a.e. on X,
(4.25)

as m — oo, after another subsequence extraction. Further, by the trace theo-
rem, (4.20) additionally implies that

Py — Py — Q) — @ strongly in C([0,T]; L*(I")) (4.26)

as m — 00, after another subsequence extraction. Moreover, due to the growth
conditions on F’ from (A4), the uniform estimate (4.10) and the Sobolev em-
bedding H'(Q) — L5(Q), we deduce that F’(¢,,) is bounded in L5/5(Q)
uniformly in m € N. Hence, there exists a function f € L8/5(Q) such that
F'(¢m) — f weakly in L5/5(Q) as m — oo. Considering that F’(¢,,) — F'(¢$)
a.e. in @ as m — oo due to (4.24), we infer from a convergence principle based
on Egorov’s theorem that F'(¢) = f. We thus conclude that

F'(¢m) — F'(¢)  weakly in L5/5(Q) and a.c. in Q (4.27)

as m — o0. Recalling the growth conditions on G and G’ (see (A4)), the con-
vergence in (4.25) in combination with Lebesgue’s general convergence theorem
yields

G(pm) — G(¥) strongly in L'(X), and a.e. on %, (4.28)
G (Ym) — G' (V) strongly in L*(X), and a.e. on ¥, (4.29)

as m — oo. Furthermore, by means of Lebesgue’s dominated convergence
theorem, it follows from (4.24), (4.25) and (A3) that

mq(dm) — ma(o) strongly in L"(Q), and a.e. in Q, (4.30)
mr(Ym) — mr(¢) strongly in L"(X), and a.e. on %, (4.31)
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for all r € [2,00), as m — oco. Moreover, as the mobility functions mgq and mp
are bounded (see (A3)), we use Lebesgue’s general convergence theorem along
with the weak-strong convergence principle to find that

VMo (Gm)V i — /ma () Vi weakly in L?(Q), (4.32)
VM (Y ) V0 — /mr(¢) Vo weakly in L(%), (4.33)
Mo (Pm)Viim — ma(d)Vu weakly in L?(Q), (4.34)
M (Y ) Vrbm — mr(Y)Vrd weakly in L*(%), (4.35)

as m — oo. Lastly, exploiting the convergences (4.21), (4.24) and (4.25), and
using again the weak-strong convergence principle, we infer

OmV Vi, — ov-Vu strongly in L'(Q), and a.e. in Q, (4.36)
Ymw -V, — Yw-Vrb strongly in L'(X), and a.e. on X, (4.37)
as m — oo.

We now multiply both equations of the discretized weak formulation (4.2)
with an arbitrary test function o € C2°([0,T]) and integrate in time from 0
to T. Using the convergences (4.19)—(4.37) established above, we may pass to
the limit m — oo to infer that

T T
/ (D0, 0 (G5 &) w0 it — / / -V de dt
0 0 Q

T
—/ /ww~Vp§jUdth
0 I

T T
= —/ ma(P)Vu- V(o drdt — / / mr(Y)Vr - Vi, o dl dt
0o Jao o Jr

(4.38)
T
;Ll/o /Fwe—u)Twsj —¢)odrt,
/O /ngjadde/O /F9§jad1"dt
:/OT/wa.vgja+F’(¢)<jadxdt+/0T/vaw~vp§ja
QW) o dT dt
7
+K—1/O /F(aw—@(agj—gj)adr dt, (4.38b)

hold for all j € N and all test functions o € CZ°([0,T7). Since span{(¢;,§;) :
j € N} is dense in H!, this proves that the quadruplet (¢, ), u, 0) satisfies the
weak formulation (3.4) for all test functions (¢,&) € H!'. We thus conclude
that Definition (iii) is fulfilled.

Since the approximate solutions (¢, %, ) satisfy the discrete mass con-
servation law (see (4.8)) for all m € N, we can use the convergence (4.20)
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to deduce that (¢, 1)) satisfies the mass conservation law (3.5) as well. Thus,
Definition (iv) is fulfilled.

Concerning the initial conditions, we infer from (4.3), due to the conver-
gence properties of the projections, that

(6 (0),¥m(0)) — (do,%0) strongly in £
as m — oo. Additionally, the convergences (4.24) and (4.25) yield

(b (0),9m(0)) — ((0),%(0))  strongly in £

as m — oo. We deduce that ¢(0) = ¢g a.e. in Q and (0) = 1)y a.e. on I'. This
proves that Definition (ii) is fulfilled.

To verify the energy inequality (3.6), we consider an arbitrary non-
negative test function o € C2°(0,T). Multiplying (4.4) with o and integrating
in time from 0 to 7T yields

/0 Exc(ém(t), (D) o(t) dt

+/OT /Ot/ (mg Om) |V,Ltm| ¢m’U'va) o(t) de ds dt

+/T/t/ (mF V) [VOm|? = hmw - Vb, ) o(t) dT ds dt  (4.39)
t

+L ///59 — pm)20(t) T ds dt

- / Ex(6m(0), 1 (0)) o (2) dt.

As m — oo, we infer from (4.28) that

/OT ( /F G(im) dr) o(t) dt — /OT ( /F G(v) dr) o(t) dt. (4.40)

Additionally, using (4.24) and (A4), Fatou’s lemma implies

/T ( / F(¢) dx) o(t) dt < lim inf OT ( /Q Flm) dx) o(t)dt.  (4.41)

Moreover, from the strong convergence in (4.26) we obtain

/0 (/Fawm—quf dF) dt—>/ (/ gy — ¢l dF) o(t) dt, (4.42)

as m — oo. Lastly, in view of (4.20) and the weak lower semicontinuity of
norms, we have

Tr1 1
[ (19t + 31900l ) o)
0 (4.43)

T
<timint [ ( 196220 + 2 |VF1/)m||L2(r)) o(t) dt.
m—00 O
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Combining (4.40)—(4.43) yields

T T
/0 Exc(6(8), (1) o(t) dt < liminf / Exc(6m(®), bm(t) o(t) dt.  (4.44)

m—00

As a consequence of (4.32), (4.33) and the weak lower semicontinuity of norms
with respect to the weak convergence, another application of Fatou’s lemma
entails that

/OT/Ot/QmQ(¢) IVul® o(t) dz ds dt+/0T /Ot/rmr(w) V10 o(t) T ds dt

T ot
< liminf {/ / / ma(pm) [Vum|? o(t) dz ds dt
m=ee Lo Jo Jo

+/OT/0t/FmF(¢m)|vpem|2 o(t) dT ds df}.

Further, due to the convergences (4.36) and (4.37), we find that

T ot T ot
/ / Odm - Vi, o(t) de ds dt + / / / Ypw - Vb, o(t) dT ds dt
o Jo Ja o Jo Jr
T ot T ot
—>/ / /qﬁv-Vua(t)dxdsdt—i—/ / /ww-VFHJ(t)dFdsdt
o Jo Ja o Jo Jr

(4.46)

(4.45)

as m — oo. Additionally, as convex and continuous functionals are weakly
lower semicontinuous, we conclude from (4.22) that

///50 wo dFdet<I}nnggof/T/ot/F(ﬁGm—um)Qa(t)dFdsdt,

(4.47)

Lastly, recalling the growth conditions on F' and G (see (A4)), we use the
initial conditions (4.3) as well as the convergence properties of the projections
P4, and Pg,, together with Lebesgue’s general convergence theorem to infer

m

that
im_ Ex (¢m(0), ¥m(0)) = Ex(¢o, vo)- (4.48)
Collecting (4.45)—(4.48) finally yields

Exe(8(1), () + / / ma(8)|Vul? dz ds + / / () [Vr6]? dT ds

_/t/qsv.vludxds_/t/rz/;w-vlﬂﬂdf‘ds
+ L™ //69 p)? dTl ds

< Ek(¢o,v0)
(4.49)
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for almost every t € [0,T]. To prove that (4.49) holds for every ¢ € [0, T}, first
note that all integral terms in (4.49) depend continuously on time. Further-
more, due to (¢,v) € C([0,7T]; £L?), we deduce that the following functions

E IV 220, Fe 9000 2.
— F d — G dr
’ / (6(t)) da, " / (W(1))

are lower semicontinuous on [0, 7. For the first two functions, this is a conse-
quence of the lower semicontinuity of the respective norms, while for the last
two functions, it follows from Fatou’s lemma. This already entails that the
weak solution (¢, 1, i, 0) satisfies the energy inequality for all times ¢ € [0, T].
Thus, Definition (v) is fulfilled.

We have therefore shown that the quadruplet (¢, ), i, 6) is a weak solu-
tion of system (3.1) in the sense of Definition 3.1. O

Remark 4.2. This proof should work similarly in the cases K = L = 0and K =
L = oo. In the first case, one uses a Faedo-Galerkin scheme as in [23] based
on eigenfunctions of a suitable bulk-surface elliptic problem with Dirichlet
type coupling condition (cf. [30, Theorem 3.3]). In the second case, the bulk-
surface Cahn-Hilliard equation (3.1) reduces to two, uncoupled Cahn—Hilliard
equations, one in €2 and one on I'. Therefore, a Faedo—Galerkin basis as in the
above proof can be used. Also note that, while we do not have the bulk-surface
Poincaré inequality at our disposal anymore, we can use the standard Poincaré
inequality for functions with vanishing mean, since the approximate solutions
satisfy the mass conservation law (3.5) for L = cc.

5. Asymptotic limits and existence of weak solutions to the
limit models

In this section, we investigate the asymptotic limits K — 0 and K — oo, and
L — 0 and L — oo of the system (3.1).

Remark 5.1. In this section, we will need the additional assumption (A5) when
approaching the limit cases K € {0,00}. This is because the constant in the
bulk-surface Poincaré inequality (P6) depends on K in some way, but we do not
know this dependence explicitly. In particular, it is unclear how this constant
behaves if we send K to zero or infinity, respectively. Therefore, we cannot rely
on this Poincaré inequality to obtain suitable uniform bounds, but instead, we
use (A5) to directly obtain uniform bounds from the energy functional.

5.1. The limit K — O and the existence of a weak solution if (K,L) €
{0} x (0, 00)

Theorem 5.2. (Asymptotic limit K — 0) Suppose that the assumptions (A1)-

(A5) hold, let (¢o,v0) € Dy be arbitrary initial data, L € (0,00), v €

L*(0,T;L3,,(Q) and w € L*0,T;L3(T)). For any K € (0,00), let

(0K, Vi, i, Ok ) denote a weak solution of the system (3.1) in the sense
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of Definition 3.1 with initial data (¢o,10). Then, there exists a quadruplet
(P, Wucy fi, 0) with ¢ = athy a.e. on T such that

(00K, Obic) — (Oes, Ophic) weakly in L*(0,T; (H')"),
(DrcsK) — (P, Ps) weakly-star in L>(0,T;H"),
strongly in C([0,T]; H®) for all s € [0,1),
(1K, Or) = (p, 04) weakly in L*(0,T; H'),
o — prg — 0 strongly in L>(0,T, L*(T")),

as K — 0, up to subsequence extraction, with
lavk — éxll L= o,r;22(r)) < CVE, (5.1)

and the limit (¢, Vs, px, 05) s a weak solution to the system (3.1) in the sense
of Definition 3.1 with K = 0.

Remark 5.3. (a) As the right-hand side in (5.1) tends to zero as K — 0, this
explains why the Dirichlet type boundary condition ¢. = a, a.e. on X
appears in the limit model corresponding to K = 0.

(b) The result of Theorem 5.2 remains valid if we replace the initial data
(¢0,%0) € Dy by a sequence (¢o i, %o, i) € H' satisfying

Ex(¢o,x,%0,x) = Eo(do,0) as K —0

for some pair (¢g, o) € H! (see also [28, Theorem 2.3]). In this case, one
can show that ¢g = at)y a.e. on T', and that (¢, ) is a weak solution
corresponding to the initial data (¢g, ¢o).

Proof of Theorem 5.2. We consider an arbitrary sequence (K,,)men C (0, 00)
such that K, — 0 as m — oo and a corresponding sequence of weak solutions
(¢K,,, VK., 1K, OK,, ) to the initial data (¢pg,1). In this proof, we use the
letter C' to denote generic positive constants independent of K,, and m. In
order to prove suitable uniform estimates, we make use of the energy inequality
and the additional growth assumptions made on F' and G (see (A5)). Let now
m € N be arbitrary. First, note that ¢g = ay a.e. on I' directly implies

Ex..(¢0,%0) = Eo(¢o,%0) < C. (5.2)

Next, due to the growth condition (A5), we find that

1 1
5 [1Vor.* dos [ Plow,)dot 5 [ Voo, ar+ [ Glo,) dr
2 Ja Q 2 Jr r

1
> 5 [ Vo, dotar [ o, [t do—belg)

Q Q

1
45 Ve, [P a0+ ag [ Jie, [ dr = be 1
N N

> e[ (¢x,.. ¥xc,) I3 — 0F |9Q] = be [T,
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where ¢ = min{%, ap,ac}. Then, using the energy inequality (3.6), and bound-
ing the convective terms as in (4.6), we deduce that

1 B * t
ol (0,1, e+ 5Kt [ lawne, = o, 2 a0+ "2 [ [ Ve, [ do ds
r 0 Q
mp [* 2 [t 2
+ / / Vx| dU ds + L / /(ﬂeKm — ux, ) dl ds
2 0o JI' 0o JI

t
<0+ [ (Il + lwlism) | @ v, [0 ds
a.e. on [0,7T]. Thus, using Gronwall’s lemma, we readily infer that

(@ Vi) I 0.0y + Ko P, — ke,
+ 1 (Vuk,,, Vrox,,) 20,12 + 189xk,, — v, |2 0,1:2(r)) < C.

This already entails (5.1). We now test the weak formulation (3.4b) for

(1K, ,0k,, ) with (n,9) € D,. Asn = a a.e. on T, the corresponding boundary

term involving K, vanishes. Therefore, arguing as in the proof of Theorem 3.2,
we deduce

L~ (0,T;L2(T)) (53)

| (1> Orc,) I 0,70) < C. (5.4)
Now, using Lemma 2.2, we find that
I (k.. 0k,,) |22 <2l (1x,..0k,.) |0 | (Vis,,, VeOx,) [l 22 + || (s, Oc,,) 1, -
In combination with (5.3) and (5.4), this yields

|| (x,s Orc,) 200,00y < C. (5.5)

Lastly, proceeding similarly as in the derivation of (4.17) in the proof of The-
orem 3.2, it follows from the weak formulation (3.4a) and estimate (5.3) that

[ (0tdk,., Orok,.) 20,751y < C- (5.6)
In summary, combining (5.3), (5.5) and (5.6), we have thus shown that

| (0tdk.,, Ok, ) lL2 0,731y + | (DK, V) Lo 0,7740) (5.7)

+ || (e, Oxc,) N2 0,75m0) + 189k, — ixc,, 22 0,7522(r)) < C- '
Using the Banach—Alaoglu theorem and the Aubin-Lions—-Simon lemma, we
deduce the existence of functions (¢, 1x, i«, 6.) such that

(D dx,,, Orb,,) — (Deps, Dethi) weakly in L*(0,T; (H')"), (5.8)
(PK,, s VK,,) — (Pxs ) weakly-star in L™ (O,T;Hl),

strongly in C([0,T]; H®) for all s € [0,1),

(5.9)

(K, 0K,,) — (b, 0x) weakly in L*(0,T; H"), (5.10)

as m — oo, along a non-relabeled subsequence. Additionally, due to (5.9) and
the trace theorem, we infer

g, — Ok, — Q. — P, strongly in C([0,T]; L2(I‘)) (5.11)

as m — oo, which, in combination with (5.3), already entails ¢. = at), a.e. on
Y, i, (9x(t),14(t)) € Dy for almost all ¢ € [0, T]. It is then clear that from



NoDEA Well-posedness of a bulk-surface Cahn—-Hilliard system Page 29 of 48 82

the convergence properties (5.8)—(5.10) the quadruplet (¢., 1y, ti«, 05) has the
desired regularity as stated in Definition (i).

Further, due to (5.9), we infer that

(0., (0), ¥k, (0)) = (¢+(0),9(0))  strongly in L7 (5.12)

as m — 00, and therefore ¢, (0) = ¢g a.e. in Q and 1, (0) = 1o a.e. on I'. Thus,
Definition (ii) is fulfilled.

Regarding the weak formulation, we consider (¢, &) € H! and (n,9) € D,
as test functions, multiply the resulting equations with o € C2°([0,7]) and
integrate in time from 0 to 1. We obtain

T
/0 (e, Db, ) (€, E)rer o

T T
*/ /QSKM'U'VCO' dx dtf/ /mew~Vp§U dr d¢
o Ja o Jr

T
= _/ / ma(dk,,)Vik,, - V(o dz dt (5.13a)
0 Ja
T
- / / mr(Yk,, )Vrlk,, - Vo dl' dt
o Jr

T
PR _1 P P
L /0 /F (B6x.. — e, )(5€ — () o dT dt,

T T
/ /,uKmncrdzdt—F/ /HKmﬁadth
0 Jao o Jr

T
:/ /V¢Km'Vno+F'(¢Km)na dz dt (5.13b)
o Ja

T
+/ /Vrﬂ/}[(m -Vrdo + G (Yk,, )0 o dT dt.
0 r

Proceeding similarly as in the proof of Theorem 3.2, the convergences (5.8)—
(5.10) allow us to pass to the limit m — oo, and deduce that (¢, ., fis, x)
satisfies the desired weak formulation (3.4). Thus, Definition (iii) is fulfilled.

The mass conservation law follows by passing to the limit m — oo in the
mass conservation law for (¢x, , %K, ). Alternatively, one can test the weak
formulation (3.4a) with (3,1) € H!, integrate with respect to time from 0 to
t, and employ the fundamental theorem of calculus to infer (3.5). We conclude
that Definition (iv) is satisfied.

As the boundary term involving K,, in the energy is non-negative, we
note that

Eo(¢x,, (1), Vi, (1) < Bk, (9K, (1), Y, (1)) (5.14)
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for all ¢ € [0,7], and thus

T T
/0 o (0), () o(6) dt < Timint [ Bo(o, (0, 0. (0) 7(0) e

m— 00

< limin / Ei, (61, (0), ¥, (1) o(t)
0
(5.15)

for all non-negative test functions o € C2°(0,7T). Here, the first inequality
follows by proceeding similarly as in the proof of Theorem 3.2. We now use
the energy inequality (3.6) written for (¢k, , ¥k, , lK,,, 0K, ) to further bound
the right-hand side of (5.15). Using lower semicontinuity arguments (similar
to those in the proof of Theorem 3.2), and recalling (5.2), passing to the limit
m — oo leads to the corresponding energy inequality for (s, Vs, L, 04).

This proves that the quadruplet (¢u, ¥, px, 05) is a weak solution of (3.1) in
the sense of Definition 3.1 with K = 0. 0

5.2. The limit K — oo and the existence of a weak solution if (K,L) €
{oc} x (0, 00)

Theorem 5.4. (Asymptotic limit K — oo) Suppose that the assumptions
(A1)-(A5) hold, let (¢po,v0) € H' be arbitrary initial data, L € (0,00),
v € L*0,T;L3,(Q) and w € L*(0,T;L3(T)). For any K € (0,00), let
(¢K,¢K,MK,9K) denote a weak solution of the system (3.1) in the sense
of Definition 3.1 with initial data (¢o, o). Then, there exists a quadruplet
(¢*,¥*, u*,0%) such that

(8t¢K78t1/JK) — (010", 0™ weakly in L*(0,T; (H")"),
(6™, 0") — (", v") weakly-star in L™ (0, T; H'),
strongly in C([0,T); H®) for all s € [0,1),

(;LK,HK) — (u",07) weakly in L*(0,T; £%) N L*(0, T; HY),
é(awK — ") =0 strongly in L™(0,T, L*(I")),

as K — oo, up to subsequence extraction, with
1 C
?HO”#K - ¢K||L°c(o,T;L2(r)) < NI (5.16)

and the limit (¢*, 0", u*,0%) is a weak solution to the system (3.1) in the
sense of Definition 3.1 with K = oo, which additionally satisfies (u*,0*) €
L40,T; £?).

Remark 5.5. Suppose that for any K € (0,00), the phase-field ¢X is suffi-
ciently regular such that the boundary condition (3.1e) holds in the strong
sense, that is

K0,0% = ap® — ¢ ae. on X.

This is actually fulfilled under additional assumptions on the regularity of I"
and the parameter p (if d = 3), see Theorem 6.1. Then, estimate (5.16) can be
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reformulated as

C
Han¢K||L2(2) < N
As the right-hand side of this inequality tends to zero as K — oo, this ex-
plains why the homogeneous Neumann boundary condition d,¢* = 0 a.e. on
> appears in the limit model corresponding to K = oo.

Proof of Theorem 5.4. We consider an arbitrary sequence (K,,)men C (0, 00)
such that K,, — oo as m — oo. Without loss of generality, we assume that
K, € [1,00) for all m € N. For any m € N, let (¢&m pEm pKmn 9Kmn) denote
a weak solution of the system (3.1) in the sense of Definition 3.1 with initial
data (¢, 1) corresponding to the parameter K,,. In this proof, we use the
letter C' to denote generic positive constants independent of K,, and m. Let
now m € N be arbitrary.

As we have seen in the proof of Theorem 3.2 (see 4.5), the initial energy
satisfies

Ek, (6" (0),4"(0)) < C(1+ K,") <C (5.17)

since K, > 1 for all m € N. This allows us to use the same argumentation as
in the proof of Theorem 5.2, and we infer

(5, ™ m) oo oy + Ko 2 e ™m — ¢5m | oo 0,152

+ (V0% ) | L2002y + 180%™ — ™ || 20,1522 (ry) < C.
(5.18)

This already implies (5.16). We now test the weak formulation (3.4b) with
(¢,€) € HY. Using again that K,, > 1, we find that

|| (/.LKm,thm) ||Loo(0’T;(H1)/) < C. (519)

This estimate allows us to apply Lemma 2.2, and using (5.18) and (5.19), we
conclude

| (1", 0% ) | paco,ric2) < C. (5.20)
In combination with (5.18) we thus deduce
|| (MKM,HK’”) HL2(O,T;'H1) < C. (521)

Lastly, exploiting (5.18), we conclude from the weak formulation (3.4a) by a
comparison argument that

1 (9™, 0™ ™) || 20, 150001y) < C. (5.22)
In summary, combining (5.18) and (5.20)—(5.22), we thus have shown that

| (8™, 000™ ™) Il p20,75000y) + || (857, 05™) [ poe (0,770

(5.23)
+ 1 (5, 05 ) Nso,rsezy + I (", 05) 20,700y < C.
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In view of the uniform estimate (5.23), the Banach—Alaoglu theorem and the
Aubin-Lions-Simon lemma imply the existence of functions (¢*,¢*, p*,6*)
such that

(8.0, 8™ ™) — (8:8", By1p™) weakly in L>(0,T; (®")"),  (5.24)
(™ ™) = (o™, 47) weakly-star in L (0, T; H"),

strongly in C([0,T]; H®) for all s € [0,1),  (5.25)

(™, 0%y — (u™,07) weakly in L*(0,T; £%) n L*(0, T; H"),  (5.26)

as m — oo, along a non-relabeled subsequence. Additionally, thanks to (5.18)
and the trace theorem, we infer

1
K—(mpK’" — ¢fm) — 0 strongly in L°°(0,T; L*(T)) (5.27)

as m — o0o. We readily deduce that Definition (i) is satisfied.

Using the Sobolev embedding H* — £? for s € (0,1) along with (5.25),
we find that

(6" (0), 9" (0)) — (¢7(0),%"(0))  strongly in L2, (5.28)

as m — oo. In view of the initial conditions satisfied by (¢, ) we deduce
that Definition (ii) is fulfilled.

As in the proof of Theorem 5.2, the convergences (5.24)—(5.27) are suffi-
cient to pass to the limit in the weak formulations (3.4) associated with K,
to conclude that the limit (¢*,¢*, p*, 6*) fulfils the weak formulation (3.4)
associated with K = oco. Thus, we infer that Definition (iii) is satisfied.

The mass conservation law as stated in Definition (iv) also follows with
the same reasoning as in the proof of Theorem 5.2.

For the energy inequality, note that for all non-negative o € C$°(0,7T),
we have

m—00

T T
/0 Eoo(¢*(t),0*(t)) o(t) dt < liminf /0 Eo(¢5m (1), 5 (1)) o(t) dt

T
< liminf /O Ere. (657 (), 05 (8)) o (t) dt.

m— 00

(5.29)

The first inequality follows the same argumentation that we already have seen
before, whereas the second inequality is due to (5.27). We finish the proof by
mimicking the proof of the energy inequality in Theorem 3.2, which is based
on the convergence results (5.24)-(5.26) and the assumptions (A3)—(A4).

We thus have shown that the quadruplet (¢*, ¥*, u*, 0*) is a weak solution
to the system (3.1) in the sense of Definition 3.1 for K = cc. O
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5.3. The limit L — O and the existence of a weak solution if (K,L) €
[0, 00] x {0}

In this section, we investigate the asymptotic limits L. — 0 and L — oo of the

system (3.1) for fixed K € [0, oc].

Theorem 5.6. (Asymptotic limit L — 0) Suppose that the assumptions (A1)-
(A4) hold, let (¢o,v0) € H}{,a be arbitrary initial data for K € [0,00], v €
L2(0,T; L3, () and w € L*(0,T;L3(T)). In the case K € {0,000}, we further
assume that (A5) holds. For any L € (0,00), let (¢r,%r, pur,01) denote a
weak solution of the system (3.1) in the sense of Definition 3.1 with initial
data (¢o,%0). Then, there exists a quadruplet (¢, Vs, px, Ox) with p. = B0,
a.e. on X such that

(0¢dr, Orbr) — (D¢ s, Opthy) weakly in L*(0,T; D'ﬁ)7
(61.61) = (6er10) weakly-star in L(0,T: Hl ),
strongly in C'([0,T); H®) for all s € [0,1),
(1,01) = (por 0.) weakly in L2(0, T5 1Y),
weakly in L*(0,T; L?) if K € (0, 00],
60y — pup — 0 strongly in L*(0,T; L*(T)),

as L — 0, up to subsequence extraction, with
1801 — pellre(sy < CVEL, (5.30)

and the quadruplet (¢, VY, s, 0x) is a weak solution to the system (3.1) in
the sense of Definition 3.1 with L = 0, which additionally satisfies (p«,0x) €
L4(0,T; £2) in the case K € (0, 00].

Remark 5.7. As the right-hand side in (5.30) tends to zero as L — 0, this
explains why the Dirichlet type boundary condition u, = 36, a.e. on ¥ appears
in the limit model corresponding to L = 0.

Proof of Theorem 5.6. We consider an arbitrary sequence (L, )men C (0, 00)
such that L,, — oo as m — oo and a corresponding weak solution
(¢1,,,%L,.,0L,,, 141,,) to the system (3.1) in the sense of Definition 3.1 to
the initial data (¢g,1). In this proof, we denote by C' arbitrary positive con-
stants independent of L,, and m, which may change their value from line to
line. Let now m € N be arbitrary.

If K € [0,00), we conclude from the energy inequality (3.6) that

1 (DL YL ) Lo 0y + W(E) Y2 atpr,, — r,, || L20.7502(r))

+ (Ve Ve, 22y + Lo 211805, — ir,, | L2002y < C-
(5.31)

If K = 0o, we do not have the bulk-surface Poincaré inequality at our disposal.
Instead, we have to argue as in the proof of Theorem 5.2 and make use of the
additional assumption (A5) to obtain the estimate (5.31). In particular, (5.31)
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yields (5.30). Arguing as in the proof of Theorem 3.2, we additionally infer
that

(kL OL,) [ 0,131 )y < C- (5.32)
If K € (0, 00], we may use Lemma 2.2 and further obtain
Il (L 0r,) a0, sc2y < C, (5.33)
which in combination with (5.31) yields
| (L, 0r.,.) |20, 7m0y < C. (5.34)

In the case K = 0, we argue analogously as in the proof of Theorem 5.2 to
deduce that

| (eL>0r,) l20irsc2y < C, (5.35)

from which we obtain (5.34) as well.

For the time derivatives, we again proceed similarly as in the proof of
Theorem 3.2 but choose the test function space Ds instead of H'. We then
obtain due to the weak formulation (3.4a) and the uniform bound (5.31) that

1 (0L, 0r,,) 20,750, < C. (5.36)

In view of the uniform estimates (5.31), (5.33), (5.34) and (5.36), the Banach—
Alaoglu theorem and the Aubin-Lions—-Simon lemma imply the existence of
functions ¢y, Vs, 1« and 6, such that

(Do, , Obr, ) — (D, Dpii) weakly in L*(0,T;Dj), (5.37)
(DL, %L, ) — (P, ¥x) weakly-star in L°°(0, T H}(,a),
strongly in C([0,T]; H®) for all s € [0,1),
(5.38)
(L, 0L,,) = (o, 0:) weakly in L?(0,7; ),
weakly in L*(0,T; £%) if K € (0, ],
(5.39)
BOL, — pr, — B0« — weakly in L*(0,T; L*(T")), (5.40)

as m — 00, along a non-relabeled subsequence. Furthermore, we conclude from
(5.31) that

||ﬁ0Lm — ML, ||L2(E) < O\/ Ly, — 0, (541)
as m — oo. In combination with (5.40) we infer that p. = (6. a.e. on

Y due to the uniqueness of the limit. Proceeding similarly as in the case
K — 0 (see the proof of Theorem 5.2), we eventually show that the quadru-
plet (s, Uu, ps,0) is a weak solution of the system (3.1) in the sense of
Definition 3.1 for L = 0. O
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5.4. The limit L — oo and the existence of a weak solution if (K,L) €
[0, 00] x {oo}

Theorem 5.8. (Asymptotic limit L — oo) Suppose that the assumptions (A1)-
(A4) hold, let (¢o,10) € H}(,a be arbitrary initial data for K € [0,00], v €
L%(0,T;L3,,(Q) and w € L*(0,T; L3(T)). In the case K € {0,00}, we further
assume that (A5) holds. For any L € (0,00), let (¥, %, ut,0L) denote a
weak solution to the system (3.1) in the sense of Definition 3.1 with initial
data (¢o,%0). Then there exists a quadruplet (¢*,v*, u*,0%) such that

(06", 0e0") — (9e0", ") weakly in L*(0,T; (H')'),
(¢L7 q/JL) — (", 0%) weakly-star in L>°(0, T H}(,a),
strongly in C([0,T); H®) for all s € [0,1),
(,uL,HL) — (u*,0%) weakly in L*(0,T; H"),

weakly in L*(0,T; £?) if K € (0, 00|,
1
7 (ﬁﬂL — uL) -0 strongly in L*(0,T; L*(T)),

as L — oo, up to subsequence extraction, with

1 C
ZHﬂgL - ML||L2(2) < NG (5.42)
and the quadruplet (¢*,y*, 1u*,0%) is a weak solution to the system (3.1) in
the sense of Definition 3.1 for L = oo, which additionally satisfies (u*,0%) €
L40,T; £2) in the case K € (0, 00].

Remark 5.9. Assuming that for any L € (0, 00), the chemical potential p* is
sufficiently regular such that the boundary condition (3.1f) holds in the strong
sense, that is

Lmg(¢")0ap” = 80" — p"  ae. on %,

estimate (5.42) can be reformulated as

C
Onpt® < —.
[ Onpe HLZ(E)f\/Z

As the right-hand side of this inequality tends to zero as L — oo, this ex-
plains why the homogeneous Neumann boundary condition O,pu* = 0 a.e. on
> appears in the limit model corresponding to L = oc.

Proof of Theorem 5.8. We consider an arbitrary sequence (L,,) C (0,00)
such that L,, — oo as m — oo and a corresponding weak solution
(¢Fm oplm 9Em ™) to (3.1) in the sense of Definition 3.1 to the initial data
(o, 0). Since L,, — oo as m — 0o, we can assume without loss of generality
that L,, € [1,00) for all m € N. In this proof, we use the letter C to denote
generic positive constants independent of L,, and m, which may change their
value from line to line. Let now m € N be arbitrary.
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Using the same argumentation as in the proof of Theorem 5.6, we infer

| (@5, ") | e 0,750y + (K2 o™ — ¢ || oo (0,7 22(r))

+ [ (Y, Vo0 ) (| 2.2y + Lo 21865 — ™| 20 in2 ey < C-
(5.43)

In particular, (5.43) already entails (5.42). If K € (0, 00], we again derive the
estimate

I (", 0 ) (| Lagoriezy < C, (5.44)
while in the case K = 0, we merely obtain

I (", 057) 2 omice) < C (5-45)
In both cases, we thus get

[ (MLm’ng) 20,711y < C. (5.46)

For the time derivatives, we proceed similarly as in the proof of Theorem 3.2
and obtain due to the weak formulation (3.4a) and the uniform bounds (5.43)
that

1
|| (athLﬂL’atvan) ||L2(0,T;(H1)/) S C <1 + \/T) S C (547)

Here we additionally used L,, > 1 for all m € N. In view of the uniform
estimates (5.43), (5.44)—(5.46) and (5.47), the Banach—Alaoglu theorem and
the Aubin—Lions—Simon lemma imply the existence of functions ¢*, ¥*, u* and
0* such that

(atqaLm,amLm) — (800", D) weakly in L2(0,T; (H")'), (5.48)
(¢Lm,wLw) — (¢", ") weakly-star in L (0, T; H} ),
strongly in C([0,T]; H®) for all s € [0,1), (5.49)
(uLm,eLm) — (u*,0%) weakly in L2(0, T; H'),
weakly in L*(0,T; £?) if K € (0, 0], (5.50)

as m — oo, along a non-relabeled subsequence. Due to (5.43), we additionally
have

1 C

ﬂ”ﬁng - NLm||L2(z) < N — 0 (5.51)
as m — o0o. Arguing further as in the case K — oo (see the proof of The-
orem 5.4), we eventually show that the quadruplet (¢*, ¢*, p*,0*) satisfies
Definition (i)—(iii) and (v). For the mass conservation law, simply note that
the weak formulations for ¢* and *, as well as the test functions, are not
coupled, which allows us to use ( = 1 and £ = 1 as test functions, respectively.
Integrating the resulting equations in time from 0 to ¢, and employing the
fundamental theorem of calculus, we infer



NoDEA Well-posedness of a bulk-surface Cahn—-Hilliard system Page 37 of 48 82

/Qgé*(t) dx:/ﬂqbo dx and /Fw*(t) dI‘:/Fwo dr

for all ¢ € [0,T], which shows that (¢*,¢*, u*,0*) is a solution of the system
(3.1) in the sense of Definition 3.1 for L = co. O

We conclude this section with the following remark.

Remark 5.10. If the uniqueness of the respective limiting models is known
(e.g. if the mobility functions are constant, cf. Theorem 3.5), we even obtain
convergence of the full sequence (not only a subsequence) in Theorem 5.2, The-
orem 5.4, Theorem 5.6 and Theorem 5.8, respectively, by means of a standard
subsequence argument.

6. Higher regularity, continuous dependence and uniqueness

In this section, we present the results on higher regularity for the phase-fields
as well as the continuous dependence and uniqueness of weak solutions to the
system (3.1) as stated in Theorem 3.2 and Theorem 3.5, respectively.

6.1. Higher spatial regularity for the phase-fields

Theorem 6.1. (Higher regularity) Suppose that the assumptions (A1)-(A6)
hold, and let K,L € [0,00], (¢o,%0) € H}(’a, v € L?(0,T;L3, () and w €
L2(0,T;L3(T)). Suppose that the domain Q is of class C* for k € {2,3}, and
in the case d = 3, we further assume that (A4) holds with p < 4. Then, if
a weak solution (p,1, u,0) of the system (3.1) in the sense of Definition 3.1
exists, it additionally satisfies

(6,%) € L*0,T; H?) if K € (0,00], (6.1)
(p,9) € L*(0,T; H*) for k € {2,3}, (6.2)
(¢,9) € C([0, T); H') if (K,L) € [0,00] x (0,00] and k =3
(6.3)

as well as
p=—-0A¢+ F'(p) a.e. in Q, (6.4)
0 =—Ar + G'(Y) + adnd a.e. on X, (6.5)

{K&ﬂb =ayp—¢ if Ke [07 OO), a.e. on 2. (6'6)

Ond =0 if K = oo
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Proof. Let (¢,1, 1,0) be a weak solution to the system (3.1) in the sense of
Definition 3.1. We infer from the weak formulation (3.4b) that

[ o) Fnde+ [ Ve Ve ar+ 6K [ (@) - o) (@0 - ) ar
Q T I
= /Q (u(t) — F'(¢(t)))n dx —|—/F (9(15) — G'(?/J(t)))ﬂ dr
(6.7)

for almost all ¢ € [0,7] and all (n,9) € H}Qa. If K € [0,00), this means that
the pair (¢(t),%(t)) is a weak solution of the bulk-surface elliptic problem

—Ag(t) = (1) in Q,
“ArB(t) + adad(t) = g(1) onT,
Koad(t) = av(t) — 6(t) onT,

for almost all ¢ € [0,T], in the sense of [30, Definition 3.1], where
ft) = pt) = F'(6(t), and g(t) =0(t) — G'((t)).

If K = oo, we may choose (1,0) € H! and (0,) € H! as test functions in (6.7),
respectively. This yields that ¢(¢) is a weak solution to the Poisson-Neumann
problem

—A¢(t) = f(t) in Q, (6.8a)

Oho(t) =0 onT (6.8b)

for almost all ¢ € [0, T, whereas t(t) is a weak solution to the elliptic problem
—Ary(t) = g(t) onl (6.9)

for almost all ¢ € [0, 7.

Recalling that p < 4, we use the growth conditions on F’ and G’
(see (A4)), the Sobolev embeddings H'(Q) — L5(Q) and H(TI") «— L*@~1)(T")
and the fact that (¢, %) € L>(0,T; H}(’a) to derive the estimate

IF (6(t)llz2() < C + Cllo®t)|550 ngy =0 (6.10)
as well as
IG' (W ()l L2y < C+ Cllo)]|9%,- vy <6 (6.11)

for almost all ¢ € [0,7]. In particular, the estimates (6.10) and (6.11) imply
(f(t),9(t)) € L with
IF )2 < C + 1)l (), (6.12)
lg@ N2y < C+16) ] L2(ry, (6.13)
for almost all ¢ € [0, 7.

We first consider the case & = 2. In the case K € [0,00), we deduce
from regularity theory for elliptic problems with bulk-surface coupling (see
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[30, Theorem 3.3]) that (¢(t),(t)) € H? with
(o), v (1)) 172 < CIl (1) 9(1) 122
< C(”M(t)”%Z(Q) HOO N2y + IF (@) 122 () + ||G'(¢(t))||%z(r))
< C+ Cllu®)720) + CIOOI L2 )

for almost all ¢ € [0,T]. Integrating this inequality in time from 0 to T, we
use the regularity of (u,0) to infer that (¢,v) € L?(0,T;H?). In the case
K € (0,00), we even obtain (¢,v) € L*(0,T;H?) since (u,6) € L*(0,T; £?).
If K = oo, we may choose (1,9) = (1,0) € H' as a test function (6.7), which
yields

/ f@t)dz = / u(t) — F'(p(t)) doz =0
Q Q

for almost all ¢ € [0,T]. This allows us to use regularity theory for Poisson’s
equations with homogeneous Neumann boundary condition (see, e.g. [40, 8.5,
Proposition 7.7]) to infer that ¢(t) € H%(Q) with

o)l z2) < ClIF )|z (@) + Cllo®) 11
for almost all ¢ € [0, T]. In combination with (6.12) we deduce that
o) r2(0) < C+ Cllu(t)] 220 (6.14)

for almost all ¢ € [0, T]. Next, due to (6.13), we can apply regularity theory for
elliptic equations on submanifolds (see, e.g., [40, s.5, Theorem 1.3]) for (6.9)
and infer that ¢(t) € H*(I') with

vl a2y < Cllg®)llzz @y + ClloOl iy < C+COF)||L2ry  (6.15)

for almost all ¢ € [0,7]. Squaring the equations (6.14) and (6.15) and in-
tegrating in time over [0,7T] yields (¢,%) € L2(0,T;H?) which proves the
assertion in the case K = oco. Additionally, as (i, 6) € L*(0,T; £?), we obtain
(¢, 0) € L*(0,T; H?).

Let us now consider the case k = 3. Since p < 4, we use Holder’s inequality
and the Sobolev embedding H*(2) < L5(Q) to derive the estimate

IF"(6(£)Vé(t)l| 2 () < CIIVSE)llL2() + Cll W V(b 20
< OVo(t)| z2) + C”Qb(t)H%G(Q)||v¢(t)||L6(Q)
< C+Cllo()l 2e)-
for almost all ¢ € [0,T]. In combination with (6.10) this yields

IF" (@)l a0y < IF (00))l220) + 1F(61) Vet L20) < C + C'II(b(t)H(m{gi
6.

for almost all ¢t € [0, T]. Proceeding similarly, we derive the estimate

1G" () Ve (t) || L2y < C + CllY@)] a2(ry,
which leads to

I (W) (ry < C + Clib (@)l a2(ry (6.17)
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for almost all ¢ € [0, T]. We thus obtain (f(t),g(t)) € H'. If K € [0,0) we may
use again regularity theory for elliptic problems with bulk-surface coupling (see
[30, Theorem 3.3]) to infer (¢(t),(t)) € H? with

(&), %(1) I3 < CIL(f(1), () 1
< Cllp®)F @) + CIOO 7 0y + CIIF ()11 (0
+ CIG (W) 7 ()
< C+ Cllu®lir o) + ClOO I ) + Clo®) Iz (0
+ Cll ()12 r

for almost all ¢t € [0,T]. Integrating this inequality in time over [0,7] yields
(¢,9) € L*(0, T3 H?).

If K = oo, the result can be established analogously to the case k = 2 as the
regularity results cited above hold true for any integer k£ > 0. We again find
that

[(e(2),%(8)) ll3s < CII(£(2), 9(1)) [lar

for almost all ¢t € [0,T], where the right-hand side is bounded due to (6.16)
and (6.17).

This means that (6.1) and (6.2) are established. If (K, L) € [0, oo] x (0, 0]
and k = 3, the additional continuity property (6.3) follows from Proposi-
tion A.1. Therefore, the proof is complete. O

Remark 6.2. In the other cases, where the boundary conditions involving K
and L are of the same type (i.e., K = L =0 or K = L = o0), it should also be
possible to obtain the regularities (6.1) and (6.2) even for d = 3 and p € (4,6).
This is because in these cases, the system (1.1) can be discretized by a Faedo—
Galerkin scheme (cf. Remark 4.2) and therefore, the higher order regularity
estimates can be performed on the level of the approximate solutions. In the
case K = L = 0, we refer the reader to the proof of [23, Theorem 3.3], where
this line of argument is carried out in detail.

6.2. Continuous dependence and uniqueness

Proof of Theorem 3.5. As the functions mg and mr are constant, we assume,
without loss of generality, that mg = 1 and mpr = 1. In the following, we
use the letter C' to denote generic positive constants depending only on 2, the
parameters of the system (3.1), and the initial data and the prescribed velocity
field.

We consider two weak solutions (¢1,%1, p1,01) and (¢, e, p2,02) cor-
responding to the initial data (gf)é,l/ié) , ((j)%,wg) € H%{,w the bulk veloc-
ity fields vy,v2 € L?(0,T;L3, () and the surface velocity fields w1, ws €
L2(0,T; L3(T)), respectively, and set

(D, 0, 1, 0,v,w):=(d2 — 1,02 — V1, po — p11,02 — 01,02 — V1, wWs — Ww1).
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Then, due to their respective weak formulations (3.4), the quadruplet
(¢, 9, 11, 0) satisfies

(016,000 Ohney, = [ 02w - VC o= [ Gv1-VCda
—/2/)2’11) -Vrf dr—/w’QU1 -fo dr (618&)
r r

f/ Vv dxf/Vr9~VF§ df—h(L)/(ﬁefmwgfo dr,
Q IN N
(6.18b)

/Q,undac—l—/F@ﬁdF—/Q[F (¢2)—F(¢1)}ndx—/r[G (1/12)—(}’(1#123;91(811“)
18¢

:/V(;S-Vndx—l—/Vm/)~Vp19dF+]h(K)/(a1/)—¢)(m9—n) dr,
! ' " (6.18d)

a.e. on [0,T] for all (¢,€) € H} 5 and (n,9) € H ,. Now, due to (3.11), we
have

B19[{9)q + [T () =0 ae. on[0,T].

This shows that the pair (¢(t), ¥ (¢)) is an admissible right-hand side in the
elliptic problem with bulk-surface coupling (2.9) for almost all ¢ € [0, T]. Fur-
ther, testing the weak formulation (6.18a) with (¢,&) = (3,1) € Hy, g, we infer
that

B2 (0:d)q + [T (0)r =0 a.e. on [0,T].

Hence, the pair (0;¢(t), Ort)(t)) is an admissible right-hand side in (2.9) for
almost all ¢t € [0,7] as well. Due to the linearity of the operator S, g, we
deduce that 9;Sr, (¢, %) = S153(0r¢, 0py)) in H] 4 for almost all [0, T]. Thus,
choosing (¢,€) = St 5(¢,v) € H, 5 in (6.18a), we derive the identity

25l (:9) 17,6 = X 2||3L 80,0175
(SL,5(0:9, 040), SL.5(¢, V), 5
—((0:¢,00) , Sp.3(d,¥))23

= ((1,0),S1,5(6,9)) ;4 (6.19)

— ((¢2v + dv1, how + Ywy), (VS?,g(éﬁa ¥), VSt 5(¢,v)) ) z2

=—((1,0),(6,¢)) z

— ((2v + dv1,h2w + Ywy) , (VST 5(6,¥), VI SL 5(,9)) ) o

CL‘Q
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a.e. on [0, T]. Here, the second term on the right-hand side can be bounded by
((p2v + dv1, Yow + Yws ), (VST 5(¢,), VrSE 45(0,0)) ) 1
< [[(f2v + g1, Yow + ) [l 22| (VSL 5(6, ), VeSL (6, 9) |2
< (Il (@20, 92w) L2 + | (Bo1, Ywr) |2 ) 1S1,(6,9) 1.5
< (€1 w.w) s + 1162 el (01 00) 123 ) 1 (6.) 1.5
(6.20)

a.e. on [0,T].
Using Young’s inequality in combination with the Sobolev embedding
H!' — L5 and the Poincaré inequality, we obtain

(¢, ) [l o[l (01, w1) [l s |l (&%) |25+
< ell (6,9) o + Cell (w1, w1) 2]l (6, %) 1L 5,

a.e. on [0,7] for all € > 0 and a constant C.. Another application of Young’s
inequality yields

Cll (v, w) |3l (6, %) | L.p, < %H (v, w) |25 + C| (6, 9) 7,5, (6:22)
a.e. on [0, 7). Plugging (6.21) and (6.22) back into (6.20), we infer
(620 + Gv1, 0w + Yw1) , (VST 5(6, ), VST 5(6, 1)) ) 12
< %II (v,w) [|25 + ]| (6,0) Iz, + Cll (v1,w1) 2]l (6, 9) 175,

a.e. on [0, T]. For the first term on the right-hand side of (6.19) we find

(6.21)

—((1,0),(9,9) ) g2 = =1 (6,9) [l — / [F"(¢2) — F'(¢1)]¢ d
@ (6.24)

- / (G (462) — G ()] dT

a.e. on [0, T]. Now, exploiting the growth condition on F” (see (A4)) withp < 6
and using the fundamental theorem of calculus as well as Holder’s inequality,
we compute

‘/Q[F'(@) — F'(¢1)]¢ dz /Q/O1 F"(rg + (1 — 7)é1) dr(z — ¢1)o dz

<C [ (14167 + 16277 lof do

< C(L+ 11611852, + 1921752 911313/ -mqy < ClN2z/ s e
(6.25)

a.e. on [0, 7). Recalling H'(T') — L4(T), we analogously infer

IR dr\ < ClI sy (6.26)
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a.e. on [0,7]. Combining (6.25)—(6.26) yields

'/ [F(¢) — F' (1)) da| +

F[G,(%) = G' (Y)Y dU| < C|| (¢, %) |12/ s-n)

a.e. on [0,7]. Next, recalling again that p < 6, which entails the compact
embedding H' — £'2/=P) we deduce with Ehrling’s lemma that

(6, 9) 712/ < el (6,9) I + Cell (0,9) 117 5.5

Therefore,

SN D+ (1= C (6,) e < 31l (0,0) s + OFN (8,8) .0

a.e. on [0,T], where F:=|| (v1,w1)[|%;. Choosing £ > 0 sufficiently small, we
conclude

d1 1
&5” X 5|| (v,w) |25 + CF| (¢,9) 17 5.

As F € L'(0,T), Gronwall’s lemma directly implies

(&), () 17,50 < I (£(0),9(0)) 17 5, exp (C/ F(7) dT)

+ [ o) e (¢ [ Fnar) o

for almost all ¢ € [0, T], which proves (3.12). As a consequence, if (¢, 1) =
(¢2,43) a.e. in Ax T, v1 = v a.e. in Q and w; = wy a.e. on ¥, the uniqueness
of the corresponding weak solution immediately follows. Thus, the proof is
complete. O
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Appendix: Some calculus for bulk-surface function spaces

Proposition A.1. Let Q C R% with d € {2,3} be a non-empty, bounded do-
main with Lipschitz boundary I':=0Q0. Moreover, let T > 0, K, L € [0, 00| and
a,f € R be arbitrary. Let (u,v) € C([0,T);£?*) N L*(0,T;H3) with
(=Au, =Arv + adpu) € Hy 5 and

{K@nu:av—u if K € [0,00), se o3 (A1)

Onu =0 if K =00
We further suppose that their weak time derivative satisfies (Opu,0pv) €
L2(0,T; (Hy g)'). Then, the continuity property (u,v) € C([0,T];H") holds,
the mapping

t— | (u(t), o)) Ik q

is absolutely continuous on [0,T], and the chain rule formula

%H (u(t), v(t)) ||%(a = 2< (Oru, Ov) (t), (—Au, —Arv + adpu) (t)>H1L,g (A.2)
holds for almost all t € [0,T].

Proof of Proposition A.1.. In the cases (K,L) € [0,00) x {00}, a proof was
already given in [12, Proposition A.1.(b)]. There, the claim was established by
approximating the occurring functions by a sequence of time-mollified func-
tions, and eventually passing to the limit. For all other choices of (K, L), the
proof can be carried out analogously. O
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