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ABSTRACT. Inspired by recent works on the threshold dynamics scheme for multi-phase mean curvature
flow (by Esedoglu-Otto and Laux-Otto), we introduce a novel framework to approximate solutions of the
Muskat problem with surface tension. Our approach is based on interpreting the Muskat problem as a
gradient flow in a product Wasserstein space. This perspective allows us to construct weak solutions via
a minimizing movements scheme. Rather than working directly with the singular surface tension force,
we instead relax the perimeter functional with the heat content energy approximation of Esedoglu-Otto.
The heat content energy allows us to show the convergence of the associated minimizing movement
scheme in the Wasserstein space, and makes the scheme far more tractable for numerical simulations.
Under a typical energy convergence assumption, we show that our scheme converges to weak solutions of
the Muskat problem with surface tension. We then conclude the paper with a discussion of equilibrium
configurations.

1. INTRODUCTION

The Muskat problem was first introduced by Morris Muskat [27] as a model for the flow of two
immiscible fluids through a porous medium. Since its introduction, the Muskat problem has received
sustained attention in a variety of fields. The Muskat problem is used to model flows in oil reservoirs
(water is injected into the oil well to drive oil extraction), and in hydrology to model flows of groundwater
through aquifers.

In this paper we are interested in obtaining the global existence of weak solutions for the Muskat
problem with surface tension, based on its gradient flow structure. We begin by introducing a variational
formulation of the problem, which will motivate our subsequent analysis. The fluid evolution can be
written as Darcy’s law

(1) v +b;1V5,.E(p) =0,
coupled with the continuity equation
(2) Opi + V- (pivi) =0,

where v; is the velocity of phase i, p = (p1, p2) is the collection of relative concentrations for each phase,
Vi, E denotes the gradient of the first variation of the internal energy with respect to p;, and b; > 0
(i = 1,2) denotes constant mobilities. For convenience, throughout the rest of the paper, we will refer to
p as a collection of density functions; however, one should note that p only encodes information about
the volume occupied by the fluids and nothing about their mass.

The physical setting for our problem is a bounded, convex open domain  C R? with smooth boundary.
We shall suppose that the two fluids fill the entire domain, and that they are confined to 2 for all time.
We then take the internal energy to be a sum of three distinct terms:

3) E(p) = &(p) + Es(p) + 2(p).
The first term in the energy, describing incompressibility and containment of the fluids, is given by

0, if p1(x) + p2(z) =1 for a.e.z € Q
(4) &lp) = { .
400, otherwise.

The immiscibility of the fluids and the surface tension force arise from the highly non-convex interaction
energy
) SIDp1|(2) + §|Dp2|(2), if p1,p2 € BV(2;{0,1}) and p1(z)p2(x) = 0 for a.e.z €
() &(p) = .
+00, otherwise,
1
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where |Dp;|(£2) denotes the total variation of p; in Q and o > 0 is a surface tension constant. Finally,
®(p) denotes the potential energy of the fluid configuration, i.e.

‘I’(P):/q’l dp1 +/ D2 dpa,
o Q

where @1, ®5 : 2 — R are given Lipschitz continuous potentials. A typical example is when one assumes
these to be gravitational potentials, i.e.

(6) O, =gix-eq, ¢; >0, i=1,2

where g;’s are proportional to the specific gravity of each fluid.

Although the internal energy is singular, when p; and po are separated by a smooth interface I' :=
d{p1 > 0} NO{p2 > 0}, one can formulate a classical solution to the Muskat problem equations (1-2). In
the classical solution, the flow is driven by the pressure variables p; for each phase, which are Lagrange
multipliers generated by &, above. The continuity equation becomes

(MPy) Opi — b 'V - ((Vpi + V®;)p;) =0
and the pressure is determined by solving the free boundary problem
—Ap;, = A, in  spt(p;);
On(pi +@;) =0 on 0
(MP»)

V =b7"00(p1 +®1) = by '0n(p2 + ®2) on T

[p] == (p1 —p2) = §k on Ty

where k denotes the mean curvature of I', oriented to be positive when {pa > 0} is convex at the point,
and n denotes the outer normal along 02 and along I'. Problems like (MP3) received a lot of attention in
the past decades. Most of the works focus on the zero surface tension model (¢ = 0) and well-posedness
of regular solutions with graph property [1, 5, 7, 8, 9]. In the presence of surface tension, the problem
has stronger regularity properties in stable settings [30], but still, topological singularities can occur in
finite time, for instance when heavier fluid is placed on top of the lighter one [13]. Thus, our aim is to
construct global-in-time weak solutions to the Muskat problem (MP3), which exist past the formation of
singularities.

To construct global-in-time solutions, we exploit the gradient flow structure of the Muskat problem.
As noted by Otto in [28, 29], Darcy’s law can be approximated by the Euler-Lagrange equation for the
minimizing movements scheme (or JKO [17] scheme) with time step size 7 > 0,

P

2
n . bi n
(7) p" = argmin {5(p)+ > %_Wg(piapi)}
=1

where Wa(p;, pi') denotes the 2-Wasserstein or 2-Monge-Kantorovich distance. In this context, the
squared W distance has a physical interpretation as the energy dissipated by friction as the fluids
flow through the porous media.

Let us note that Wasserstein gradient flows of energies involving total variation terms have been
considered before in the literature, though only in the case of one phase models (see e.g. [24, 4]), and
hence with no incompressibility or interaction constraints. As a result, the techniques developed in those
papers do not appear to be applicable here — the constrained two phase setting adds many additional
difficulties.

Indeed, it is not easy to obtain a complete characterization of the solutions to the minimizing move-
ments problem (7). The interaction energy (5) is sufficiently non-convex that problem (7) is non-convex
for any 7 > 0. As a result, one must be careful in using duality to introduce the pressure as a Lagrange
multiplier. Furthermore, we are interested in developing a scheme which could be used for numerical
implementations. The formulation (7) is poorly suited for numerical methods. Optimizing over the non-
convex constraint set {p1,p2 € BV (;{0,1}) : p1(x)p2(z) = 0 a.e.} is extremely difficult. For these
reasons, we instead consider a relaxed version of minimizing movements scheme inspired by [12] and [20].
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Approximation of the perimeter by the Heat Content

In our analysis, we replace the interaction energy in & in (7) by the heat content energy

(8) Ce( —J\/ﬁ/G*pl ) dpa(z —o\/ﬁ/ RdG z)dp1(z + Vez) dpa(z).

Here G. : R? — R stands for the standard heat kernel (with mean 0 and variance € > 0) and the densities
p; are assumed to be defined on all of R? by extending them to zero off of €.

The heat content energy was first introduced by Esedoglu and Otto in [12]. It was observed in [12]
that the threshold dynamics, a well known numerical scheme for mean curvature motion introduced
by Merriman, Bence, and Osher [26], is precisely a minimizing movements scheme for the heat content
energy. Esedoglu and Otto also showed that HC. I'-converges (with respect to the L' topology) to &, as
¢ — 0. Building off of these results, Laux and Otto showed that under an energy convergence assumption,
the threshold dynamics scheme produces weak solutions to the multi-phase motion by mean curvature in
the limit € — 0 [20].

Our goal is to consider such a framework in the context of the Muskat problem by studying the
minimizing movements scheme

2
n : bi n
(9) p" ! = argmin {ee(p) +D_ 5 Wil >},

P i=1
where we used the notation

E-(p) == &,(p) + HC.(p) + (p).

As we alluded above, the scheme (9) has a number of numerical advantages over (7). Unlike & which
is neither convex nor concave, the heat content is a strictly concave functional of the densities. This
concavity can be exploited to simplify numerical implementations, along the same lines as the linearization
trick noted in [12]. Furthermore, the concavity of the heat content is controlled by e, thus, if one
chooses 7 sufficiently small the overall problem becomes displacement convex (c.f. Lemma 2.1). Indeed,
displacement convexity is crucial to guarantee that the problem can be solved efficiently with standard
numerical techniques.

Although the heat content in principle allows mixing of the phases, we shall show that the discrete in
time solutions constructed by the JKO scheme always stay unmixed with a sharp interface between the
phases for all time (see Proposition 2.3 below). This phenomenon is due to the fact that HC. behaves like
a strictly concave functional (see Lemma 2.2). Thus, one retains the essential properties of the Muskat
problem evolution.

In the context of the Muskat problem, the heat content also has a natural physical interpretation. In
a discrete statistical mechanics model with N particles, surface tension can be seen to arise from short
range interactions between particles in different phases (cf. [16]). Typically, the discrete surface tension
takes the form

1 1
e X Vie-ah=55 X[ [ vie-ahie-ai ~a)

i€P,jEP; i€P,jEPy

where P, is the particle index in each phase r, V is some decreasing function, and x; is the location of
particle ¢ ([16]). By taking the limit N — oo in above formula, one obtains an analogue of the heat
content energy where the kernel G. is replaced with V. Here it is worth noting that we choose to work
with the heat kernel for computational convenience, indeed a different choice of kernel may be more
physically relevant.

Finally, let us also emphasize that the heat content approach can be naturally extended to the multi-
phase Muskat Problem evolution (with any number of phases), without incurring any additional difficul-
ties. This includes scenarios where the surface tension force depends on the phases that are interacting
[12]. Although we do not pursue the multiphase case further in this paper, this presents an interesting
direction for future work.

Statement of our main results
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From the relaxed minimizing movements scheme (9), we obtain a sequence of discrete in time ap-
proximations to the Muskat flow. When we take the time step 7 and the heat content approximation
parameter ¢ to zero together, we hope to recover weak solutions to the Muskat problem. Our main results
show that this is indeed the case under the assumption that there is no loss of perimeter when passing
from discrete to continuous solutions. For the precise statements of the convergence results we refer to
Theorem 3.1 and Theorem 3.2.

Theorem 1.1. Let e,7 > 0 be fized and let (p5,p5) be the discrete in time interpolations of the den-
sities obtained from the minimizing movements scheme (9). Let moreover p® stand for the discrete in
time interpolations between the scalar pressure fields, obtained as Lagrange multipliers associated to the
incompressibility constraint in (9). Then

o (p5,p5) are such that p5p5 =0 and p5 + p5 =1 a.e. in [0,T] x Q.

e There exists p; € L*([0,T]; BV(%;{0,1}))NAC?*([0,T]; 2(R)) (i = 1,2) such that as max{e, 7} |
0 and along a subsequence (p5, p3) — (p1,p2) strongly in L* ([0, T] x Q) x L*([0,T] x ). Moreover,
p1,p2 € LY([0,T]; BV () and they are characteristic functions that sum up to one, i.e.

(10) pi(t,-) = xa,na and pa(t,-) = xa\ 4,
for a measurable family of sets (Ay)iejo,r) which are of finite perimeter.

e There exists a scalar pressure field p € L2([0, T]; (C%*())*) such that along a subsequence Vp® =
Vp weakly-x in L2([0,T]; (C*(Q))*) as max{e, 7} ] 0.
e Finally, under the assumption of energy convergence

T T o
EC HC.(p5, p5) dt 2 [ \Dps| | dzat,
(EC) | ncma | @2/9")' .

(pi,vi,p) with i = 1,2 solves, in the weak sense (see Definition 3.1), the problem (MP1)-(MPs3).
Here formally v; corresponds to fbi_l(Vp +V9,).

It is challenging to study qualitative or geometric properties of our solutions. We will illustrate
heuristically in Section 4 that, even for global minimizers of the energy, there are diverse possibilities
depending on the values of the specific gravity and volumes of the two phases.

Remarks on our results

(1) Let us underline the fact that our discrete-time scheme (9) produces minimizers that are char-
acteristic functions of a partition of 2. To prove this fact, we exploit the strict concavity of the
heat content along the admissible set. This seems to be an interesting property in its own right,
and ensures that numerical implementations of the scheme maintain a sharp interface at every
time step.

(2) From the point of view of Wasserstein gradient flows, an interesting remark on our results is that
while one cannot expect strong compactness for the interpolated densities (p5, p5) in the case
when ¢ > 0 is fixed and 7 | 0, when sending both parameters to 0 in the same time, we regain the
strong compactness. This phenomenon is mainly due to the fact that in the limit as max{r,e} | 0
we recover total variation estimates on the densities. This compactness is obtained via a careful
Aubin-Lions type argument.

(3) The energy convergence assumption (EC) is rather natural and the same as the ones given in
[20] and [21]. This assumption ensures that there is no sudden loss of boundary between phases
in the limit € — 0. If there is a loss of interface then one cannot obtain weak solutions. Indeed,
if two components of the support of p; merge into each other and remove a sizable part of its
boundary, one can expect a discontinuous change of the pressure term p in the entire domain §2,
creating an inconsistency between the discrete and limiting evolutions.

Replacing the assumption with a direct argument has been discussed for mean curvature flows
[36, 10]. Unfortunately, these results rely strongly on certain properties of the mean curvature
flow (especially the comparison principle), which do not hold for fourth order equations like the
Muskat problem.

There are also results in the literature [22, 31] which eliminate the assumption for fourth order
curvature driven flows (specifically the Stefan problem and the Mullins-Sekerka flow respectively).
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However, the solutions constructed in [22] are discontinuous in time (the interface may experience
sudden jumps in time) and the formulation in [31] only keeps track of the regular part of the
interface. Let us also note that the Stefan problem and the Mullins-Sekerka flow are not similar
to the Muskat problem. In particular, the jump condition for the pressure across the interface is
different for the Muskat problem, which leads to qualitatively different behavior.

Paper summary

The rest of the paper is organized as follows. In Section 2, we derive the basic properties of the
minimizing movements scheme (9) and construct our discrete-time quantities. We begin by showing
that solutions to the minimization problem are characteristic functions at every time step of the discrete
scheme. We then derive the existence of pressure as a Lagrange multiplier for the incompressibility
constraint and obtain the Euler-Lagrange equation for the minimization problem. Our derivation of
these equations were inspired by previous results from [11, 25, 19, 18]. In particular, the definition of the
discrete in time pressure variable is very much inspired from [25].

In Section 3, we take 7 and € to zero together to obtain weak solutions to the Muskat problem, under
the assumption that the internal energy of the discrete solutions converges to the internal energy of the
limiting solutions. The main task in this section amounts to showing that that one can pass to the limit
in the Euler-Lagrange equation obtained in Section 2. This can be done using the standard theory for
Wasserstein gradient flows if € is held fixed. However, the joint limit, 7, — 0, requires an adaptation
of the arguments of [20] to the case of Wasserstein gradient flows. In particular, we develop a careful
Aubin-Lions type argument, by applying a version of flow-exchange technique introduced in [24]. Thus,
while we largely follow ideas from [20] in our analysis, in some cases we give simplified proofs of the
results we need, and in others we develop completely new arguments to conclude our results.

Finally, in Section 4, we conclude the paper with a discussion of the global minimizers of the approxi-
mated internal energy associated to the Muskat problem. While this discussion remains at the heuristic
level, we conjecture the validity of the geometric description of the equilibrium configurations.

2. THE WASSERSTEIN MINIMIZING MOVEMENTS SCHEME FOR THE HEAT CONTENT

2.1. Some preliminary results. Recall that the setting for our problem is a smooth convex domain
Q c R? with £24(Q) = 2. By 2(Q) we denote the space of Borel probability measures on R? supported
on Q. 2¢(Q) stands for the elements of Z2((2) that are absolutely continuous with respect to £ (.

Let ®1,®P5 : 2 — R be given Lipschitz potentials and let us recall the definition of the potential energy
O 2(Q) x 2(Q) — R, given as

(I)(p) :/@1 dp1+/ (I)Q dpg
Q Q

Let € > 0. We consider the heat content HC, : #2(02) x #(2) — R defied in (8), using the standard heat
kernel G, : R? — R, i.e.

a _ 1 ETS
a(x) - (47T€)d/26
We also use the notations K., G : R? — R to denote K.(z) = 04/22G.(z) and G(x) = G1(z). We have

the following preliminary results.

Lemma 2.1. Let HC. be defined as in (8). We have the following properties.

(1) HC. is bounded from below and continuous w.r.t. the weak-x convergence on P () x Z(Q).
(2) HC. displacement A-convex on P(Q) x P(Q), with A = —-2Y2

- (47r)d/2 e(d+3)/2 *

Proof. (1) Is immediate by the definition of HC..
To show (2), it is enough to show that the function z — K (z) is A-convex in the classical sense for
some A € R. We have

9 o227 1 w2 (1
DKE(x)—2(4ﬂ)d/25(d+3)/2e ac (2695@1:—101 .
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aV2n

Since the matrix 2 ® x is nonnegative definite for any = € R?, setting A = _WW’ we have that

the matrix D?K, (x) — A4 is nonnegative definite for any 2 € R, which implies in particular that K. is
A-convex.

We conclude similarly as in [11, Lemma 2.1] the displacement 2A-convexity of HC. on £(2) x £ ().

O

Lemma 2.2. If P C Z(Q) x P(Q) denotes the set of pairs (p1,p2) such that p1 + pa = 1 a.e. in Q,
then the heat content is strictly concave along line segments in P.

Proof. For any pair (p1,p2) € P we may write pa(x) = 1 — p1(x). Thus, extending the densities by 0
outside of 2, we have

HC. (1, p2) = "\/?/W(GE #p1)(@)(1 - pr(2)) do = a@/ﬂwws ¥ p1) (@) do — "\/?/RJGE «p1)(@)pr (2) da

Ignoring the constant multiples, both terms can be expressed conveniently in the Fourier domain:
)~ [ Glevalm©P .
Now the strict concavity follows immediately as é(ﬁ VE) > 0 for all £ € RY. |

2.2. The minimizing movements scheme. Now we are ready to discuss the minimizing movements
scheme. Our first result confirms the existence of minimizers, and shows that any minimizing configuration
p = (p1,p2) is a completely unmixed partition of the domain. As we will see, the phases stay unmixed
thanks to the concavity of the heat content.

Proposition 2.3. Suppose that pt, p5 € P(Q) and let 7 > 0. Then the set of minimizers of the problem
. b b
(11)  inf {HCE(p) + @(p) + in(m,p’f) + in(pz,pS) D op1,p2 € PH(Q),p1+p2=1 a-e-}

is non-empty and any solution (p, p5) € P(Q) x L(Q) is the characteristic function of a partition of Q).
Y Y P15 P2

Proof. The existence of a solution of the optimization problem is an easy consequence of the weak lower
semicontinuity of the objective functional and the (weak-) compactness of Z(2) x 2(Q). Let us remark
that the constraint p; + p2 = 1 a.e. is closed under weak convergence, since fQ p1dx+ fQ pedz = Z40Q).

To show that an arbitrary solution (pj, p3) is the characteristic functions of a partition of 2, let us
rewrite equivalently the minimization problem in terms of transport plans m; € 2(Q x ). Recall that
m; is a plan between p}’ and p;, whenever

/ o(z) dmi(z,g) = / p(@)dpi(z) and | (y)dmizy) = / () dpi(y),
Qx0 Q Q

QxQ

for any ¢,9 € C(€). Moreover, since we are always working with measures p?, p; that are absolutely
continuous w.r.t. Z%L ), we can restrict our search to plans that are absolutely continuous w.r.t.
Z4_Q® L1 Q. For such measures we will have

(12) / el dey) = / p@pP(@)dz and [ p)mzy) d(y) = / W(w)oi(y) dy,

QxQ

for any ¢, € C(2). Also, in this case as a consequence of Fubini’s and the disintegration theorem, we
have that both

QSyH/m(:c,y)dx and QBIH/m(z,y)dy
Q Q

belong to L*(£2) and in particular, as a corollary of (12)

pi(z) = / mi(z,y)dy, for a.e. z € Q and p;(y) = / mi(z,y) de, for a.e. y € Q.
Q Q
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Thus, we aim to solve
inf{ (m1,m2) + G(my, m2) —l—Z/ / |z — y|*mi(x, y) dxdy} =: inf S(my, 7m2)
(13)
subject to / mi(z,y) dy = pi (x) and Z/ mi(z,y)de =1 a.e.,
Q — Jo

where we denote

RSN i@i(y)m(%y)dxdy

F(m1,ma) = a\/?/ﬂ/w/QG(z)m(xl,x—i—ﬁz)dxldzdx
—a\/?/ﬂ/w/Q/QG(z)m(xl,x—k\ﬁz)m(xg,x)dxl dro dzda

2
b;
S(m,ma) i= F(mma) + Glmm) + 3 [ [ Sl = yPro,y) dody.
i=17/9278

The minimization is carried out over a weakly compact set and S is weakly lower semicontinuous and
bounded below, thus minimizers exist. If w#* = (71, 72) is a minimizer of (13) then we can construct a
minimizer p* = (p}, p3) of the original problem by taking p}(y fQ (z,y)dz.

Now we consider the properties of minimizers. Clearly, 8 is Gateaux differentiable on L?(Q x Q) x
L?(Q x Q). From Lemma 2.2 it follows that S is concave along line segements m +td (t € (—1,1)), where
7 is a feasible point and d = (d;, ds) is a feasible direction at = i.e.

and we define

and

2
(14) /di(x,y)dyz()a.e.xeﬂ, //di(m,y)dxdyzo and Z/di(z,y)dsza.e.yEQ,
Q aJo — Jo

and for some § > 0

for all ¢ € [0,d). Furthermore, it follows from Lemma 2.2 that S is strictly concave on line segments
7 + td, if for some ¢ the marginal fQ (x,y)dz is not 0 for almost every y. Therefore, if w* = (77, 75)

is a minimizer and d is a feasible dlrectlon at 7* with at least one non-trivial marginal then
(0028(m"),d) 2 > 0,

where 6728(7*) stands for the standard L? variation of S at w* and (-,-)z2 is used for the L? inner
product.

Let 7 be a feasible solution and let p;(y) = [, mi(z,y) dz. Now suppose that there exists 0 < a < 1
such that the set Qo = {y € Q: p1(y), p2(y) € (o, 1 — a)} has positive measure. Partition €2, into two
sets E1, Fy of equal measure. Then there exist measure preserving maps T : £y — E and S : Es — E;
such that SoT and T'o.S are the identity almost everywhere on their respective domains (for example one
may choose T' = V1) to be the optimal transport map between the densities 1, and 15, and S = V).

p(T(y))

Now we construct a feasible direction d at m as follows. Let r(y) = for y € E; and for a.e.

(z,y) € Q x Q define d; so that -
m(x,T(y)), ifye Ey,
(16) di(z,y) =q —mlz,y), ifye by,
0, otherwise,
and
—r(y)ma(z,y), ify € E,
(17) da(z,y) = { r(Sy)me(z,5(y)), ify € Es,

0, otherwise.
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Since [, d1(z,y)dx = p1(T(y)) > o a.e. on E1 we see that d has a nontrivial marginal.
Let us now check that d is feasible, i.e. it satisfies (14) and (15). If § < min{l — a, a} then 7 + 5d
is everywhere non-negative. Next, we check that d satisfies fQ di(z,y)dy =0 for a.e. z € Qandi=1,2

and 37, [, di(z,y) dz = 0 for a.e. y € Q. We have

/lem,y)dy:/& m@ W)y — [ mlep)dy =0

E,
[ deleds=- [ rwm@dy+ [ r(Sw)ms0) dy =0
Q E; Es
where the final equalities hold because both T" and S are measure preserving between F; and Fs and vice-

versa, respectively. Let us notice that these arguments also imply in particular that fQ fQ di(z,y)dedy =
0,7 =1,2. Now, for a.e. y € E; we have

2
;/Qdi(x,y) dz = /Qm(x,T(y)) —r(y)ma(z,y) dz = p1(T(y)) — r(y)p2(y) = 0,

otherwise if y € Es we have

;/Qdi(x,y) dr = /Q —m(z,y) + 7(S(y))ma(x, S(y)) dz = —p1(y) + r(S(y))p2(S(y)) = 0.

Note that our arguments in fact show that —d is also a feasible direction at w. +d have nontrivial
marginals, and it is not possible to have both (672S(7*),d) > > 0 and —(02S(7*),d) 2 > 0. Therefore,
7 cannot be a minimizer. This allows us to conclude that for any minimizer p* of the original problem

each density pf takes values {0,1} almost everywhere.
O

2.3. Optimality conditions and construction of the pressure variables. In the next Lemma, we
give a more complete characterization of the minimizers in terms of certain necessary inequalities. In
particular, this is the first place where we see the appearance of the pressure variable, which plays an
essential role in all of the subsequent analysis. Note that for convenience we express this result using the

notation K, := o Q?T‘GE.

Lemma 2.4. Let (p3, p5) be an optimizer in (11) and let (p1, p2) a pair of probability measures such that
p1+p2=1 a.e. Then,

(i) we have the following optimality condition

(18) /[Ks*p§+¢1+b1(p1/7'](p1—p*{)dx—l—/[Kg*pi+(I>2+b2302/7](p2—p§)dx20,
Q Q

for a suitable pair of Kantorovich potentials (o1, @2) in the optimal transport of pi onto pt and
p5 onto py, respectively.

(ii) there exists a Lipschitz continuous function p : @ — R such that for any probability densities
p1, P2 with p1 + p2 =1 a.e. we have

(19) / K%+ @1+ bypy 7+ ] (o1 — o) da + / Kok 5+ @+ bapa /7 4+ ] (p2 — p3) da > 0,
Q Q

moreover, we have
Vp=—-VEK,*ps — V& — bV /7 a.e. in spt(p])
(20) and
Vp =—VEK, % pi — VO3 —byVa/T a.e. in spt(ph).
Proof. Let (p1,p2) be a pair of probability measures such that p; + po = 1 a.e. For § € [0,1] let us

consider the competitors (p9, p3) := (p% + 6(p1 — p}), p5 + 5(p2 — p3)), which by construction satisfy the
constraint.
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By optimality, we have
HC.(p1, p3) — HC.(p7, p5) + D(p}, p3) — (p1, p)

1 * *

Using the exact same argument as in [25, Lemma 3.1] to develop the Wasserstein part on the one hand
and the first variations of HC. and ® on the other hand, we find (18).
For (ii) (similarly as in [19, Proposition 4.7]), let us notice first that (18) can be written in the form

/[Ks*p;+q)1+b1g01/7']h1dx+/[KE*pT+(I>2+bQC)02/T]h2dCCZO,
Q Q

where (h1,ha) € L®(Q) x L>(Q) is such that pf 4+ 0hy + p5 + dhe = 1 and pf + dh; € [0,1] for i = 1,2.
We know from Proposition 2.3 that pi, p5 forms a partition of 2. Therefore, we must take h; < 0 on
spt(p?), and hy > 0 on spt(p3) (and vice-versa for hs). To preserve the constraint pj + dhy + p3 +dhy = 1
and the mass of each density, we must also take hy + hy = 0 a.e. and fQ hidx = fQ ho dx = 0.

Now if we set hg = —h1, we find that

/ [Ks*p§ By 4 b /T — (Ks*pf + B, +bg<,02/7')] hydz >0,
Q

for any hy € L°°(Q) with 0 mean such that h; < 0 a.e. on spt(p;). This implies that there exist constants
C4,C5 € R such that

K. xph 4+ P+ b1 /7 — C1 < Ko x pi + O + baa /T — Co ace. spt(pr)

Ko xp] + ®o 4 bapa /7 — Co < Ko % p3 + @1 + b1 /7 — C1 ace. spt(pz)
From here, we can define the pressure variable as

(21)

p:=C1—Kcxps—®1 —by1p1/7 ae. on spt(p]) and p:= Co— K *p] — Po —baws /T a.e. on spt(ps).

Since the Kantorovich potentials are Lipschitz continuous and the other terms are smooth, we find
that p is Lipschitz continuous (note this regularity may degenerate as 7 | 0). By construction, p clearly
satisfies the inequality in (19), and in particular the value of the Lh.s. is equal to zero. Since the functions
under consideration are all Lipschitz continuous, we obtain (20). g

2.4. Continuous in time solutions for ¢ > 0 fixed. Now we are ready to begin constructing time
interpolations from the discrete scheme. In this section we restrict ourselves to the case where ¢ is held
fixed. In this special case, we can use standard arguments from the theory of Wasserstein gradient flows to
obtain continuous in time equations in the limit 7 | 0. When ¢ is held fixed, we have strong compactness
on the pressure term. However, similarly to the models in [18, 19], we will lack strong compactness on
the density variables, which would mean that in the limit when 7 | 0, only a weaker version of the system
will be available (see (27)). Let us also note that later on in Section 3, we will need some of the following
pressure estimates when we take € to zero along with 7.

Let T > 0 be a given time horizon and N € N and 7 > 0 such that N7 = T. Let € > 0 be fixed. By
now, it is standard how to construct weak solutions to PDEs that have gradient flow structure, using
minimizing movement schemes as

(22)

AR

€ arg min {HCe(m,pz) + ®(p1,p2) + %Wf(m,p?) + %Wf(pz,pS) D p1,p2 € PH(Q), p1+p2 =1 a.e.} :
Let p] : [0,T] — P(Q2) be defined as
(23) pr(t) == pPth if t € [nT, (n 4 1)7).

We define the corresponding velocities, pressures and momentum variables as

nt1
vl (t,-) == V@; , it t € [n7, (n+ 1)7),

(24) pI(t,-) = p?“, if t € [n7, (n+ 1)7),
EzT(t7 ) = /U;r(tv )p:a if t € [77/7', (Tl + 1)7_)7
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where go"“ and p?“ are defined in Lemma 2.4. Following the same steps as in [18, 25], the analysis
boils down to obtain a sufficient amount of uniform (in 7) estimates and compactness for the previously
obtained functions, then pass to the limit 7 | 0. Also, as additional tools we construct the correspond-
ing continuous in time (geodesic) interpolations between the densities and the corresponding velocities
and momentum variables, (57,97, E7). We refer to [18, Section 3.1] (see also [25, 33]) for the precise
construction. In particular, as a consequence of this construction, we have

opT +V-Ef =0,

in the sense of distribution on (0,7) x Q.
Based on the same techniques as in [25, 18], it is easy to obtain the following estimates.

Lemma 2.5. Let (p7,v], ET) and (p],07, E]) be the previously constructed piecewise constant and con-
tinuous in time interpolations, respectively. Then there exists C' > 0 independent of T > 0 and depending
only on HC.(p1,0,p2,0) such that
(1) Wa(pI(t),pI(s)) < CvVt—s+71 and Wa(pl(t),pI(s)) < Cvt—s for any 0 < s <t <T. More-
over, up to passing to subsequences (p])r>o and (pI)rso converge (uniformly with respect to Ws)
as T 1 0 to the same limit.
(i) (v])r>o0 is uniformly bounded in L?([0,T]; L2, -).
(iit) (E7)rs0 and (E7)r~o are uniformly bounded in .4 ([0, T] x Q) and up to passing to subsequences
they have the same distributional limits as T ] 0.

T
(iv)/ / VG % p7| dzdt < CTHC. (1.0, p)-
0 R4

) / / T (12 + 3d) — pT(t, )| dzdt < CT(S + VEVHC-(pr.o, pao) for any d € R with |d] = 1
and any 6 > 0.

(vi) / / IVpT|*dedt < C/ / ng*pg)z pT + (Gae * p])? T) dedt + C, and as a con-

sequence, (Vp™)r>o is uniformly bounded in L*([0,T] x Q;R?) and (p™ — " ( )dx)T>0 18
uniformly bounded in L?([0,T] x Q) by a constant of the form TC(1 + 1/&2).

(vil) (VpT)rso is uniformly bounded in L*([0,T]; (C1(Q))*), independently of T and €. In particu-
lar, Vp™ is uniformly bounded in 2'((0,T) x Q;R?) and Vp™(t,-) defines a uniformly bounded
distribution of order one, for a.e. t € [0,T)].

Proof. Let us notice that the proofs of point (i), (ii) and (iii) follow the exact same lines and the proofs
of [25, Lemma 3.3] and [18, Lemma 3.3|, so we omit them.

From Proposition 2.3 we know that that p['’s are characteristic functions, therefore the proofs of (iv)
and (v) follow the exact same lines as the proof of [20, Lemma 2.4.].

Let us give the details on (vi). From the identities (20) from Lemma 2.4, we have that there exists
C > 0 (independent of 7 > 0, which might increase from one inequality to the next) such that

T N
/ / V(o] + p5) dedi < €Y 7 / (VK% 312 + V81200 + (IVE % 03 + [VBo[)pt) e
0 n=1

Cr N o2
3 b WE(pr, pp )

n=11i=1
T 2 2
<C [ [ 5 (Gaen i) 57 + (Gac )P ) dodt 4 C.
p
where we have used the uniform bounds on (p]),o from the previous points and

2ro 2mo

" 1 " 2 2o n
VE gt = 20 (VG et < 2T (DGt ) =2 (Gt

(ﬁ
Since p} + p& = 1 a.e., this previous bound implies that (VpT),~o is uniformly bounded in L2([0,7T] x
Q;RY). As a consequence of Poincaré’s inequality, we have that (pT - fg p(- ) dx)T>0 is uniformly

bounded in L?([0,T] x ). Both uniform bounds have the form TC(1 + 1/£?).
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To show (vii), let ¢ € C1([0,T] x ©;R?). Fix t € [n7, (n+1)7). Taking the inner product of both sides

in (20) with £(¢,-) and integrating on £ w.r.t. p”Jrl (we drop the dependence on ¢ in the notation of &),
we obtain

(25)

/ Vpr Tl gpittda = 70\/7/ \[VG cxpaTh gt dr — / Vo, - ¢pptt dxf/ﬂ Vit ety

and interchanging the roles of p”Jr1
(26)

b
Vp"“ Epptde = —oV/2 / N expi gyt dx—/ﬂv%fpé‘“ dx—/ﬂ fvw’é“-&pg*ldl‘

and p2 L we get

Flrst we have

* n+1 n+1 T * n+1 n+1 x
/ \[VG py - Epy T dr + A \[VG Pt epntld
/Rd/ n+1 T+ \/gz) .g(x)p?ﬂ( )+p?+1(x+ ﬁz) ,g(x)pg—&-l(x)] da dz
/Rd/ G n+1 +\/gz),£(x)p?+1(x)+p?+l( ) (.’E—\[Z) n+1(x_ﬁz)] de dz
Q JRd
= i/ y zG(Z)PgLH(x-i-\[Z) () - [g(x)—g(er\/gz)] dz dz
n+1x Zn+1 T+ svez)z)dsdzdx
2\[//]1@/ +Ve2)pi T (x) - (DE(z + s\/ez)z) dsdzd

where in the second and third equalities we have used the change of variables x — x — \/ez and z — —z,
respectively and the fundamental theorem of calculus in the last equality. Now, since

|2>G(2) < aG(z/B), Vz € RY,

for some universal constants a, 5 > 0, by the previous chain of equalities, we obtain

< CHCo: (01, p5 FHIIDE(E, )|

VG, pyth . gpitt dx+/ —=VG.xpittepntda
L e

< CHC:(p{, P)IIDE(E, )|

where, in the last inequality we used the monotonicity of HC. along the sequence (pf, p5),,.
Furthermore, we have that

/ Lot elpn ! da = / [P+ or L] dae
Q

and

< Cll¢]lz

/v<p1 5p"+1dx+/vq> et da

Using the fact that we have piecewise constant interpolations, integrating the last equality in time on

[0,T7], we get
1 1
T T 2 T 2
/ /|v2|pz|£dxdts</ /|v3|2pzdxdt> (/ /|s|2dxdt>
0 Q 0 Q 0 Q

Now, adding together (25) and (26), then integrating in time on [0, T] and using (ii), we obtain

T
/ /va-gdxdt
0 Q

where the constant C' > 0 is independent of 7 > 0 and £ > 0. The thesis of follows. O

< C| D€ Lr(coy + Clléll2z2y < Clléll Loy,
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Now we can use the above pressure estimates to derive a system of continuous in time equations in
the limit 7 — 0 when ¢ is held fixed.

Theorem 2.1. Lete > 0, p1,0, p2,0 € P(Q) such that p1 o+p2,0 = 1 a.e. There exists p; € AC2([O,T]; 2(Q)),
i=1,2,p€ L2([0,T); HY(Q)) and (1,¢a € L2([0,T] x Q;R?) such that py + p2 = 1 a.e. in [0,T] x €,
b1¢1 + b2(e = VD a.e. in [0,T] x Q and the system

Opr — V- b7 o1 (VK x po + V1) + (| =0, (0,T) x Q
(27) Op2 — V- [b3 ' p2(VE. % p1 + V®s) + (] =0, (0,7) xQ
p1(0,-) = p1o,  p2(0,:) = p2,0, Q.

is satisfied in the sense of distributions on (0,T) x €.

Proof. Using the uniform (in 7) estimates in Lemma 2.5, we have the existence of p; € AC?([0, T]; 2(Q)),
1 = 1,2 such that up to passing to a subsequence, both (p7, p3) and (p7, p7) converge to them uniformly
in time, w.r.t. Ws.

Since (p” — £, p" (-, x) dz) .~ is uniformly bounded in L2([0,T]; H*()), there exists p € L2([0,T]; H*())
such that up to passing to a subsequence, p” — f, p” (-, #) dz — P, weakly in L2([0,T]x ) and Vp™ — Vp,
weakly in L2([0,T] x Q;R?) as 7 | 0.

We only need to identify the limits of the momentum variables (ET),so. From the weak convergence
of the density variables, we have that up to passing to a subsequence, p] VK, * p] 2 VK. xps,asT |0
and similarly pi VK, « pT = ps VK, % p1, and piVo; X piV®;, as 7 | 0 as vector measures.

Furthermore, since (p] Vp7),>¢ is uniformly bounded in Lz([O T] x Q; R?), there exists ; € LQ([O T]
Q:RY), i = 1,2 such that up to passing to a subsequence b; 'pf VpT — ¢; weakly in L2([0,T] x Q;R9), a
71 0.

Last, by the previous arguments we have

by T VP + baby ' p5VpT = VpT = VP = b1 + baG,
as 710 in L?([0,T] x ]Rd). Therefore, the thesis of the theorem follows.
O

It remains open whether in the previous theorem we have strong convergence p] — p; in L%([0,T] x Q)
as 7 | 0, and in particular whether one can claim that ¢; = b;” ! p;Vp. It is also open whether the continuum
in time densities in Theorem 2.1 are characteristic functions. Indeed, since we can only guarantee that the
discrete densities converge weakly to the continuum densities, the characteristic function property may
be lost in the limit. We point out that due to the energy bounds, the densities are “almost” characteristic
functions, i.e. we have

Lemma 2.6. For (p7,p%) given as above with € > 0 fized, for any « € (0,1) we have
3ve
oV2ra(l — a)
Proof. Let us set ¢ = 1, the other case will be parallel. We have

Lha<pi<1-a) < s [ @0 = i) de =~ [ (i) = ()] d.

By Jensen’s inequality, the above is smaller than

LY a<pl<1l-a)< HC.(p7, p3) for all 7.

ﬁ/ﬂ [T (2) = (Ge * pT)(2)?] da
Ve . 1 . ) )
< cha(pl7p2) + al—a) /Q(Gg * p7) () (pl () — (Ge * P1)(9C)> de.
We then estimate

i LG D@ (b1 = (G D@ do < s | [ G il = Ve dzda

Since p] and pJ take values in {0, 1}, we have |p] (z)—p] (x—+/e2)| < pT(x)p] (x—+/e2)+p] (x—+\/22)p5 ().
Applying these inequalities, the result follows. |
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3. MUSKAT FLOW WITH SURFACE TENSION

In this section, we complete the proof of Theorem 1.1 and show that when € = €, goes to zero along
with 7, the time interpolated minimizing movements scheme constructed in (23)-(24) converges to a weak
formulation of the Muskat Problem with surface tension under the energy convergence assumption (EC).
This amounts to showing that each quantity in the system of Euler-Lagrange equations given in (20)
converges (in an appropriate sense) to the correct limiting object. In particular, we will need strong
L' convergence of the density functions in [0,7] x €. To obtain the necessary compactness for strong
L' convergence, we develop an adaptation of an Aubin-Lions type lemma in Proposition 3.2. We then
conclude our result by verifying the convergence of the Euler-Lagrange equations to the weak formulation
of the Muskat problem in a similar manner to the approach in [20].

Before we introduce the weak formulation of the Muskat Problem, let us recall the classical formulation
of the problem. When the two phases are separated by a smooth interface I', the Muskat Problem is
given by the continuity equation

(MP1) Opi — b 'V ((Vpi + V&)p;) =0

along with the free boundary problem for the pressure
_Api = Aq)l in Spt(pz)7
On(pi +9;) =0 on 0Q;

(MP5)
V =b7"0,(p1 + @1) = by ' On(po +®2) on T

[pl := (p1 —p2) = §K on T,

where k is the mean curvature of T', oriented to be positive when spt(p2) is convex at the point. The
weak formulation of the Muskat Problem with surface tension is provided in Definition 3.1 below.

Definition 3.1. We say that (p;,v;, p) is a weak solution to the Muskat problem with surface tension, if
pi € LY([0,T]; BV (2;{0,1}))NAC*([0,T]; 2(2)), prp2 = 0 and p1+pa = L a.e., v; € L([0,T]; L2, (% R?)),
p € L2([0,T]; (C%*(2))*) and for any ¢ € C*(]0,T] x Q) and for any £ € C>([0, T] x Q;R?) vector field

we have
T

(28) /OT/Q (pivi -V + piOpyp) dz dt = {/ﬂ pit dﬂ«”}

with

0

T
g Dp]_ Dp1
29 //E pi(biv; + V&, -f—pv-f—&-( ® :V§+V~§) Dpi|+ |Dp2|) dzdt =0

Remark 3.1. Let us remark here that @g‘ stands for the L density of Dp; with respect to the total

variation measure |Dpq| (after using the Radon-Nikodym differentiation). Furthermore, let us notice
that the term (@Zh ® @Zi‘ : Vf) (|Dp1| + |Dp2|) is meaningful in the sense that f(v/|v|)d|v| defines

a matrix valued element of .Z(Q) for any f : R¢ — R9*4 which is continuous and 1-homogeneous (see
for instance [2, Proposition 3.15] in the case when v = Dp for some p € BV (Q)). In particular, if
p € BV(9Q;{0,1}), then Dp/|Dp| stands for the measure theoretic normal to the boundary of the set
spt(p) and by v/|v| we mean the density of v with respect to its total variation measure |v|.

Now we are ready to state the main result of our paper.

Theorem 3.1. Given initial data p1 0, p20 € BV (Q) such that p1op2,0 =0 and p1,0+ p20 =1 a.e. inQ
and Lipschitz continuous potential functions ®1, ®o : Q — R, there exists (p;,vi,p) with i = 1,2 such that
under the energy convergence assumption (EC), it solves (MP1)-(MP32) in the sense of Definition 3.1.

We postpose the proof of the previous theorem to the end of this section. First, let us show a consistency
result, i.e. that classical solutions of the Muskat problem satisfy the weak formulation (28) and (29).
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Lemma 3.1. If smooth solutions of (MP1)and (MP3) exist with p; = x4, and with a C? hypersurface
I'=0A; = 0A,, then p; satisfies (28) and (29) with the choice of

(30) vi = =b; (Vp; + V®;) and p = pip1 + pap2 + % du,
where p € (C([0,T] x Q))* is the surface measure of I' = Uy (L'y x {t}), i.e. after disintegration
p="LT 0.2 (0,7

or using test functions

T T
/ fdu :/ fdst=1at for any f € C([0,T] x Q).
o Ja o Jr,

Remark 3.2. Note that our notion of solution requires adding the surface measure Zdu to the classical
pressure variable. This singular term appears from the minimizing movement scheme, where it ensures
that a vacuum does not form at the interface. In general, we expect that the singular part in the weak
pressure variable corresponds to the surface measure in (30).

Proof. (28) is a standard weak expression of (MP;) with bjv; = —Vp; — V®;. Let us write again
I' = Upso(T'¢ x {t}). Then we have

dx dt

T T
/0 /Q[;pi(bivi—i—vg).g_pv.g} dgcdt:/0 /Q[;Pi(bierV@i)-i—(p1p1+p2p2)V~£

—/OT/Q‘;(V-Odu
/OT/Ft(plm)ﬁ'yd%dldtZ/OT/DVfd%dldt

T T
:3/ / nf-ud%ﬂd—ldt—g/ V. edaildr.
2 0 Iy 2 0 Iy

Here for the second equality we used integration by parts for the first integral, using the fact that

\Y% <Zpipi> = ZVpipi + (p1 — p2) AT,

and for the third equality we used the curvature jump condition at the interface. To conclude, let us
recall that x is oriented to be positive when spt(p2) is convex at the point. With this orientation, observe
that for any C! vector field ¢ we have

/f;g.yd%d*l:/ [V-€&—v- Ve dawrd?
Iy

Iy

where v = Dp; /|Dp1| is normal to T’ toward the support of p;. Hence we conclude that (29) holds. O

3.1. Preliminary estimates. We present below a compactness result on the piecewise constant inter-
polations of the density variables (p7, p3),>0, when the parameter ¢ is vanishing together with .

Proposition 3.2. Let (p], p5)+>0 be the piecewise constant interpolations constructed in Section 2 using
the minimizing movements scheme (22). Let moreover p1,0, p2,0 € Z(Q) be such that p; o € BV (9;{0,1})
with p1,0+ p2,0 =1 a.e. in Q and in particular E(p1,0, p2,0) < +00.

Then, there exists p1,p2 € L*([0,T); BV (Q2;{0,1})) such that p1 + p2 =1 a.e. in [0,T] x Q and up to
passing to a subsequence, pT — p; strongly in L'([0,T] x Q) as e, := max{r,e} | 0.

Proof. First, let us notice that by the uniform quasi-Hélder estimate from Lemma 2.5(i), we have that
there exists a subsequence of (p]),>o (that we do not relabel) and p; € AC?([0,T]; #(Q)) such that
Wg(pzt, pit) = 0 as e; | 0, uniformly in ¢. We shall work with this subsequence from now on.

The rest of the proof relies on a careful adaptation of the Aubin-Lions lemma, developed in [32] and
used in similar context for instance in [18, 19].
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Let us notice that in order to use the Aubin-Lions argument, we need to show a tightness condition
(cf. [32, Definition 1.3, Remark 1.5]) for the time-dependent family (p7),>o. This is typically done by
providing a compact set (of the space of probability measures), where ‘most’ of the sequences (p7 (t))r>0
lie. Note that the estimate in Lemma 2.5(v) does not provide such a compact set. Indeed, for 7 > 0, the
densities (pI(t))r>o0 are not actually BV in space. Inspired by arguments in [12], we will work first with
an auxiliary sequence p; : [0,T] x Q — [0, 1], defined as

p; = Gexp],

where we have performed a convolution with the heat kernel G, only in the spacial variable. It worth
noticing that this ‘perturbation’ of p] is reminiscent to the one obtained via the so-called flow interchange
technique introduced in [24]. We have the following properties for this new sequence.

Claim 1. (p])r>o is uniformly (w.r.t. € and 7) in L1([0,T]; BV ()).
Proof of Claim 1. The uniform L bounds on (p]),>o are also preserved for (p] );~¢. Now, as in the
proof of [20, Lemma 2.4] we conclude that

T
(31) / / V57| dedt < CTHC: (1 0. p2.0).
0 Q

for a uniform constant C', which proves our claim.

Claim 2. There exists a subsequence of (p7),~o (that we do not relabel) and p; € L'([0,7] x Q) such
that p; — p; strongly in L([0,7] x Q) as &, } 0.

Proof of Claim 2. For t € (0,T') fixed, let us notice that p; . actually can be seen as the evolution of
pi+ via the heat flow for time € > 0. It is well-known that W5 is contractive along the heat flow, so we
have

(32) Wa(pl s Pis) < Walpiy:pis), VO<s<t<T.
Now let us set g : L1(2) x LY(Q) — [0, +00] and F : L*(Q) — [0, +-00] defined as

g(p,v) == Wa(p,v)
and
D(Q), it pe BV(Q),
00, otherwise.

7o) = {

By construction, F is convex, Ls.c. in L!(Q) and it sublevel sets are compact in L*(), therefore it defines
a normal coercive integrand.

From (31) and from the definition of F, we have

T
sup/ F(pi4)dt < +oo.
0

er

And similarly from Lemma 2.5(i) and from (32), we have

T—h
thUP/ 9(Pi t4n> i) dt < o0,
hio e Jo ’ ’

therefore the assumptions of [32, Theorem 2] are fulfilled and one can conclude that there exists p, €
LY([0,T] x Q) and a subsequence of (p]),~o (that we do not relabel) which is converging in measure,
and in particular pointwise a.e. to p; as &, | 0. The strong convergence in L'([0,T] x Q) follows from
Lebesgue’s dominated convergence theorem, since (57 )-~q is uniformly bounded. The claim follows.

Claim 3. There exists a subsequence of the original sequence (p] )0 which is converging to p; strongly
in L1([0,T] x Q) as &, . 0.

Proof of Claim 3. Passing to the same subsequence in the original sequence (p]),~¢o (that we do not
relabel) as in the last step of the proof of Claim 2, we have

107 = Pillerqo.rixe) < 117 =P Lt qomxa) + 177 — Bill i o, mx0) < CVe + 1157 = Pillr(o,71x )5
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for a constant C' > 0 (independent of 7 and ¢) and the claim follows by taking e, | 0. In the last inequality
we have used

T T
16 = Al o = [ [t =Gexpflavar< [* [ [ Gl - pile = Vel dzdaar

< CT+eHC:(p1,0, p2,0),5

where we relied on the fact that since p] and pI take values in {0,1}, we have |p](x) — p](x — /e2)| <
p1(@)p3(z — Vez) + pl(z — Vez)p5(z).

To conclude, let us notice that since (pI)r>o converges uniformly w.r.t. Wa to p;, p; and p; have to
coincide. Also, for this last subsequence, we can pass to the limit as e, | 0 in the estimation of Lemma
2.5(v) to obtain that actually p; € L*([0,T]; BV (£;{0,1})).

O

Let p = (p1, p2) the limit point obtained in Proposition 3.2. Later in this section, we will profit from
the assumption

T T
(EC) /O HC. (p7)dt /0 E.(p)dt, as e |0,

3.2. Derivation of the weak curvature equation for ¢ going to zero together with 7. Let
€ € C%([0, T]xQ; RY). Fixt € [nr, (n+1)7). We consider the piecewise constant interpolations (p],v], p™).
Let us take the inner product of the equations (20) with £(¢, -), multiply with the corresponding p] and
integrate over [0,7] x 2. Adding up the two equations we get

T T
/ / VK, * p} + VP, —H)f—i—VpT]-prdxdt—k/ / VK. % p] + V@3 + 0] + V|- £py dadt =0,
0o Ja 0o Jo

rearranging the terms yields

T
(33) / / E (VK p3)pT + (VEex p7)p3] + (p1 (0] + V1) + p3(v3 + V1)) - £+ Vp™ - {dzdt =0,
o Jo
Our aim is now to pass to the limit in this last expression (33) as e, | 0 to recover (29).

Theorem 3.2. Let (pl,v],p")r>0 be the piecewise constant interpolations constructed in (23)-(24).
Then there exists p; € L*([0,T]; BV(€;{0,1})) N AC*([0,7]; 2(Q)), v; € L*([0,T]; L% (4 RY)) and
p € L2([0,T); (C%*(Q))*) such that, up to passing to a subsequence that we do mnot relabel, we have
the following
(i) pI — pi, as e, 1 0, strongly in L([0,T] x Q);
(ii) vl pl = vipi, as er | 0, weakly—% in A ([0,T] x Q);
(iii) Vp™ = Vp, as e, | 0, weakly-x in L2([0,T]; (C*(Q))*);

Proof. (i) is a consequence of Proposition 3.2 via the Aubin-Lions type argument.

(ii) Let us notice that the estimates in Lemma 2.5(i-iii) are independent of € > 0, therefore there exists
E; € #4%([0,T] xQ), i =1,2 such that E] = E; and E] = E; as e, | 0. Moreover, we have that (p;, F;)
solves 0; + V - (E;) = 0 in the sense of distributions and p; € AC?([0, T]; (22(2), Ws)). Therefore, there
exists v; € L*([0,T]; L2, (€ R%)) such that d;p; + V - (p;v;) = 0 in the sense of distributions.

(iil) Let us notice first that from Lemma 2.5(vii) we have that the sequence (Vp7), is uniformly bounded
in L2([0,T]; (C1(9))*), independently of e. Then, the Banach-Bourbaki-Alaouglu theorem yields that it
is sequentially pre-compact in that space, so we have that there exists ¢ € L2([0,T]; (C*(€2))*) such that
up to passing to a subsequence Vp” = ¢, as e, | 0.

Thus, it only remains to show that ( is a gradient. Let us notice that by construction of p7,

T
/ / Vp™ - £dedt =0,
0 Q

for any incompressible smooth field £. Therefore, we also have that ((,£) = 0 for any incompressible
smooth field £&. So we would be done, if one would have a Helmholtz decomposition in this corresponding
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space. This result is well known (see for instance [35, Lemma 2.2.1]), if {(¢,-) € W~19(Q)¢, for some
€ (1,+00). However, our limit object has slightly worse regularity.

To overcome this issue, let us argue using the following claim. This is a consequence of classical result
in the theory of elliptic equations and Schauder estimates (see for instance [14, Theorem 5.23-Theorem
5.24])

Claim. Let ¢ € C%%(Q2). Then the problem —Au = ¢ (with periodic or Neumann boundary condi-
tions) has a unique (modulo constants) solution u € C%%(Q) such that ||ul|gz.« < ||¢|co.a.

Now, let ¢ € C%%(Q) and u € C*(Q) as in the claim. Let ¢ € [0,7]. Then we have

/QpT(twwdx /pr(t,.)Audx

where in the first inequality we have used the last uniform estimate from the proof of Lemma 2.5(vii).
This implies that (p7(t,-)), is uniformly bounded in (C%*(Q))*.

To conclude the thesis of the lemma, we observe that (by possibly subtracting the mean) (p7), is also
converging weakly-* to some p, therefore we will have that ( = Vp in 2/((0,T) x Q).

< Cl[Vuller < Cllufleze < Cflpllcone,

/ Vp'(t,") Vudz
Q

O

To complete the proof of of Theorem 1.1, it remains to show that limit of equation (33) converges
to the weak formulation of the Muskat problem. This result is proven in Proposition 3.3, which in turn
uses the results of Lemmas 3.4 and 3.5. Note that the energy convergence assumption is finally used in
Lemma 3.4. The assumption plays a crucial role in the following arguments as it allows us to convert a
limit requiring uniform convergence to one which only requires pointwise convergence. In what follows,
it will be useful for notational simplicity to introduce the following definition:

Definition 3.2. For a smooth rapidly decaying kernel .J : R — R and a vector valued Radon measure
v € .#%Q) we define the Radon measure o;(v) € .#(Q) as
v(x)

[ o = [ 16 [ v 7o

Proposition 3.3. Let (p])r>0 be the piecewise constant interpolations constructed in (23)-(24) and let
pi € LY([0,T); BV(£;{0,1})), i = 1,2 be their strong L limits. If the assumption (EC) is fulfilled, then
up to passing to a subsequence that we do not relabel, we have

(34) //5 (VK. * 50l + (VK. *p7)p5 ddeZ// 5 o) dos (D))

Dp1 Dpl )
:VE+ V- Dp:| +|D dx dt
= [ [ 5 (2 e 2 ve s 96 (ool + 1D

as e, | 0, for any € € C3([0,T] x ;RY). Here, we denoted J(z) := o+/27|z - €1|*G(z) and we used the
decomposition VEY™ (x) =, Cp(x)nk @ny with (i, € C*°(Q) and ny, € S such that {nj, @ny Z(:dlﬂ)/Q
is an appropriate basis of the the space of symmetric matrices.

dlv|(x) dz, Vi € C(Q).

Proof. Let &€ € C3([0,T] x Q;R?). Let us show that along a subsequence

//5 (VK. % 03)6f + (VK % pf)7] ddeZ// 5 o) dos (D) o)

as €; } 0. This result is not straight forward, since both the functional and the densities depend on 7.
This difficulty is the key reason that we need the energy convergence assumption (EC).

Arguing exactly as in the proof of [20, Lemma 2.8], in order to show the convergence result (34), it is
enough to show its time-independent version, i.e.

1
[ € (TE - w5107+ (V] o = > % > ) dos (Dp) o),

as g, } 0, for L1-ae. t €0,7].
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A computation similar to the one in the proof of Lemma 2.5(viii) reveals

(35) /Q € VK., % 03)p} + (VE., % p])p3] da
oV2mr

=T [ [ 65+ VERp @) ) - o+ V) dado
Q JR4

2e,

- _ag /R /Q p5(x + VErz)pi () [z © VG(2) : VE(x)] d dt

+O(ID%, [ 1RGN [ A pgo + VB dod:)

where, we were using a second order Taylor expansion (and the smoothness of £) in the last equality. Let
us observe that the very last term in (35) is converging to 0 as e, | 0 (due to the strong convergence
pT — pi in LY(Q) and the fact that pypa = 0 a.e., see Proposition 3.2).

Therefore, it remains to prove

02 [ e+ V) 6 VGG s V()] deds o 3 12 o) douDpe)
as £, | 0. We note that
—2®@VG(2) : VE=(2®2)G(2) : V€ = (2 ® 2)G(z) : VEI™
where V&Y™ denotes the symmetric part of V&. A basis for the space of d x d symmetric matrices is
given by the d + d(d )

matrices

d 1
@oal, u{jetea)oete)
1<i<j<d
where e; € R? is the i*" standard basis vector. All of these basis matrices have the form n ® n for some
n € S9!, Thus, we may write

VEYR () = Z C ()N @ nye
%

where {n;} is any indexing of the above matrices and (i (z)ng ® ny = P,VEY™(x) where Py is the
appropriate change of basis matrix.
Therefore we have

Ug /]Rd /QPQ(:U +E:2)p1(2) [z ® 2 G(2) : VE(x)] dadz

oV 2T

S [ [t Ve @m0 das
T k d

Since the functions z +— |z - nx|?G(2) are rotation invariant, when integrating on R?, it is enough
to consider only ni = e;, where ey is the first element of the standard basis on R¢. Now, defining
J(2) := 0+/27|z - €1]?G(z), we deduce the claim in (iii) from Lemma 3.4 and Lemma 3.5.

Now, let us remark that a computation completely parallel to [20, Proof of Lemma 3.6.] reveals
furthermore that
(36)

0'\/271’/ / 9 / Dp,
s (x+verz)pl (z)|zn|*G(2)((x) dxdz —
= L R @lmr e Bk

2
+ 1] ¢(@) (IDp1| + [Dp2]) dz

as €, — 0, and so, in this case we would have

oV2r

VEr Z/Rd/gp;(“‘+ e:2)p] (2)|2 - ni[PG(2) G (2) da dz
Tk

Dp1 Dp1 )
ing @ng + 1 Dp1| +|Dp2|) dz.
/Q Z<Dm |Dp1| (@) (|Dor| +|Dp)
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This would in fact complete the claim, as we can compute

Z(Dpl & Doy an®nk+1> Ce(z) = Doy Dp1 ZC’“ nk®nk+ZCk($)Tl"(nk®ﬂk)
k k

[Dp1| — |Dpa| Dps]  Dpil
Dp; Dpy . i
= ® s VEYR (x) + Tr (VEY™ (x
|Dp1| — [Dpal (@) ( ( ))
Dp, Dp,
= ® :VE(x)+ V- &(x
D] & D] Vo Y
where we have used Tr(ny @ ng) = 1 and the fact that the antisymmetric parts of V& are annihilated by
the above operations. O

The conclusion in the previous proposition is made by the following two lemmas.

Lemma 3.4. If p” — p in L' (Q) x LY(Q) and HC._(p”) — E(p) as e | 0, and J is a nonnegative
kernel with rapid decay (i.e. J(z) <|P(z)|G(2) for some polynomial P) then

(37) Thl)% N /Rd )‘/Q (pf(at + e 2)ph(x) — p1(z + \/er2)pa(x )dx‘ dz=0
Proof. The proof of this result is the same as the one of [20, Lemma 3.7]. |

Thanks to Lemma 3.4 we just need the following pointwise convergence result. This applies to the
multiphase case and is stronger than what is needed here. Similarly to [20, Lemma 2.8, Lemma 3.6] we
can formulate the following result.

Lemma 3.5. Suppose that p1, p2 € BV(Q;{0,1}) such that pi(x)p2(x) =0 for a.e. x € Q. Then for any
smooth function ¢ : Q — R and any even nonnegative kernel J : R? — R with rapid decay we have

lim/QC(:c) [p1(x)(Je * p2(z)] d [/C )da s (Dp1)( /C )doy(Dp2)(x)

e—0

_ i/ﬂ((z) dos(D(py + p2))(x)

where we define the Radon measure o5(Dp;) € A () as in Definition 3.2 and we have used the notation
Je(z) = J(z/e).
The proof supplied below is different from the one by Laux-Otto in [20, Lemma 2.8, Lemma 3.6].

Instead of disintegrating on R? and using one-dimensional arguments we obtain upper and lower bounds
using mollifiers.

Proof. We begin by showing
iy [ ¢(a) [pa(a) . x pola)] do = lim [ 50(0) [ (@) % o) + pa(a) . pr ()]
Q

e—0 e—=0 Jo

which amounts to showing that

ity [ G(&) [p1(0)J- * pa(@) — pole) 5 pa(a)] do =0,

e=0 Jo

Expanding out the convolution we have

/ / d 2)pa(e +e2)C() — p1 (3 + €2)pa(2)C(w)] dz da

Changing variables x +— x — ez and then z — —z in the second term of the integral we get

2/9/]1@ J(2)p1(x)pa(z +e2) [((z) — ((z + e2)] dzdx

< IVC oo /Q /R Moo+ e2) dzdr
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Thus, the dominated convergence theorem with the fact that p;ps = 0 a.e. yield that the quantity
vanishes as € — 0.
Now we can restrict our attention to the limit

ti [ 50@) (0202 + pa(o) + pa(a) o (@) o

e—=0 Jo
Since p; € BV(2;{0,1}) and p1(z)p2(x) =0 a.e.,
p1(o+ 2)pa(o) + pr(a)pa(o + )
= Sl +22) = (@) + loale +22) = pa(a)| = (o1 + p2)(o +2) = (o1 + )@,

which follows from directly by evaluating both sides. Thus, it suffices to prove

(38) hm /C )x(x +ez) — (x)|d:rdz:/QC(x)daJ(Vx)(m)

e—=0 ¢

for any x € BV(€; {0, 1})

For 6 > 0 let s be a smooth approximation to the identity, and set xs = 7s * X, such that x5 — x, as
d — 0 in the sense of strict convergence of BV functions (see [2, Definition 3.14]).

Then, we also have

(39) é/}Rd J(z)/ﬂ((azﬂx(w—l—sz) x(x)|dedz = hm /( |X5 x+ez)— xs(x)| drdz.

Let us define f: (0,1) x (0,1) - R and f:(0,1) - R as

1
/ Vxs(z +tez) - zdt|da dz
0

fed) = [ I6) [ C@2ivataten) = st dedz = [ 1) [ cta)

z/ J(2) C(a:)‘VX(s(m—i-tgsz)~z’dxdz=/ J(z) | C(x —tsez) ‘ng z’dxdz
R Q R

Q

and
f(6) = /]Rd J(z)/ﬂ((m)\VX(s(x) -zl de dz,
where we have used the mean value theorem to find ¢5 € [0,1] in the definition of f(e,d).
Claim. f(e,0) — f(9), uniformly w.r.t. § € (0,1) as € — 0.

Proof of the Claim. We easily check the pointwise convergence f(e,d) — f(6) as ¢ — 0, for any
6 € (0,1). Moreover,

|f(s,6)—f(6)|§/ /|C($—t55,z)—C(;c)|J(z)|VX5(x).Z‘dde
<IVCle [ [ TPV s dz d:

Taking now sup; in the previous inequality and using the fact that [, |Vxs(z)|dz — [Dx|(Q2), as 6 — 0
by our assumption of strict convergence, yields the desired uniform convergence.

Certainly, as we have seen in (39), we also have that lims_,o f(e, J) exists for any € € (0,1). Therefore,
a classical Moore-Osgood type theorem yields that both

lim lim f(g,d) and lim lim f(e,d)

e—=006—0 5—0e—0

exist and they are equal. Therefore, by [2, Proposition 3.15] we conclude the limit (38) by computing
lims_ £(8). O

We finish this section with the proof of Theorem 3.1.

Proof of Theorem 3.1. This proof is a direct consequence of Theorem 3.2 and Proposition 3.3. O
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FIGURE 1. Equilibrium shapes in any dimensions, depending on the proportion of the
lighter vs. the heavier fluid: orange stands for the lighter fluid, while gray stands for the
heavier fluid

4. A HEURISTIC DISCUSSION ON THE EQUILIBRIUM SHAPES

In this section we discuss global equilibrium of the energy with gravity potentials

E-(p1, p2) := HC:(p1, p2) + ®(p1, p2).

where ®;(z) = ¢;xq, with 0 < ¢; < c2. The order of the constants denote that p; is the lighter fluid, where
the vector —ey denotes the direction of gravity. The coordinate here is z = (2, z4) and for simplicity we
consider a cylindrical domain,

= {|a’| < 1} x [0,h] = B{71(0) x [0,A].

Here the convolution is taken with the extension of the density function as zero outside of the domain,
with the density constraint p; + ps =1, fRd dp; = M;.

Let us mention that away from the global equilibrium, there are diverse possibilities of stationary states
for & even with zero potentials. For instance any choice of characteristic functions p; and ps generating
the interface as a disjoint union of spheres, {|z — a;| = r;}, is a stationary solution of the limit energy.

In the limit ¢ — 0, the I'-convergence properties indicate that the global equilibrium of the e-energy
converges to the limiting density pair (p1,p2) = (x4, Xx4ac), which is the global minimizer of the limit
energy

E(A) :=Per(A) +/ U(z)dx, where ¥(z) := (P — o) (z).
A
under the volume constraint .#¢(A) = M. Away from the domain boundary, the classical minimal surface
theory yields the C?® regularity of A with the Euler-Lagrange equation

—k—¥(z) = X on 04,

where X is the Lagrange multiplier associated to the volume constraint and x stands for the curvature.

When 0A is away from the lateral and bottom portion of the cylinder, this corresponds to the classical
pendant liquid droplet problem where the minimizer is known to be rotationally symmetric and convex
(see [15]). When the droplet boundary touches the cylinder boundary, various shapes of drops are possible
(see Figure 1) and the complete description of possibly non-smooth global minimizers appear to be open.
In general, when ¥ has C1'® boundary, it is shown in [37] that A is C1* up to the boundary and meets
0¥ orthogonally. For further discussion of available results we refer to [23]. An ongoing work on numerical
simulations for our flow suggest that the equilibrium states even for the e-energy can be categorized as
the ones on Figure 1. In dimension two, we could observe an additional equilibrium shape, as in Figure
2.
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