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Abstract

The Muskat problem models the dynamics of the interface between
two incompressible immiscible fluids with different constant densities.
In this work we prove three results. First we prove an L?(R) maxi-
mum principle, in the form of a new “log” conservation law (3) which
is satisfied by the equation (1) for the interface. Our second result is
a proof of global existence of Lipschitz continuous solutions for initial
data that satisfy || fol|lre < 0o and |0, fol|L~ < 1. We take advantage
of the fact that the bound ||0, fol|r~ < 1 is propagated by solutions,
which grants strong compactness properties in comparison to the log
conservation law. Lastly, we prove a global existence result for unique
strong solutions if the initial data is smaller than an explicitly com-
putable constant, for instance || f|l; < 1/5. Previous results of this sort
used a small constant ¢ < 1 which was not explicit [5, 16, 7, 12].

Keywords: Porous media, incompressible flows, fluid interface, global
existence.
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1 Introduction

The Muskat problem models the dynamics of an interface between two in-
compressible immiscible fluids with different characteristics, in porous me-
dia. The phenomena have been described using the experimental Darcy’s
law that is given in two dimensions by the following momentum equation:

%u:—Vp—ﬂQM-

Here p is viscosity, x permeability of the isotropic medium, u velocity, p
pressure, g gravity and p density. Saffman and Taylor [15] related this prob-
lem with the evolution of an interface in a Hele-Shaw cell since both physical
scenarios can be modeled analogously (see also [5] and reference therein).
Recently, the well-posedness has been shown without surface tension in [6]
(for previous work on the topic see [1], [18] and [7]) using arguments that
rely upon the boundedness properties of the Hilbert transforms associated
to C17 curves. Precise estimates are obtained with arguments involving
conformal mappings, the Hopf maximum principle and Harnack inequali-
ties. The initial data have to satisfy the Rayleigh-Taylor condition initially,
otherwise the problem has been shown to be ill-posed [16], [7]. With surface
tension, the initial value problem becomes more regular, and instabilities do
not appear [11]. The case of more than one free boundary has been treated
in [10] and [12].

In this paper we consider an interface given by fluids of different constant
densities p?, with the same viscosity and without surface tension. The step
function p is represented by

B Loz e Ql(),
pla,t) = { Zz’ z e Q2(t) =R\ QY(1),

for Q¥(t) connected regions. As the density p is transported by the flow
Pt +u- VP - 07

the free boundary evolves with the two dimensional velocity u = (u1,us).
The Biot-Savart law recovers u from the vorticity given by w = 0y, uo— 0y, u1,
via the integral operator

u(z,t) = VEA  w(z, t).

Darcy’s law then provides the relation w = —0,, p where p/k and g are taken
equal to 1 for the sake of simplicity. Then the velocity field can be obtained



in terms of the density as follows:
u(e.t) = PV [ Ko=)l 0y = 50.p(z.0).
Here the kernel K is of Calderén-Zygmund type:
K(z) =~ < z12; 21 _$3) :

T\ 22 20ef?

(see [17]). As a consequence of p € L>®(R? x R*) it follows that the velocity
belongs to BMO. Moreover, as K is an even kernel, it has the property
that the mean of K (in the principal value sense) are zero on hemispheres
[3], and this yields a bound of the velocity u(z,t) in terms of C'7 norms
(0 <y < 1) of the free boundary [10].

In order to have a well-posed problem we need to consider initially an
interface parameterized as a graph of a function with the denser fluid below:
p? > pl as in [7]. The interface is characterized as a graph of the function
(x, f(x,t)). This characterization is preserved by the system and f satisfies

_p=rt  @uf(@,t) = Ouf (@ — 1))
ft(ﬂf,t) = o PV/R d o + (f(l‘,t) _ f(l' _ Oz,t))Q’ (1)
f(2,0) = fo(z), z€R.

The above equation can be linearized around the flat solution to find the
following nonlocal partial differential equation

2 1
ft(xvt):_p 2p Af(f[),t),

f(OZ,O):fo(Oé), a € R,

where the operator A is the square root of the Laplacian. This linearization
shows the parabolic character of the problem in the stable case (p? > p!),
as well as the ill-posedness in the unstable case (p? < p').

The nonlinear equation (1) is ill-posed in the unstable situation and
locally well-posed in H* (k > 3) for the stable case [7]. Furthermore the
stable system gives a maximum principle ||f||z=(t) < ||f|lze=(0), see [8];
decay rates are obtained for the periodic case as:

1z (8) < [l foll e ™,

and also for the case on the real line (flat at infinity) as:

(2)

[ follzoe
||f||L°°(t) < m
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Numerical solutions performed in [9] further indicate a regularizing effect.
The decay of the slope and the curvature is stronger than the rate of decay
of the maximum of the difference between f and its mean value. Thus,
the irregular regions in the graph are rapidly smoothed and the flat regions
are smoothly bent. It is shown analytically in [8] that, if the initial data
satisfy ||0zfollL~ < 1, then there is a maximum principle that shows that
this derivative remains in absolute value smaller than 1.
The three main results we present in this paper are the following;:

1) In Section 2, we prove that a solution of (1) satisfies

e R R Y (R e Sy

= [l fol72- (3)

Furthermore, we have the the inequality

/Rdx /Rda In (1+ (f(x"jj:i(“’s)f) < O flln (5).

This identity shows a major difference with the linear equation (2) where
the evolution of the L? norm provides a gain of half derivative for p? > p':

¢
1 £1172(2) + (p2—p1)/0 ds [|[A2f1172(s) = 1 follZ2 (4)
or equivalently

2
0+ 252 [Cas [ [ a0 (ZEDZTED)

Notice that this linear energy balance (4) directly implies compactness,
whereas compactness does not follow from the nonlinear L? energy (3).

2) In Section 4 we prove global in time existence of Lipschitz continuous
solutions in the stable case. We understand the solution of (1) using its
weak formulation:

/OTdt /Rdx ne(x,t) f(x,t) +/Rd:z n(z,0) fo(x)

o r p2_p1 f($,t) B f(Oé,t)
—/0 dt /Rd:n Ne(x,t) PV/Rdoz arctan< >

27 T —«

()




This equality holds Vn € C2°(]0,T) x R). For initial data fy satisfying
| follLee < oo and ||0y follLe < 1 we prove that there exists a solution of
(5) that remains in the spaces f(z,t) € C([0,T] x R) N L*>([0, T]; W1 (R))
for any T' > 0. We point out that, because of the condition f € L*(R),
the nonlinear term in (5) has to be understood as a principal value for the
integral of two functions, one in H! and the other in BMO [17].

There are several results of global existence for small initial data (small
compared to 1 or € < 1) in several norms (more regular than Lipschitz)
[5, 16, 7, 12] taking advantage of the parabolic character of the equation for
small initial data. Here we show that we just need ||0y fo||z < 1, therefore

fo(x) = fola)

r—«

< 1.

Notice that considering the first order term in the Taylor series of In(1 + y?)
for |y| < 1, then the identity (3) becames (4).

3) Our third result, discussed in Section 3, proves global existence of
unique C([0,7T]; H3(R)) solutions if initially the norm (6) of fy is controlled
as || folli < co where

mm:é&m%@«

The key point here, in comparison to previous work [5, 16, 7, 12], is that the
constant ¢y can be easily explicitly computed. We have checked numerically
that co is not that small; it is greater than 1/5.

2 [? maximum principle

In this section we provide a proof of the identity (3). As we are in the stable
case, we take without loss of generality (p*> — p')/(27) = 1 to simplify the
exposition. The contour equation (1) can be written as follows:

f(xvt)_f(x_aﬁt))da.

(0}

fi(x,t) = PV/ Oy arctan (
R
We multiply by f, integrate over dz, and use integration by parts to observe
Ldy o fl@,t) = [z — a,t)
2dt”fHL2(t) = —/Rd:r /Rda fz(2) arctan( - )
= —/ dx / do fr(z)arctan (f(:c,t) — f(a,t)).
R R

r—




We use the splitting

2dt||f||LQ // f(a,t)) arctan <—f(x7t)_f(a’t))da;da

«( —(f (w,_t)a fla,t)) fiw_,tc)y—f(avt)
_ /R/R . ) arctan (ﬁ) dxda

=1+ I5.

We also use the function G defined by

T
G(z) = zarctanz — In\/ 1+ 22 = / dy arctany.
0

With these, it is easy to observe that

//x—oz@G J(@, i_i(a’t)>dxda.

lim (x — a)G(f(x’t) — f(a,t)) =0,

|z|—o00 r—«Q

The identity below

allows us to integrate by parts to obtain

12://G f(flf,t)—f(aat)>dxda
- I //ln\/l—l— gc_i(a’t))zdxda.

This equality gives

S0 =~ [ e (IO g,

and integrating in time we get the desired identity.
The above equality indicates that for large initial data, the system is not
parabolic at the level of f. We prove below the inequality

//m (1+( 2,t) = f(a’t)>2)da3da§47r\/§||fHL1(t)

r—«

which shows that there is no gain of derivatives for the stable case. If the
initial data are positive, then || f|| .1 (¢) < || fol|r1 follows from [8], so that the
dissipation is bounded in terms of the initial data with zero derivatives.



For the proof of the inequality, we denote by J the integral

Jd:ef/R/Rln (1—|— (f(:v) —2(:6—0())2) dxda.

We now use that the function In(1 + y?) is increasing to observe that

J<//ln 2|f )|2 +2‘f(x_a)|2) dada.

o?

The inequality In(1 + a? + %) < In(1 + @?) + In(1 + b?) yields

2| f 2 —a)l?
Jg//ln (1+ da:da—i—//ln M)dxda,
RJR

and therefore
) 2
JSQ//ln(l—i- 7z )deda = K.
R JR «

For K it is easy to get

2
K:2/ dm/daln<1+2|f(f)‘),
{z:| f(z)|7#0} R a

so that an easy integration in « provides

K =4mv2 d | f(x)| = 472 f] 1.
{a:| f ()]0}

This concludes our discussion of the L? maximum principle (3) for (1).

3 A global existence result for data less than 1/5

In this section we prove global existence of C([0,7T]; H3(R)) small data so-
lutions. A key point is to consider the norm

wmgéﬁaw@us>L (6)

This norm allows us to use Fourier techniques for small initial data that give
rise to a global existence result for classical solutions.



Theorem 3.1. Suppose that initially fo € H3(R) and ||foll1 < co, where co
is a constant such that

23 (2n+1)*cg" < 1

n>1

for 0 < 6 < 1/2. Then there is a unique solution f of (1) that satisfies
f € C(0,T); H3(R)) for any T > 0.

Remark 3.2. We compute the limit case § =0, so that

23 (2n+1)%¢" <1
n>1

1 14 x 52/3 3
0<¢y< 3 7 — ————+2\/5(9V39 — 38) = 0.2199617648835399.

In particular,
2) (2n+ 1) <1,

n>1
if say co < 1/5.

The remainder of this section is devoted to the proof of Theorem 3.1.
The contour equation for the stable Muskat problem (1) can be written as

ft(xvt) = _p(Af + T(f))v (7)

where we recall that p = p2;pl > 0 and we have

L[ 0uf(@) = Ouf(a =) (HOL)’
I(f) = W/R o 1+ (f(x)—f(l’—a))QdOé, (8)

We define
Bofley 2 D =S 0)

We consider the evolution of the norm || f|; (6):

L7t = /R dé |€] sgn (F(€)) fi(€)
=) /R de 1€] sen (F(€)) (—IE1f(€) — FT)(E)).



We will show that the first term dominates the second term if initially

I foll1 < v/ (4 —v13)/6, where \/(4 —/13)/6 > 1/4.

The key point, again, is that the constant is given explicitly.
Notice that under the local existence theorem of [7], this bound will be
propagated for a short time. Then we may use the Taylor expansion

2 [e.@]

<L _ _1\n+1,.2n
1 +$2 - ;( 1) € )
to obtain
—1
T(f) = 7 /a Anf) (Ao f)*da. 9)
nZl

Notice that

F(Aof) = fOmE q),  F(OeDaf) = —ilf(m(E, a),
m(€, o) = Lo

[e%

Therefore

F(Oe(Daf) (Baf)™™) = (i€ fm) « (fm) -+ (fm)) (& ),

with 2n convolutions, one with —i¢ fm and 2n — 1 with fm. Using (9)
i . .
A= L Lo [ d-o- [ deanle—enie—somic—s1.0)
X f(&1—E)m(E1—Ea, @) -+ f(Ean1—Eon)m(E2n—1—Eons @) f (E2n)M(Ean, )

2n—1 .
=> / dg; - / déan(§—61) f(6—&1) (H f(& &H)f(fzn)Mn,

n>1

where M,, = M, (§,&1,...,&,) is given by

2n—1

d:f% /mf 1, <1:[1 m(fi—&ﬂva)) m(&an, @)da. (10)

Since m(&, o) = i€ fol ds €' *(5=1¢ we obtain

M,y (&8, &) = mu(&, &, - &m) (61— &2) - - (Son—1 — &2n)Eons

9



with

1 1 — ¢~ ta(§—81)
/d31 /d32n da
0 0 R

In—1
X exp <ZO& — &) +ia(sa, — 1)§2n>
j=

1 1
d
/d31 /dSQn /exp zaA)— —PV/exp(iaB)a>
0 0 R «

1 1
/ dsy - / dson(sgn A — sgn B),

a\s

zns

0 0
and
2n—1 2n 2n—1
A= (55— D& = &r1) + (s — Déon = —&+ D556 — Y si&jpn.
=1 Jj=1 J=1
Additionally
2n—1
—(E = &)+ D (55— (& — &11) + (san — Déan
=1
2n ’ 2n—1
==+ 88— Y s
Jj=1 J=1

It follows that

©=3 [ der [ oo maléirn... ) (€~ 060

n>1

2n—1
X ( H (& =€) f(& —§i+1)> Eonf (Ean),

=1

with |m,(€,&1, ..., &n)| < 2. We then have

Lasielraor<2 [ ae [ e [ acnlele - allfe -l

n>1

X &1 — &||F (& — &) |€n—1 — Eonl| f (E2n—1 — Ean)||E2n] | F (E2n)]-
The inequality [§] < |§ — &1| + [ — &af + - + [§2n—1 — &an| + |2n| yields

[ sz 1 <250 41 [ aserrin) ([ asenscen)”

10



and therefore

2| ¢ 2n
[ aseiFmen < ([ a2 S en+ i

n>1
~ 2 2 3 — 2
< ([ aeleifen) E R

Notice 204280 < 14 0 < & < /23 ~ 0.256400964. Tf [|folh <

/5

4=V13 then this inequality will continue to hold for some time so that
d
— t) <0,
Sl () <

and we conclude that || f]|1(t) < || foll1 if || foll1 < 1/ %.
Now we repeat the argument but with s > 1 in (6). Our goal is to obtain

d
g l2+s(t) <0, 0<d <1/2. (11)
Let us point out that

I follz+5 < C(l foll 2 + 1102 foll £2)
for 0 < § < 1/2. Using the inequality
€77 < @nA+ 1) (=& PP € — L P4 -+ [Ganm1 —Eon T [ Eonl 7).
we proceed as before to get
[ melas < [ P IFelaez 3+ 0 e

In particular, taking || f||; small enough we find

[ree=iFm@ie < [ 1+l
R R

and bound (11) therefore holds.
If || f|lc2.6 remains bounded (0 < § < 1), then from previous work [7],
we can conclude that there is global existence in C([0,T]; H*(R)) for any
T > 0. Since for
glos = sup lg(z + y)é— g(z)]
y#0 |y|

Y

11



we find

lg(z +y) — g(z)| C [ o e i N
) ool | 5 /R (€ (e~ 1)ag| < € /R € g(e)lde,

and therefore

I flless < C (||f||Loo + [ aelelicel+ [ ae |5|2+5rf<5>r> .

We conclude that the solution can be continued for all time if ||fp|1 is
initially smaller than a computable constant ¢y and ||fp]|2+s is bounded.
The constant ¢y defined by the condition

23 (2n+1)*7cg" < 1,

n>1

which has been numerically verified to be no smaller than say 1/5.

4 Global existence for initial data smaller than 1

We prove now the existence of a weak solution of the system (1) which can

be written as follows:
arctan <f(a:) — i(m — a)> da, (12)

f,="Loa,pPv /
T

R

where p = (p? — p!')/2. We first extend the sense of the contour equation
with a weak formulation: for any n(z,t) € C°([0,7) x R), a weak solution f
should satisfy (5). We show here that this is the case if |0z fo||e < 1. Then
it follows that || f||ze<(t) < [|follzee and |0z flz<(t) < |0z follre < 1 as in
[8]. Then the solution is in fact Lipschitz continuous by Morrey’s inequality.
The main result we prove below is the following:

Theorem 4.1. Suppose that || fo|lLe < oo and |0 follL < 1.Then there
exists a global in time weak solution of (5) that satisfies

f(a,t) € C([0,T] x R) N L¥([0, T|; WH(R)).
In particular f is Lipschitz continuous.

The rest of this section is devoted to the proof of Theorem 4.1. The
first step is to prove global in time existence of classical solutions to the
regularized model (13) below. This is done in Section 4.2. Prior to that,

12



in Section 4.1 we prove some necessary a priori bounds. Then, in Section
4.3 we explain how to approximate the initial data. Section 4.4 shows how
to prove the existence of solutions of (5), subject to the strong convergence
established in Section 4.5.

From now, in the next two subsections we write f = f¢ for the solution
to (13) for the sake of simplicity of notation. The regularized model is given
by

fi(z,t) = —eCA C f +efr + 'OaxPV/ do arctan(Af f(z)). (13)
T R

where C' > 0 is an universal constant fixed below, and we define

e J(@)— [@ = a)
¢(a) ’
with ¢(a) = ¢°(a) = a/|al® and € is small enough. Initially we consider

the data fo € WH™(R) with [0, follr®) < 1. We will explain how to
approximate this initial data later on in Section 4.3.

ALS ()

4.1 A priori bounds

For the regularized system (13) we obtain the following two a priori bounds

[fllzee < N follzoe, 10z fllzee < [0z follLoe < 1.

In order to prove the first one, we check the evolution of
M(t) = maxf(:n,t) = f(l't,t)
x
Then, where M is differentiable

M/(t) = ft(.’Et, t)
= —cCA " f (1) + e fuu () + i@xPV/ arctan(AS f(z¢))da.
R

We have to deal with the third term above, as the first and the second ones
have the correct sign. Now

I(z) = 8,PV /

arctan(Af f(z))da = C%CPV/ arctan(AS_,, f(x))da, (14)
R R

13



and thus
1

1) = 0 @PV [ = Ay
S (@)= f(o)
|lz—al?—=

-9V [ e

Therefore I(x;) < 0 (since Oy f(z) = 0). Then M'(t) < 0 for a.e. ¢t € (0,7
and M(t) < M(0). Analogously m(t) > m(0).
From (13) and (14) we have

(15)

f:ct = _5CA1_6f:U + Sfa:mc + %Ix

Using (15) we rewrite I(z) = J!(z) + J*(z) where

fo(@)(@ — a) — (f(z) — f(a)) 1
PV/ & —alr T (A j@p™™
B f(x)— f(z —a) 1 N
o =erv [ S e

to find

1 — 1 !
T@) = fee@PV [ s 1+<Ax af(x»?da

fo(x 1
2 PV/ : fa|2 Sl AP
fole) (@ — ) — (f(z) - f<a>> 205, f(x)
B PV/ o —al (15 (A f()2)?
 feln)@ = a) ~ (1-)(f(@) - f(a))
|lx — af?—¢ ’

and we split further Jl(z) = K'(z) + K%(z) + K3(z) + K*(x) where

1 _ - 1 1 o
K@) = fual pv/¢ T e

K*(z) = PV/ fola S — ! d
Vo= |a|2 ¢ + (As fa)2 ™
(@)~ (e= a) 5

o e
K@) = =P V/ \a|2a T (A (@)

da,

14



and

folz) = {212 g ne ()

Yp)=— a = a
K@) = v [ 4 P (1 (Aaf@))?

X (fa(x)]af” = (1=

For J? it is easy to check that

9 B fo(x) = folz — ) da
s =PV | MH T+ (Be /(@)

. Fo(@) = folw — ) 2(ASf(x))2da
Py [ e

Next, as we did before, we consider M(t) = max, f, = fz(z,1).

M (t) is differentiable it follows

M,(t) = fl‘t(mta t) = 780A1_€fx(xt) + 6fmmc(l't) + %Ix(xt)

)AL f ().

Where

Now we claim that if M (t) < 1 then M’(t) < 0 for a.e.t. We can conclude

analogously for m(t) = min, f, > —1, m/(t) > 0 for a.e.t.
We check that if M(t) < 1, then

—<CA' " fo(@e) + & faralw) + ELow) <0.
We can use the following formulas for the operator A'~¢f,

1—e fCE fxx—oz)
N @) =ale) | Ws da

- fulz (z)—f(z—a)
A Efx( —02 / ’a’2 ea dOé,

where 0 < ¢, < c1(g),ca(e) <epr for 0 <e <1/4.
We claim that

—eCA' falw) + B (K (21) + T2(x)) < 0.

We will show that

—E%Alisfx(l‘t) + %KQ(:ct) S 0,

15



using (17) and that

C

—EEAlfgfx(xt) + gJQ(mt) <0,

by (16). In fact

= 5%1\1—6 Fulr) + £K2(xt)
_ J@)—f(zr—a) Cea(e) A€ 2, Ceale)  p
epy [ et - L S w0l s A g,
R o> L+ (AL f(2))?
The mean value theorem gives
[f(@) = f(z = a)|/la] < |[fel Lo
Thus if we take C' > ijw we obtain the first inequality. Also
C i
— e A fua) + L2 (@) =
ey [ fol@) = folw — @) “FP AL (@) + 52— £
R == L+ (AL f(2))?
fo(@t) — folre — o) 2(A3f(xt))2da
—ePV <0.
/R |2~ (L+ (ALf(xe))?)* —

We find frpe(2:) <0 and K'(z;) = 0. We still have to deal with K3 and
K*. Considering K3(x;) + K*(x;), we realize that if

P(a) = 2+ 2(ALf (21))* + 2(A5f (20) (fa(z0)laf” — (1=€)ALf (21)) > 0,
we are done. We rewrite
P(a) = 2+ 26(AL f(w1))” + 2(ALf (21)) fu (@)l
and therefore we need
[(AGS () fo (@)ool < 1.

This fact holds if
‘f(l't) - f(ﬂft - 04)|

| flor-2e = zipo afl-2 <L

16



Now we will check that if || f||z < ||follz= and || fz|lLe < 1 then |f|c1-2c <
1 for € small enough uniformly. We replace 2¢ by € without lost of generality.
If || follzee = 0 or || fz||zee = 0 all done. Otherwise

|f(21) = f(2e — o)

A
e <Al
for 0 < |a| < ¢ and
[f () = fae = )| _, [[follze=
<2
|Oé’1_5 - ol—¢ 7

for || > 5. We take '7¢ = 2| fo||r /|| fz||z and therefore

1—-=5 _e
| fler-< < max{|| follLoo, | fall oo " (2l follLoe) T }.

Now it is clear that given || fo| ree, if || fz]ze < 1 there exists €g > 0 such
that, for any 0 < e < g it follows that | f|ci1-- < 1.

4.2 Global existence for the regularized model

We use here the a priori bounds to show global existence. Local existence
can be easily proving using the local existence proof for the non-regularized
Muskat problem (1), as in [7]. We use energy estimates and the Gronwall
inequality. As we did for (1), it follows that

d P 1-¢ flz,t)—f(a,t)\2
ey = =2 [ [ A= (1 (F02L0Y 40
— 2022 (1) — 221 s 1)

Therefore || f||12(t) < || follr2-

Remark 4.2. The theorem of this section can also be found with
[follz < oo instead of | follLee < oco.

We picked the version above because it is more general. We see that if the
solution satisfies initially a L? bound then f(x,t) € L*([0,T]; L*(R)).

Next, we consider the evolution of

[ 9250 < ~Ce| AR08 1o (1) — <Ll + L+ Lo
R
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where

/a3 33 PV/ fa(@) = fol da>d:c

o [

The term f,(x) cancel out in L; due to the PV and an integration by parts
shows that

L=-Lo) /R O3 ()N 208 f(2)dx < 0.

For Lo one finds
_ A€ 2
/ 84 82 PV/ fl? l' Oé ( Ozf(w)):L.da2>dx7

and the splitting Lo = M) + My + M3 gives

\ B f(x - a) (ALf())’da
/ Oct / ¢<a> 1 (Asf@E™
30 [ 02 (2 — ) fule) — fulz —a)
/ O:f / ¢<a> o)

’ 2(2) = fulw — ) \3(2 = 6( af<:r>>2>da
/ O:f / ¢<a> ) 0+ (e f@)Rp “

For M, we proceed as follows

=P ( [ o f s /Mda i dx>

E)IF o + DIOZF 12 102f | 2.

The identity

1
2 f(x) — 2f(z — a) = / 3 f(x + (s — Dayads,
0
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yields

6£ 1 dia X 4 X 3 X S — «
of <2 [Las [ o [ o @oks e s - )
< (1fo(a)| + el — o)
6£ 1 S dia X 4 X 3 x S—1)x
w2 s [ [ 9@ 1)
X (o) falz =) (@) + =),

and therefore

[Ma| < C(e)(L+ | fllze) 102 f | 210z f 1| 2 || full e
In M3 we use the splitting M3 = N; 4+ Ny where

lep/ doz/d:z:, NQZ/ da/d:z:,
T Jia|>1 R o] <1 R
16p

16p 12 [ _da i _
Dl [as [ it [ ol @I0R @1+ e o)

< Ol fallzoe I fall 22102 £l 2
< Ol fallioe (1 2 + 10211 22) 102 £ 2.

To finish, the equality

and then

|N1| <

1
fole) = fula =) = [ @G+ (s~ )a) ads,
0
allows us to obtain (since 1 + 1 4+ 3 = 1):

16 1 1 da
INo| < p\|fx||Loo/ dr/ds/ 1_36/da:
™ 0 0 laf<1 o] R

< |03 f (@107 f (x + (r = D) [|07 f(z + (s — 1)a)|
< Ol fallzo |0 fl 2102 F 1174

The following estimate

102114, = /R G /R (02£)203 0, fdu
< 31 foll e |92 F12 1102l 2,
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yields
[Na| < ClfollZoo 10z £l 2 102 F | 2-

Using Young’s inequality

d
102 £1Te < CEIf Iz + I flE + [ fallze + [ follZe + 1)
< (1172 + 192 £1172),

and therefore the Gronwall inequality yields

t
LF122(0) + 192 F122(8) < (I foll3 + 162 foll3) exo /O C(e)G(s)ds),

for
G(5) = 1 fll7ee + 1FIFoo + 1 FfallZoe (8) + 1 ful oo (5) + 1.
We find f € C([0,T]; H3(R)) for any T > 0 by the a priori bounds.

4.3 Approximation of the initial data

The approximation of the initial data described below is needed in order to
construct a weak solution. First consider a common approximation to the
identity ¢ € C°(R) satisfying

/R deCe) =1, (>0, ((z)=C(—a).

Now we denote the standard mollifier (.(z) = ((x/e)/e so that (.(x) con-
tinues to satisfy the normalization condition above.

For any fo € WH°(R) and ||0, fol|~ < 1, we define the initial data for
the regularized system as follows

(¢ * fo)(x)

folx) = 1+ ex?

Notice that f§ € H*(R) for any s > 0, and

1/51[zoe < [l follzee-

More importantly, ||0;f§|lLe < [|0zfollre if € is sufficiently small (here e
will generally depend upon the size of || fo||z~). In particular

- % Oy x o x x
o.fi(w) = & 1+éfx0;( ) _M(fl +£(;)2()2)’

20



and clearly

1+ ex?

< I(Ge * Oz fo)llLoe ) < 110w foll oo (r)-

On the other hand, by splitting into |z| < e=%/% and |z| > ¢=%/3 we have
that
2ex(1 4+ ex?) 72 < 2max{e'/3 ¢}

On the unbounded region we have

-2
z(1+e2?) 2 = <\/1:E + Ea:3/2> <1

Thus, the desired bound follows if € is small enough. Therefore global exis-
tence of the regularized system (13) is true with f§ if € is small enough.

Now consider the solution to the regularized system (13) with initial
data given by the f§ just described above. For € > 0 sufficiently small, we
decompose

(G * fo)(@)

[ 0o = [ a0y S I e~ 15 4 15,

where
1

1+ex2

15 = [ n(w.0)¢ = o)) 1)dr.

and

E=AM%WQHM@M

We apply the dominated convergence theorem to find that as € | 0 it holds
that IT — 0. For I5 we write

= [ Gx (- 0o
The L' approximation of the identity property shows that

Eﬁéwmmwm

Thus, it remains to check the convergence of the rest of the terms in (5).
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4.4 Weak solution

In this section we prove that solutions of the regularized system converge to
a weak solution satisfying the bounds

1fllzoe (&) < [ follzees 0z fllzee (8) < |0z follLoe < 1. (18)

Given a collection of regularized solutions { f¢} to (13), we have the uniform
(in € > 0) bound

[/l zee (8) < Ml follzoe, 10 f* ([ Loomy () <1, &> 0. (19)

This implies that there is a subsequence (denoted again by f¢) such that

/OT/RfE(:U,t)g(:U,t)dmdt — /OT/Rf(x,t)g(:c,t)dmdt,
/OT/R@xfE(x,t)g(:C,t)dmdtH/OT/]Raxf(x,t)g(x,t)dxdt,

for f € L>([0,T); WH*(R)) and any g € L*([0,7] x R) by the Banach-
Alaoglu theorem. We find weak* convergence in L*([0, T]; W1 (R)).

We denote By = [—N, N], then we claim that there is a subsequence
(denoted again by f¢) such that

1f© = fllz=omxBy) — 0, as e—0.

We will prove this fact in the next Section 4.5. Then, up to a subsequence, we
find uniform convergence of f¢ to f on compact sets. Since f¢ € C([0,T]xR)
we find that f is continuous.

The only thing to check is that as € | 0 we have

/OT dt /R dx nz(:v,t)fTPV/R fet arctan< “(z) - J(”;()x )>
— /OT dt /R dx nm(:v,t)fTPV/R da arctan (f(w) —i(m_a)>7

where ¢°(a) = a/|al®. The rest of the terms will converge in the usual
obvious way (since they are linear).

Choose M > 0 so that supp(n) C Bjys. For any small § > 0 and any
large R > 1, with R > M + 1 we split the integral as

/da:/ da—l—/ da—i—/ do.
R Bs Br—B;s %
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We begin with a proof that the first and last integrals separately are ar-
bitrarily small independent of € for R > 0 sufficiently large and for 6 > 0
sufficiently small. One finds that

o) :

Here we don’t need any regularity for f¢, and we conclude

/OT dt/Rda: nx(x,t)gPV 5, do arctan <f5(a:) ;E{;()x — M)’

< plInell L1 (0,71 xR) -

arctan <

Therefore this term can clearly be chosen arbitrarily small, depending upon
the smallness of 4.
We now estimate the term integrated over Bf;. We note that

1 1
d 1
tany = [ L(aretan(sy))ds =y | ——d
arctany /0 dS(arC an(sy))ds y/o 15 572 S,

1 2,2
7Y
arctany =Y <1 — A 1—}—52y2d8> .

This is morally the first order Taylor expansion for arctan with remainder
in integral form. With this expression we have that

fg(x>_f8(x_a) _ £ ( f€
PV 5 do arctan< (@) > = —Hgx(f%)

o) = fo(x — a)>3 ' s%ds
—-PV [ d .
/Bf% ’ ( ¢=() /o 1 +$2<f5(x)ff5(xfa))2

¢ ()

and therefore

Here H§, is a (Hilbert-type) Transform, which has the form

e [ pe def fg(x_a>
H5(F9) & PV . da R

The principal value is evaluated at infinity (if necessary). For the second
term in the left hand side notice that the integral is over B}, and the principal
value is not necessary. In particular, we have

1
/ da/ ds
< 0

©  da C|lfoll2
< O f¢ 300/ < %
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This term is therefore arbitrarily small if R is chosen sufficiently large. We
are going to show the same for

M
1 [ do oo ()
-M
We write Ir = Jr + Kr where

M —-R €
Jr & lim dx nz(x,t / da M,
e [y (@) = ¢* ()

M
of 1. "o ffr—a)
KRd:f lim dx z:c,t/ doy ————.
n—oo | _ar 77( ) R (ba(a)

We shall show how to control Jg, the same follows for Kr. We write

M n
- fe(a)
Jr = lim dx nz(x,t / do —2 77
e M ( ) z+R o8 (li - a)
An integration by parts yields
M R n .
Jr = lim dz n(x,t) (W—F(l—g)/ dov f(oz))

n—oo | _ar —R R |x—o¢|2*5

|7l < 2|Inll 2l foll o= / RM2.

Since the same estimate holds for | Kg|, one finds that Iy is arbitrarily small
if R is arbitrarily large.
It remains to prove the convergence of

/OT /BR—B(; dow (2, ) arctan <f€(x> ;6{;()“ - O‘)> .

Recall that we have uniform convergence on compact sets. Lets consider
folx) = @ —a)
¢°(cv) ’

where x € By and o € Br — Bs. Since arctan is a continuous function then
arctan(G®) — arctan(G°) converges uniformly. Thus also the integral over

G° =

24



a bounded region of arctan(G¢) also converges. Then for any R > M + 1
and any small § > 0 as € | 0 we have

/OT dt /R dx ﬁx(w,t)i/BR_Bé do arctan (fe(x) ;E{;()ﬂﬁ — a)>
— /OT dt /R dx nx(w,t)i/BRBé da arctan (f(a:) — (‘Z(x — a)> :

We conclude by first choosing R sufficiently large and § > 0 sufficiently small
and then sending ¢ | 0. Note that R and ¢ will generally depend upon the
size of || fo||oo, but this has no effect on our argument.

4.5 Strong convergence in L>([0,T]; L>(Bg))

In order to prove the strong convergence in L>([0,T]; L°°(Bg)), the idea
is to use the non-standard weak space W, >*°(Bg) which will be defined
below. Crucially, we will have the uniform bounds:

sup [[f5(t)|lwr.eo(Br) < Cllfoll Lo ),

te[0,7]
ofe (20)
sup aJ; (t)H < Cll folleowy,
t€[0,7] W, % (Bg)

where C' does not depend on R or €. From here we will conclude that for
any finite R > 0 there exists a subsequence such that f¢ — f strongly in
L>([0,T); L=(Bg)).
We define the space W, 2’OO(B r) as follows. For v € L*°(BpR) we consider
the norm
loll 200 = sup oa)o(x)da.
$eWs (Br):|9]l21<1

Br

Here VVO2 ’I(BR) is the usual set of functions in W21 (Bg) which vanish on
the boundary of Bgr together with their first two weak derivatives. Now
the Banach space W, >°°(Bp) is defined to be the completion of L*°(Bg)
with respect to the norm || - [|—2,0. In general this is all we need for our
convergence study. This will be explained after the proof of Lemma 4.3
below. The full space W, 2,00 may be a large space, but because we are
going to deal with f¢ and ‘Zc—:, both in L>°([0,T]; L*>°(BR)), it is not difficult
to find the norms of both functions in Wy > (Bg).
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These spaces are suitable because
WH(Bg) € L®(Bgr) C W, >*(Bg).

Now the embedding L*°(Bg) C W, >*(Bg) is continuous, and the embed-
ding W1 (Br) € L*>(Bg) is compact by the Arzela-Ascoli theorem.

We now proceed to discuss the convergence argument. Arguments re-
lated to Lemma 4.3 below are described for instance in [4]. However in [4]
reflexive Banach spaces are used. None of thespaces used here are reflexive.

Lemma 4.3. Consider a sequence {un,} in C([0,T] x Br) that is uniformly
bounded in the space L>([0,T]; WH>°(BRr)). Assume further that the weak
derivative dg—tm is in L>°([0,T]; L>(BR)) (not necessarily uniform) and is
uniformly bounded in L>([0,T); Wy >°°(Bg)). Finally suppose that dyu,, €
C([0,T)x Bg). Then there exists a subsequence of u,, that converges strongly
in L>([0, TT; L>(BR))-

Proof. Notice that it is enough to prove that the convergence is strong in
the space L>([0, T]; Wy 2> (Bgr)) because of the following interpolation the-
orem: for any small 1 > 0 there exists C;, > 0 such that

[ull e < mllull1,00 + Cyllufl-2,00-

This holds for all u € W1°(Bg). See, for example, [4, Lemma 8.3]. Here
we can replace reflexivity with the Banach-Alaoglu theorem in W1 (Bg).
Let t,s € [0,T] be otherwise arbitrary. We have

Oup,

U () — U () :/ dr 8—7_(7')

This holds rigorously in the sense that

t
/ um(t)qﬁdm—/ um(s)qﬁda::/ dT/ %(T)gbdm. (21)
BR BR S BR 07—

for any ¢ € W2!(Bg). Clearly, we find

Um (L) — Um (S —2,00 < sup ||—=—(7 t — s,
lim(®) = iy 2oeqo < 50 |ZEO| e
and therefore
et (£) =t ()l 2.0 5, < Lt = s, (22)
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where
O,

L = sup sup a—(T
T

meN 7€[0,T]
Now we consider {t;}reny = [0,7] N Q. We have u,,(ty) € WH>(Bg) for
any m and k. By the standard diagonalization argument, we can get a
subsequence (still denoted by m) such that

W, 3% (Bg)

um (tk) — ulty),

for any k in L°°(Bpg) as in the Arzela-Ascoli theorem.
Consider € > 0. Since [0, 7] is compact, there exists J € N such that

J
€ €
T (t.——,t. —).
0.77< U (s 60 T 6L

J=1

Then there exists N; such that V mq, mg > Nj it holds that

Taking N = _rrllaxJ Nj, ¥V mi, mg > N it is easy to check that
J: PARRS

SUp ||t (t) — Um, (t)HW*‘Q"X’(BR) <€
€0,

We find the sequence uniformly Cauchy in L°°([0, T]; Wy >*°(Bg)) which
therefore converges strongly to an element in L([0, T]; Wy >*°(Bg)). O

Now we apply the above Lemma 4.3 to prove the strong convergence
which was claimed in the previous Section 4.4. It remains only to prove
that for any solution f¢ to (13) we have % in L*°([0,T); L>(Bgr)) (but not
uniformly) and that the second inequality in (20) holds for all sufficiently
small € > 0 and for any R > 0.

Recall that f¢ € C([0,T]; H*(R)), then in (13) the linear terms are
bounded easily. The nonlinear term can be written as

_ e [ B fr—a) (ML)
VL= (- gontey - [ e

and therefore
INL(z,t)] < C(e)|| £l 3 (2),

by Sobolev embedding.
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The norm of %7 € W, (Bg) is given by

of¢
ot

o) - e [ s w0000

Wo2%(Br)  ¢eWg ™ (Br):|¢lly21<1

Since ¢ vanishes on the boundary of Bg, we can think of ¢(x) as being zero
outside of the ball of radius R. Then we are allowed to integrate over the
whole space R. This is also unimportant below because the functions we
are estimating are defined on the whole space R. It is however important
because we want to estimate the non-local operator A'~¢ in this norm via
“integration by parts”. Then we have

= l=er(Vo(2)dr = l=er(rVo(2)dx = )AL b (z)dx
1_/BRA f(@)é(x)d /RA f(@)é(z)d /Rf()A b()dz,

and therefore
I < (1 £z (0 IA 6]l 1

We compute

A=Fp(z) = c/]R d(z) = olw = a)da = / do + /| do = Ji(x) + Jo(x),

|O“2_E al>1 al<1
thus
da
/ i (@))de < / o / dz(6(x)| + 16(z — ) < CllélL1 (s
R la)>1 ’04 R

It is easy to rewrite Jo as follows

_ [ @) —s@—a)=dua)a
Jolw) = /| a2 o

and therefore the following identities

1
b(x) — bz —a) = o /0 bal + (5 — 1)a)ds,

1 1
d(x) — d(r — ) — () = 042/0 (s — 1)ds/0 dr ¢pe(x +7(s — 1)),

allow us to find

1 1
/\Jl(:c)\d:cg/ / ds/ dr/dx\cbm(x—kr(s—l)a)\ < 2 brallLr (51
R lal<1 Jo 0 R
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Now we clearly have using the a priori bounds that

AT 2o ) + I oallw2oe ) < O Ny < C ol oy

Here the constant is independent of ¢ and R > 0.
For the last term in (13) we consider the duality relation

/R dz Oyu(z) PV / da arctan(AS f2(z)).

R

Using exactly the arguments from Section 4.4 with say R = § = 1 we have

/dx Ozu(x) PV/ do arctan(Af, (a:))‘ < Cllullwa ([ foll oo ry -
R R
We thus conclude (20). Q.E.D.
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