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Abstract: Motivated by the critical dissipative quasi-geostrophic equation, we prove
that drift-diffusion equations with L? initial data and minimal assumptions on the drift
are locally Holder continuous. As an application we show that solutions of the quasi-

1/2

geostrophic equation with initial L? data and critical diffusion (=A)"/=, are locally

smooth for any space dimension.

1 Introduction

Non linear evolution equations with fractional diffusion arise in many contexts:
In the quasi-geostrophic flow model (Constantin [3]), in boundary control prob-
lems (Duvaut-Lions [8]), in surface flame propagation and in financial mathe-
matics. In this paper, motivated by the quasi-geostrophic model, we study the
equation:

00 +v-Vl=—A6, r e RY,

(1)

divy = 0,
where A@ = (—A)'/20. The main two theorems are roughly the following a
priori estimates:

Theorem 1 (From L? to L*°). Let 0(t,x) be a function in L>=(0,T; L?(R™))N
L%(0,T; H'/2(RN)). For every A > 0 we define:

0y =(0—\),.

If 0 (and —0) satisfies for every A > 0 the level set energy inequalities:
ta
03 (tg, ) dx + 2/ / |AY20,|2 dx dt
RN t, JRN

< / 9%\(151,1’) dx, 0<t) <to,
RN
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then:

[[60]| 2
0T, z)| < C* .
sup (T, 2)| < C" 575

Remark: That solutions to equation (1) are expected to satisfy the energy
inequality follows from writing A as the normal derivative of the harmonic ex-
tension of # to the upper half space. Existence theory is sketching in appendix
C. In the case of Quasi-geostrophic equation it can also be seen as a corollary
of Cordoba and Cordoba [6].

Those energy inequalities are reminiscent of the notion of entropic solutions
for scalar conservation laws. Consider a weak solution of (1) lying in L?(H'/?)
and for which we can define the equality (in the sense of distribution for exam-
ple):

¢(0) - V0 = div(ve(9)),

for any Lipschitz function ¢. Then € verifies the level set energy inequalities.
In the case of the Quasi-geostrophic equation, v € L?(H'/?) and we can give a
sense to:

v V(h).

Indeed, using the harmonic extension, it can be shown that if 6 lies in L?(H'/?)
so does ¢(). and so V¢ (6) lies in L?(H~1/?).

For the second theorem, (from L to C%), we need better control of v:

Theorem 2 (From L™ to C%). We define Q, = [-,0] x [-r, 7], for r > 0.
Assume now that 0(t, z) is bounded in [—1,0)xRY andv|g, € L>(~1,0; BMO),
then 6 is C* in Q1.

Remarkl: The global bound of # is not really necessary, only local L*° and
integrability at infinity against the Poisson kernel, as we will see later.

Remark2: Note that both theorems depend only on the resulting energy in-
equality and not on the special form of A.

From these two theorems, the regularity of solutions to the quasi-geostrophic
equation follows.

Theorem 3 Let 6 be a solution to an equation

00 +u- VO =—N\6, z e RN,
(2)

divu = 0,
with o
u; = R;[6], (3)
Rj a singular integral operator. Assume also that 0 verifies the level set energy

inequalities stated in Theorem 1. Then, for every ty > 0 there exists a such that
6 is bounded in C*([tg, co[xRY).



Indeed, Theorem 1 gives that 6 is uniformly bounded on [tg, co[ for every ¢y > 0.
Singular integral operators are bounded from L* to BMO. This gives that
u € L™ (tg,00; BMO(RY)) and, after proper scaling, Theorem 2 gives the result
of Theorem 3.

Remark 1: Higher regularity then follows from standard potential theory, by
noticing that the fundamental solution of the operator:

O +A0=0

is the Poisson kernel and that in the non linear term we can substract a constant
both 6y from 6 and ug from wu, this last one by a change of coordinates:

¥ = x — tug,
doubling its Holder decay (see appendix).

Strictly speaking, the dissipative quasi-geostrophic flow model in the critical
case corresponds to the case N = 2 and

uy = —Rga,
U9 = R10,

where R; is the usual Riesz transform defined from the Fourier transform: EZ\H =

’é‘ f. This model was introduced by some authors as a toy model to investigate

the global regularity of solutions to 3D fluid mechanics (see for instance [3]).
When replacing the diffusion term —A by —A?, 0 < 8 < 2, the situation is
classically decomposed into 3 cases: The subcritical case for 3 > 1, the critical
case for # =1 and the supercritical case for 5 < 1.

Weak solutions has been constructed by Resnick in [11]. Constantin and
Wu showed in [5] that in the subcritical case any solution with smooth initial
value is smooth for all time. Constantin Cordoba and Wu showed in [4] that the
regularity is conserved for all time in the critical case provided that the initial
value is small in L*. In both the critical case and supercritical cases, Chae
and Lee considered in [2] the well-posedness of solutions with initial conditions
small in Besov spaces (see also Wu [15]).

Notice that our case corresponds to the critical case and global regularity in
C18, 3 < 1is showed for any initial value in the energy space without hypothesis
of smallness. This ensures that the solutions are classical.

Let us also cite a result of maximum principle due to Cordoba and Cordoba
[6], results of behavior in large time due to Schonbeck and Schonbeck [13], [12],
and a criteria for blow-up in Chae [1].

Remark 2: In a recently posted preprint in arXiv, Kiselev, Nazarov, and
Volberg present a very elegant proof of the fact that in 2D, solutions with
periodic C*° data for the quasi-geostrophic equation remain C*° for all time

([9)-

We conclude our introduction by pointing out that our techniques also can be
seen as a parabolic De Giorgi Nash Moser method to treat ”boundary parabolic



problems” of the type:

div(aV0) =0, in Qx[0,7]
[f(®):=6, on 992 x][0,T],

that arise in boundary control (see Duvaut Lions [8]). Note also that similar
results to Theorem 1 can be obtained even for systems (See Vasseur [14] and
Mellet, Vasseur [10] for applications of the method in fluid mechanics).

2 L°° bounds

This section is devoted to the proof of Theorem 1. We use the level set energy
inequality for:
A=Cp=M(1-27F),

where M will be chosen later. This leads to the following energy inequality for
the level set function 6 = (0 — C)+:

o | 02 dx+ 2/ |AY26, 2 dx < 0. (4)
RN RN

Let us fix a tg > 0, we want to show that 6 is bounded for ¢ > t;3. We introduce
Ty = to(1 — 27%), and the level set of energy/dissipation of energy:

Uy = sup < 0,2 dx) +2/ / |AY/20,)? da dt.
t>Ty RN T, JRN

integrating (4) in time between s, Ty—1 < s < T, and t > T} and between s
and +oo we find:

Uy <2 sz(s) dx.
RN

Taking the mean value in s on [Tj_1,T] we find:

2k+1 %)
Up < / 0,2 da dt. (5)
to Jr,_, JrN

We want to control the right-hand side by Ui_; in a non linear way. Sobolev
and Holder inequalities give:

Uk—1 > C||0k—1]1* 2n 43 :
L™ N (|Tg—1,0[xRN)

Note that if 6 > 0 then 6;_; > 2"FM. So

2k 2/N
lig, >0y < <M9k—1> .



Hence:

2k+1 o'e}
Uy < / / 9%_11{9k>0} dx dt
tO Tk—l RN

il /°° HQM
<2——~— N dxdt
toM2/N Jp Jan FTE
2N1¢2k Nﬁl
SQCWUk_l .

For M such that M/ tév /2 i big enough (depending on Up) we have Uy which
converges to 0. This gives § < M for t > ty. The same proof on —6 gives the
same bound for|d|. Note that Uy < ||6y||2.. The scaling invariance 6.(s,y) =
O(es, ey) gives the final dependence with respect to ||6g]|Lz2- O

This theorem leads to the following corollary.

Corollary 4 There exists a constant C* > 0 such that any solution 0 of (2)
(3) verifies:

6ol z2 @)
o T2 < O
1ol @)

|u(T, )l srro@yy < C* N2

Proof. First note that the property on u follows directly from the property on
0 and the imbedding of the Riesz function from L*° to BMO. We make use of
the following result of Cordoba and Cordoba (see [6]): for any convex function
¢ we have the pointwise inequality:

¢’ (0)A0 < —A(4(0)).
Making use of this inequality with:
Pr(0) = (0 — Cr)+ = Ok

leads to:
00 +u - VO, < —Aby.

Multiplying by 6; and integrating in = gives (4), using that u is divergence free.
O

Remark: We point out that the level set energy inequalities we assume in
Theorem 1 is heuristically a general fact (See appendix C).

3 Local energy inequality:

To get the C'* regularity we need to get an energy inequality which is local in
time and space. Due to the non locality of the diffusion operator this cannot



be obtained directly. It relies on the following classical representation of the
operator A. We introduce first the harmonic extension L defined from C§°(R”)
to C° (RN x RY) by:

~ALB)=0 in RY x (0,00),
L(6)(x,0) = 0(x) for = € RN,
Then the following result holds true: consider § defined on R¥. then:
Ab0(z) = 9,[L0](x), (6)
Wgere we denote 9, [Lf)] the normal derivative of L8 on the boundary {(x,0)|z €
. %n the following, we will denote:
0" (t,z,z) = L(O(t,-))(z, 2). (7)
We denote B, = [-r, 7]V, Bf = B, x (0,7) € RY x (0,00), and [y]+ =

sup(0, ).
The rest of this section is devoted to the proof of the following proposition:

Proposition 5 Let t1,ty be such that t; <t and let 0 € L>(t1,to; L*(RY))
with AY20 € L?((t1,t2) x RY), be solution to (1) with a velocity v satisfying:

/32 v(t,x) dx

Then there exists a constant ® (depending only on C) such that for every t; <
t <t9 and cut-off function n compactly supported in B :

/:/ |2dxd2dt+/ (n[0]4)* (t2, z) d

g/([])tl, dxw/ [ (o) )? o (9)

ta
/ / ([Vn][0%])4)? dx dz dt.
t1 *

Proof. We have for every t1 <t < to:

0 = / / 0%+ A0* dx dz
RN
/ / \Qd:vdz—i—/ / \Vn|?[0%]3 da d=
RN

/R PlelAdd.

<c. (8)

[Vl Lo (41,62 BMO®N)) +  SUD
t1<t<ts




Using equation (1), we find that:

—/ n*[0]4 A0 dx
RN

_9 5 012 . 10}
—&f(/RNn de - RNVU -de(t.
This leads to:

ta »

/ / / |2dxdzds+/ 772”+%dx
t1

S/ o +/ / / \Vn[*[0%]3 de dz ds

nVn - v[f dz ds| .

RN

To dominate the last term, we first use the Trace theorem and Sobolev imbed-
ding to find:

In6-+11%

2 o * *
gy SO Iy = C [ AL dr

- c / VL") )P d d
< ¢ / V(@) d d-.

In the last inequality we have used the fact that L(n(6*)y) is harmonic and
have the same trace than n(0*), at z = 0. Therefore we split:

to
/ vn? ol ]+ dz ds ‘
t1 RN
I
<o [0 g s+ S [ UL g

The first term is absorbed by the left. The second can be bounded, using Holder
inequality, by:

1 2 2 2
LAy R ORI

which gives the desired result. O

4 From L? to L*>:

In these two sections (4 and 5) we follow De Giorgi’s ideas in his ”oscilla-
tion lemma” (see [7]) to prove Holder continuity: Suppose that 6 oscillates in



Q@1 = [-1,0] x By between —2 and 2, but it is negative most of the time. In par-
ticular, if |04 || L2 is very small, then we prove that 0+|Q1/2:[,1/2,0]X31/2 <2,
effectively reducing the oscillations of § by A (see section 4). Of course, we do
not know a priori that this is the case. But we do know that in Qq, @ is at
least half of the time positive, or negative, say negative. Then we reproduce a
version of De Giorgi’s isoperimetric inequality that says that to go from zero
to one 6 needs "some room” (section 5). Therefore the set {6 < 1} is ”strictly
larger” than the set {# < 0}. Repeating this argument at truncation levels
o = 2—27% we fall, after a finite number of steps, ko, into the first case, effec-
tively diminishing the oscillations of @ by A2~%0. This implies Holder continuity
(section 6 and section 7).

This section is devoted to the proof of the following technical lemma. It says
that, under suitable conditions on v, we can control the L norm of # from the
L? norm of both 6 and 6* locally.

Lemma 6 There exists eg > 0 and X > 0 such that for every 0 solution to (1)
with a velocity v satisfying:
/ v(t,x) dx
By

vl oo (—4,0;BMO@®NY) +  Sup <C,

—4<t<0

the following property holds true.
If we have:
0* <2 in [—4,0] x Bj,

0 0
/ / (9*)3dxdzds+/ /(9)3dxdsgao,
-4 JB; —4 J By

@)y <2-—2X on [—1,0] x By.

and

then:

Proof. We split the proof of the lemma into several steps.

Stepl. Useful barrier functions and setting of the constant A: Consider
the function by, defined by:

Ab; =0 in Bj
by =2 on the sides of the cube B} except for z =0
by =0 for z = 0.
Then there exists A > 0 such that:
bi(z,z) <2—4Xon Bj.

This result follows directly from the maximum principle. We consider now by
harmonic function defined by:

Aby =0 in [0, 00[x[0,1],

b2(072):2 ngéla

ba(z,0) = ba(x,1) =0 0<z< oo



Then there exists C > 0 such that:
|bo(z, 2)| < Ce™ ™. (10)

Notice that C is universal. Actually by can be explicitly computed by the
method of separation of variables:

= 4 — T o3
a2 =Dy (@ )
p=0

Step 2. Setting of constants: In this step we fix a set of constants. We
make the choice to set them right away to convince the reader that there is no
loop in the proof.

Lemma 7 There exist 0 < § <1 and M > 1 such that for every k > 0:

NCe ™% < xa—h-2,
Al_k
5k+1
M=F > Chp—OH/NGE=3) > 19N,

[P(L)]lz= < X272,

where C is defined from step 1, P(1) is the the value at z = 1 of the Poisson
kernel P(z)(z), and Cy is defined by (16).

The proof is easy. We construct first § to verify the first inequality in the
following way. If § < 1/4, the inequality is true for & > ko due to the exponential
decay. If necessary, we then choose § smaller to make the inequality also valid
for k < ko. Now that ¢ has been fixed, we have to choose M large to satisfy the
remaining inequalities. Note that the second inequality is equivalent to:

(2)’“ L
oM ) = AP

2 8||P(1)||z2
M > sup (5,H /\(52)“L )

It is so sufficient to take:

The third inequality is equivalent to:

M\ N ,
M > p30+1/N)
(ar)

For this case it is sufficient to take M > sup(1,C2V). Indeed, this ensures
M?/C2N > M and so:

k/N

k

<CN> 2 MHED 2 M,
0



for k > 12N. But M6 > M30+1/N) for M > 1 and N > 2.
Therefore we can fix:

2 8||P(1)|| L2
M = sup <1,C§N, 6’7&‘ ;52)”L ) )

The constant A, §, and M are now fixed for the rest of the proof. The
constant g9 will be constructed from those ones.

Step 3. Induction: We set:
Or = (0 — Ck)+,
with C = 2 — A(1 4+ 27%). We consider a cut-off function in x only such that:

LB, vy S = 1B, 4
|Vni| < C2F,

and we denote:

0 5"
Ak:2/ / / |V (nb;)|> dexdzdt +  sup / (0 )? da dt.
—1-2-*%Jo RN [-1-2-Fk 1] JRN

We want to prove simultaneously that for every k > 0:

A, <M7* (11)
nk0; is supported in 0 < z < §*. (12)

Step 4. Initial step: We prove in this step that (11), is verified for 0 < k <
12N, and that (12) is verified for £k = 0. We use the energy inequality (9) with
cut-off function ny(x)1(z) where 1) is a fixed cut-off function in z only. Taking
the mean value of (9) in ¢; between —4 and —2, we find that (11) is verified for
0 < k < 12N if gy is taken such that:

C22 N (1 + ®)eg < M12V, (13)

We have used that |V |? < C224Y for 0 < k < 12N. Let us consider now the
support property (12). By the maximum principle, we have:

0" < (0-0-134) *P(Z) +b1(9:,z),

in RT x B}, where P(z) is the Poisson kernel. Indeed, the right-hand side
function is harmonic, positive and the trace on the boundary is bigger that the
one of 0*.

From step 1 we have: bi(z,z) < 2 — 4. Moreover:

16415, * P(2)|[L(z>1) < C[P(1)][12/E0 < CV/eo.

10



Choosing ¢ small enough such that this constant is smaller that 2\ gives:
0" <2—2X\ for z>1,t>0,x € B,

s0:
05 =(00"—(2—-2)));+ <0 for z>1,t >0,z € B.
Hence 10; is supported in 0 < z < §° = 1.

Step 5. Propagation of the support property (12): Assume that (11)
and (12) are verified at k. We want to show that (12) is verified at (k4 1). We
will show also that the following is verified at k:

MeOks1 < [(kOk) * P(2)]nk. (14)

We consider the set By = Bjya-» X [0,6%], and we want to control 8 on this
set by harmonic functions taking into account the contributions of the sides one
by one. On z = 6* we have no contribution thanks to the induction property
(12) at k (the trace is equal to 0). The contribution of the side z = 0 can be
controlled by: 10y * P(z) (It has the same trace than ) on By y—k-1).

On each of the other side we control the contribution by:

bo((z; — 1) /6%, 2/6%) + by((—xs + 27) /6%, 2/5%),

where 2t = (1 +27%) and 2~ = —2*. Indeed, by is harmonic, and on the side
x;L and x; it is bigger than 2. Finally, by the maximum principle:

N
0 <3 bl = )8, 2/8%) 4 bal(= + 278", 2/85)] + (mdh) + P(:).

From Step 1, for z € By o-»:

N
S [ba((an = 5)/6%,2/6%) + ba(—as + 27) /6", 2/6)]

x2—k
13

< NCe s

<A27h2
(thanks to Step 2). This gives (14) since:

Or1 < (0 — 22714
More precisely, this gives:
Oir1 < ((mbr) * P(2) = A27"72),.

So:

Mhe1051 < (i) * P(2) = X2777%) .

11



From the second property of Step 2, we find for z = §*+1:

(b)) x P(2)] < Ag[|P(2)]| 2

M—* e
< W||P(1)HL2 <A27R2

The last inequality makes use of Step 2. Therefore:

Met105.1 <0 on z =61,
Note, in particular, that with step 4 this gives that (12) is verified up to k =
12N +1 and (14) up to k = 12N.

Step 6. Propagation of Property (11). We show in this step that if (12) is
true for £ — 3 and (11) is true for £ — 3, k — 2 and k — 1 then (11) is true for k.

First notice that from Step 5, (12) is true at kK — 2, k — 1, and k. We just
need to show that:

Ay <CE(AL )N for k> 12N +1, (15)
with:
21+2/N

Indeed, the third inequality of Step 2 gives the result.

Step 7. Proof of (15): Since 7% has the same trace at z = 0 that (nf)*
and the latter is harmonic we have:

/ V()2 > / V(0,) | = / A0,

Sobolev and Holder inequalities give:

Ara> Clln B2l .
k-3 = ||77/€ 3Yk 3||L%([_1_2—k—3,0]XRN)

From (14):
mk-30% ol 2cveny < 1PN 17k6—30k 517 2cxvsns -
L~ N L~ N
So:
Az > Olnr—30i_sll? sveny + Cllnr—30k—3]1% 2vin)
LN L~ N
>

¢ (||77k10}$1|2 soven + Mk—10k—1] 2(N+1)> .
LN L~ N

Taking the mean value of (9) in ¢; between —1 — 275~ and —1 — 2% we find:
A < C2F (@ +2) (/ M0k + /ni_le,’;z) :

12



Note that we have used here (12) since n;_1 is a cut-off function in z only. If
0 > 0 then 6,_1 > 2k X. So:

C2*
lig,>01 < T9k71.

Therefore: k(14+2/N)
C2 14+1/N
A < T2/N ks

This gives (15). O

5 The second technical lemma.
We set Q, = B, x [-r,0] and Qf = B} x [-r,0]

Lemma 8 For every e1 > 0, there exists a constant 61 > 0 with the following

property:
For every solution 6 to (1) with v verifying (8) and:

0" <2 in Qj,

{(@,2,1) € Qi 07(w, 2,1) <O} > =5,

we have the following implication:
[(z,2,t) € Qy; 0<{0"(x,2,t) <1} <&

implies:

/(9—1)1da:dt+/ (67— 1)% dedadt < Oz
1 Q

*
1

Proof. Take €1 <« 1. From the energy inequality (9), we get:

0
/ / VO |* dx dzdt < C.
—4 i‘

4[|V dedzdt
€1 '

Let:
K

Then:

{t|/ Vo5 (t)dvdz > K}
Bj

€1
< —.
<3 (17)

For all t € {t| [5. |VO7[*(t)dxdz < K}, the De Giorgi lemma (see appendix)

gives that:
A®)B()] < le(@)V2 K2,

13



where:

™
—~
~
N
Il
—

(x,z) € By | 6%(t,x,z) <0}
{(z,2) € B{ | 6"(t, 2, 2) > 1}
Ct)={(z,2) € By |0< 0" (t,z,2z) < 1}.

Let us set
(51 = 551;,

[={te[-40) COIM2 < and / V0" P(t) de d= < K.
By
First we have, using Tchebichev inequality:

{te [-4,05 [c)[/ = 1}
< H(t,z,2) | 0 < 6* <1}

ey

01
<%
1

™

< sf <er /4.
Hence |[—4, 0]\ I| < €1/2. Secondly we get for every ¢ € I such that [A(¢)] > 1/4:

B0y < COLZKE ore

STOAD V<€l (18)

In particular:

[oiwasa: < agso]+icw)

2
8eT.

IN

And so:
/ei(t) dr < VK /912(15) drdz < C\/e].

We want to show that |A(t)] > 1/4 for every t € I N [—1,0]. First, since
{(t,z,2) | 6* <0} > |Q4]/2, there exists tg < —1 such that |A(to)| > 1/4. So
for this to, [6%(to)dz < C\/z1. Using the energy inequality (9), we have for
every t > to:

/ei(t)dx < /ei(to)dx+0(t—to).

So for t — tg < §* = 1/(64C) we have:



(Note that 6* do not depend on £;1. Hence we can suppose £; < §*.) We have:

0% (2)

IA

0, + / 0.0% dz

a++\f(/a 0; |2dz>1/2.

So, for t —tg < §*, t € I and z < &2 we have:

1/2
O (t,w,2) < Op(t,x) + (51/|86‘ |2dz> .

The integral in x of the right hand side term is less than 1/8 + /67 < 1/4. So
by Tchebichev:

IN

{z<e2 z€By, 00.(t) > 1}] < %.
Since |C(t)| < €9, this gives
A 2 31— 1/4) = 8 = 22
Then (18) gives:
B(t)] < 2y,
and:
A =21 - 26—} > 1/4.
Hence, for every t € [tg,tg + 6*] N I we have: |A(t)| > 1/4. On [tg + 6*/2,t00%]
there exists t; € I (§* > £1/4). And so, we can construct an increasing sequence
tn, 0 > t, > to+mnd*/2 such that |A(t)] > 1/4 on [ty, t, + %N D [ty, tny1] NI
Finally on I N[—1,0] we have |A(¢)| > 1/4. This gives from (18) that for every
teIN[-1,0]: |B(t)| <e1/16. Hence:

|{9* Z 1}‘ § 81/16+81/2 S €1.
Since (0* — 1)y < 1, this gives that:
/ 0" — 1)2+ drdzdt < eq.
1

We have for every t, x fixed:

0—6"(z /89*dz

O-12 < (0* ) —1)2 (/ |V9*|dz)>
2

e e dz+2\ﬁ/ V602 d.

So:

IN

7

15



Therefore:
/ (0 —1)2 dxds < C\/fey.
1
O

6 Oscillation lemma

This section is dedicated to the proof of the following proposition:
Proposition 9 There exits \* > 0 such that for every solution 6 of (1) with v
verifying (8), if:
0" <2 in Q7
1
then:
0" <2-—)\* in Q‘l‘/lﬁ.

Proof. For every k € N, k < K = F(1/61 + 1) (where 01 is defined in Lemma
8 for e; such that 4C,/e1 < g, €¢ defined in Lemma 6), we define:

gk’ = 2(§k—1 - 1) with 50 =6.
So we have: 6, = 2¥(0 —2) +2. Note that for every k, 0 verifies (1), 5 < 2 and
[{(t,z,2) € Q} | x < 0} > L. Assume that for all those k, [{0 < 0, <1} > 6y
Then, for every k:
{65 < 0} = [{k—y < 1} = [{f—y < O}/ + 1.
Hence: .
and §;+ < 0 almost everywhere, which means: 25+ (0* —2) +2 < 0 or
g* <2—275+,

And in this case we are done.

Else, there exists 0 < kg < K such that: [{0 < 520 < 1} < 4;. From
Lemma 8 and Lemma 6 (applied on 05,41) we get (Ox,+1)+ < 2 — X which
means:

9 <2—92 oty <o 9= Ky

in @ /8-
Consider the function bs defined by:

Abg = O in BT/S’
by =2 on the sides of the cube except for z =0
by =2 — 27K+ inf(\ 1) on z = 0.

We have b3 < 2—\* in Bf /16" And from the maximum principle we get 0* < bs.
O
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7 Proof of Theorem 2.
We fix o > 0 and consider ¢ € [tg, 0o[xRY. We define:
Fo(s,y) = 0t + sto/4, + to/4(y — 2o(s))),

where z((s) is solution to:

1

a ‘B4| zo(s)+Ba
.Z‘()(O) =0.

To(s) v(t + sto/4,x + yto/4) dy

Note that z((s) is uniquely defined from Cauchy Lipschitz theorem. We set:

. 4 . Supg: Fy +infoy Fy
90(57y) = ( 0o 4 2 1 .

vo(s,y) = v(t+ sto/4,z + to/4(y — xo(s))) — Zo(s),

SUPQ: F§ —infq; Fy

and then for every k > 0:

Fk(57y) = Fk—l(ﬂ&ﬂ(y - Ik(S))),

< 4 . SupQ: Fy+ ianZ £y
ek(s7y) = * . * k 3
supq: Fy —infg; £y 2
. 1 I
Tr(s) = 75 vg—1(f18, fiy) dy
1 Bal Jay(s)+Ba

vk (s, y) = ve—1(fs, i(y — xk(s))) — Tx(s),
where i will be chosen later. We divide the proof in several steps.

Step 1. For k=0, 6, is solution to (2) in [—4,0] x RN, [Jvo||saro = IJv|lBrmo,
Jvo(s)dy = 0 for every s and || < 2. Assume that it is true at k — 1. Then:

ast - llasékfl() - /jbl'k(S) . Vékfl.

So 0}, is solution of (2) and |fx| < 2. By construction, for every s we have
fB4 vi(s,y) dy = 0 and ||vk||Bmo = ||vk—1]|Bmo = ||v||Bmo. Moreover we have:

lin(s)| < / veor (ily — wa(s))) dy
By
< Cllogr (i)l
< CiNP|log-a| e
< Cpit NP |vk_1 Baro-

So,for0<s<1,y€ Byand p > N:

iy — z(s))| < 40(1 + Cp~ NPy < Opt=N/P,
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For fi small enough this is smaller than 1.

Step 2. For every k we can use the oscillation lemma. If [{#; < 0}| > 11Q;]
then we have 6 < 2 — \*. Else we have |{—6; < 0}| > 11Q;| and applying the
oscillation lemma on —é,: gives ON,’: > —2+ X\*. In both cases this gives:

|sup 0 — inf 0} < 2 — A*.
and so:

|sup Fy —inf F{'| < (1 — \*/2)*|sup F — inf 7.
Q1 QT Qs QF

Step 3. For s < /12”:

n n. ~n—k ~n
~n—k ~2n H K
Z,u xR(s) < fi N §77
k=0 k=0
for i small enough. So
sup 0" — inf 0* < (1= A"/2)".
[=7%",0]x By [—a2",0]x B /g

This gives that 8* is C* at (¢,z,0), and so 0 is C* at (¢, z). O

A Proof of the De Giorgi isoperimetric lemma.

Let w € HY([-1,1]¥*1). We denote:

and
X = Liyi+s(y1—ys)/ly1—y2|€C} -

18



We have:

AlIB| < /A /B () — w(y2)) dyr dys

ly1—y2| _
:/ / / Vw(yl +s ho e ) 7 ds dyy dys
AJBJO ly1 — y2 |y1—y2|
ly1—y2| _
:/ // NVl + 5o - 2 ds dy; dy»
|y1 —y2|” |y1— y2|
/// ’Vw g+ s )‘dsdyldyz
0 | — 1y \
/ / / ’Vw y1+8 )’ ds dyy dy>
B1 /B |Z/1 Y|
Vw(y, + sv B
/ / / | 81\1/ 1 )| 1{(y1+su)eC}3N Ldvds dyl
Sv—1JB1

[Vw(yr + y2)|
<C/B /B |y |V -1 Ly, +yaecy dy2 din
1 1

< C||Vwl|z=[C|M2.

|

B Higher regularity
We give the proof of the following theorem.

Theorem 10 Let 0 be a solution of the quasi-geostrophic equation (2), (3) sat-
isfying the regularity properties of Theorem 3:

0 e L>(0,00; L) N L3*0,00; H/?)
NL>([to, co[xRN) N C([to, co[xRY),

for every to > 0. Then 6 belongs to C1P([ty, oo[xRY) for every B < 1 and
to > 0 and is therefore a classical solution.

Proof: We want to show the regularity at a fixed point yo = (to,x0) €
10, 00[xRY C R™ where m = N + 1. Note that Changing 0(t,z) by 0(t,» —
u(to, z0)t) — O(to, xo) if necessary, we can assume without loss of generality that
O(yo) = 0 and u(yp) = 0. The fundamental solution of:

00 +A0=0
is the Poisson kernel: Ot
P(t,z) = TS
(|22 +¢2) 7=
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a homogeneous function of order —N if extended for ¢ negative. the solution 6
of (2) can be represented as the sum of two terms.

O(t,x) = P(t,-) * 6y — g(t, x), (19)

where:

t
otz) = // Plt— tr, 3 — z)div(u(ty, 20)0(ts, 21)) dby dz
0 RN

/oo V$P<y — y1> . u(yl>9(y1)dy1
0 RN

In the last inequality, we denoted y = (¢, x), P the extension of P for negative
t with value 0, and we passed the divergence on P, which becomes a singular
integral. The first term in (19) is smooth for ¢ > 0 and depends only on the
initial data. We focus on the second one g(y). We fix e € S,,, and estimate
9(yo + he) — g(yo) for h > 0 in the standard way. We split the integral:

9(yo) — 9(yo + he) = /OOO /RN Qo(Yo — y1, he)u(y1)0(y1) dya (20)

where: ~ ~
Qo(y, he) = V. P(y) — V. P(y + he),

into two parts, one on the ball Bjg; centered to yo and radius 10k, and the
second on the complement. The first part has no cancelation so we separate the
integrals:

/ 1,>0) [V2P(yo —y1) — Vi P(yo + he — y1)]u(y1)0(y1) dy
Bion
= / L 501 VaP (Yo — y1)u(y1)0(y1) dyn
Bion
[ Lo VaPlo + e~ p)u(un)6() du.
Bion

If 0 is C% « > 0, from the Riesz transform w is also C'%, and since 0(yg) =
u(yo) = 0, we have:

[u(y1)0(y1)| < inf(lys — yol**, C). (21)

So the first integral is convergent and bounded by Ch?*. To deal with the
second one, notice that V, P have mean value zero on any slice t = C' of Bigp,
so we can add and substract 0(yo + he)u(yo + he). We have:

10(y1)u(yr) — 0(yo + he)u(yo + he)| < Ch®|yo + he — 1%,

where we have used again that u(yg) = 6(yo) = 0. Hence the integral is also
convergent and bounded by Ch2®. This gives that the contribution of Bjg;, on
(20) is smaller that Ch2.
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Outside of a neighborhood of size 10h we use the cancelation of V,P. Up
to Lipschitz regularity we just do:

|Vz[}~7(y1 —Yo) — P(yl + he — o)
h
<

ly1 — yo|m+1”

and integrate against |uf| which verifies (21). This gives the bound:

h
—————dy; < Ch*",
/yl—yozloh ly1 — yol 12

provided that 2a < 1. Altogether, this gives that if § € C* with 2a < 1, then

l9(y0) — g(yo + he)| < Ch?.

Bootstrapping the argument gives that 6 is C* for any a < 1.
To go beyond Lipschitz we consider a second order increment quotient:

Q1(y, he) = |V[P(y + he) + Py — he) — 2P(y)]|.

‘We hayve:
9(yo + he) + glyo — he) — 29(y0) = / 101, 501@1 (o — 1, he)u(y)0(yn) .
Rm

Note that Q1(y, he) = Qo(y, he) — Qo(y — he, he), so for |y| < 20h, the local
estimate of the previous argument together with the C* property of 8 and u
gives:

/ Q1 (yo — y1)u(y1)0(y1)| dyr < Ch**.
Baon
For |y| > 20h and y not in the strip T}, = [to — h,to + h] x RY, we have:

h2

Qi(yo —y1,he)| < C————.
|Q1( )l o =

and the corresponding integral:

/ 1y ¢731Q1 (Yo — y1)u(y1)0(y1)| dyr
|yo—y1|>20h
2

h 2
<C ‘ |>20h|y|T+2(|y| “A1)dy
Yyl=

< Ch*®,

whenever 2a < 2. It remains to control the contribution of the strip 7, \ Baop.
The estimate on Qg gives that on this strip:

h h

— o, he)| < C .
1@ = vo, he)l < ly1 — ol N2 — 7 |zy — mo| V2
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Not that on 7 \ Bagp, we have |x; — x9| > h. So the contribution of this strip
is bounded by:

to+h h

— - dz1 dt;
N+2-2
to—h |x1—x0|2h |I’1 - I0| + @
h2a to+h
<C—- dtq
h to—}L
< Ch*?,

whenever 2a < 2. That goes all the way to C12 for every 5 < 1. O

C existence of solutions to (1)

In this appendix we sketch the existence theory of approximate solution of the
equation (1) satisfying the truncated energy inequalities in the hypothesis of
Theorem 1. We start by restricting the problem to By x [0, 00] and adding an
artificial diffusion term eA. We will use the eigenfunctions o and eigenvalues
/\i of the Laplacian in By, that is:

Aoy, —i—)\iak =0.

Note that o} (z, 2) = o) (z)e”*** is the harmonic extension of oy for the semi-
infinite cylinder Q1 = B X [0, oc] with data 0 in the lateral boundary, and:

Aok (x) = dy05(2,0),

where 0, is the normal derivative. Also:

/ Moo drdz = / 030y0;, dx = / |Voi|? dv dz,
0Q1 Q1

1

and thus formula is also correct for any series

g(x) =Y frox(@),

provided that Y fZ\, converges, i.e., g € H'?(By).
We want to solve then in [0, co[x B; the equation:

9,0 + div(vh) = eA§ — (—AY?)8, (22)
where —A'/20 is understood as the operator that maps oy, to Ayoj = 0,0%.

For, say, v bounded and divergence free, this is straightforward using Galerkin
method: Let us restrict (22) to o, with 1 < k < ko, i.e. we seek a function:

ko
0="0.1, = Z Se@)ow(z)
1
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that is a solution of the equation when tested against o;, 1 < k < kg. The
functions f are solutions to the following system of ODEs:

Fe(®) = —[eXi + Nl fi(1) Zaklfl 1<k < ko,

with initial value:

f(0) = /B bo(2)on () de,

where:

ap = /B v(t,x) - Vog(z)oy(x) de.

Note that, since v is divergence free, the matrix ay; is antisymmetric. This leads
to the estimate:

k‘[) to kO
SR+ [ DN+ M) () ds
k=1 o p=1

(J
= fitr).
k=1
In particular 6, i, satisfies the energy inequality:

2]
10kt + [ (1o oy + €10t () By )
1
< 0e ko (E0) 72, -

Notice also that what we call H'/2(B;) corresponds to the extension of 6 to the
half cylinder, and such:

101152225,y = W61l 12 vy

We now pass to the limit in £y and denote 0. the limit. If we test 0., with
a function v € L°(0,T; L*(By)) N L*(0,T; H'(By)), there is no problem in
passing to the limit in the term:

to
/ / (V)b i, dz ds,

since 0.y, converges strongly in L?([0,7] x By). In particular, for v = (0. —
A)+ = 0. » the term converges to:

2
/ V[@E’,\]Q’U dx ds =0,
t, JB,

provided that v is divergence free. This leads to the following corollaries:
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Corollary 11 The function 6. satisfies the hypothesis of Lemma 6 indepen-
dently of €, and therefore:

C
HQE(T)HLW(Bl) < WHGE(O)HLZ(BQ~

Corollary 12 The same theorem is true for v € L*([0,T] x By) independently
of the L? norm of v.

Proof. We approximate v by a mollification vs. 0O

Corollary 13 For 6y prescribed in L>(RY), the same result is true in [0, T] x
RV,

Proof. We may rescale the previous theorems to the ball of radius M by
applying them to 6(t,z) = MN/20(Mt, Mx). This change preserves the L2
norm, and so we get:

C
MN/2g <
e MY < T

or o
Supa(svy) S TNN/2°
Bm (S)N/2
provided that v € L?(Bjy) is divergence free. Then letting M go to infinity
gives the result. O

Final remark: Since all the estimates are independent of € we may let € go
to zero for the limit to be weak solution of the limiting equation, and satisfying
the truncated energy inequalities.

Note also than the same approach can be taken for higher regularity. Indeed,
the proof of higher regularity depends only on the truncated and localized energy
inequality that is also satisfied by the e-problem. We may then pass to the limit
in € and find a classical solution of the limiting problem.
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