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Abstract

We prove that the Cauchy problem for the Muskat equation is well-posed locally in
time for any initial data in the critical space of Lipschitz functions with three-half
derivative in L2. Moreover, we prove that the solution exists globally in time under a
smallness assumption.

1 Introduction

The Muskat equation describes the dynamics of the interface separating two fluids in
porous media whose velocities obey Darcy’s law [22,30]. This equation belongs to the
family of nonlocal parabolic equations that have attracted a lot of attention in recent
years. Indeed, it has long been observed that one can reduce the Muskat equation
to an evolution equation for the free surface parametrization (see [9,24,34,35]). One
interesting feature of the Muskat equation is that it admits a compact formulation in
terms of finite differences, as observed by Cérdoba and Gancedo [19]. More precisely,
assume that the free surface is the graph of some function f = f(¢, x) withx € R.
Then, Cérdoba and Gancedo [19] showed that the Muskat equation reduces to

8f_1/ _%lat 4, (1)
U r i+ @ae?

where A, f is the slope, defined by
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f(-xst)_f(-x_ast).

o

Ao fx,1) = @

Itis easily verified that the Muskat equation is invariant by the change of unknowns:

1
[, x) = filt,x) = Xf()»t,bc) (A #0). 3)
Now, by a direct calculation,

1] ol = Wollyieo s || £ ”=0”H% =lfoll ;3
This means that the spaces W1(R) and H %(R) are critical for the study of the
Cauchy problem. Let us clarify that we denoted by W12 (R) the space of Lipschitz
functions, and by H*(R) (resp. H*(R)) the classical Sobolev (resp. homogeneous
Sobolev) space of order s. They are equipped with the norm defined by

. lu(x) —u(y)l
lullyyroo == sup ————,
x,yeR lx — Y|
XFEYy

and

1
) 2
llull s = (/R|s|”\u(s)| dé) s = Nl + el -

We are interested in the study of the Cauchy problem for the latter equation. Our
main result states that the Cauchy problem for the Muskat equation is well-posed
locally in time for any initial data in the critical space WL @®) N H 5 (R).

Our analysis is inspired by many previous works, and we begin by reviewing the
literature on this problem. The first well-posedness results were established by Yi [38],
Ambrose [4,5], Cérdoba and Gancedo [19], Cérdoba, Cérdoba and Gancedo [18],
Cheng, Granero-Belinchén, Shkoller [14]. In recent years, these results were extended
in several directions. In particular, the well-posedness of the Cauchy problem has
been established in many sub-critical spaces: see Constantin, Gancedo, Shvydkoy and
Vicol [17] for initial data in the Sobolev space W2P(R) for some p > 1,Deng, Leiand
Lin [23] and Camer6n [10] for initial data in Holder spaces, and Matioc [29], Alazard
and Lazar [2], Nguyen and Pausader [31] for initial data in H*(R) with s > 3/2.

Special features of the Muskat equations were exploited to improve the anal-
ysis of the Cauchy problem in several directions. Constantin, Cérdoba, Gancedo,
Rodriguez-Piazza and Strain [15] (see also [17,33]) proved a global well-posedness
results assuming that the Lipschitz semi-norm is smaller than 1. Deng, Lei and Lin
in [23] proved the existence of solutions whose slope can be arbitrarily large. Cameron
[10] exhibited the existence of a modulus of continuity for the derivative (see also [1])
and obtained a global existence result assuming only that the product of the maximal
and minimal slopes is bounded by 1. Cérdoba and Lazar established in [21] the first
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global well-posedness result assuming only that the initial data is sufficiently smooth
and that the critical H3/%(R)-norm is small enough (see also [25,26,28] for related
global well-posedness results in Wiener spaces in the critical case, for small enough
initial data). This result was extended to the 3D case by Gancedo and Lazar [27]
for initial data in the critical Sobolev space H2(R?). Eventually, in our companion
paper [3], we initiated the study of the Cauchy problem for non-Lipschitz initial data.
For our subject matter, another fundamental component of the background is that
the Cauchy problem is not well-posed globally in time: there are blow-up results
for some large enough data by Castro, Cérdoba, Fefferman, Gancedo and Lépez-
Fernandez [11-13]. More precisely, they proved the existence of solutions such that
at initial time ¢ = O the interface is a graph, at a later time #; > O the interface is no
longer a graph and then at a subsequent time 7, > 11, the interface is C3 but not C*.
Our main result in this paper is the following

Theorem 1.1 (i) For any initial data fo in W (R) N H%(R), there exists a time
T > 0such that the Cauchy problem for the Muskat equation has a unique solution

£ e L([0, T]; W (R) 0 H2(R)) N L2(0, T: HX(R)).

(ii) Moreover, there exists a positive constant § such that, for any initial data fy in
WL (R) N H3/2(R) satisfying

=34,

(141 foll 00 ) I fol B

3
2

the Cauchy problem for the Muskat equation has a unique global solution
f € L([0. +00): WES(R) N H3 (R)) N L2(0, +00: H(R)).

Some remarks are in order.

e Let us discuss statement (ii) about the global well-posedness component of this
result. This is a 2D analogous to the recent result by Gancedo and Lazar [27]
for the 3D problem; it improves on a previous result by Cérdoba and Lazar [21]
which proves a similar global existence result for the 2 D-problem with a similar
smallness assumption, but under the extra assumption that the initial data belongs
to H/2(R).

e We now come to statement (i) about the local well-posedness result for arbitrary
initial data. This is, in our opinion, the main new result in this paper. Since we are
working in a critical space, this result is optimal in several directions.

Firstly, it follows from the results about singularity formation by Castro, Cérdoba,
Fefferman, Gancedo and L6pez-Fernandez [11-13] that one cannot solve the Cauchy
problem for a time 7" which depends only on the norm of fj in Wil-oe ®)N H3/2 (R).
Otherwise, one would obtain a global existence result for any initial data by an imme-
diate scaling argument using (3). Notice that this argument does not contradict our
main result: it means instead that the time of existence must depend on the initial data
itself, and not only on its norm.
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The previous discussion shows that one cannot prove statement (i) by using classical
Sobolev energy estimates. This in turn poses new challenging questions since on the
other hand the Muskat equation is a quasi-linear equation. To overcome this problem,
we will estimate the solution for a norm whose definition depends on the initial data.

e We will also prove a result which elaborates on the previous discussion, stating
that whenever one controls a bigger norm than the critical one, the time of existence
is bounded from below on a neighborhood of the initial data.

To introduce this result, let us fix some notations.

Definition 1.2 Given a real number s > 0 and a function ¢ : [0, 00) — [1, 00) satis-
fying the following assumptions:

(H1) ¢ is increasing and lim ¢ (r) = oo when r goes to +00;
(H2) there is a positive constant ¢ such that ¢ (2r) < co¢ (r) for any r > 0;
(H3) the function r — ¢ (r)/log(4 + r) is decreasing on [0, c0).

Then |D|*? denotes the Fourier multiplier with symbol | |*¢ (|€]), so that

FADI? £)(E) = [EPdUENF(F)(E).

Moreover, we define the space
ASOR) = {f e WHPR)NLAR) : [DI° ¢(ID:]) f € L*(R)},

equipped with the norm

I fllse == Il fllypree + I Fll2 + (/R &% <¢(|s|>)2|f<s)|2ds>2 :

Remark 1.3 The Fourier multiplier |D|*¢ with ¢ (r) = log(2 + r)® was introduced
and studied in [6-8] for s € [0, 1) (also see [32]).

Theorem 1.4 Consider a real number My > 0 and a function ¢ satisfying assump-
tions (H1)—(H3) in Definiton 1.2. Then there exists a time Ty > 0 such that, for any

initial data fy in X%"[’(R) satisfying

1ol

3, < My,
30 =10

the Cauchy problem for the Muskat equation has a unique solution
£ & L(10, Tol; WH®R) 1 H2 (R) N L2, To; H(R)). “)

Remark 1.5 Statement (i) in Theorem 1.1 is a consequence of Theorem 1'.4. Indeed,
it is easily seen that (cf [3, Lemma 3.8]), for any fy in the critical space Wl (R) N

28 (R), one may find a function ¢ such that fy belongs to X %"p(R) (and satisfying
assumptions (H1)—(H3) in Definiton 1.2).

Theorem 1.1 and Theorem 1.4 are proved in the next section.
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2 Proof
2.1 Regularization

In order to rigorously justify the computations, we want to handle smooth func-
tions (hereafter, a ‘smooth function’ is by definition a function that belongs to
Ccl([0, T]; H*(R)) for any u € [0, 4+00) and some T > 0). To do so, we must
regularize the initial data and also consider an approximation of the Muskat equation.
For our purposes, we further need to consider a regularization of the Muskat equation
which will be compatible with the Sobolev and Lipschitz estimates. It turns out that
this is a delicate technical problem.

Our strategy will consist in smoothing the equation in two different ways: (i) by
introducing a cut-off function in the singular integral, removing wave-length shorter
than some parameter ¢ and (ii) by adding a parabolic term of order 2 with a small
viscosity of size |log(8)|_l.

More precisely, we introduce the following Cauchy problem depending on the
parameter € € (0, 1]:

DT 0x Ao f o
O f = [og(e)| ™ 9y f = ;/}Rm (1 X (E)) der
fli=0 = fo*Xe.

where x.(x) = ¢! x (x/e) where x is a smooth bump function satisfying 0 < x < 1
and

1
XM =X, xM=1 for Pl = x()=0 for =2, /Rxdy=1.

The equation (5) does not belong to a general class of parabolic equations. However,
we will see that it can be studied by standard tools in functional analysis together with
two estimates for the nonlinearity in the Muskat equation which plays a central role
in our analysis.

Proposition 2.1 For any ¢ in (0, 1] and any initial data fo in H? (R), there exists a
unique global in time solution f, satisfying

fe € €1(10, +00); HX(R)).
We postpone the proof of this proposition to §2.9.

2.2 An Estimate of the Lipschitz Norm

Lemma 2.2 For any real number By in (0, 1/2), there exists a positive constant Co > 1
such that, for any ¢ € (0, 1] and any smooth solution [ € CL([0, T1; H*®(R)) of the
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Muskat equation (5),

d
& 17Ol = ColF O + Cos™ I F Dl ©)

where

_ _ |(Qxxt) (x) = (Oxxt) (y)]
lullg2p0 = lldxxullcopy = sup :

x,yeR lx — y|ﬁ0
xF#y

Proof The proof is partially based on arguments from [10,20,27]. Firstly, it follows
from the proof of [20, Lemma 5.1] that

_/ e A f(x)
1+ (Mg f(x))?

Bzf(t x) /( 1 1 ) da
L+ (Daf(t, )2 T+ (Mg f(t,x))?

O f(1,x) — Ao f(1,x) 1+ 0x (£, X)Ag f (2, X)
_ = do
71/ a? 1+ (Ag f(1,x))?

1 [ 0Aef (ol
& (F /]R 1+ (Ba /2" (7) d“)‘

S [ (18aful +180£:P) da )
lo|<2¢

Moreover,

< / |Ag fr? do + &P | frxll oo
R

where we used the notations fy = 9, f and fy, = 0. f. Thus, for any ¢ and any x,
we have

(00, £)(t, x) — |log(e)| ™' 97 fu (2, x)

32 (r x) /( 1 1 ) do
L+ (Ao f(t, 1)) T+ (Ao f(1,x))?

2 [0S0 = Aaf (1,2) 14 0 f (1) Aa f(1,5) ®)
_n/ o? T+ Baf@ 02

+ C/ | Ag fr(t, )1 da + Ce || fex (D) copy -

Consider the function ¢(¢) = |0y f(#)|| .~ and a function ¢ + x; such that

19 f (D)l oo = (Bx f)(E, 1)
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Then (Bff)(t, xy) = 0 and —(9xx fx)(f, x¢) > 0. So, it follows from (8) that

4 o

B g/ @ f (1, x0) = Do f (1, 30))* Ao f(1, %)
b a? 1+ (Ag f (2, x0))?

e f Ao fit, x0)P da + CeP [ fix ()l oo

2 / axf(t,x;)_Aaf(tsxt) do

As already observed in [20] (see also [10,27]), the first term in the right-hand side has
a sign since dy f (¢, x;) > A, f (¢, x;) for any «. It follows that

. 1 [ Qe f(t,x) — Do f(t,x0))?
o) < ;/

. o+ C [ |8 futr.x)P da
o

+ CePo || fex (Ol 050 -

We now apply Hardy’s inequality to infer that

(D F(t, %) — Ao f (2, X1))?

o?

dOlS/IAafx(t,xz)Izda-

Consequently, we end up with

91 < / A fe (117 oo dar + PO || fix (1) | 0,50 -

Introducing the difference operator §, g(x) = g(x) —g(x — ), the previous inequality
is better formulated as follows:

d
9(1) S / 18 (B O e — + & [ fea®llcoso
2

1
Joe| '+

Now the right-hand side is equivalent to the following homogeneous Besov norm:

105 f (1) 12 . (see [36,37] or Section 2 in [3]). Then it follows from Sobolev embed-
52

dings that

00,2

o) S I L O + &% 1 fex @)l o

which is the wanted result. O

2.3 Sobolev Estimates

In this paragraph we recall a generalized Sobolev energy estimate proved in our com-
panion paper [3]. By generalized Sobolev energy estimate, we mean that, instead of
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estimating the L>°(L2)-norm of (—A)* f, we shall estimate the L% (L2)-norm of
|D|*? f for some function ¢ satisfying the assumptions in Definition 1.2.

There two technical results that we will borrow from [3]. The first result, which is
Lemma 3.4 in [3], gives an energy estimate.

Lemma 2.3 There exists a positive constant C such that, for any T > 0 and any
smooth solution f € C'([0, T1; H®(R)) to (1), there holds

2
|IDI*? f| 1[ 5 4|2
——dx + |log(e)|™ D|2? dx

| T &gl [ 1D ]

<CoN|IDI*? f] 2. )

d
a1l +

where

o(f) = (nfn,;z + ||f||21> [1D14 £ 2+ 11D £] 2 1F1

7
1
: 1/2

19 .7
HT2 HA

+ (nfn”%g + 171 > D12 F L2177

Remark 2.4 Some explanations are in order since the reader may notice several mod-
ifications compared to our paper [3]. Firstly, in [3] we considered a function ¢ whose
definition depends on an extra function « . Here we ignore this point since it is irrelevant
for the present analysis. Indeed, the functions ¢ and k are shown in [3] to be equivalent
(such that ck (A) < ¢(A) < Ck (1)), and the distinction between them served only to
organize the proof. Secondly, in [3] we also assume that ¢ (r) is bounded from below
by (log(4 +r))¢ for some a > 0. Here we will use that this property holds witha = 0.
Once the previous clarifications have been done, it remains to explain that in [3] we
consider the equation (1) while here we work with (5). The elliptic term (—8)%) is
trivial to handle since in [3] we only applied an L?-energy estimate and since the latter
operator is positive. Eventually, the cut-off function (1 — x («/€)) is also harmless in
the various computations used to prove Lemma 3.4 in [3].

Secondly, we recall two interpolation inequalities from [3, Lemma 3.5]. Hereafter,
we use the notations

As0) = IDI? £ )]},

By(t) = | IDI** £ )72 (10)
_ 3.0 2

Py(t) = | IDI>? f (0|2

0= (s(22))"
Hell) = Al '
Lemma 2.5 Consider a real number 7/4 < s < 2. Then, there exists a positive

constant C such that, for any T > 0, any smooth solution f € C'([0, T]; H®(R))
to(5)andanyt € [0, T],

and
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3
1F Ol < Crg()Ap(1)** By(1)' 2, (1)
7 42 1 1
[ID1#9" f(0)]) 2 < Crg()Ap(t)¥ By()*. (12)
From these two lemmas, we get at once the following

Proposition 2.6 There exist two positive constants C| and Cy such that, forany T > 0
and any smooth solution f € CL(0, T1; H®(R)) of the Muskat equation (5),

By (1)
L+ 1 fe O3

= C2 (VA0 + A0 16 By (0). (13)

d
A0 +C + og(e)| " Py (1)

We will also need an estimate for the L2-norm.

Lemma 2.7 There holds

> IIf(t)IILz < Ce? (VA R PRER

In particular,
||f(r>||Lz<||fo||Lz+Csz/ 1@l 3 dr. (14)
Proof Set 8. Ay f o
Re(f) = ——/ e f)2x( ) dee. (15)

We multiply the equation by f to obtain

1 A f
Eaﬂf(f)” </ mda» f>+(Re(f):f>~

Now, by [16, Section 2], the first term in the right-hand side has a sign. Indeed:

Ay f
/RURH(AmZ d“]f (o) dx
_ _ 2
_// log \/1+(f(t’x) fz(t’x O | 4 der
R2 o

It remains to estimate R.(f). To do so, we use the estimate (19) to get

IR (P2 < / 1A fill 2 da

| <2e

1 (16)
< gt A 2 d : < o2
JS¢€ Rll afxllj2da) Se ”f”H%’
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which completes the proof. O

2.4 Estimate of the Holder Norm

To exploit the Sobolev energy estimate (13), the main difficulty is to estimate from
above the factor 1 + || f; (¢) II%M. This is where we will apply Lemma 2.2. This in turn
requires to estimate the Holder norm || || #2.4, of f. This is the purpose of the following
result.

We will prove an estimate valid on arbitrary large time scale, which will be used
later to prove a global existence result.

Proposition 2.8 For any 0 < B < 1/2, there exist two positive constant gy and c
such that, for any ¢ € (0, gol, any smooth solution [ € clo, T1; H*®(R)) of the
Muskat equation (5), and any time t < min{e =, T}, there holds

t
B
eﬂ/ 1 lleas dr < 5 1 foll
0 H

3
2

2 1 1
8 t 2 t 2
+82(1+S:}BI’)t]||f(S)||Hg) log(2+ /0 ||f<s)||§~,zds) ( /0 ||f(s)||§2ds) :

Proof The classical Sobolev embeddings implies that
IfOll¢g2s S IFON 545 -

To estimate the latter Sobolev norm, the key point will be to apply the following
interpolation inequality. O

Lemma 2.9 Consider three real numbers
y >0, B1 >0 and 0 < f <?2.

Then, there exists a constant C such that, for any function g = g(t, x),

1
gl gy S —5 18Ol -1
2

t
on® 0
+ / L 0865) = 138 s .
O (wir—s)7
Proof Set G := ;g — v0yxg. Then, one has,
A~ 2 . 4 2 A
§.6) =050, 6) + / MG (s, £) ds.
0
The desired results then follows from Minkowski’s inequality. O
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Now, apply (17) with

5 3
y=5+8 Bi=1+B P=5+p v=lloge)l ™",
to get

Lf@Oleas SNFON 545

W14
< [og@)[ 72717727 [] foll

3
H?2

! 348 _3xt 12
+f0 llog(e)| "2 (t — )~ "7 |9, f — |1log(e)| '35 f| y1 ds.  (18)

It remains to estimate the H'-norm oﬁ orf —| 10g(8)|’18xx f. Inview of the equa-
tion (5), this is equivalent to bound the H'-norm of

AR

We will split the latter term into two pieces and estimate them separately.
Firstly, directly from (7) and Minkowski’s inequality, we obtain that

1 0xAg f o
E/R 1+ (Baf" (7) e

S [ (18a il + 180512 da
o] <2e

1 B 2
Serth (/ I Aa fex 1?5 I 2ﬁdoe)
R

4 /R | A fil2 da.

Hl

Now we use the following inequality:

//}Rzmaﬂﬂarzﬁdadw 1712, - (19)

Indeed,

- ~ 2
22 f) = fx—)| | da 12
/‘/Rz|Aaf| |t Zﬂdadx://l;{z[ WIET :| mdx’””f’|g%+ﬁ'

Similarly, using Sobolev embedding in Besov’s spaces, we get

/ 1A fellde S IFI2
R H4
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(20)

’

It follows that
1
,+ .
Sezth IIfIIHg+ﬁ + 1 f g2 IIfIIH;

~

0x Ao f X(a)da |
!

3
TR 14 (Agf)? \e
where we used an interpolation inequality in Sobolev spaces. On the other hand, it

follows from the estimate (41) below that,

By gathering the two previous estimates, we conclude that

ST Sl
2n

H!
2 5 \2
S (1HIA1,3) tog (24 11%) " 1f N

0xAg f
/ 3 do
R 1+ (Ayf)

o f — Noge)| a2 7|
1 2 3
S o+ (14171 3) Tog (24 1F1%2) 1112

Set
+B

b=
2

[\S][98)

By reporting this bound in (18), we find that

48 148
1F O 55 S Nog@] 2177 Ifoll 3

1
e P og@l” [ =97 1O,

t 2 1
+ [1og()|" /O = (1+1£ @I 3) og (24 1£ 1) 1@l ds.

So,

! 148 _148
| 175007 S o A5 gl

. B t

Ol WG
t 2 1

0@ [ (141715 ) tog (24 1F ) 17Ol ga .
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As a result, there exists co > 0 and g9 < 1 such that, if t < ¢70 and ¢ < g,
! 8
fo 1F @I 5.0 dT <72 11foll 3
f !
Hlog@ P20 [ tog (24 LFOI:) 1l ds,
where

2
Koy = swp (14151 3)

s€[0,1]

Now observe that

t 1
/O tog (2+ 1L/ )3 ) " 17l 2 ds

1 1
t 3 t 3
s(r+1>5log(2+/0 ||f<s>||i,2ds> (fo ||f(s>||i~,2ds) :

Therefore, up to modifying the values of ¢y > 0 and &g, we see that, for < ¢~ and
& < gg, we have

t
B
eﬁ/ 1f O lgapdr < e 1ol
0 H

3
2

1 1
t 2 t 2
+e’§/c<r)log(2+/o ||f(s)||§2ds> (/0 ||f(s>||zzds> :

This completes the proof. O

2.5 Global in Time Estimates, Under a Smallness Assumption

Proposition 2.10 Let T > 0 and consider a smooth solution f € c! ([0, T1, H®(R))
of the Muskat equation (5). Set

C\?
K=1+16(==
* (Cl)

and assume that

2k + & %(2+|I8f|| Vol .2 <1 (22)

where the constants Cy, C1, Cy are as defined in the statements of Lemma 2.2 and
Proposition 2.6. Then there exists ey depending only on Cyp, C1, C2 and || foll 2 such
that, if ¢ < g, then
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r 1
and [ Nf @I dr < oo 03

1
sup [[f (DI 3 =<
0eoT HE 7 R (2+ 105 foll oo )

Proof We apply the previous a priori estimate (13) in the simplest case where ¢ = 1.
With this choice, the quantities Ay and By defined by (10) simplify to

A@) = [ 1D £ 3.

5 ) 5 (24)
B@t) = [ IDI fFO] 2 = 1F O3
Introduce the set
! 2 1
I:{te[O,T];fB(r)drf—and sup A(t) < 4}.
0 3Co o= K(2+ l1x foll oo )

We want to prove that I = [0, T']. Since 0 belongs to / by assumption on the initial
data, and since [ is closed, it suffices to prove that I is open. To do so, we consider a
time t* € [0, T) which belongs to /. Our goal is to prove that

" 1 1
B(r)dt < —— and sup A(r) < .
v[) 2C0 O<t<t* 4K(2 + ||axf0”Loo )4

This will imply at once that #* belongs to the interior of /.
Since u(t) = 1 for ¢ = 1, the estimate (13) implies that there are two positives
constants C, C» such that

d B(t)
—A —_— A A(t))B 25
G e el CORMD LOCS

By combining Proposition 2.8 with Lemma 2.2, we get, for any #,

t
19 f (D]l oo = 19x foll oo = Co/ B(x)dr + Coe” I foll 3

H?2

B 2 % t 2
+ Coe? | sup (1 + ||f(s)||H%) log <2 + / B(7) dr) (/ B(7) dr) .
s€[0,¢] 0 0

By (14),
sup [1f ()2 < ||fo||Lz+C82t sup [[f (). i
s€[0,7] s€[0,1]
This implies
sup [[f()I 3 ||fo||L2+(1+C£2t) sup [[f()I .3 - (26)
sel0,1] H?2 sel0.1] L
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If t < t*, then the bound on the integral of B, supy_, ||f||H% < 1 and (26)
imply that

1 g B
105 f (@)l oo — 10x foll Lo < 3 + CoeZ 4+ CoeZ (1+ |l fol .2
1e)2 1
+(1+ Ce2t )) log (3)2 .

For ¢ small enough, we conclude that

2
19x f ()l o = 3t l[9x foll Lo -

On the other hand, if t* € I, then for any ¢ < t* we have

2
A(t) + VA®) < 2/A®0 < :
VE 2+ 110, foll e )

Consequently, for any ¢ < *, (25) gives

B(t) 2C,

5 < sB(@).
2+ 10s foll e )™~ VK (24 18x foll oo )
By definition of K, we have

d At)+C
dr !

16C3
K 2 b
ct
so, for any t < t*,
d A + Cy B()
dr

3 <0.
2 (24118 foll oo )

27
Integrate this on the time interval [0, r*], to infer that

C r
sup A(t) + 1 2 / B(1)di = A(0).
el0.1°] 202+ 18y foll g ) Jo

Using the smallness assumption (22), the previous inequality (27) implies at once that
1
sup A(r) < A(0) < 7
1€[0,*] 4K (24 110x foll )

* 2
t 2(2 4+ 1|0 00 1
/ Bydr < 2+ 113x foll . )A(O)S_.
0 Cq 2Co

These are the wanted bootstrap inequalities. As explained above, by connexity, this
proves that I = [0, T'], which implies the desired results in (23). O
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2.6 A Priori Estimates Locally in Time, for Arbitrary Initial Data

Proposition 2.11 Consider ¢ satisfying assumptions (H1)—(H3) in Definiton 1.2. Let
T > 0 and consider a smooth solution f € clqo, 11, H*(R)) of the Muskat equa-
tion (5). For any My > O there exists ¢g > 0 and To > O such that the following
properties holds. If ¢ € (0, go] and

| 1DI22 )35 < Mo,

then, with T* = min{T, Ty}, there holds

T*
1
sup Ay(r) < 5Mo, / po (V2 By (1) di < ——
1€[0,T*] 0 Co

where Ay, By, iy are defined in (10) while Cy is given by Lemma 2.2.

Proof For this proof we skip the index ¢ and write simply A, B, u.
Since (see (11)),

Lf Ol g2 < Cu()B(@)?.

We then apply Proposition 2.8 for some fixed parameter 8 > 0. Then, it follows
from (13) that

B
W < (VAD + A0) n0B(), (28)

d
aA(I) + CIW =

where

t
8
v(t) = 1+ 10x foll oo + Co/0 1u(1)*B(r) dt + Cos> I foll 3

1

Coe® 1 log (24 [ weorBeyar)
et | sop (14150,3) e (24 [ neorBear)

7€[0,1]

t 3
(f u(r)zB(r)dr> .
0

Given a positive number 7Tj to be determined, introduce the set

t
1(Tp) = :t e [0, min{T, Tp}]; / u(r)zB(r) dr < % and sup A(r) < SMO} .
0 0

0<t<t

We want to prove that 7 (Ty) = [0, min{T, Tp}]. Since 0 belongs to 1(7p) by assump-
tion on the initial data, and since 7 (Tp) is closed, it suffices to prove that I (7p) is open.
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To do so, we consider a time * € [0, min{7', Tp}) which belongs to 7(Tp). Our goal
is to prove that

r* 1
/ w(@)?B(r)dt < ——and sup A(r) < 4Mj.
0 2Cy

0o<t<t*

This will imply at once that r* belongs to the interior of 7(7p).
As in the previous proof, we use (26) to write

sup [1FOI 3 < I follz + (14 Ce2n) sup O] 3 (29)

3 .
s5€[0,1] H?2 se[0,1] H

[S[9%]

Itz < t* with t* € 1(Tj), then

2 B
v(t) < 14119y foll poo + 3 + Coe2 My

+ Coe (14 1 foll 2 + 6Mp) o 2+i% 2y
0 ollz2 0 g 3Co 3, )

Hence, one can define gj small enough, depending only on My, || fyll;2 and the fixed
parameter 3, such that if ¢ < gg and if t* € I(Tp), then for any ¢ € [0, t*], we have

V(1) =24 [[9x follzee -

Consequently

B(1)

d
—A)+Cl—————
ar Y2 10y foll )2

< G (A0 + VAD ) ) B®).
Introduce the function

E(r,m) := sup {Cz(\/?+r) (¢> <§)>_1 o — ﬂﬁ} )

p=0
Then, for any ¢ € [0, r*], we have

d Cq B(t)
SAm+ S < £(A®. 1o foll o ).
2 (2 o ol ) ( )

Assume that the number 7} satisfies

A0)
Ty < ’
4E(4A(0), 110y foll 1= )
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Then, for any t < t*, we get that

C 1 '
supA(r)+71 2/ B(t)dt < 4A(0).
<t (2+ l10x foll g )™ o

In particular, for t = t*, this gives

r 8A(0
sup A1) < 4A(0), /0 B()dr < C(l)(2+||3xfo||m°)2- (30)

t<t*

To get the result, we must show that

3D

| =

T
Co [ warBmar <
0
Recall that
o= (s(22))"
rO=\"\an)) -
Since ¢ is increasing and since A(f) < 4A(0), we have

B(t) \\ !
“(t)5<¢(4A<0>>) '

Now, we claim that the function F: [0, +00) — [0, +00), defined by

-1
Fn= <¢ <4Ar<0>>> "

is increasing. To see this decompose F(r) under the form F(r) = Fi(r) (F> (r))2
with

_log(ro + 1)

fin = = p(r/AA©0)

(logGo + 2 120

Then

/l* () B(1)dt < /l* <¢< B®) >>_23(t)dt
0 o ~Jo 4A(0)
t* ’ -2 t* r -2
S/(; (¢ (4A(O)>> rd“r/o <¢ <4A<0)>> B

) ) s
< YYG) ZA0) e
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for any r > 1. Now we successively determine two numbers rop > 1 and Ty > O such
that

C 70 728A0 24119 2_ 1 32
O(¢<4A(O)>> (0) (2 + 119« foll <) =7 (32)

T, 0\, ] 33
°<¢(4A<O))> Ay 53

With this choice we get (31) and we obtain that /(7p) = [0, min{T, Tp}], which is
equivalent to the statement of the proposition. O

and

2.7 Transfer of Compactness

Previously, we have proven a priori estimates for the spatial derivatives. In this para-
graph, we gather results from which we will infer estimates for the time derivative as
well as for the nonlinearity in the Muskat equation. These estimates serve to pass to
the limit the equation (which is needed to regularize the solutions).

The Muskat equation (1) can be written under the form

W f+IDIf =T/, (34)

where 7 (f) is the operator defined by

(Ao f)?

To (A TE ) o. (35)

1
T(Pg=-~ /R (3 Aag)

We recall the following result from Proposition 2.3 in [2] and from Remark 2.9 and
Propositions 2.10 and 2.13 in [3].

Proposition 2.12 (i) Forall § € [0, 1/2), there exists a constant C > 0 such that, for
. .3
all functions f1, f> in H'=3(R) N H23(R),

IT(f1)=T(2) Ll =Clf = f2llgi-s ||f2”f1%+5 .

(ii) One can decompose the nonlinearity under the form

T __@:fP D V(f)d R 36
(f)g—m| lg+V(focg + R(f,2), (36)

where the coefficient V (f) and the remainder term R(f, g) satisfy the following
estimates:

IVl < ch €1 | £ ()] de. (37)

IRCF @)l = Cligl 3 IF1 7 (38)

3 7
z 7
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for some absolute constant C. Moreover,

I TN fllg =C (IIfIIH; + IIfIIZ% +1+ IIV(f)IlLoo> Ifllg2 (39

and,

|(V(asg D) < €Wz + 11 5 ) gy gl (40)

For later purpose, we need a refinement of (39).

Proposition 2.13 There exists a positive constant C > 0 such that, for all function
feH*®),

2 1
1T f g =€ (1+IF13) log (2 1A 1) If e @D

Proof In view of (39) and (37), it is sufficient to estimate the L'-norm of €] f . Write,

/|5||f|ds=/ IS|‘1|§|2|f|d§+/ (61 + DI + 16D 1 flde
R |&]>A |E|<x

TRY:
< —d 2
N(/I§|>x HE é) 171

1 7
e d .3 )
+</|§|§A (E[+1) 5) (1713 +17122)

SATEIS N +10g(+ 22 (1715 +1F122).

LS

Choosing A = || f1|%,,, we obtain

+170z2).-

N 7 1
[t 7106 < 1+ tog(t 171 (171,
By reporting this in (37) and then using (39), we get the desired result (41). O

By using the equation (34), we deduce at once the following bound.

Corollary 2.14 There exists a non-decreasing function F: R™ — RY such that, for
any T > 0, any & and any smooth solution f in C'([0, T1; H*®(R)) of the Muskat
equation (5), if one sets

Mc(T) = sup (nf(t)n;g + ||f<r)||iz)

tel0,T]

T T
+ [ 1Ot ogr ™ [T 1@ ¢ a

H?2
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then, 5
TSR,
dr < F(M(T)), 42
/0 o G+ 1T Sl =7 M) @
and 5
T 9 .
/ 191 — di < F(M.(T)). (43)
0 log 2+ 113 f1%,)

Proof Let C be the constant given by Proposition 2.13 and set C = max{C, 1}. We
claim that

1T fI%
log (2+ 17 () f I

2
= c? (Ilfll 1+ ||f||2% + 0l + 1) 11, -

H

IEFNT)fllgn < | fll g2, then this is obvious. Otherwise, this follows at once
from (41). This implies (42).
The proof of (43) follows from similar argument, using the equation to estimate

0; f interms of 7 (f) f. O

It follows from the previous results that one can extract from the solutions of the
approximate Cauchy problems (5) a sub-sequence converging to a solution of the
Muskat equation (1). Since it is rather classical, we do not include the details and refer
for instance to [19,21].

2.8 Uniqueness

To prove the uniqueness of the solution to the Cauchy problem for rough initial data,
we shall prove an estimate for the difference of two solutions.

Proposition 2.15 Let T > 0 and consider two solutions fi, f> of the Muskat equation,
with initial data f1 0, f2,0 respectively, satisfying

fi € €010, T W (R) N B2 (R)) n C1([0, T1: H2 (R)) N L2, T: H2(R)), k =1,2.

Assume that

T
sup <||fk(f)||2.3 + ||fk<t>||€~vl,oo> +/ 1 fill3,de < M <00, k=1,2. (44)
tel0,T] H2 0

Then the difference g = f1 — f> is estimated by

T
5 2 2
S ||g<r)||H%§||g<0)||H;exp(C(M+1) /0 (||f1||H2+||fz||H2)dt).
(45)
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Proof Since o, fi + |D| fr = 7 (fx) fk, it follows from the decomposition (36) of
T (fx) fx that the difference g = f| — f> satisfies

ID| g

hg+——
B (0 1)?

= V(Mg + R(f1.8) + (T (f2+8) —T(f2) f2.

Since g belongs to C!([0, T1; H 5 (R)), we may take the L2-scalar product of this
equation with |D| g to get

1d 5 (ID| g)?

) — 27 _dx<|(V 0xg, |D R(f1, :

ol + [ o 4 = (VB D) + IR )12 el

+IT (o +8) =T () fallz liglg -

It follows from Proposition 2.12 that

Liel2, + M gz < (1filge + 112, ) gl . Tl

dtgH% 8l = 1l g2 IH% gﬁngl
+I2l 7 gl gl

By Gagliardo-Nirenberg interpolation inequality

d 2 -1 2
a1+ M gl S Wil (1Al ) gl gl

1 1 1 3

2 2 2 2
A0 IR0 el ) g,

S illge A+ M) ligly lgll

Siath rert . rerd
+ M2 L0 gl gl
Thus, thanks to Holder’s inequality, one gets

d 2 1 2 5 2 2 2
G182 1+ 57 lleliG < €M+ 1) (1113 + 15152 Il
which in turn implies (45). O

2.9 The Cauchy Problem for the Approximate Equations

It remains to prove Proposition 2.1.
Rewrite the equation (5) under the form

& f — log(e)| 1AL f = Ne(f), (46)
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with

L Al ([l
Ns(f)_;/]lkl‘f‘(Aaf)z(] X(e))“'

The next proposition shows that Equation (46) can be seen as a sub-critical parabolic
equation.

Lemma 2.16 There holds

2 1
NN S e 105+ (14171 3) Tog (24 1F1%) 114, 4D

Nl

and

2
NI =€ (14111 3) (48)

Proof The estimate (47) follows at once from (20) and (21). To prove (48), we decom-
pose No(f) = —ID|f +7T(f)f + R:(f) where 7(f) is the operator already
introduced in §2.7 and the remainder R, (f) is as defined by (15). Recall from Propo-
sition 2.3 in [2] that

IZCH iz S U AN 5 -

So the wanted conclusion follows from the estimate (16) for R, (f). O
Multiply the latter equation by (I — A)3/? f and integrate in time, to obtain

1d

o IFI% 5 4 Noge) |~ DI £17 5 < INe(ON g 11l g2 - (49)
t H?2 H?2

Recall that

1

2 1
NI S e 115+ (14171 3) Tog (24 17 1%2) 142, (50)

Since 8% < |10g(8)|_1 for ¢ <« 1, we can absorb the contribution of 8% ”f”H% in

the right-hand side of (50) by the left-hand side of (49). On the other hand, since
5/2 > 2, one can absorb the contribution of the other terms by using the Holder’s
inequality. This proves an a priori estimate for (46). We also get easily a contraction
estimate similar to (but much simpler) the one given by Proposition 2.15. Then by
using classical tools for semi-linear equations, we conclude that the Cauchy problem
for (46) can be solved by standard iterative scheme.
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