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Abstract

We study the existence of weak solutions and the corresponding sharp interface limit of an
anisotropic Cahn-Hilliard equation with disparate mobility, i.e., the mobility is degenerate
in one of the two pure phases, making the diffusion in that phase vanish. The double-
well potential is polynomial and is weighted by a spatially inhomogeneous coefficient. In
the limit when the parameter of the interface width tends to zero, and under an energy
convergence assumption, we prove that the weak solutions converge to BV solutions of a
weighted anisotropic Hele-Shaw flow. We also add some numerical simulations to analyze
the effects of anisotropy on the Cahn Hilliard equation.
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1 Introduction

The Cahn-Hilliard equation, introduced by J. W. Cahn and J. E. Hilliard in 1958 12|, models
the phase separation process in binary alloys, known as spinodal decomposition. Unlike models
with sharp boundaries, the Cahn—Hilliard equation describes a diffuse interface between phases,
whose width is controlled by a parameter € > 0. As € tends to zero, interfaces sharpen, eventually
forming evolving hypersurfaces. This makes the Cahn—Hilliard model a link between phase-field
continuum models and Hele-Shaw (or Mullins-Sekerka) models, with applications in materials
science, biology, and other fields. Initially, the Cahn—Hilliard equation was assumed isotropic,
i.e., enjoying uniform physical properties in all directions. However, many real-world systems
are anisotropic, with properties like surface tension varying with interface orientation. This is
evident in crystalline materials (see, e.g., [39,56]), where atomic arrangements lead to direction-
dependent interface evolution, forming facets or corners. Another application of the anisotropic
Cahn—Hilliard equation is to model the growth of thin solid films, which has a role in the self-
organization of nanostructures (cf. [53,57]). Anisotropy is also prevalent in biological contexts,
such as tissue mechanics, where properties like stiffness depend on the alignment of structures
like collagen fibers. In tumor growth, for instance, the interaction between cancer cells and the
extracellular matrix can result in anisotropic tumor shapes [17].

Incorporating anisotropy into the Cahn—Hilliard equation leads to the anisotropic Cahn—Hilliard
equation. When the mobility is degenerate in one of the pure phases, taking the sharp-interface
limit (¢ — 0) in this setting results in an anisotropic Hele-Shaw flow, accounting for direction-
dependent effects. The presence of a space dependent potential then leads to a weighted anisotropic
Hele-Shaw flow.

In this work, we investigate the anisotropic Cahn—Hilliard equation with disparate mobility and
space dependent potential on a d-dimensional torus Q = T%, d = 2,3. The model reads:

u = div(uVp), p= —ediv(A)(z, Va)) + éFu(m,u) in (0,7) x €, (1.1)

or alternatively, introducing the flux 7,
1
Owu=div j, j=-uVp=uV (Ediv(Ap(a:,Vu)) - EFu(ac,u)> in (0,7) x €. (1.2)

Here, T' > 0 is the final time. The parameter € > 0 relates to the interface thickness. The function
A = A(z,p) is C! in both variables, two-homogeneous in p, and satisfies strong convexity and
growth conditions (see Assumption ) The potential F'(x,u) is a polynomial double-well
potential depending on (z,u) and satisfying certain assumptions (see Assumption ), namely
it can be factorized as K(x)W (u), where W (u) is the standard double well quartic potential
(which is zero at the pure phases u = 0,1) and K is a C! strictly positive weight, representing
some heterogeneity in the material. The notation A, and A, denotes the gradients of A(x,p)
with respect to p and z, respectively, with similar definitions for F,, and F,. Observe that the
mobility u in front of Vu degenerates only in one phase, that is w = 0. This is different from the



standard degenerate mobility case, in which the mobility degenerates in both the phases u = 0
and u=1.

Our main goal is to prove the existence of global weak solutions for (1.1)) under the stated
assumptions and to analyze the sharp interface limit as € — 0. In particular, we show that,
assuming an appropriate energy convergence assumption, a weak solution of the anisotropic
Cahn—Hilliard equation converges to a solution of the anisotropic weighted Hele-Shaw flow. We
also add some numerical experiments to study the effects of anisotropy in the Cahn-Hilliard
equation.

System comes with two functionals, useful to obtain suitable estimates. First of all, the
system can be viewed as the Wasserstein gradient flow of the energy functional

Elu] := /QeA(x,Vu(x)) + %F(:r,u(:n))d:): (1.3)

In particular the solutions of (1.1) decrease along the energy. A key auxiliary functional we also
use is the so-called entropy:

D (u) ::/Qu(m)logu(x) dz. (1.4)

Energy and entropy formally satisfy the relations

dE

2
i Quyw\ dz =0, (1.5)
dd .
Tt [y, V) - Fue.w) Aude =0, (16)
Q

The previous identities are crucial to find a priori estimates and prove existence of weak solutions
and the sharp interface limit, as these two results are based on compactness arguments.

Concerning the sharp interface limit as ¢ — 0, given a solution (ue, j-) satisfying for any ¢ > 0
equations in suitable weak form, the main ingredient is the energy estimate , which
allows to control the main quantity through the well-known Modica—Mortola trick [50], namely,

defining
P(s) = 2/0 VW(r) dr. (1.7)

we can control in L! the gradient of 1 o u. by means of the energy inequality . This allows
to obtain the desired compactness for passing to the limit.

Another essential ingredient is the observation that from the second identity in , after some
simple computations, we have

je = —div T: + éFx(a:, ue) + €Az (x, Vu,)
+V <5Vu5 - Ap(z, Vue) + éueFu(x, ue) — div(eu.Ap(x, Vue))> , (1.8)
where T denotes the anisotropic energy stress tensor
T, = <5A(a:, Vue) + %F(:{:, u5)> Id — e (Vu: ® Ap(z, Vue)) (1.9)

Observe that the right-hand side of , excluding the terms with F} and A, (which indeed are
less standard and need to be treated more carefully), is in divergence form, which allows to test
by smooth test functions and integrate by parts, obtaining that the resulting weak formulation
has good compactness properties, so that given a sequence of weak solutions, one only has to
guarantee energy convergence to prove that the limit is a weak solution itself. Indeed, one only
needs to pass to the limit in first-order terms.



In conclusion, to pass to the limit as € — 0 in the weak formulation of we will exploit two
different methods, i.e., by means of a suitable version of Reshetnyak continuity theorem (similar
to |16]) and by means of an anisotropic tilt excess approach (in the spirit of |40,43,44]).

We now review in the section below the existing literature on the Cahn—Hilliard equation and
the study of its sharp interface limit.

1.1 Literature review

To get a better understanding of the results presented here, we begin by revisiting the well-known
isotropic Cahn-Hilliard equation, which can be seen as a particular case of our study when

A(xz,Vu) = %\Vu]Q and  F(z,u) = u?(1 —u)?.

This isotropic model has been extensively studied, providing a solid basis of techniques that we
adapt to the anisotropic setting. We first summarize results on the well-posedness of the isotropic
Cahn-Hilliard equation and then revisit the literature on its sharp interface limit. Although
the anisotropic version of the Cahn-Hilliard equation is relatively new, it has been rigorously
investigated in some specific cases. In particular, the framework on the anisotropy that we use
here is based on previous research. Finally, we mention some results on the anisotropic Allen-
Cahn equation, which shares the same energy functional but is the gradient flow with respect to
a different metric (L? distance instead of the Wasserstein distance adopted in our setting).

1.1.1 Isotropic Cahn-Hilliard equation: well posedness

The isotropic Cahn-Hilliard equation is written in its simplest form as
1
Opu — div(m(u) V) =0, p=—cAu+ —F'(u).
€

This equation has now been extensively studied and a series of works has proven well-posedness
results under various assumptions on m(u) and F'(u).

When the mobility is constant, i.e., m(u) = 1, the equation simplifies considerably. In that
case, the classical proofs often rely on a Galerkin scheme for proving existence. Typically, one
constructs approximate solutions by projecting the PDE onto finite-dimensional subspaces, and
then use compactness arguments to pass to the limit. Under these non-degenerate conditions,
uniqueness is usually proven via a Gronwall-type argument.

A more delicate situation is when the mobility function can vanish for some values of u. The
equation is referred to as the Cahn—Hilliard equation with degenerate mobility when the mobility
degenerates in both the pure phases u = 0,1, and Cahn—Hilliard equation with disparate mobility
when the mobility degenerates only in one pure phase, say u = 0. The pioneering work of Elliott
and Garcke |26] proved the existence of weak solutions in this degenerate setting, though the
uniqueness problem remains largely open.

Regarding the choice of potential F', which usually does not depend on space, two general cat-
egories are widely studied: smooth double-well potentials where F is a polynomial-function
with two minima [18], singular double-well potentials which might involve logarithmic terms, or
other singularities to ensure strict phase separation [26]. We refer to [30,49| for some updated
results about the instantaneous strict separation from pure phases in the case of constant mo-
bility and singular potential. In conclusion, note that, the two-phase (isotropic or anisotropic)
Cahn-Hilliard equation has been also extended to the case of multi-component mixtures (see,
e.g., |27-29,34)).

Gradient Flow Approaches and JKO Scheme. Another perspective to prove well-posedness
of the Cahn-Hilliard equation is to view it as a gradient flow of an energy functional. In the



case of the disparate mobility m(u) = u, this is a gradient flow in the Wasserstein metric Ws.
In particular, one uses the well-known Jordan—Kinderlehrer-Otto (JKO) scheme to construct
a time-discrete approximation and then pass to the limit where the discretization parameter is
sent to 0. For general concave mobilities m(u), adapting the JKO scheme requires considering
modified Wasserstein distances introduced in [21]. The JKO approach has been followed in many
works including [13,/14.|40}/46].

1.1.2 Isotropic Cahn-Hilliard equation: sharp interface limit

Consider the minimization problem

win{ £ 020, [ u=m}.

where E_[u] is the energy defined in (1.3)). In the isotropic case, if we let u. be a minimizer of
the previous problem, and A. be the Lagrange multiplier associated to the mass constraint we
obtain:

1
Ae = —eAue + gF/(Ua)~

Ae is often referred as the chemical potential. In this setting, it was conjectured by Gurtin
in |35] and then proven by Luckhaus and Modica in [47] that \. — A, where X is related to
the constant sum of principal curvatures of the interface. This result corresponds to the Gibbs-
Thomson relation for surface tension. Incorporating anisotropy and spatial heterogeneity in the
gradient term, Cicalese et. al. |16] showed that a similar result holds, yielding an anisotropic
Gibbs-Thomson relation.

These results are at the basis of the sharp interface limit we aim to study. Indeed, in the
Cahn-Hilliard equation the chemical potential is defined as

1 1
pe = —ediv(Ay(z, Vue)) + = Fy(x,u:) = —eAu. + —F'(u.) (in the isotropic case).
€ €

In this case p. is not a Lagrange multiplier anymore and therefore it is not a constant, but
rather a function. It is the first variation of the the energy functional E.[u;]. However many
ideas already applied in [47] and [16] still apply here, as shown in [43].

Concerning the sharp interface limit of the Cahn-Hilliard equation, a classical starting point is
the work of Alikakos [1]|, where the author considered the Cahn—Hilliard equation with constant
mobility and proved rigorously the convergence result ¢ — 0 toward classical solutions of the
Mullins-Sekerka flow. Later, Chen [15] proved the result using a varifold framework.

The idea behind the varifold setting is quite natural once one notices that, in some cases, there
may be hidden interfaces inside a region where the limiting solution is constant. Specifically,
one might see an interface with a positive contribution to the total energy, even though the
phase-field variable remains at (say) 1 on both sides. These hidden or phantom interfaces are
not captured by a strict characteristic-function, or BV, description. This suggests that BV
solutions may not be the best framework to understand all the scenarios taking place as € — 0.
Hence, one is naturally led to refined solution concepts, such as those using varifolds or suitably
weaker formulations of the moving interface.

On the other hand, if one is willing to impose additional conditions ruling out phantom inter-
faces, and in general any loss of interface measure, one may work under an energy convergence
assumption (see, for example, the energy condition in that we impose) to obtain stronger
notions of weak solutions. This assumption is quite classical and has been used in a different
series of works [361/38,/40,/43,44,48|. In the work [40], for instance, such an assumption allows to
recover a stronger weak solution (BV solution) description for the (isotropic) Hele-Shaw flow in
the sharp interface limit. We follow a similar line of reasoning here.



A natural question is if it is possible to drop the assumption on the energy convergence and still
obtain a limit in the varifold sense. This is left as an open problem: in the isotropic Cahn—Hilliard
setting, the usual strategy is to show that the so-called discrepancy measure

€ 1
& (ue) = 3 ‘vua‘Q - = F(ue),
€
is non-positive. However, in the anisotropic framework, one might consider
. 1
£ (ue) = e A(x, Vue) — - F(x,u),

where A is a (possibly non-constant) matrix describing the interfacial energy. Even in the simpler
situation where A is constant, it seems complicated to show that this discrepancy measure
remains non-positive, preventing us from proving the convergence in a purely varifold setting
free of extra hypotheses. We also refer to |4,41,45| for works on the study of the sharp interface
limit of the isotropic Cahn-Hilliard equation. Finally, we mention that another link between
Cahn-Hilliard and free boundary models can also be obtained via incompressible limits (see,
e.g., [24,29)).

1.1.3 The anisotropic Cahn-Hilliard and Allen-Cahn equations

The anisotropic Cahn-Hilliard equation has been used to study snow crystal growth, solidification
of metals and self organization of nanostructures in [5,6,[22,23,53]. The well-posedness has been
tackled in different papers. We refer to 33| for the well-posedness and further properties in the
setting of constant mobility. In the degenerate mobility setting, and for a particular anisotropic
energy, we refer to [22|. Finally, we mention [32|, concerning the existence of weak solutions with
degenerate mobility in the setting of, and with a similar approach to, Elliott and Garcke |26].
We also mention the anisotropic Allen-Cahn equation, which is the L? gradient flow of the
anistropic Ginzburg Landau energy . This equation has been studied in [42] in the anisotropic
setting.

In conclusion, concerning the spatial dependence of the potential F', here we assume that F
factorizes in the product of two terms K (x)W(u), the first factor depending on z and the
second one depending on the phase-field u. This approach has been adopted in many works,
especially concerning the sharp interface limit of some variants of Allen-Cahn equation (see, for
instance, [51,52]). More general inhomogeneous potentials have been taken into consideration
in [9]. The technique introduced in the former has been extended to the sharp interface limit of an
Allen-Cahn equation with spatial dependent double-well potential, under suitable assumptions,
in [31]. Here the authors prove that, under the usual energy convergence assumption, the model
converges to a weighted mean curvature flow in the sharp interface limit. We observe that so
far we are not aware of any result in the literature concerning the sharp interface limit of the
Cahn-Hilliard equation with degenerate (or disparate) mobility and spatial dependent double
well potential. Our result is thus also new in this direction.

Contents of the paper

In the next section, we detail our notations and the functional settings. We then introduce the
Finsler metric framework, which is commonly used to study anisotropic problems, and provide
technical results related to BV functions. Following this, we present our main theorems on
the existence of weak solutions and the convergence to a weighted anisotropic Hele-Shaw flow
as ¢ — 0. Section [3]is then dedicated to the existence of weak solutions, that is the proof of
Theorem The proof is achieved with the JKO scheme. In the first subsection we recall some
preliminaries and useful tools in optimal transport and JKO scheme and the second subsection
is dedicated to the proof. Section [4 is dedicated to the sharp interface limit under a standard



energy convergence assumption, that is the proof of Theorem We prove this theorem using
two different approaches, by means of a suitable version of Reshetnyak continuity theorem and
by means of an anisotropic tilt excess approach. Section [5|is then dedicated to some numerical
simulation. In conclusion, in the appendix we prove a lemma related to the anisotropic version
of Reshetnyak continuity theorem.

2 Preliminaries and main results

2.1 Notation and functional settings

We assume, for the sake of simplicity, that € is the d-dimensional torus (or, more generally, any
domain where periodic boundary conditions are imposed). We denote by £ the d-dimensional
Lebesgue measure. On the other hand H™ is the m-dimensional Hausdorff measure. We then
denote by C*¥(Q), k € N U {oo}, the space of continuous functions in € which are k-times
continuously differentiable, as well as by C¥(£2) the space of continuous functions with compact
support in €2 which are k-times continuously differentiable The Sobolev spaces are denoted as
usual by W*P(Q), where ¥k € N and 1 < p < oo, with norm || - ||yr,. The Hilbert space
Wk2(Q) is indicated by H*(2) with norm || - || zx. Note that we additionally denote, for k = 0,
Il = ||| 2. Also, for fractional Sobolev spaces we write H*(§2) for any s € (0,1), to indicate
the fractional space W*2 with s € (0,1). Let now X be a Banach space. We denote by
L%a,b; X), 0 < a < b, qg € [1,0], the Bochner space of X-valued g¢-integrable (or essentially
bounded functions). Moreover, given a generic interval J, the function space C2°(J; X') denotes
the vector space of all C*°-functions f : J — X with compact support in J.

2.2 Finsler metric

We define a map
¢ : QxR = [0, +00),

which is strictly convex, in the sense that, for any x € Q, the map ¢?(z,-) is strictly convex on
R?. Also assume that ¢ is continuous and satisfies the following properties:

p(z,t&) = |t| p(x, &) forall z € 0,6 e Rt € R, (2.1)
A < op(x, &) < Ag| for some 0 < A < A < oc.

These two conditions express the positive 1-homogeneity of ¢ in the second argument and give
uniform bounds, so that ¢(-,-) defines a Finsler norm (with z-dependence).
Let Bg(x) be the (convex) unit ball associated to ¢, at a point x € 2, that is

By(x) = {€ € RY, ¢(x,€) <1}.
The dual Finsler function ¢°: Q x R — [0, +-00) is defined by
¢°(, ") =sup{ "+ & § € By(a)},
and we let Bgo(x) be the convex unit ball associated to ¢°, at a point = € , that is
Byo(x) = {€" € RY, ¢°(z, &%) < 1}.

One may verify that ¢° also satisfies properties (2.1)—(2.2)), and ¢°° equals the convex envelope
of ¢. For a vector v € S%71, the ¢-vector vy(z) and ny(x) are defined as

vo(x) = W ne(x) = 63 (x, vp), (2.3)



where qbg denotes the partial derivative of ¢° with respect to the vector £. Formally, vy (x) rescales
the Euclidean unit normal so that it becomes a Finsler unit normal, while ng(x) can be seen as
the corresponding dual vector in the co-tangent space. Observe that the following elementary
properties can be proven (see, e.g., [8, Section 2.1]):

Lemma 2.1 (Elementary Properties of ¢ and ¢°). For each x € Q and for all £,&* € R4\ {0},
it holds:

t 1

(i) ¢¢(x,t€") = m P(x,87), e, 1) = m bee(x, &), for allt # 0.

(11) (b(.’I},f) = ¢§(CL‘,£) ' 57 (bo(x?g*) = ¢g($,€*) ' g*
(111) ¢($,¢Z($,§*)) = ¢O(x7¢§(x7§)) =L
In particular,

which follows immediately upon noting that vg(x) € 0Bg(x) is precisely the dual direction to
ng(x) € 0Bgo ().

Consider now E C R? with C? boundary, and define, for any = € OE, v(z) as the unit inner
normal to OF at z. For a given C! vector field X : 0F — R? we define the ¢ — tangential
divergence of X on OF (see [16]) as

divgX = tr |(Id — ng @ vg) VX + ¢2(z,v8) ® X |,

where X is a smooth extension of X to a neighborhood of dE. Extending also to a neighborhood
of OF the vector fields vy and ng by regular fields without relabeling, we can introduce the
¢-mean curvature Hy of OF as

H¢ = —div¢n¢.

In conclusion, as in |16], we report here a theorem which will be useful in showing that the
weak formulation of the Hele-Shaw flow obtained in the sharp interface limit is coherent with
the strong one, as long as we assume a smooth solution. For a proof we refer to (2.3) and (3.2)
in |7].

Theorem 2.2. Let E C R% be an open set with C? boundary. Let U C R be a neighborhood of
OF and g € CH(U;R?). Then

/ Hyvy - g¢°(z,v) dHT! = —/ divyg ¢°(z,v) dH,
oF OF

2.3 BV functions and anisotropic perimeters

We recall here the basic definitions of BV functions and the notion of anisotropic perimeter.
Given a vector-valued measure p on €2, we denote by || its total variation and we adopt the
notation M(Q2) (M™(Q), respectively) for the set of all signed (positive, respectively) Radon
measures on ) with bounded total variation. The Lebesgue measure of a set E is indicated by
|E|. Recall that u € L'(Q) belongs to the space BV (Q) of functions of bounded variation if its
distributional derivative Du belongs to M (), where we denote by Du the R%-valued measure
whose components are Dyu,...,Dgu. A set E is of finite perimeter in ) if its characteristic
function xg € BV (€2) and we denote by Po(E) = |Dxg|(€2) the perimeter of E in 2. The family
of sets of finite perimeter can be identified with the functions u € BV (€;{0,1}). It holds that
for B ={x € Q: u(z) =1},

Pa(E) = |Du|(Q) = HTH (9" ENQ),



where 9*F is the reduced boundary of E. We now revise the definitions and some properties
of the anisotropic total variation for BV -functions and introduce the anisotropic perimeter. We
start with the definition of the anisotropic ¢-total variation (where ¢ is defined in Section [2.2)
of the d-dimensional measure u € M%() as

112]6(9) = sup {/Qa ~dp; o € Co(RY), o) € B¢(x)} .

Let uw € BV (). The anisotropic ¢-total variation of its (weak) gradient Du is then

| Du|(§2) = sup {/Qudiva dz; o € CHQ;RY), o(x) € B¢(az)} (2.4)

Note that by the hypotheses on ¢, from Theorem 5.1 in [2] we have that the ¢-total variation is
LY(Q)-lower semicontinuous and admits the following integral representation

| Duly(2 /(b x,vy)d|Du|, Yu € BV(Q),

where v, = @—u“‘, is the Radon-Nikodym derivative of Du with respect to its total variation.

Clearly, if ¢°(z,£) = |¢| then the ¢-total variation |Du|,(€2) agrees with |[Du|(£2). We now set the
definition and some properties of anisotropic perimeters. Let E C R? be a set of finite perimeter
in Q. Given K € C(Q) such that inf,cq K(x) > K, > 0, we define the weighted ¢-anisotropic
perimeter of E in ) as

Pf(E) = VK (2)¢° (z,v(z))dH, (2.5)

O*ENQY

where v is the measure theoretic unit inner normal to 0*E. Observe that it holds Pf (E) =

IWVE()Dxels(2) = /K()|[Dxels(Q

To conclude this sectlon we presen‘c some useful lemmas concerning geometric measure theory.
First, we observe that we can state the following result, which can be proven in the very same
way as in |44, Lemma 2.5|, thanks to Lemma

Lemma 2.3. Let G € LY(Q)?, and let ¢ be as in Section . Then

/ngo(:v,G)dx:s%p{/QG-ndm},

where the supremum is taken over all n € C1(Q)¢ such that n(x) € By(z) for any x € Q.

Another technical lemma concerns an analogous of the weak* convergence for BV functions de-
pending on time. Following the notation in [3, Definition 2.27], given a function v € L(0,T; M(Q)),
we set E‘l(o ) ® v(t) the measure such that

Lior) @ v(t)(B) == /OT (/Q XB dv(t)> dt, VBe (0,T) x Q.

Lemma 2.4. Let {vz}r, C LY(0,T; BV(Q)) such that vg(t) — wvo(t) in LY (Q) for almost any
€ (0,T). If additionally there exists C > 0 such that

sup | Dug(¢)|(Q) < C,  for almost any t € (0,T), (2.6)
k

then vg € LY(0,T; BV (Q)) and it holds

Lior) © Dug(t) = Ligp) © Duo(t), in M((0,T) x Q) as k — oo, (2.7)



Proof. First, observe that, thanks to the L'(Q) convergence t-a.e. and (2.6)), by [3, Proposition
3.13] it holds Duvy(t) € M(2) for almost any t,

Duy(t) = Dug(t), in M(Q) ask — oo,
for almost any ¢ € (0,7), and also

| Dug (t)|(2) < lilgninf |Dug(t)|(R2) < C, for a.a. t € (0,7),
—00

entailing vg € L'(0,T; BV (Q)). Let us consider, wlog, h € C.((0,T) x Q) such that |h| < 1, then
h(t, ) € C.(2) and thus it holds, for almost any ¢ € (0,7,

/ h(t,z) dDvy — / h(t,z)dDuvg, ask — oo.
Q Q

Moreover, observe that, by ({2.6]),

/ h(t,x) dDuy
Q

< sup |Dvg(t)[(Q), for a.a. t € (0,T),
k

and supy, |Dvg(t)|(Q) € L'(0,T) by (2.6). This entails, by Lebesgue’s dominated convergence

Theorem, that
T T
/ /h(t, x) dDuwy, dt—>/ /h(t, xz)dDvy dt, ask — oo,
0 Q 0 Q

for any h € C.((0,T) x Q), which is exactly (2.11). The proof is concluded. O

The last lemma we propose here is the generalization for time-varying BV functions of |16, Lemma
3.7], which is an anisotropic version of the Reshetnyak continuity theorem. We postpone its proof
to the appendix.

Lemma 2.5. Let {v;},vo € L'(0,T; BV(Q)) such that the assumptions of Lemma hold.
Let also K € C(Q) such that infyeq K(z) > K, > 0. If additionally {Dvy}, C L*(0,T; L(2))

and

lim /T/Q¢ 2, /K () Dy (t )dx_/OT‘mDvo(t)ld)(Q)dt, (2.8)

k=00 Jo
then for any function F(t,z,p) € C([0,T] x Q x R) satisfying
F(t,z,sp) = sF(t,z,p) for (t,z) €[0,T] xQ, pe R s>0,
and
F(t,x,p) =0 for (t,x) & Ko, p € R%, (2.9)

with Kq a fixred compact subset of (0,T) x Q, we have

kli_{go// tx\/ika dz dt = // ( :UVU()) ‘\/7Duo‘ dt,

(2.10)

Dug
DU()| :

where vy, = |
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2.4 General assumptions
(A1) The function A : Q@ x R — R belongs to C%(Q x (R%\ {0})) N C1(Q x RY), it is positive
on  x (R?\ {0}), and positively two-homogeneous in the second variable:

Az, \p) = N2 A(z,p) forallz € Q, A>0andpe R,

This implies that Ay (z, p) is positively 1-homogeneous in the second variable and that there
exist Ag, A1, a1 with 0 < Ag < Ay and a; > 0 such that

Aolpl® < A(z,p) < Aipl%,  |4p(2,p)| < a1|p]

for all z,p € RY x R?.  Additionally, we assume that A(z,-) is strongly convex for any
x € €. More precisely the gradient with respect to the second variable A, : € x R? — R4
is assumed to be (uniformly in z) strongly monotone in the second variable, i.e. , there
exists Cy > 0 such that

(Ap(z,p) — Ap(z,9)) - (p—q) > Colp — q* forallz € Q, p+#qeR’ (2.11)
Finally we assume
[Ap.a (2, p)| < az(x)|p]

for some as(z) € R.

(A2) Concerning the double well potential, that we let depend on z, we assume that F' is
factorized in the form

F(x,u) := K(z)W(u) == K(z)u?(1 — u)?,
where K € C1(Q) is such that inf,cq K(z) > K, > 0.

Remark 2.6. The uniform strong convexity assumptions on A seem necessary for the existence
of weak solutions but can be weakened to only strict convexity, for any = € €0, for the sharp
interface limit, as explained in Remark [2.12]

2.5 Main results

We study existence of weak solutions, in the sense below, for the system (|I.1)).

Definition 2.7 (Weak solutions to Chan-Hilliard equation with disparate mobility). We say
that (u,7) is a weak solution to the anisotropic Cahn-Hilliard equation with disparate mobility
and initial condition wuyg if:

e (u,j) have regularity
we L®0,T; H(Q) N L*(0,T; H*(Q)) N L®(0,T; L*(Q)), o € L*(0,T; (H¥°(Q))"),
j € L*(0,T; L¥5()),
Az, Vu) € L®(0,T; LY()), F(z,u) € L>®(0,T; L (Q)),
Ay(z,Vu) € L®(0,T; L*(Q)), Ag(z, Vu) € L=(0,T; L' (Q)),
Fy(z,u) € L®(0,T; L*3(Q)), Fy(z,u) € L=(0,T; L} (Q)),

11



e (u,j) satisfy the weak formulation: for all ¢ € C1([0,T) x Q), £ € C2((0,T) x Q;R9),

/Quog(',t)+/0T/Qu8t4—|—j-vgdxdt:0,

T o T 1 '
/0 /Q] ~Edadt = /0 /Q <(5A(:U, Vu) + EF(m,u))Id —eVu® Ap(z, Vu)) :VEda dt
T 1 T
—i—/g QEFx(x,u)-fdwdt—i—/O /QsAm(:L‘,Vu)-fdxdt
T
- / / (eVu - Ap(z, Vu) + %uFu(m, w))divé dz dt
0 Q

T
— / / euAy(x, Vu) - Vdive dz dt.
0 Q
(2.12)

e (u,j) satisfy the energy inequality for almost any 7" € [0, T]]
Y
Elu(-,T"] + ~— dz dt < Efug).
0o Jo u

Here (H®/5(Q)) is the topological dual of H®5(Q). We now state our main result concerning
existence of weak solutions under the above assumptions. Without loss of generality we assume
that the initial condition is a probability measure, i.e., ug € M (Q) and |uo|(Q2) = 1. We denote
this space as P(€2).

Theorem 2.8 (Existence of Weak Solutions). Suppose ug € P(2) N H(Q) satisfies

<I>[U0] + E[UO] < 400
where @ is the entropy (1.4). Assume that A(z,p) and F(z,u) satisfy Assumptions (Al]) and
(A2), respectively. Then there exists a weak solution (u,j) to (L.1) on [0,T] in the sense of
Definition [2.7]

In what follows, we will set ¢° = v/A and let € > 0. To emphasize the dependence on ¢, we add
an index to the energy F, so that E. is defined as

E.(u) = 5/(2A(x,Vu)d:c+i/QF(:r,u)dx, (2.13)

where F(x,u) = K(z)W (u), with K € C*(Q) such that inf,cq K(z) > K, > 0.
In accordance with the presentation in [40], we keep the same notations and introduce the notion
of well-prepared initial data: assume that the sequence of initial data ug. > 0 is such that

1
sup Ee(uz0) < 400, / ucoder =1, Ve >0,
e>0 ’Q| Q

as well as

{us,g — X0y, In LY(Q), (2.14)

E‘\E (u&o) — CO'Pf (QQ) R

as € — 0, where g C 2 is an open bounded subset of €2 with sufficiently smooth boundary, and
co := (1), with ¢(s) := [5 2,/W(7)dr. Recall that x4 denotes the indicator function of the
measurable set A C R?. The conditions above are sufficient to guarantee, for any fixed € > 0,
the existence of a weak solution (ue,jc) to the anisotropic Cahn-Hilliard equation, by means of
Theorem [2.8, From now on we set Ej := sup,~q E(ue0).

First we give a notion of solutions to the anisotropic weighted Hele-Shaw flow in the classical
sense.

12



Definition 2.9. Let d = 2,3 and T’ € (0, 00). Let Q := {(?t) }1ej0,) be a family of open subsets

of 2 with smooth boundary, such that Q evolves smoothly in time and €(t) is simply connected
for any ¢ € [0, 7). Assume also that the flux j : [0,7] x Q — R? is smooth. We say that Q and j
solve the anisotropic weighted Hele-Shaw equations in the classical sense if they satisfy:

{divj =0 inQ),

, (2.15)
V=—j5(,t)-v, ondQt),

and

J(.t) = =Vp(,t), inQ(2), (2.16)
—coHs()VE + coVVK -ny = p(-,t), on 0N(t). '

Here, ¢gv/K denotes the anisotropic weighted surface tension, v the inner normal to 9Q(t), Hy
denotes the anisotropic mean curvature of the free boundary 0€2(t), evolving with normal velocity
V (in the direction of the outer normal), and ny is its normal vector in the sense of (2.3). In
this sharp-interface model, the flux j can be viewed as a fluid velocity, and p can be interpreted
as pressure. As observed in [40|, equations state that the flow is incompressible and that
the free boundary is transported by the fluid velocity. Equations are Darcy’s law the first
one, whereas the second one is the force balance along the free boundary between capillary forces
and pressure.

We also define the notion of weak solution to the anisotropic weighted Hele-Shaw flow:
Definition 2.10. Let d = 2,3 and T € (0,00). Let Q := {2(t) }ejo,r) be a family of finite

perimeter sets and let j € L2(0,T; L?(; R?)). We say that the pair (Q2,) is a weak solution to
the anisotropic weighted Hele-Shaw flow if

e For all ¢ € C1([0,T) x ) we have

T
/QXQOC(',t) dzx —|—/0 /ng(t)atc + XQ(t)j : VC dzdt = 0, (2.17)

where XQ(t) (t,$) = XQ(t) (f)

e For all £ € C1((0,T) x ;R?) with divé = 0 we have

/OT/Q(t)g-j(-,t)da;dt

= ¢p /OT /*Q(t) tr [(Id — Ny @ vy)VE + (gbg(m, vg) + Zf;{g) ® 5] VK (2)¢° (z, v)dH4 dt,

(2.18)
where we recall ¢° = /A and ¢y = 2 fol VW (s)ds.
e For almost any 7" € [0,7] we have
T/
coPL (UT")) +/ / j1? da dt < coPj (o). (2.19)
o Jaw

Morever,we will see that, if j and Q are smooth and are a weak solution to the anisotropic
weighted Hele-Shaw flow, then the pair (2, j) solves the anisotropic weighted Hele-Shaw flow in
the classical sense.

We can now state our convergence theorem:
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Theorem 2.11. Let (uc,jo) be weak solutions to the Cahn—Hilliard equation with well prepared
initial data as above. Then there exists a subsequence & — 0 and a family of finite perimeter
sets Q0 := {Q(t) }1ejo,m C Q such that the following hold:

o We have

U, = Xg,  strongly in LP(0,T5 L9(£2)) V1<p<oo,1<q<4 (2.20)
e There exists j € L*(0,T; L2(Q;RY)) such that

Jer = Xa(t)Js (2.21)

weakly in L2((0,T); L*(Q; R)).

o [fin addition to (2.20) and (2.21)) it holds

T T
lim sup /0 By (e, () dt < /0 e PE Qb)) dt, (2.22)

l—o0

then ((Z,j) s a weak solution to the anisotropic weighted Hele-Shaw flow in the sense of

Definition [2.10,

o If j is sufficiently smooth and Q)(t) evolves smoothly and is simply connected for all t, then
(Q,4) is also a classical solution to the anisotropic weighted Hele—Shaw flow ([2.15[)-(2.16]).

Remark 2.12. In the proof of Theorem [2.11| we follow two different approaches. The first
makes use of a suitable anisotropic version of Reshetnyak continuity theorem (see Lemma
as already exploited in [16]. The second one makes use of an anisotropic tilt excess to pass to
the limit as in [44]. Notice that in the latter approach we need slightly more regularity on A.
Indeed, if the Reshetnyak approach requires only that A(z,-) is strictly convex for any = € ,
the tilt excess argument requires uniform strong convexity (see )

3 Proof of Theorem 2.8 Existence of weak solutions

In this section, we prove the existence of weak solutions to (1.1)), as stated in Theorem The
proof is in the spirit of [13},14,40,46] and is structured as follows:

1. We use a time-discrete approximation, specifically the Jordan-Kinderlehrer-Otto (JKO)
scheme, which interprets (1.1)) as a Wasserstein gradient flow of the energy E[-] defined in

©3).

2. We show that each step of the scheme is well-defined and construct the constant interpo-
lation curve of these steps.

3. We obtain uniform a priori estimates for the discrete curve u., including bounds in L>(0, T; H'(Q))
and L%(0,T; H?(2)), using the flow interchange lemma (see Lemma .

4. Using compactness arguments, we prove that a subsequence u, converges to u.

5. We identify the limit v as a weak solution to ([L.1)), as defined in Definition

14



3.1 Preliminaries on the JKO scheme and optimal transport

We build solutions to the anisotropic Cahn-Hilliard equation using the JKO scheme. This varia-
tional scheme was introduced in 1998 [37] in the case of the Fokker-Planck equation. The result
is based on the observation that this equation is a gradient flow in the Wasserstein metric for an
energy functional. The anisotropic Cahn-Hilliard equation can also be interpreted as a gradient
flow with respect to the Wasserstein metric, associated with the energy functional:

Elu] :=

~ Elu], if u< 2% and Vu € L%(Q),
400, otherwise,

where E[u] is defined in (1.3)).

For a fixed time step 7 > 0, we define the JKO scheme for the anisotropic Cahn-Hilliard equation
as a sequence of probability measures {u”},, starting with u2 = ug. At each step, u”™! is defined
by solving the minimization problem:

5 2 n
u*! € argmin {E(u) + VVZ(U’UT)} ; (3.1)
uEP(Q) 2T

where the Wasserstein metric Ws is given by:

Wi = it { [ ateato)? o= 0}

Here
d(:):,y): inf ‘l’—y+k|, xvyETda
kezd

and Typ = n denotes the pushforward of p under the map 7'.
This sequence defines a piecewise-constant curve ¢ — u,(t) in the space of probability measures,
such that u,(0) = up and

u(t) =u™, te (nr, (n+1)7]. (3.2)

and the goal is to prove that w,; — u when 7 — 0, where u is a solution of .

We state some results that are common tools in the JKO scheme. For a detailed proof we refer
to [55].

Kantorovich provided a dual formulation for the squared Wasserstein distance:

1
SW3(p.m) = sup {/ wdp+/¢dn}-
p(x)+(y)<gla—y2 L/Q Q

The optimal potential ¢ in this formulation is known as the Kantorovich potential. According
to the Brenier theorem [10,/11], ¢ is Lipschitz continuous, and the function @ — p(x) is convex.
Furthermore, ¢ is related to the optimal transport map T between p and n through T'(z) =
x — Vp(z). Using the dual formulation, the first variation of the Wasserstein distance with
respect to p is given by .

The optimality condition for u”*! can then be written as:

LA div(A,(z, Vul™)) 4+ Fy(z,u"™) = C' a.e. on supp(ut),
-

where C' is a constant and ¢ is the Kantorovich potential for the transport from u? to u?*!.

In particular, taking the gradient in the previous equation and multiplying by u”*! we obtain

ur YL i (Ay (o, Vi) 4t By (o, wt ) Vit 4 P (e, d1) =0 ace. in Q2
T
(3.3)
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This equality is useful when we apply the flow interchange lemma stated below. Moreover, u?**
is linked to u via the Monge-Ampére equation:

u N (z) = u(z — Vp(z)) det(I — D*p(z)), x € Q.
We recall the following result, known as the flow interchange lemma:

Lemma 3.1 (Flow interchange lemma). Let p,n € P(Q) be two probability measures, and let
F be a convex function satisfying F(0) = 0 and the McCann condition of geodesic converity.
Assume that pVE'(p) € L' (;R?). Let ¢ be the Kantorovich potential for the transport from p
to n. Then, the following inequality holds:

[ Fman= [ Po)ap— [ o) ve.

Proof. The proof is exactly the one from [20, Lemma 2.4]. However the authors prove it on
a convex domain ) and assume p is Lipschitz continuous. The proof can be easily adapted
on the torus, as the only point to check is an integration by parts where the boundary term
vanishes. Another point to check is that geodesics curve stay inside the domain, which is the
case for the torus (a similar proof would not work on open non-convex domains subsets of R4
for instance). Concerning Lipschitz continuity we can always work by approximation and obtain
the final inequality stated in the lemma. Indeed Vy = z — T'(z) is bounded in L*>*(2) on the
torus as both z and T'(x) stay inside the domain. Therefore assuming pVF'(p) € L'(;R?) is
enough. O

This lemma is particularly useful to obtain H? estimates on the solution of the JKO scheme.
Indeed, it allows to compute the dissipation of another functional (in this case the entropy, which
is known to be geodesically convex) along the solutions of the JKO scheme.

3.2 JKO scheme

Before starting the proof, we state a lemma which proves strong compactness of a sequence with
bounded energy and lower semi-continuity of the energy functional with respect to the same
sequence.

Lemma 3.2 (Lower semi-continuity of the energy functional). Let (ug)reny be a sequence of

probability measures and of uniformly bounded energy, that is there exists a constant C > 0 such
that for all k,

Elug] < C.
Then, there exists u such that up to a subsequence (not relabeled),
Vug — Vu  weakly in L*(Q)%,
up — u  strongly in LP(Q), for 1 < p < 6.
Moreover,

Elu] < liminf Elug].

k——+o0

Proof of Lemma[3.3. From the uniform bound E[u;] < C and the definition of E[u] in (L.3)), we
have:

1
6/ Az, Vuy)dz + / F(z,u,)dz < C. (3.4)
Q € Ja
Using the lower bound from Assumption (A1)):

A(z,p) > Aolp|* Vz €Q, peRY,
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we get from (3.4)):
aAo/ IVaug|? dz < 6/ A(x,Vug)dz < C.
Q Q

Thus:
01/2
From Assumption (A2) and the structure F(z,u) = K(z)u?(1 — u)? with K(z) > K, > 0, we

have: i
F(x,u) > K*uQ(l — u)2 > 7*u4 when u > 4.

Using (3.4):
K,

1
|ug|* do < / F(x,u;)dz < C.
2e Ju>a € Ja

Using the nonnegativity of u this gives:

4eC 4eC
lup|* do < —I—/ lug|? d < 449.
/Q K 0<up<4 K

* *

Hence:
||uk||L4(Q) <C VkeN. (36)

From (3.5) and (3.6)), the sequence {u;} is bounded in H'(Q) N L*(Q2). By weak compactness
there exists u € H*(Q2) N L*(2) and a subsequence (not relabeled) such that:

up — u  weakly in H'(Q),
up — u  weakly in L1(Q).
By Rellich-Kondrachov compactness theorem, the embedding H'(2) << LP(Q) is compact for

p < 2%, where:
o — +oo d=2,
6 d=3.

We thus obtain the strong convergence:
up — u strongly in LP(2) for all 1 < p < 6.

For the gradient term, since A(z,-) is convex (Assumption (A1) and Vu, — Vu weakly in
L?(2)4, we have by weak lower semicontinuity:

/A(:C,Vu) dx<liminf/ A(z, Vuy)dz.
Q Q

k—o0

For the potential term, since ux — u strongly in L*(Q) and F(z,u;) = K(z)u(1 — ug)? with
K € CY(9), we obtain:

lim [ F(z,u;)dz = / F(z,u)dx.
k—oo J Q

Combining both results:
Elu] < li’gn inf Elug].
—00

O

The previous lemma is particularly useful to prove that the sequence of the JKO scheme is
well-defined. We also have some first estimates, classical in the JKO scheme.
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Proposition 3.3. Let 7 > 0. Let ug € P(Q) such that E[ug] < +oc. Then the scheme defined
by (3.1) is well defined. Moreover, there exists C independent of T and n such that

/ V> dx < C, / lu|*dx < C.
Q Q

This implies that the interpolation curve u, is bounded uniformly in L°°(0,T; H(Q))NL>®(0,T; L*(Q2)).
Moreover u; s equicontinuous in the Wasserstein metric, i.e.,

Wa(ur (1), ur(s)) < /2E[uo] /|t — 5| + 7. (3.7)

Proof. We assume the first terms (1, ...,n) of the sequence to be already constructed and Efu?] <
20,1 oM
+00. The functional of the scheme defining u”*! is bounded as E(u?) + Wolruy) — | (ul) <

T T
+00. We define a minimizing sequence {v }x. Of course, we can assume E/[v] 2§T C for a uniform
constant C, otherwise we do not reach the minimum. Since the squared Wasserstein distance is
lower semi-continuous and with Lemma [3.2] we conclude that vy converges to a minimizer that
we call up ;. Therefore the scheme is well posed.

The estimates on ! uniform in n are a consequence of the fact that the energy of the solu-
tions remains bounded (as E[u?*!] < E[u"] for instance) and the computations performed in

Lemma Concerning the estimate on the Wasserstein distance, from the optimality of u?**:

. 1 .
B) + 5 W3 ) < B(ug).
T
Summing over n =0,..., N —1 (where N7 <T):
L V-l
o N 2(, n+1 0
n=0
Hence, E(u?) < E(up) for all n, and:
N-1 )
> Wt ul) < 2rE(ug). (3.8)
n=0
For t,s € [0,T] with t € (n7, (n + 1)7] and s € (m7, (m + 1)7], the triangle inequality gives:

n—1
W3 (ur (1), ur(s)) < Z W3 (i uf).
k=m

Using the Cauchy-Schwarz inequality we then obtain

n—1 n—1
ST WRWE ) < | (n—m) 3 WR@ET ub) < \/2B(uo)(Jt — 5| +7)-
k=m k=m
Hence:
Wa(ur(t), ur(s)) < \/2E(uo) /|t — s| + T,
concluding the proof of the proposition. O

From the estimates found in the previous proposition it is possible with the Arzela-Ascoli theorem
to prove that u, — w uniformly in the Wasserstein distance, and to upgrade this convergence
to a weak convergence in H'(§). However, in the weak formulation of the anistropic Cahn-
Hilliard equation , we observe the presence of nonlinear terms in gradients, for instance
Vu - Ap(z, Vu) (which is [Vul? in the isotropic case). We deduce from this that the weak H'!
convergence is not enough, since we need strong H' convergence. To obtain the strong H'
convergence, we rely on an H? estimate, found by dissipating the entropy in the JKO scheme
with the flow interchange lemma.
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Proposition 3.4 (Second order estimate on the scheme). Let u? be the sequence of the scheme
defined in Proposition[3.3 Then

/ uZH log uZH dx + 7'/ div(Ap(z, Vu?“))Au?H dz + 7'/ Fuu(z, uZH)\Vu?H ]2 dz
Q Q Q

+ 7'/ Fup(z,ul™) - Vul ™ de < / ul logu’ dz (3.9)
Q Q
(3.10)

As a consequence there exists C' such that for all 7:

[wr|l 20, m2(0) < C-

Remark 3.5. At the continuous level, the same computations can be performed by dissipating
the entropy % fQ ulogu. As usual in the Cahn-Hilliard equation with degenerate mobility (see
[26]), this provides L>°(0,T; Llog L(2)) N L%(0, T; H?(£2)) where estimates on the solution. Here
the Llog L(Q) space is the space of measurable functions such that [, ulogu < +oo.

The H? estimate comes from the term [, div(A,(z, Vu ™)) Au?t!. Indeed in the isotropic
version of the Cahn-Hilliard equation, this term reads [, |Aul? (= [, [D?ul?). By performing
subtle integration by parts, as in [32], we can indeed prove the following lemma.

Lemma 3.6. Under Assumptions (A1)-(A2), there exists C = C(Cop,az2,d) such that for any
u € H*(Q):

/ |D*uf*dz < C (/ div(Ap(z, Vu))Audx +/ |Vu]2dx> . (3.11)
Q Q Q

Proof. The following computations are formal as A is not twice differentiable in p. However they
can be made rigorous by approximating the second derivative with difference quotients as in [32].

We denote by 0; the partial derivative 0,,, and we adopt Einstein’s summation convention for
repeated indices.

/diV(Ap(.%',vu)>AUd.%‘:/ai(Api(xavu))ajjudx
Q Q
= —/ Ap, (x, Vu)dijjude
Q

:/Aphpk(:c,Vu)@kju@ijudx—k/Apixj(x,Vu)aijudx.
Q Q

By strong convexity assumption, the first term is bounded from below by Cj E?:l Jo IVO;ul?.
Concerning the second term of the right-hand side, we use the assumptions on A, ; and we obtain
that it is bounded in absolute value by

‘/ Apz; (2, Vu)Oijude
Q

C
<C/ |D?u||Vu| dz < O/ |D2u2dx+C’/ \Vaul|? dz.
Q 2 Ja 0

for some new C' > 0. This concludes the proof of the lemma. O

Proof of Proposition[3.7 Inequality (3.9)) is a consequence of the flow interchange lemma and
the optimality condition. Indeed, the optimality condition, that is Equation (3.3)) yields

1
IV = W div(Ay (o, V) — ul (B, w1 Vurt 4 Fu (e, )

almost everywhere in 2. We apply the flow interchange lemma, i.e., Lemma with p = u?*!

and n = u? and with the functional v — fQulog u. This functional is known to satisfy the
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assumptions of geodesic convexity. Combining it with the optimality condition and performing
integration by parts we obtain

/ u M logu™t da + 7'/ div(Ap(z, Ve ™) Au T da + T/ Fy(, u ™) Vul 2 da
Q Q Q

+ T[)Fux(x,u2+1) SVu i de < /Quf log u} dx.
We now prove the uniform estimates. First we need to control the term
[ Rt i a
We aim to prove there exists a constant C' > 0 such that:
/QFW( u Y| VT2 de > C’/ |Vu T2 da.

The first and second derivatives of F' with respect to u are:

oF

F, = i 2K (x)u(l —u)(1 — 2u),
O*F

w =5y = 2K (z) (1 — 6u + 6u?).

The quadratic term 6u? — 6u + 1 has its minimum at u =

L\’)\ _ Nl

min (6u2 — 6u + 1) =
u€ER

Thus:

1 1
1 — 6u + 6u® > -5 = Fu>2K(@) (—2> = —K(z).

Since  is a compact flat torus and K(x) is continuous, K (x) attains its maximum K** =
max,cq K (z). Therefore:
Fuu(z,u) > —K(x) > —K™.

We integrate and use the H' bound from Proposition [3.3 to deduce
/QFW( u | Va2 dr > K/ Va2 dz > —K*C.
Then we need to control the term
/QFux(x, w1y v da.
First observe that
Fuz(z,u) - Vu=VK(z)  VW(u),

where we recall W(u) = u?(1 —u)?, and thus VW (u) = 2(u(1 — u)? + u?(u — 1)) Vu. Using that
K € CY(Q), and thus sup,cq| VK (z)| < C, for some C' > 0, we can make the following estimate,
by means of the Sobolev embedding H?(Q) — W*(Q) in dimensions 2 and 3,

T/ Foa(z,u™) - Vult da
Q

< CTsup|VK (z |/ (1 + [P Vur
e

< Or(L+ | Vart P + [l g Vet
<Cr(l1+ HUZJFIHHQ)

< C(w)T + Tw H
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for some w > 0 to be chosen later on, where we used the estimates from Proposition [3.3]
Now we turn our attention the the diffusion term

[ divtiyte, Vurt)sur,
Q
but Lemma [3.6] and Proposition [3.3] yield
C’p/ |D?u™ 2 dz — O7 < / div(Ay(z, Ve ™) Aul T da,
Q Q

for some Cp > 0.
In the end, plugging all the estimates above in (3.9 and choosing w = % > 0, there exists a
constant C' > 0 such that

/u?“logufr1 +C’T/ |D2u T2 < / urlogul + Ct
Q Q Q

We deduce the result by induction, observing that n7 < T, concluding the proof of the proposi-
tion. O

Before proving that the interpolation curve converges strongly, we recall here from [19, Theorem
2.1] a version of Aubin—Lions lemma useful for establishing compactness of a sequence of solutions
to JKO scheme. For the proof we refer to [54, Theorem 2].

Theorem 3.7. Let (X,|| - ||x) be a Banach space. We consider

e a lower semi-continuous functional F : X — [0, +oc| with relatively compact sublevels in

X

7

e a pseudo-distance g : X X X — [0, +00], that is g is lower semicontinuous and g(p,n) =0
for some p,n € X such that F(p),F(n) < oo implies p = 1.

Let U be a set of measurable functions u : (0,T) x X with T > 0 fizred. Assume further that
T
sup/ F(u(t))dt < oo, lim sup g(u(t + h),u(t))dt = 0. (3.12)
uel Jo h—=04cU
Then, U contains a sequence {un,} converging in measure to some u € X, i.e.
Veso {t € [0,T] : |lup, —ul|x > e} = 0 as n — oc.
In particular, there exists a subsequence (not relabelled) such that
up(t) = u(t) in X for a.e. t €[0,T].
Proposition 3.8. Let u, be the constant interpolation curve. Then, up to a subsequence (not
relabeled), there exists u € L°°(0,T; HY(Q)) N L>®(0,T; L*(Q)) N L2(0,T; H*()) such that
u; — u  weakly in L0, T; H(Q)) N L>®(0,T; L*(Q)) N L2(0, T; H*(Q)),
ur > u in LP(0,T; LY(Q)) for all1 <p < 400 and 1 < g < 6,
Vu, = Vu a.e. in (0,T) x Q and in L*(0,T; L*(Q)),
Ay(2,Vur) = Ap(x,Vu) a.e. in (0,T) x Q and in L*(0,T; L*(2)),
Az, Vu,) = Az, Vu) a.e. in (0,T) x Q and in L*(0,T; L}(Q)),
Ay(z, Vur) = Ag(x, Vu) a.e. in (0,T) x Q and in L*(0,T; L' (Q)),
Fu(z,ur) = Fy(x,u) a.e. in (0,T) x Q and in LP(0,T;LI(2)), V1 <p < 400, 1 < g < 2,
F(z,u;) = F(x,u) a.e. in (0,T) x Q and in LP(0,T;LI(R2)), V1 <p < 400, 1 < g < 3/2.
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Proof. Propositions and show that the interpolation curve wu, is bounded uniformly in
L>(0,T; HY () N L>(0,T; L*(Q)) N L?(0,T; H*()). This implies the weak convergence in
the first line of the statement of the proposition above. We prove the strong compactness in
L?(0,T; HY(Q)). First, we want to apply Theorem with the Banach space X = H'(Q), set
U = {u;}r>0, pseudometric g(u,us) = W2(uy,uz) (extended to +oo in case uj or ug are not
probability measures) and functional F defined as

Flu) = {||u||§{2(9) if ue H%(Q) NP(Q),
+00 if u ¢ H?() NP(Q).

F is lower semi-continuous and its level sets are compact in H'(Q2) by the Rellich-Konchadrov
theorem. Furthermore, g is lower semi-continuous. Finally, (3.12]) follows from the uniform esti-
mates in L2(0,7; H?()) and estimate (3.7).

Therefore, Theorem gives us a subsequence (not relabelled) such that
llur(t, ) — u(t, -)H%ﬂ(m — 0 for a.e. t €0,T].

As the sequence {u,}, is bounded in L>(0,T; H(R)), using the Lebesgue dominated conver-
gence theorem we have proved that u, — wu strongly in LP(0,T; H'(Q2)) for all 1 < p < +o0.

Since by Assumption (A1)
[Ap(z, Vu)| S [Vul,

the generalized Lebesgue dominated convergence theorem implies that Ay, (z, Vu,) = Ap(z, Vu)
in LP(0,T; L?(Q2)) for all 1 < p < +o00. The other convergences follow in a similar manner, by
interpolation and application of the generalized Lebesgue dominated convergence theorem. [

Before concluding that our solution is a weak solution to the desired PDE, we prove weak
compactness on the flux, which allows to provide a better weak formulation.

Proposition 3.9 (Weak compactness for the flux). Let JP! = w1 um+L where
U = —div(Ap(e, Vart ) + Fy(z, ut).

Let J; be the constant interpolation curve of JPL. Then, up to a (not relabled) subsequence,
Jr — jin L*(0,T; L¥/5(Q)).

Proof. The optimality condition Equation ({3.3]) yields

Jn+1 _ n—}—l@
T - u’?’ T .

n+1

We make the observation that the Wasserstein distance between u”

terms of J**1. More precisely

and u? can be written in

2/ n , ntl n+1 2 n+1 2 2 (J$+1)2
Wzt = [ wrte ~T@)Pde= [« Ve@)Pde =7 [ Y2 de

QO (9] Q Ur

Therefore
5/8 |Jn+1| 8/5 8/5 (Jn+1)2 1/2
( / ny+1,8/5> — / T '\/ﬁ dz < ( / i dfv) / (ur*h)* da.

Q Q /u77}+1 (9] Ur Q

We obtain

Ww- n ,n+l
7 g 5 2T

~

T
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Using ((3.8) we obtain

(|~ ”L2(0TL8/o < ZTHJTLHHLS/B <C.
n=0

This yields the result. O
We can now conclude that we have found a weak solution of the equation.
Proposition 3.10. The function u,j is a weak solution to the PDE as in Definition [2.7]

Proof. The proof can be adapted from [55, Section 8.3]; therefore, we do not repeat the compu-
tations. It uses the convergence results obtained in Proposition [3.8] as well as the property:

div(Ap(z, Vu))Vu = div(Vu @ Ap(z, Vu)) — V(A(z, Vu)) + Ay (z, Vu),

which holds for every wu sufficiently regular. O

4 Proof of Theorem [2.11; Sharp interface limit

We study the limit ¢ — 0, that is Theorem [2.1I] We provide two proofs of the convergence
to an anisotropic weighted Hele-Shaw flow. The first is based upon an anisotropic Reshetnyak
continuity theorem, as used already in |16|, while the second uses anisotropic tilt excess estimates
extending the method of [40,44].

4.1 Step 1: Compactness

We first prove that (up to a subsequence) u. converges strongly in suitable spaces, implying the
compactness in (2.20). Our proof adapts and extends the argument presented in |40}, Section 4.1],
which in turn builds on ideas from Modica-Mortola [50].

Set
Vv RSR, (s) = 2/0 S dr. (A1)

Then define the functional

/\V(zﬁou)\ dz, if¢poue BV(Q),
Q

F: L' Q) = [0,00], F(u)= (4.2)

400, otherwise.

We show that F can be controlled by E., which then yields uniform bounds leading to compact-
ness.

Note that, by the chain rule,
V(¥ ou)| =2vW(u)|[Vul.

Recalling that Ag|p|? < A(z,p) < Ai|p|? for all z € Q and p € R”, that K(z) > K, > 0, and
using Young’s inequality, it follows that

V(¢ ou)| =2/W |Vu\<2 ; \/W ) VA(z, Vu)

1
< W(&‘A(x, Vu) + R K(x) W(u)). (4.3)

Thus, integrating over €2 and recalling the definition of E.(u), we obtain

1
F s JL VR
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From (4.4) it follows that

/fug dt<r\ﬁ/ B (uo(-, 1)) dt. (4.5)

Since the energy estimate ensures that
’2

Eulus(,0)) + / e

dz dt < E(uep), (4.6)
0 Q Ue

for a.e. t € (0,T) we deduce that

Sup/ E.(us(-,t)) dt <T sup E(us0) < T Ep,

e>0 e>0

where Ej is a uniform bound on the initial energies E(u. ). Combining this with (4.5)) yields
sup/ F(ue(-,t)) dt < CT Ey, (4.7)
e>0

for some constant C' > 0 independent of ¢.

We now apply a compactness argument in the spirit of the Aubin—Lions lemma, useful for the
Wasserstein metric setting (see Theorem [3.7]). Define

x = {ue L) fullo < €l o ullpvio < Copgy [ wao =1}

for some C' > 0, and consider g to be the 2-Wasserstein distance on the space of probability
densities. The functional F in (4.2)) has relatively compact sublevels in X:

(i) If a sequence {uy} is bounded in X, then ||t o uy| gy () < C implies that {1 o uy}y is
precompact in L!(Q) and thus convergent (up to a subsequence) almost everywhere.

(ii) Since ® is invertible on the relevant range, this gives u; — u pointwise a.e. for some limit
u.

(iii) The uniform L* bound of {u;}) ensures equiintegrability, and Vitali’s theorem then im-

proves the convergence to strong L'(£2) convergence of uy to w.

To use Theorem we also need an equicontinuity in time with respect to the Wasserstein
distance. From which passes to the limit when 7 — 0 and lower semi-continuity of the
squared Wasserstein distance (or by reproving this bound directly on the weak solutions of the
equation), we have for all € > 0

Wa(ue(t), ue(s)) <CvVt—s,  V0O<s<t<T,

where C' > 0 does not depend on €. By applying Theorem we deduce that there exists a
subsequence £; such that

us,(t) — us(t) in LY(Q) for ae. t € 0,7

Owing to the additional uniform L>(0,T; L*(2))-bounds, by Lebesgue dominated convergence
theorem we deduce

ug, — Uy strongly in LP(0,T; LI(Q2)) V1<p<oo,1<g<4
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This completes the proof of the compactness statement in (2.20)).

With the strong convergence at hand, we now aim at identifying the quantity u.. The
proof that u.(t,x) € {0,1} for almost any (t,z) € [0,7] x © can immediately be deduced from
the fact that, by Fatou’s Lemma

l—o0

/W(u*(',t))dt:/limian(usl(-,t))dx
Q Q
1

< i ligigf ; K(x)W (ug,(t,z))dx < liln_lﬂi;lf I%EO =0,
entailing the result since W vanishes only at 0,1. Therefore, for almost any (t,z) € [0,T] x £,
we have u(t,z) € {se R: W(s) =0} ={0,1}. We now set Q(t) :={z € Q: lim,, o ue,(t,z) =
1}, and show that this set is of finite perimeter. Clearly, we will then have ue, — Xq) in
LY(0,T; L1 (£2)). In order to show that () is of finite perimeter, we have to operate as follows.
First, by Fatou’s Lemma, for any £ € C}(Q;R?) with |¢] < 1,

/ coXq(pdivé < liln_1>inf (¢ o ug, ) (t, x)dive
Q o JQ

Cy . .
\/12{7* hlrgclgf E., (us) < 400,

with ¢g = 9(1) and where in the last step we operated as in (4.3)), recalling the properties of A.
By taking the supremum over the functions £ we indeed obtain by definition that Pq(2(t)) < +o00
for almost any t € (0,7).

We now address the convergence of the flux j., and show that it belongs to L?((0,T) x Q(t)).
Recall that by definition and the energy estimate, we have

<liminf/ V(e o us,)|(t,2) da <
[—00 Q

T .
/ @ dz dt < E(uep),
0 JQ Ue

uniformly in €.

We exploit the factorization

Since

4
L2((0,T) %)

Uz,

by the above energy estimate, there exists (up to a subsequence, not relabeled) some j, €
L?((0,T) x Q) such that

<C (4.8)

jt’;‘l

— j. weakly in L2((0,T) x Q).
Ug,

On the other hand, we already know that u., — xq) strongly in LY((0,T) x ), and hence
V=, = X strongly in L2((0,T) x Q). Therefore, we may pass to the limit in the product:

. J . .
Jey = <Zl€l> Ve, = Jx Xo@) Wweakly in LY((0,7) x Q).

Define
J = Jx XQ(t)
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which means that supp j C Uyejo 77 €2(¢) % {¢}. Then we obtain
je, = weakly in L'((0,T) x Q).

We claim that j € L?((0,T) x Q). To see this, we apply a variant of Ioffe’s theorem (see, e.g., [3])
that can be adapted to the space time settings. In a simplified form suitable for our problem, it
states:

Theorem 4.1 (Ioffe). Let f: U x R™* — [0, 4-00] be a normal function satisfying: for each
fized x € U and s € R™, the map z — f(x,s,z) is convez in RE. Assume that

up — u  strongly in LYU)™, v, = v  weakly in L' (U).

Then
liminf | f(z,up,vp) doz > / flz,u,v)

h—o00 U

In our settings we choose U = (0,7 x © and

|22
flz,5,2) =4 5 s >0,
400, s<0,

and notice that for each fixed (z,s) with s > 0, the map 2 + |z|?/s is clearly convex in z.
Furthermore, we have

ug, — u strongly in LYU), Je, — 3 weakly in LYU).

We then deduce

! T [ el
/ / |]|2 dz dt < hm 1nf/ YEL dg dt. (4.9)
0 JQ() l=oo Jo Ja Ug

Since the right-hand side is uniformly bounded by the initial energy (cf. (4.8))), it follows that
j € L*((0,T) x Q).

4.2 Step 2. Convergence

We first show that (2.17) holds, by passing to the limit in the corresponding equation for wu,.
Let then ¢ € CL([0,T) x ). We have

T
/Qual,o<<',0)dx+/0 /Q(ualatcﬂq V¢ dedt = 0.

Then the first term converges by the assumption (2.14)), whereas the second one and the third
converge by (12.20) and ([2.21)), respectively. This means that (2.17)) holds for the limit.

The main issue is now to prove that (2.18) holds, i.e., for all £ € C1((0,T) x Q) with divé = 0
we have

/T/ £ j(,t)de dt

o / / * { (Id — ny ® vs)VE + <¢§(x,u¢) + Zﬁgf) ®§] VE @) (@, v)dH L dt.

(4.10)
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To obtain this, we first recall the definition of PK o VE(@)9®(z,v(z))d|Dxawl, so
that, by the proof of |9, Proposition 4.1] (observmg that we are in a case analogous to the one
in 9} (3.22)]), we infer

P () < liminf /Q 2\/A(r, Vue, ) K ()W () e, (4.11)

l—o00

for almost any ¢t € (0,7"). Then, by Young’s inequality,

1
2\/K ()W (ue) Az, Vi) < A(z, Vue,) + K ()W (us), (4.12)
l
for almost any (¢,z) € (0,T) x Q. Therefore, we infer from (4.11)) that

coPy (1)) < lim inf Bz, (ue, (-, 1)), (4.13)

for almost any ¢ € (0,7). Integrating over (0,7"), this entails, by Fatou’s Lemma,

T
co/ 73¢ dt<hm1nf/ E., (ug, (-, 1)) dt,

l—00

which, together with assumption (2.22)), gives

lim Eel(ugl ,t dt—co/ 73¢ (4.14)

l—00 0

This convergence, thanks to Lemma [2.6] allows us prove equiparitition of the energy, as observed
in |44, Theorem 3.4] in the context of the Allen-Cahn equation.

Lemma 4.2. Under the assumptions of Theorem [2.11], including the limsup energy estimate

, it holds, as | — oo,
(A1)
Lo @ V(oug)(t) = Ligr) ®coDxg(t), in M((0,T) x Q), (4.15)

and

T T
. o o K
Jim / /Q 6° (@, VE@)V (0 0 ue,)) dzdt = ¢ /0 PE(Q(1)) dt. (4.16)

l—00 0

(A2) \/eiA(z,Vug,) — a—llK(x)W(uel) — 0n L*((0,T) x Q),

(A3) e1A(x, Vue,) — LK ()W (ug,) — 0 in L1((0,T) x Q).

€l

Proof. Let us start from (A1l). First observe that, by (4.3)), we immediately have

sup /Q V(0 o) ()] dz < CF, (4.17)

for almost any ¢t € (0,7). Moreover, observe that, for M > 0 sufficiently large it holds, by the
definition of W and K > K, > 0,

/ uctdz < < / K(2)W (1)
{ue>M} Ky Ja
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from the definition of E.(u.). Then, it holds, exploiting the structure of W, for almost any
€ (0,7), for some p € (1, %],

/ |t o ue|P de S/ (C\ug\4—|—C’|u£|3) d$+/ |t o ue|P dx
Q us >M us <M

<Cuy |ue|* dz + Lipzl / lue|Pde < Cpy, Ve > 0.
ue>M M Jy. <

Recalling that ue, — xqq) almost everywhere in (0,7) x €2, up to subsequences, since 1 is
Lipschitz continuous, we have ¢ o us, — coXxq() almost everywhere in (0,T) x €, and thus, by
generalized Lebesgue’s dominated convergence 9 oue, (t) — coxq) in LY((0,T) x ), entailing,
up to another subsequence,

Y oug(t) = coxoe) in LY(Q), for almost any t € (0,T).

Observe that, as already shown, coxg € LY(0,T; BV(R)). Recalling (#.17), we can thus apply
Lemma [2.4] with {v}r = {1 o ug, }; to deduce that

Liomy @ D(W o ug)(t) = Ligry @ V(¢ oue ) (t) = Ligr @ coDxg(t), in M((0,T) x ),

proving (4.15). We need now to prove (4.16). First, concerning the liminf part, integrating in

time (4.11]) we deduce
T
c / PE(Qt)) dt < lim inf / / 2\/A(:L', Ve, ) K (2)W (u,) dz dt

l—o00

—hmmf/ /(;5 YV (¢ oug,))dxdt,

where we used in the last line the 1-homogeneity of ¢° with respect to the second variable and
the definition of ¥. Concerning the limsup inequality, this comes directly from (4.14]). Indeed,

by (4.12)), it holds

T
limsup/ /q5 z, V(¢ oug))drdt < lim Eel(ual)dt:co/ Py(2(1)) dt,
0

l—o00 =00

so that (4.16) follows. Now, concerning (A2), we have

[ (Ve ve) - ;K(fﬂ)W(Usl)fdx at
- /OT B, (ug,)dt — 2 /OT/Q \/A(x, Ve, ) K (2)W (ug,) dz dt — 0,

recalling (4.14) and (4.16]). In conclusion, (A3) is a consequence of

/T/ <51A(x, Vue,) — ;K(x)w(“sz)> de dt
0o Ja l
: /OT/Q <\/W_ ;K (e ) (W Uel)) da dt

< (1) (/OT/Q (,/E,A(x, Vu.,) - EllK(x)W(uel))dedt)Q o0,
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by (A2), where we have used the fact that

[ (e o[ Txewon) wa

T T
:/ Esl(usl)dt+2/ /\/A(x,Vugl)K(:v)W(usl)dxdtgC(T),
0 0 Q
recalling (4.14) and (4.16)). The proof of Lemma [4.2]is concluded.

O
Note that, from Lemma we also deduce that, since A(z,p) is positive 2-homogeneous in p,

%\/A(SC, VK (2)V(¢oug,)) — e Az, Vu,) =

Sy (| 2x

W (ug,) — \/e1A(x, Ve, ) — 0 in LY(0,T) x Q), (4.18)

as | — oo. Indeed, we have, by (A2),

)\MQKuww%n—MQva%»

W(ue,) — y/e1A(x, Vug,)

< ||51A($7VUQ)HEI((O’T)XQ

L2((0,T)x )
11
T2E}

— 0.

L2((0,T)x$2)

Analogously, recalling (A3), we also deduce

%\/A(:v, VEK(z)V(ous,)) — ;K(ay)W(usl) — 0 in LY((0,T) x Q), (4.19)

as | — oo. Indeed, we have by the equipartition of energy (A3) and (4.18)),

H A VE@) V(W oun)) - ;K(x)W(ual)

L1((0,T)xQ)

H \/A V(i oug,)) — 1Az, Vue,)

1
+ |le1A(z, Vug,) — E—ZK(x)W(ugl)

L1((0,T)xQ)

— 0.

L1((0,T)x9)

We can now pass to consider the validity of (4.10)), starting from the equation for the flux j:
indeed, for £ € C1((0,T) x Q;R?) such that divé = 0, we obtain from (2.12).

/T/js-g da
0 Q
:/OT/QTE:V§ dxdt—i—/OT/QeAx(m,Vug)-f dxdt—i—/OT/QiW(ug)VK(x)-f dzx dt,

(4.20)
where we set, as in (L.9), T: = (e (a: Vu.) + 21K (2)W (u.)) Id—e (Vue ® Ay(z, V), recalling
that, given B, C € R4, B C :=tr(BT0).
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4.2.1 Method I. Reshetnyak-type argument

In the first approach, in order to pass to the limit we aim at following the idea of |16], exploiting
a suitable adaptation of Reshetnyak continuity theorem. First notice that we have, along the
sequence {e;},

T T T q
/0 /QTEl .Vf—}—/o /Qele(:c,Vuel)-g dxdt+/0 Qg—lK(x)W(uel)VK(x) ¢ dadt

:/OT/Q (;K(x)W(uEZ)—5;A(:L‘,Vu€l)> Id: Védzdt

T
+ / / (261A(x, Vue, ) Id — € (Vug, @ Ap(z, Vug,))) : VEdadt
0 Q

T T
1

—i—/ /ElAm(x,Vuel)'f dxdt+/ —W(ug, )VK(x)-€ dxdt
0 JQ o Jac¢l

- /T/ (;K(Jﬂ)w(ual) - 61A(J:,Vu£,)> Id:VEdade
/ / (‘gl T, Viig) = 1\/A (wouq))> H., dzdt

1 VK(z) 1 VK (z)
+/Q(K(x)W(uQ)K(x)—2\/A(:c,\/ﬁ(x)vwou€l)) Kr) -g) dz dt

€l
I3
/ / \/A V(¢ oug,))H,, dxdt,
Iy
where
I _ V’U«El Ap(xa Vuel) . Ax(.’lﬁ, VUEZ) ) VK(Z') '
He = (2]d NEEAT™ ® \/A(gj’vuq)) 3 Az, Vi) £+ K@) €.

i,

It can be seen that H. (and I;TE as well) is positively 0-homogeneous with respect to the vector
corresponding to Vue,, so that, since £ € C1((0,T) x Q;R9),

sup  |H,| <C,
(t,2)€(0,T)xQ

uniformly in {. Moreover, on the set B;, := {(t,z) € (0,7) x Q : |V(¢ oug,)|y # 0} we have
VUEZ V(W’“sl)

Nuels = V(oo ) where we recall that, by 1-homogeneity and definition,
<

o Vu
|VUEZ|¢ = ¢ ( ’V 6l’> |Vu€l| - A(JB,VUQ),
Ug,

V00 0 wlo = 8 (2, gt ) 1900 )] = /(e T w0 ua).

Therefore, we can also write

— ('¢ uEz < wouel >>
He, <2M Vou)ls \ woua ) ve
(¢ “El))
Ay (@, o2 te) )
* ( Wwouls) ot <>
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Now, since &£ € C1((0,T) x Q;R?%) and H.,, I;TEZ are bounded, we easily see from Lemma and
(4.18) that I; — 0 and Iy — 0 as [ — oo. Also, Is — 0, since % € C(Q). Concerning Iy, we
have

Ii = /B 3\/A(x, VE @)V oug,))He, dz dt
/ /<2Id_¢“sz>®Ap <m|Vv((wOUZ)>> N

|v¢ou€z)’¢ wouaz)‘d)
1/} o Usl >
EdVK(@)V(ou dt
/ / < |v bou)ls) * 7 lo
/ VE( -fd|\/K(:C)V(¢ou )| dt (4.21)
2Jo Jo K@) e |
We want now to apply Lemma to conclude the convergence argument. Let us define
F(t,z,p)
p p
= || 2Id - ® A (w,)) :VE( x
[( ¢°(z,p) T\ ¢°(2,p) (2)

p ety VE@ 3 e
tie (2, ) et + )| ),

so that from (4.21]) we have
1 (T
= 2/ / F(t,z,VK(z)V(¢oug,))dedt
0 Q
Observe that, recalling (4.15)) and (4.16) and also the proof of Lemma all the assumptions

of Lemmas and are satisfied by choosing {vi }x := {¥ o ug, }1, vo := coxg, and F' as above
(note that & has compact support in (0,7) x ), so that we immediately get from (2.10)) that

Iy — - / / (t x, ) v/ K(x)Duglg dt, asl— oo,
7 ’UQ

where vy, = gzo = v, with v as the inner normal to 0*Q(t). Rewriting the final limit, we have,
recalling that A, = 2¢° ¢, and A, = 2¢° ¢,

/ / - UO))d]Dv0\¢ dt

CO/ /[ (Id— vy © ng) - V& + 265 (2,) - € + o

:| \/ (;5 T,V d|DXQ(t)| dt.
Coming back to (4.20)), since also j;,—j weakly in Ll((O,T) x 1), we can pass to the limit in

the subsequence €; as [ — oo, to obtain in the end (4.10)). In conclusion, (2.19) comes directly
from (4.6]), (4.9), (4.13), and the convergence assumption on E(uc ), since

T
copf(Q(T))+// j]? da: dt
0 Ja@)

2
< liminf (Eal(ual)+ / lal” 4, dt>
l—o00 0 9] Ual

< liminf E(ue,0) = coPS Qo).
l—o0
The proof of Theorem [2.11] is thus concluded.
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4.2.2 Method II. Anisotropic tilt excess approach

We propose here a second approach to prove the convergence of as [ — oo. In particular,

we prove the convergence of the right-hand side by means of an anisotropic tilt excess approach,

analogously to [44]. To this aim, we need to use the uniform convexity of A which was not needed

in the previous proof (our only use was the existence of weak solutions).

Additionally, we need a further assumption on a Lipschitz property of the second argument of
>, namely that there exists C' > 0 such that

02 (2,p) — 2(z,q)| < Clp—q|, Yp,q €RY, VreQ. (4.22)

We now introduce the cutoff function t as 1 € C*(]0, 00)) such that

¢ > 0. (4.23)

!

[

!
I\D\H

@ZJ(T) = Oa r S R 1/}(T) = 1a Z

Thanks to the strong convexity assumption, we can reproduce, arguing pointwise for any x € €2,
the proof of [44, Lemma 2.4] to obtain

Lemma 4.3. There exist constants c;, Cf; > 0, depending only on ¢°, such that

¢°(x,p) — 1P )y, p) - p > c3lp — 1/, (4.24)
for all p,p’ € R such that |p| =1 and |p'| < 1, and for any x € Q. Also, it holds
¢°(z,p) — P[9P ) o5 (2, ') - p < C3p — P[> + (1 = [p'])), (4.25)
for all p,p’ € R such that |p| =1 and |p'| < 1, and for any x € Q.

We can now define the notion of relative entropy. Given v € BV (£2;{0,1}), let v = ‘g“| be the

measure theoretic inner unit normal. Recalhng the definition of - the relative entropy of u
with respect to a vector field ¢ € C(Q)? i

ewq=%4w<> BN, ©) - v) VI @)d| Dul. (4.26)

Analogously, given ¢ > 0 and u. € H*(Q) N L>(£), and defining the approximated inner unit
normal as

Vue :
Ve i= {IV%’ if Vue 0, (4.27)

€1, if V’LLE = 0,

the e-relative entropy of u. with respect to a vector field ¢ € C(Q)? is

&mm:24wmww>mw«wwm ) - Vo) /K (@)W () da
=24<w%>mwmwﬂm ) v ) VE@W ()| Vuelde.  (4.28)

Then, recalling Lemma we can follow the same arguments as in [44, Lemma 4.7|, exploiting
(4.24)), to infer that, under the assumptions of Theorem it holds, for the same subsequence

{eih,

T

T
lim [ & [ue, (t )|§(t)]dt:/0 Eleoxg®)IC(1)] dt, (4.29)

l—o0 0
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for every ¢ € C([0,T] x Q)% such that [¢| < 1. Then, by means of (£25), we can also show that
that the tilt excess can be made arbitrarily small by approximating the normal v with suitable
continuous vector fields . Namely, by arguing as in the proof of [44, Lemma 4.8|, recalling that
K e CYQ) and 0 < K, < K(z) < K* for any x € €2, we infer that for any § > 0 there exists a
smooth vector ¢ € C1([0,T] x Q)¢ such that |¢| < 1 and

T
/0 Elcoxs (1)|C(1)]dE < 6. (4.30)

Now we can complete the proof. In particular, it is immediate to see that, following the same
lines of the proof in [44], we can prove, exploiting the above results and Lemma , that

T T
/ / T, : V&dzdt — co/ / (Id — vy @ngy) : VE/ K ()9 (x,v)d|Dxaw| dt,
0 Q 0 Q

and we therefore omit the proof, referring to [44, Lemma 4.8| for the details. We thus concentrate
on the two new terms appearing in the right-hand side of ([£.20). First, given ¢ € C([0,7T] x Q)¢,
we have, since ¢, is still 1-homogeneous in its second argument,

T
/ /qAx(x,Vusl) <& do dt

Vi,
= / /%«( o Vual)>~§€lA(x,Vual)dx dt

_2/ / ( WvgluaJ)'f (QA(%V%J—;W(% vaouel») dz dt
/ / ( anlugl> & VE@)6 (2, V(@ o ug)) da dt,

Vue .
,7¢0<x7v;6l)) < C (in-
deed, ¢5/¢° is 0-homogeneous in the second argument) and exploiting the convergence (4.18)).

Concerning the second term, we can compare it with its expected limit, to obtain, for any
¢eC(0, T x ) (] <1,

/ /%( " ¢°( Zuval ue,) ) & VE(2)¢° (2, V(Y oug,))dz dt
_CO/O /Q¢;;($,V¢) -5\/f7($)¢°($,u)d\DX§(t)]dt

ZQ/OT/Q¢;<Q;7V€Z)-§ E@W (1) V| do dt_2/OT/Q¢§(x7o.§ SR Vo
J1
+2/0T/Q¢;(£U,C)-£ \/fm|v%l|dx dt_CO/OT/Q%(:U,C)'gﬁ(@dmxf}(t”dt

Jo

T T
+co/0 /Q%(CE,C)-f\/f(x)d|DX§(t)|dt—co/0 /ngz(gjﬂ/).f\/E(ZL-)CHDXﬁ(tth‘

~~

J3

and observe that the first term converges to zero as [ — oo, since ¢ (ZL‘

We now estimate each J; for ¢ = 1,2,3. Let us start from J;. It holds, recalling (4.17)), (4.22))
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and (4.24)), the regularity of &, and Cauchy-Schwartz inequality,

T
<2 /O /Q 165 v) — 822 Ol[€] /K (@)W (11g) [ Vi, | d dt

S C/(]T/Q’qb;(l’y Vsl) - Qb;(l” <)|’§| K(Q’J)W(ugl)’vusl’dx dt
T
SC/O /Q!lfsl — (| \/ K (2)W (ug,)|Vue,| do dt

SC(/OT/Q\/K(x)W(ugl)|Vu5l|dxdt) (/ /|I/El C\Z K(zx)W (ugl)VuEl\dxdt>2
([ " a0 dt)é ,

so that, by taking the limit as [ — oo and recalling (4.29), we get

=

limsup|.1| < C(T ( / Eleoxg(1)IC(t >]dt)l. (431)

l—00

Then, by the arbitrariness of {, we infer from (| - that lim;_,|Ji| can be made arbitrarily
small. Concerning Jo, since ¢ € C([0,T] x Q)¢ and K € C*(Q), the fact that J, — 0 as
| — oo directly comes from ([.15). In conclusion, about Js, by ([{.6)), (4.13), (4.22), (4.24), and
Cauchy-Schwartz inequality,

u3|sc(/0T / @<x>d|D><§<t>|dt) (/ JARE >d|DxQ<>|dt)
SC(/OTPJf(Q ) (/ 5COXQ()\C]dt)<C' (/ Eleoxg () rddt)l,

and again, by the arbitrariness of ¢, we infer from (4.30) that |J3| can be made arbitrarily small.
We can thus conclude that

/ /qﬁx( Y anluel ) & VE ()¢ (2, V(¢ oug,))dr dt
S /0 /Q 652, ) - EVE (2)6° (2, 1)d| D (1) dt,

as [ — oo.
We are left to consider the last term in the right-hand side of (4.20)). Namely, we have

/ W) VE (@) - € dedt
Q €l

VE(2)
/ [ R@W ) garar

/ /<€l ual)_% K(x)¢o(x’v(¢ousz))> vff(ﬂ(c:;)‘fdxdt
[ VE@SE 0o g edra

and again the first term in the right-hand side converges to zero as [ — oo due to (4.19) and the

regularity of K. In conclusion, concerning the last summand, we first note that, as [ — oo,

Llom @ 6°(VEV (o)) = Loz @ VKo (,v)d| Dxg()],  weakly* in M((0,T) x ).
(4.32)
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Proof of . By a standard Fubini-like argument from , which also holds for any open
set in place of Q (restricting the perimeter on that set), it is easy to deduce the validity of .
On the other hand this can also be obtained by means a tilt-excess argument, which we detail
here. For any p € C([0,T] x Q)% and for any ¢ € C([0,T] x Q)¢ such that |¢| < 1, we have

T T
/ / ot 2) - 6° (2, /B @)V (0 us,)) dadt — co / / o(t, 2) /K @)6° (2, v)d| Dxs (1)
0 Q 0 Q

Q/OT/Qp(t,a:)gbo(a:,yal)w/ (x)W (ugl)]Vugl]dxdt—Q/ / (t,2)¢°(z,C)\/ K (z)W (ug,) dz dt

+2/0T/Qp(t,x)¢°(g;,g) K(z)W (ue,) dxdt—co/ / (t,2) /K (2)$°(x, {)d| Dxg(t)]

Js
+// (t, 2)v/ K (2)6° (. O)d| D |// (t, 2)v/K(2)6° (2, 1)d| Dy (1)
J6

Now, since ¢° is Lipschitz continuous in its second argument due to assumption (A1), using the
same estimates as for Ji, we get

T
T <2 /0 /Q 16°(2 v21) — 6°(2, O)llo] /I (@)W (1) [Vt el
T
< [ [ o= d K@OW ) Tus aza < o (/ ol (1)IC( >]dt) ,

so that, by taking the limit as | — oo and recalling ) and the arbitrariness of (, we infer
from that lim;_,|.J4| can be made arbitrarily small. Concerning Js — 0, this directly
comes from . In conclusion, about Jg, recalling again the Lipschitz property of ¢° in its
second argument, and arguing as for Js,

el < C (/OT/mex)erxQ(tndt); (/ /w—cr?f 2)d|Dxa >\dt>1
gc(/OTme ) (/ scOxQ<>|<1dt)<c </ Elcongt >|<1dt)l,

and again, by the arbitrariness of ¢, we from we deduce that |Js| can be made arbitrarily

small. This proves (4.32)). O

Therefore, thanks to the regularity of K and &, we immediately infer

/ VE( & VK (2)p(x, V(¢ oug,))dr dt
0

2K(

VK (2) :
e /0 ke VE@E @ Dxg(h)]dr

This allows to show that

T 1 T
/ L W) VE (@) - € dedt — oo / / VVE (2) - €6°(x,v)d| Dy (1)) dt,
0 JQEl 0 JO

as | — oo.

As a consequence, since also j.,—j weakly in L*((0,T') x Q), we can pass to the limit as | — oo in
(4.20)), to obtain again in the end (4.10)). This concludes the argument concerning the convergence
in (4.20)) by means of anisotropic tilt excess.
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4.3 Weak solutions to anisotropic weighted Hele-Shaw flow are strong solu-
tions

Here we show that, if j and Q := = Usepo,m 2(t) x {t} are sufficiently smooth and additionally
they are a weak solution to the anisotropic Hele-Shaw flow according to Definition [2.10] [2.10] then
Q and J solve the anisotropic weighted Hele-Shaw equations in the classical sense, according to
Definition In particular, we have the following result

Lemma 4.4. Let (ﬁ,j) be a weak solution to the anisotropic weighted Hele-Shaw flow in the
sense of Definition |2.10, If j is sufficiently smooth and €)(t) evolves smoothly and is simply
connected for all t, then (2, 7) is also a classical solution to the anisotropic weighted Hele—Shaw

flow (E15)-(Z19).

Proof. The proof of the validity of (2.15) for (7, ﬁ) can be obtained as in Step 1 of the proof
of [40, Lemma 4.10]. Concerning ([2.16]), we can follow Step 2 of the same lemma, adapting some
parts. Let us consider £ € C}(Q(t);RY) such that divé = 0. Thanks to ([2.18), we have

/T/ ¢ j(-t)da dt (4.33)

_ CO/ /m [ (Id — 1y ® vg) VE + (¢;(x,u¢) + Zf((;)) ®§] VE(2)6° (@, v)dH L dt = 0,

(4.34)

since ¢ has compact support inside Q(t), so that

/ / 7-&dxdt =0
Q(t)

This entails by a density argument that, for any ¢ € [0, T] (recall that Q(¢) is a smooth function
of t),

/ j-&de =0, VEeLXQ(t), divE=0,
Q(t)

implying that j Lp2quy) {€ € L*(Q(t)) : divé = 0}, so that, since Q(t) is smooth and simply
connected, by the Helmholtz decoposition there exists p(t) € H'(€2(t)) such that

j=-=Vp(t), inQt), Vtel0,T].
Plugging this result in (2.18]), we infer, recalling Theorem and the definition of divy,

T
—/0 /Q(t) Vp(t) - Edadt
T
=c iv °(z,v d-1
o[ [ oy VRN
T
—1—00/ / (VVE(x) - ng) (€ - vy)d°(z,v)dH* ™ dt
o Jaq)
T
= C(]/ / <—H¢\/K(3:) +VVK(z)- n¢> (€ vy)d°(x,v) dH 1 dt
o Joa)
= ¢ /T/ (—H¢\/K(J:) +V\/K(x)-n¢> V€ dH dt,
o Jaq)

recalling that vy = Observing also that, by the divergence theorem,

FemE
T T

— / / Vp(t) - Edzdt = / / p(t)€ - vdHI 1 dt,
0 JOt) 0 Jo(l)
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we obtain by the fundamental lemma of calculus of variations that

p(t) = —C()qu(t)\/f? + CoV\/E ‘Mg

on 0€)(t) for any ¢ € [0,7T]. This concludes the proof that (j,2) also satisfies ([2.16]). O

5 Numerical simulations

Numerical settings. To give an idea of the evolution of an anisotropic Cahn-Hilliard equation,
we propose some numerical simulations. Here, we consider the following version of the anisotropic
Cahn-Hilliard equation used in [22]:

u

ot
1

u = —ediv(B(Vu) Vu) + EF/(U),

= div(m(u) V),

where we set m(u) = 1 for simplicity. B(Vu) is a matrix encoding the anisotropy. Here

[ @) = (0)(0)
SR ORI ISIG |
with
v(0) =1+ G cos(nb).

Here 6 is the angle between the x-axis and the interface normal, whereas G is the strength of the
anisotropy. In [22], the authors show that G must be small enough to prove existence of weak
solutions. Observe that G = 0 corresponds to the isotropic Cahn-Hilliard equation, whereas n
adjusts the symmetry. In two dimensions we have

0 = arctan(dyu/0,u).
For simplicity, we update the time derivative using an explicit Euler scheme:
" = u™ + At div(m(u™) V"),

though one must be cautious with stability. If € is small, steep gradients appear in u, making
the problem stiff. Thus, a sufficiently small time step At is usually necessary to avoid numerical
blow-up. Semi-implicit methods can be used to improve stability. Our goal is to show how can
the anisotropy can affect the shape of the solutions. Therefore we perform simulations in a range
of parameter for GG. In the following numerical simulations we initialize © randomly in a narrow
band around 1/2. We let the system evolve with time step At = 0.001 and number of steps
Np = 5000 over a grid of size 80 x 80 with IV, = 100 grid mesh points on the z dimension and
N, = 100 points on the y dimension. We plot the simulations for G = [0.2,0.5] and € = 0.7.
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0.0 —0.2

Figure 1: Comparison between the isotropic and anisotropic Cahn-Hilliard equation for different
values of G.

Effect of Anisotropy (G # 0). In the simulations with G = 0 (isotropic version), the inter-
faces evolve into smoothly curved shapes, as one expects from isotropic curvature. When G # 0,
the interfaces have directional biases. For instance, it can develop corners.

Role of Small €. As e becomes smaller, the interface width becomes thinner, so the transition
between u =~ 0 and u ~ 1 becomes sharper. In the numerical simulations, this transition
is represented by the thin green line surrounding the domains. Numerically, capturing these
sharper interfaces precisely would require thinner spatial meshes or adaptive methods.

Instabilities and Coarsening. During the evolution, small domains often shrink and dis-
appear, while larger ones grow, minimizing the total free energy. Anisotropy can accelerate or
alter this coarsening process by changing how (anisotropic) curvature forces act along different
directions.
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Appendix A. Proof of Lemma

Here we propose the proof of Lemma which is a generalization of |16, Lemma 3.7].
Let 05 : (0,7) x Q@ — {(t,z,p): z€Q, t € (0,T), p€ OBgo(x)} be defined by

o . ka(tv‘r)
Or(t, ) == (t’ " ¢°(x, Dug(t, 95)))

which is well deﬁned since Duy, is an Ll(Q) function We consider the family of pushforward mea-

sures pj = JI(RVZ:S ka]qsﬁdng ) ( ( VK (x)Dug(t, z ) Ed('H) Q) Note
that the measures ui are defined over the Set S = Uw)eo.m XQ{(L‘ z)} X 0Bgo(x). By the
definition of pg, it holds

/9£<t?x¢p)duk
:/ §(t,x, _ Doy(z) )gbo(x,«/K(z:)ka(t,x))dxdt (A.1)
(0,T)xQ ?°(

x, Dug(t, x))

for any £ € C.(S). we also consider

bo(t,z) = <w‘v W) ’
Do

with v, = [Duo]’ i.e., 1y, is the Radon-Nykodym derivative of Dvg with respect to its total
variation. We then introduce

o := (00)s (Lo 1) © [VE@Deo(D)]g) = (B0)s (Lo 7y © 6° (. vy (1, 2)) VK () Do (1))

so that we have

[etamin=[ ¢t 2 ) oy | VE@DwO| @ (42
S (0,T)xQ2 ¢ ($’Vvo(t7x))

for any £ € C.(S). By the regularity and assumption of F', we see that F' is an admissible
test function, so that the identities above also hold with £ = F'. Therefore, recalling assumption
and the fact that F' is positively 1-homogeneous with respect to the third argument p,
the claim follows if we show that p, — po in measure as k — oo. Now, note that, by

assumption (2.8)), it holds
1 (S) = / 6° (@, /K@) Dos(t,z)) de dt < C, Wk € N,
(0,T)xQ

Therefore, since py, is a nonnegative Radon measure, there exists a Radon measure p such that
Lk — p in measure as k — co. We only need to show that p = pg. By the disintegration of
measures theorem applied to u (see, e.g., |16, Theorem 2.4]), we can set X =5, Y = (0,T) x Q
and consider the Borel map 7 : X — Y such that (¢, z,p) = (¢, ), setting w = myu, so that the
exists the nonnegative Radon (probability) measure A, defined on the space {(t,2)} x 0Bge ()
for w-a.a. (t,z) € (0,7) x Q, such that for every Borel function f : X — [0, +0o0], it holds

/ f(t,ﬂfvp)dﬂ = / </ f(tuxap)d)‘t,l‘(tvxvp)> dLL)(t,CC)
S (0,7)xQ {(t;x)} xOByo (x)
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Note that, since the variable of integration in the second integral is p, with a slight abuse of
notation we simply write

/Sf(t,x,p)d,u = /(O’T)XQ (/834)0(3:) f(t,z,p)d)\tvw(p)> dw(t, x).

We now need to identify w = £|1(0,T) ® |/ K (z)Dug|p(t), and Az = 0 <¢°(V$ZZ?I)))

Assume h € C.((0,T) x ;R?), so that we can use the factorized function f(t,x,p) = h(t,z) - p
in the equation above and obtain

/Sh(t,x) -pdp = /(O,T)XQ h(t,z) - (/83(1)0 " pd/\m(p)> dw(t,x). (A.3)

Now, by the weak* convergence of pj and the weak* convergence of £|1(0 @ VE (-)Dug(t)
to £|1(07T) ® /K(-)Duvg(t) in M((0,T) x Q) (given by an application of Lemma , recalling
K e (C(Q) and K > K, > 0), we can obtain

/Sh(t, x) - pdu

= lim h( ) - pdyy

k—o0
. ka t,x) %
- kli{go/ / x, Dui(t, ) d‘ (z) Duglg
= kli_)rgo/o /Qh(t,x) - K(z)Dug(t,z) de dt
T T
= lim. /O /Q h(t, 2)d(\/K (@) Duy) dt = /O /Q h(t, 2)d(x/K (@) Duy) dt

By this result and the decomposition (A.3]), we immediately deduce, since h is arbitrary, that

</83 ( )pdkt,x(p)> dwl(t,z) = d EII(O,T) ® /K () Dug(t) = vy d ﬁ‘l((),T) © |v/K (&) Dvo(t)
$° T

entailing that £|1(0’T) ® |/ K(x)Dvglg(t) << w. Indeed, since |vy,| = 1, we multiply both the
sides of the identity above by ¢°(x, 14,)1s, to obtain

O (2, Vo (t, ) ), (L, ) - </BB ( )pd)\m(p)) dw(t,z) =d E‘l(O’T) ® [ K (x)Duvg|y(t)
¢O X

giving the result. Thus there exists an w-measurable function v : (0,7) x Q@ — R* such that
‘C\I(O,T) ® [/ K (x)Duvg|s(t) = yw. Therefore, we have

gbo(l‘, 1/1,0) (/aB ( )pd)\t,z(p)> dw(t7$) = Vvod£|1(07T) ® | V K(.%’)DU0|¢(t) = VUOVdW(t7m)a
$° T
so that, for w-a.e. (t,x) € (0,T) x Q,

v
pdAt 2 (p) = ———(t, x), A4
OB o (x) valP) ¢°(, V) (t.2) (A9
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which means, by applying ¢° (in the second argument) to both the sides of the equality and
recalling that ¢°(x, p) is positively 1-homogeneous with respect to p,

¢o (-%/ pd)\t,:v(p)> = ’)’(t,l‘). (A5)
0B go(z)

In conclusion, as in |16, (3.37)], thanks to the convergence (12.8) and the weak* convergence of
pi, we infer, for any £ € C.((0,T) x ),

/ f(t,l‘) (/ d)o(xap)dAt,x(p)) dw(tvl‘)
(0,7)xQ 9B gyo ()

= /(0, Qg(t,l') (/(93¢O($ d)\t,z(p)> dw(t,m)

T)x )
—Aé(t,w)du—kllrgo/sé(t,w)duk
= lim E(t,x)o° (x, / K(z)Dvg(t, z)) dz dt

k—oo J(0,1)xQ

:/ E(t,x)p° (x, vy, )d|\/ K () Dug| dt

(0,7)xQ

_ / £(t, 2)d| /K (2) Duoly dt = / £(t, )t 2)deo(t, 2)
(0,7)xQ

(0,7)xQ

-/ amw«a/ MMMOWMW
(0,T)x§ 0Bgo (x)

entailing, since ¢ is arbitrary, for w-a.e. (¢,z) € (0,T) x Q,

/ ¢ (2, )dMea () = &° <x / pdxt,x@)),
9B gyo () 0Bgo (z)

and since ¢°(z,-) is strictly convex for any fixed z € €, it is well known that \;, must be a

Dirac ¢ probability measure, namely it holds \;; = ¢ ( 5 ((ft q)>, for some ¢ € R%. To identify ¢,

we come back to (A.5)), to see that it must be v = 1. Then, from (A.4), we deduce

¢ vyt

¢°(x,q)  ¢°(z, v (t, )

entailing that whatever ¢ € R? we choose, we always have that Mg =0 (%) This
Vg (L,

concludes the proof.
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