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1 Introduction

This paper deals with the partial regularity of solutions to the incompressible
Navier Stokes equation in dimension 3, namely:
Ou+diviu®@u) + VP — Au=0 t €]0,00[, z € Q,

divu = 0,

(1)

where Q is a regular subset of R.
The initial boundary value problem is endowed with the conditions:

u(0,) = u’ € L*(),
u(t,z) =0, x € 00 t€]0,00].
The existence of weak solutions for this problem was proved long ago by

Leray [12] and Hopf [9]. For this Leray introduce a notion of weak solution.
He shows that for any initial value with finite energy u € L?*(R®) there exists
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a function u € L*(0,00; L%(Q)) x L?(0, 00; H}(Q2)) verifying (1) in the sense of
distribution. From that time on, much effort has been made to establish results
on the uniqueness and regularity of weak solutions. However those two questions
remains yet mostly open. Especially it is not known until now if such a weak
solution can develop singularities in finite time, even considering smooth initial
data. The question of uniqueness is related to the one of regularity. Indeed it
is well known that if the solution is smooth enough, then it is unique. Several
steps has already been performed concerning the regularity of weak solutions. In
[21], Serrin showed that a solution of (1) lying in LP(0, co; L9(Q2)) with p,q > 1
such that 2/p 4+ 3/q < 1 is smooth in the spatial directions. This result was later
extend in [23] and [3] to the case of equality for p < co. Notice that the case of
L>°(0, 00; L3(£2)) was proven only very recently by Escauriaza, Seregin and Sverak
[10]. In a series of papers [16—-19], Scheffer began to develop the analysis about the
possible singular points set, and established various partial regularity results for
a class weak solutions named ”suitable weak solutions”. Those solutions verifies
in addition of (1) the generalized energy inequality in the sense of distribution:
ul o u 2 A lul?

8,57 + le(uT) + div(uP) + |Vul® — AT <0 t €]0,00[, z€ Q. (2)
Let us mention also related interesting works done by Foias and Temam [4], Giga
[6] and Sohr and von Wahl [22]. The result of Scheffer was later improved in
the stunning result of Caffarelli, Kohn and Nirenberg [1]. They showed in this
paper that the set of possible singular points of a suitable weak solution is of
measure 0 for the 1 dimensional Hausdorff measure in position-time space. This
work gave rise to a lot of activities in the area. A simplified proof was proposed by
Lin in [13]. Let us mention also the related works of Maremonti [15], Grunau [7]
and Struwe [23] in the case of five dimensional stationary Navier-Stokes equations.
Recently Tian and Xin established the local theory regularity for the suitable weak
solutions with slightly different hypothesis in [24]. Seregin and Sverak showed the
full regularity of suitable solutions under a natural (but still unproved) condition
on the pressure in [20]. Finally, let us cite the result of He [8] where the partial
regularity result is obtained for any weak solutions (not only suitable).

Our result still used the notion of suitable solution, but it is more construc-
tivist (in the same spirit than the one of [1]). Following [1] (see also [13]) we split
the proof into two parts. We denote B(r) the ball of radius r and center 0 in R,
First we show the following theorem:

Theorem 1 For every p > 1, there exists a universal constant C*, such that any
solution u of (1) (2) in [—1,1] x B(1) verifying:

1
sup (/ |u|2dx> —|—/ / |Vul|* dz dt +
te[—1,1]\ / B(1) —1/B(1)

is bounded by 1 on [—1/2,1] x B(1/2).

2
P

< C*a
(3)

P

[ ( / m|pdm) a
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In a second part this result is used in a local way to show the second theorem:

Theorem 2 There exists a universal constant §* such that the following property
holds for any w solution to (1) (2) in ]0,00[x. Let (to,xo) lying in the interior
0f 10, 00[x 2 and be such that:

1 t0+52
lim sup — / / |Vu|? de dt < §5*. (4)
€ Jt zo+B(e)

e—0 0—e2
Then u is bounded on a neighborhood of (tg, zo).

It is well known since [1] that, using classical covering lemmas, this result gives
the partial regularity result. Namely that the one dimensional (in space time)
Hausdorff measure of the set of singular points is 0 for any suitable solution of (1)
(2) lying in L>°(0, 00; L?(Q)) x L?(0,00; H (£2)).

We do not claim any originality in the proof of this last Theorem 2. Its proof
relies on Theorem 1. The statement of this first result is slightly different that the
usual ones in [1] or [13]. For the sake of completeness we then give a proof of the
second Theorem as well.

All the novelty of this paper lies in the proof of Theorem 1. It uses a method
first introduced by De Giorgi to show regularity of solutions to elliptic equations
with rough diffusion coefficients [2]. As in [1], we consider the change of a quantity
depending on u from set Qp to set Qg1 with Qr+1 C Qp (except that in our
context they do not shrink to 0). It is striking that this feature which was already
in the Schaeffer paper follows the physical principle of transfer of turbulent energy
from scales to scales (known as ”Kolmogorov cascade”). But instead of tracking
the total energy [ |u|? dz from a set to an other one, we are considering the transfer
of energy from a level set [ (|u| —C)3 dz to an other one [(|u|—Ck41)3 da where
C} is an increasing sequence. The estimate of this transfer relies on the equation
verified by v} = (Ju| — Cx)%. The main difference with inequality (2) is that
the force term involving the pressure cannot be expressed as a divergence term
anymore. In the proof we will decompose the pressure force acting on v,% in Qp
into two parts: The "non local” part which depends (from the Riesz transform)
of values of u outside Qx_1 and the ”local part” which depends only on the values
of u inside Qr_1. This "local part” is itself split into two parts: one part which
can be expressed as a divergence term and the rest which cannot. Each term of
the equation on v? will be characterize by a power exponent (see Proposition 1).
We show in an appendix the importance of the value of this exponent. Actually
the full regularity result for any suitable weak solution of Navier Stokes equation
would be fulfilled provided that those exponents are bigger than a critical value.
All the terms can be controlled in that way (including the transport term, the
non local pressure term and the local pressure term which can be written in a
divergence form) but one: the local pressure term which cannot be written in a
divergence form. At this stage the estimate of this term is too loose. This result
is at most a curiosity. But it characterizes in a cute way the obstruction to full
regularity. At least it singles out the bad part of the pressure term.
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Let us finish this introduction by a very general remark. The scaling of
the Navier Stokes equation gives a striking invariance, namely the fact that u is
solution to Navier Stokes equations if and only if u) given by:

uy(t, x) = u(\%t, \x)

is also solution for every A. This property is used in Theorem 2 but not in
Theorem 1. Kato introduced the notion of mild solutions (see [11], [5]) and shows
the importance of functional space invariant by the scaling. A lot of works followed
which can be summarized very roughly in the following way: if the initial datum
is small in an invariant norm (with respect to the scaling) then the solution is
smooth for all time. After rescaling properly the equation those studies can be
seen as results in the low Reynolds number regime. In physics, the turbulence
(and so the possible singularities of the solutions) is expected for high Reynolds
number, that is when the advection term and the pressure term are big compared
to the diffusion term. From this very general remark, it could be wise to try to
emancipate ourselves from this strong invariance structure. This result can be
seen as a first attempt in this direction. The claim is that the introduction of
the level set of energy gives more richness of scales. This allows to single out
some pressure terms from others even if they share the same fundamental scaling
property. No doubt that this remark is highly controversial. After all, this paper
gives no final result which was not proven before.

2 Main propositions
As said in the introduction we introduce a sequence of decreasing sets:

B = B(1/2(14+273%) T =1/2(-1-27%),
Qr = [Tk, 1] X By,
By 173 = B1ja(14242-3%)-

To deal with the non locality of the pressure we will also introduce:
Br_2/3 = By ja(144x2-3k)-

Then we introduce a new function:
vk = [Jul = (1= 27")]4.

Notice that v? can be seen as a level set of energy since v = 0 for |u| <1 —27F
and is of the order of |u|? for |u| > 1 —27F.
Let us define:

U, = sup (/ vk(t,x)|2dw)+/ |d(t, 2)|? da dt,
tE[Tk,l] By Qk
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where: ( k)
1 =279)1qu>—2-*
d2 = |2| 2 3\ [ul? +

Uk
Jul

|Vul?.

Notice that:

1
Up = sup / lu(t, z)|* dx +/ / |Vu(t,z)|* de dt.
te[-1,1] \/B(1) -1JB@)

We want to study the limit when &k goes to infinity of Uy. Notice that there is no
pressure term in Uy. This feature differs from the proof of [1] and [13]. We can
focus only on v and the gradient term dj thanks to the fact that the sets @y do
not shrink to 0. Indeed we have for every k:

[-1/2,1] x B(1/2) C Qx.
B(1/2) C By.

Thus the global control of the pressure on Qg will be sufficient. This also justify
the norm for the pressure chosen in Theorem 1. In the paper of Lin for instance,
the norm chosen on P was the L3/2 norm in space time. This was chosen that
way to have the same homogeneity than the L? norm of w. For our purpose
there is no reason to do that since the pressure is not handled in a similar way
than u. In our case the norm LP(L') comes more naturally. Anyway this does
not change the final result since Theorem 1 is equivalent to the corresponding
result in [1] or [13]. Notice in particular that if (u,P) is solution to (1) with
u € L>(0, 00; L2(£2)) x L?(0, 00, H3(Q)) then P lies in L} (0, 00; L{, () (see for
instance [14]).
The main result of this paper is the following:

Proposition 1 let p > 1. There exists universal constants Cp, B, > 1 depending
only on p such that for any solution to (1), (2) in [—1,1] x B(1), if Uy < 1 then
we have for every k > 0:

U < C*(1+ || Pllo0,1:21 (80)) ) Ur" 1 - (5)

As mentioned in the introduction the value of the exponent 3, is of great impor-
tance if we are interesting to the full regularity of the solutions. We show in
the appendix that if the Proposition 1 holds true for a p with 8, > 3/2 then this
implies the full regularity of any suitable weak solutions of Navier-Stokes equations
in ]0, 00[xR®. Notice that 3/2 corresponds to the scale of the equation. The idea
of De Giorgi (applied on elliptic equations) was to used the Sobolev imbedding
Theorem together with the Tchebichev inequality to increase the power beyond
the natural scale of the equation. We will explicit all the exponents we have in
the proof. For p big enough, the only term for which the exponent is below the
rod is the part of the local pressure term which cannot be written in a divergence
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form. By local, we mean the term acting on the set @ which depends only on
the values of u on @Qi—_1. This term has an exponent strictly smaller than 4/3.

For any p > 1 this proposition leads to the Theorem 1 thanks to the following
lemma:

Lemma 1 For C' > 1 and 3 > 1 there exists a constant Cj such that for every
sequence verifying 0 < Wy < C§ and for every k:

0< Wiyt < CFW/P,
we have

lim Wy =0.
k——+o0

Let us first check that Lemma 1 and Proposition 1 imply Theorem 1.

Proof. If we consider a C* < 1 we have Uy < 1. Notice that from the definition
of Uy, we have Uy, < Up so U < 1 for every k. This also gives || P||1r (0,150 (B,))
smaller than 1. So Proposition 1 gives that for every k > 1:

Ur < (2C,)"U" . (6)

Notice that 3, > 1 for p > 1. So, if we set C* = inf(1, Cj), Lemma 1 implies that
Uy, converges to 0. But for every k and every —1/2 <t < 1:

/ (u(t,2)] — 12 de < Uy
B(1/2)

So the left hand side of the inequality is equal to 0, which applies that |u(t, z)| < 1
almost everywhere on [—1/2,1] x B(1/2). O

Proof. (Lemma 1) Let us denote:
N k 1
Wi =Cr1C6B-D2W,.
The hypothesis of the lemma gives:
= o

Soif Wy < C§ = C_l/(ﬁ_l)z7 we have Wy < 1 and by induction W, < 1 for every
k. This gives:
Wi < CFrCm7,

Since C' > 1, this shows that W} converges to 0 when k goes to infinity. O
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To show Theorem 2 we use the usual scaling of the Navier-Stokes equation.
For that we introduce the rescaled solutions:

up(t,z) = Nu(AN2t +to, Nz 4 x0),
Pi(t,z) = N*P(\2*t 4 to, oz + ),

for a fixed A < 1. Notice that wuy is still a vector whose components will be denoted
ug;. For every fixed (tg,xo) in the interior of ]0, co[x €2, for k big enough (u, Px)
is solution to (1) (2) in Qy. We define the time dependent mean value pressure
function:

1
Pk(t): Bi Pk(t,l‘)d.’l;,
|Bol /s,
and a sequence:
2 1 B 12
Vi = ||Uk||Loo(—1,1;L2(BO)) + ﬁupk - Pk||Lp(—1,1;L2(BU))» (7)

for 1 < p < 4/3. Notice that for any u € L>(0,00; L?(Q2)) x L*(0, 00; Hi(Q))
solution to (1) the corresponding pressure P lies in Lfoc(Lﬁ)C) for this range of p

(see for instance [14]). We have the following proposition:

Proposition 2 For 1 < p < 4/3, there exists A < 1 and §,, < C*/2 small enough
such that the following property holds true for any solution u to (1) (2) lying in
L%°(0,00; L2(Q2)) x L*(0,00; H}(Q)). For any (to, zo) in the interior of |0, 00[x
verifying (4), there is a kg > 0 such that the sequence Vi, defined by (7) verifies:

Vi C*
Vigr < — + —
B1S + 1
for any k > kq.
This proposition gives Theorem 2. Indeed since for k bigger than a kg we have:

Vi, C*
< = J—
Vi1 < 4+ R

this implies that limsup Vi, < C*/3. Moreover:

2k
||vuk||2L2(L2) = ik /tO—M / |Vu|? dz dt.
A¥ Jto—xze JagrBOAR)

So, from (4) and the bound on §,; of Proposition 2, there is a k; big enough such
that: o o

Vi, + ||Vuk1||2Lz(L2) < 3 + 5 +e<Cn.
Notice that (ug,, Py, — Pk, ) is solution to (1) (2) in Qg = [-1,1] x B(1). So, from
Theorem 1, |ug,| <1 on [-1/2,1] x B(1/2).



760 A. F. Vasseur NoDEA

We can notice that Proposition 1 deals with a nonlinear sequence whose
exponent is expected to be as high as possible. In contrast Proposition 2 consider
a linear relation. The reason is that Uy is supposed to be small. So we can use
in a full extent the smallness of power function near 0. In contrast the purpose
of Proposition 2 is to bring V}, small enough coming from a Vjy which can be very
large.

3 Preliminaries and pressure decomposition

This section is devoted to preliminaries and to the decomposition of the pressure
into the local and non local parts.

Lemma 2 There exists a constant C' such that for every k, and every function F
m LOO(T}@7 1; LZ(Bk)) with VF € Lz(Qk)

2/5 3/5
1E Lrors @iy = € (||FHL°°<Tk,1;L2<Bk>> + HF”L/‘”(Tk,l;Lz(Bk))HvFHLé(Qk)) :

Proof. From Sobolev imbedding we have:
Il 2 (r 108 (84)) < C (I1F oo (my1i0280) + IVEllL2(qy)) -

Notice that we can choose the same constant for every k since B(1/2) C By, C B(1).
Holder inequality gives:

2/5 3/5
1E N Lross (@) = HFHLOC(Tk,hLz(Bk))||F|‘L2(Tk,1;L6(Bk))
2/5 3/5
< C(IFle oy + IFIT2 0 sno oo IV 1, ) -

O

We introduce functions ¢y, € C*(R?) verifying:

¢k($) =1 in Bk:—2/3

dp(x)=0  in BY ,

0<o¢r(x)<1

[Vey| < C2%F

V2| < C2°%.
We have the following lemma;:

Lemma 3 For p > 1, let G;; € L®(Tj_1,1; L (Bk_1)), 1 < i,j < 3 and
P e LP(Ty_1,1; LY(By_1)) verifying in Qp_1:

~AP =" 8,0;Gy;.

ij
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Then we can decompose P\Bk_w3 into two parts:
PlB,_y5 = Prl,_y)s + Pr2lBi_s)ss
where Py verifies:
—AP;; =0 in [Th—1,1] X By_g/3,
and the following estimates on the closer set By_q/3:

IVPitllze(ri 11505 (B ja)) + 1 PetllLo(my i 1,00 (B, a))

< C212F ||P||Lp(T,C,1,1;L1(Bk,1)) + Z HGij||L°°(Tk—171§L1(Bk—l))

ij
The second part Pyy is solution on [T_1,1] X R3 to:

—APy, = Z 0;0;(orGij).

4,3

761

Notice that the support of ¢;, is contained in Bj_; so we can define ¢,G;; in R3

by extending it to 0 on Bj_;.

Proof. Since ¢ = 1 on Bj,_3/3, we have P = ¢ P in [Ty 1, 1] x Bj,_3/3. Moreover:

—A(¢rP) = —¢pAP —2div((Ver)P) + PAgy,
—okAP = ¢ Y 0,0,Gi
ij

—|—Zaiaj(¢szJ Za z¢k )]

.3

_Za ]¢k iJ +Z 6aj¢k

Let us define Pyo by:
~APpy =Y 0:0; [$1Gij] -

irj
and Py by:
—APy = —2div((Vér)P) + PA¢r + Y _ Dij(Gij)
irj
= Z D;; P + Z D;j(Gij),

Disf = ~0,(0s60)f) — (03600 F) + (0:0,00) -

ij)-
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Notice that for every f, D;; f vanishes on By_5/3 since Vg = 0 on this set. This
implies first that:
—APkl =0 in Bk—2/3~

Moreover, for every = € Bj,_1/3, using the representation:

11
Pkl = Em * [; D“P + ;Dlj(Glj)],

we find:
1 1

i Joo o=
1

D;;i(Gi))(t,y)d

+47r/ |ac—y| Z i(Gig))(t:y) dy

-z /. ‘ﬂ—P (Vou(y)P(t,y) dy

Am k—2/3 |
1 1
47T Z/BC s |l‘—y|3( 0;01(y))Gij(t,y) dy

+47TZ/BC s |x— |3( 9ion(y))Gij (t,y) dy

+47T Z/Bc s _ aaj(bk( )) zg(t7y) dy

Py (t,x) (=2div((Ver)P) + PAdy)(t,y) dy

Since the distance between Bj_;,3 and 35—2/3 is bigger than 27%* and:

|Vr| < C23*
V26| < C2°F,

We have for every = € Bj,_/3:

| Py (t, )| < C2% (/ |P|dy+/ G|dy> ,
Br_1 By_1

where |G| =}, ; |Gyj|. In the same way we can write:

vpkl Z DnP + Z Dz] zg
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to find that for every x € By_q/3:

|VPk1<t,x>|sozm</ Pl dy + / |G|dy>.
B -1 Br_1

Taking the LP norm in time leads to the desired bound on Py;. Indeed, since
1 — T, <2, we have:

I1Gisll Lo ;0r (B < 2YPIGasll Lo (11501 (B 1))
O

Let us state two straightforward corollaries which will be useful in the next
sections:

Corollary 1 Let (u, P) be a solution to (1) (2) in Qr—1. Then we can decompose
Plp,_,,, into two parts:

PlBk—2/3 = Pkl‘Bk—z/;s + Pk2|Bk—2/37

where:

||vpk1||LP(T,€,1,1;L°°(B,C,1/3)) + ”PklHLP(kal,l;LOC(kal/?,))

< C2'?F (HPHLP(Tk—l,1;L1(Bk71)) + ||UH%°O(Tk_1,1;L2(Bk_1))) .
and Py is solution on [Tx_1,1] x R3 to:

_APkQ = Z 6“9]» [(bkujui] .
]

Proof. Taking the divergence of equation (1) we find:

%

We set G;; = u;u; to find the result. O

Corollary 2 Let (u, P) be a solution to (1) (2) in [—1,1] x B(1). We define:

u(t) :/B(l)u(t,m) dx.

P(t) = /B(l) P(t,x)dx.
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Then we can decompose (P — P)|(—1/2,1/2]x B(1/2) into two parts:

(P —=P)|i—1/2,1/21xB(1/2) = Pili=1/2,1/21x B(1/2) + Pali=1/2,1/21x B(1/2)
where:
|Pill e (—1/2,1 /205 (B(1/2)))
<C (||P — Pllr—1120 ) + llu— m\%w(—l,hLz(B(l)))) ;
~AP, =0 in [-1/2,1/2] x B(1/2),
and Py is solution on R to:

—AP, = Zaiaj [p1(uj — ;) (u; — ;)] -

Proof. Taking the divergence of equation (1) we find:
—AP = Zaﬁj(u]uz)
(2]

= 2 005 [(u; = ;) (ws = )]

We use Lemma 4 with k = 1 replacing P by P — P and setting G;; = (u; — ;)
(u; — ;). Notice that we have By = B(1) and:

B(1/2) C By C Byys,
so this gives the result. O

We finish this section by a lemma which gives the links between di and the
the gradient of vy.

Lemma 4 The function u can be split in the following way:

uzuvk—i—u(l—vk>7

|ul |ul

’u<1—”’€>’§1—2—’f.
|ul

Moreover we can bound the following gradients with respect to dy:

where:

k|| < dy,
|ul

Lz 1-2-#} | Vul| < di,

|Vog| < dg,
’vm”“ < 3dy.
|ul
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Proof. The function (1 — v /|ul) is Lipshitz and equal to:

—r’—’“':l i Ju<1-27F
U
1—27Fk
U
Therefore:
g
U
Let us first show that:
U,
m|Vu| < d (8)
Lfju>1—2-# | Vl]u|| < di. 9)

Statement (8) comes from the definition of dj, and the fact that vy, < |ul:

2
42 > Ky > (Ewy|) .
|ul |ul

To show (9), notice that:

2
|V|u||2:‘uVu < |Vul?.
|ul
So: ( o
1 —=27%) > -2-%)} + k
d} = b2 2 |92,
[ul
with:
(=277 o)Lz -2-0)) = Ul =21y
So:

dip > 1> -2-0)} V]ul[*.
Then the bound on Vuy, follows (9) since:

V| = [V]ul[1fju>a—2-+)-
To find the last inequality we fist write:
v () = vty ().
|ul |ul |ul
The first term can be bounded by:

‘IZIWk < |Voy| < dy.
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The second one can be rewritten in the following way:

vV <u> = gy - %VM.

lul ) ful juf?

So, thanks to (8) and (9):

N

u Uk

|u| Tl 1 Lk
oy <|U|)‘ — |yl V] + 1> (1—2-5)} V]ul|
< 2dy.

This gives:

o) s
|ul

This ends the proof of the lemma.

Remark 1 From Lemma 2, Lemma 4, and the definition of Uy we see:

lon—1llz10/5Qu )

2/5 3/5
< C (ol sz + 0k l22 0, e, V01 155)

2/5 3/5
< C (k-1 z e + 11720 e oI5, )

<cu’?.
Hence:

1/2
lok-illzi0rs (i) < U3

4 Proof of Proposition 1

NoDEA

)

(10)

This section is devoted to the proof of Proposition 1. We remind the reader that
it is the key point to Theorem 1 (see section 2). We split the proof into several

steps.

Step 1: Evolution of v}. The first step is to derive the equation verified by the

level set energy function vi. We summarize the result in the following lemma.

Lemma 5 Let u be a solution of (1) (2) in @ =]0,00[x§. We define the level
set energy function vy as in Section 2. The function vy verifies in the sense of

distribution:

v2 . U2 U2
é%;+dw<u;>+d%—A;

+div(uP) + (v /|u| — 1)u- VP <0.
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Remark 2 The lemma is formally obtained multiplying (1) by uvg/|u|. We have
to show that all the derivation is valid if w verifies only the natural bound of
Navier Stokes solution. Especially, we have to carefully check what happened for
big values of u. Indeed, we cannot derive the equation on v7 only from (1) for
the same reason that we cannot derive (2) from (1) if u verifies only the usual
bounds. Since v behaves like |u|? for big values of |u|, we can use (2) to solve
this problem.

Proof. First we can rewrite v in the following way:

T
2 2 2

Equation (2) gives the evolution of |u|?/2. For the second term we notice that for
any (time or space) derivative d, we have:

2 12
O (1)]“2|U|) = VR0a U — U0y U

= v0q|u] — udqu

= vklaau — udsu
|ul
= u (Uk — 1) Op .
|ul

Lemma 4 ensures that ’u (I%k\ — 1) ’ is bounded by 1. Using that div(u®u) = u-Vu,
multiplying (1) by u(vy/|u| — 1) we find:

2 2 2 2
v — |ul® o v = [ul Uk . -
Oy 5 + div(u 3 ) +u ] 1) VP —u ] 1) Au=0. (12)

Notice that the bound on u (% — ) and the natural bounds on u ensures the

validity of those calculations. Moreover we have:

—u (vk — 1> Au
|u
— _div <u (v’“ - 1) Vu) v (“U’“) Vu — |Vul?
|ul |ul

2 .12
_ AVl + (Uk _ 1) IVul? + (uVu) V (U’“> ’
2 |ul |ul
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with:
(= e (i) ¥ (i)
_ (iz - 1) IVal? + (V]ul)ul¥ (1 ! _|u2|_k>+

1—27F)1 (12
— <,Uk_1> |vu|2+( ) [{lu|>1-2 ]‘}IvluHZ

Jul |ul
= d; — |Vul?.

So summing (2) and (12) leads to:

P 2 vi
3,5 +d1V< 2>+dk‘_A2

+div(uP) + u (1;’“' - 1) VP <0.

Step 2: Bound on Uj.
Let us introduce functions n;, € C™(R?) verifying:
n(z) =1 in By,
ne(z) =0 in 35—1/3
0 <m(z) <1
[Vii| < C2%F
|V2n,| < C2°F,

We multiply (11) by 7 () and integrate on [o,t] x R® for Ty 1 < 0 < T}, <
t <1 to find:

2 t
/nk(a:)M dx + /nk(x)di(&x) dx ds
2

< /ﬂk(@@ dx

//VW |Uk81‘)| doe ds
/ /An |Uk s x)| dzx ds
/ /nk {dlv uP) + (ZZ - 1) uVP} dz dt.
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Integrating in o between T;_; and Ty and divided by Ty_1 — T} = 2= (k+1) e

find:
S </nk($)|vk(t’x)2dm+/; /nk(w)di(&w) dx d8>
/ / |Uk(‘72 ) [? de dor
/ /vn el 0 “’”2 da:’ ds
+/T /An ) owls, @ )Qd‘ds
+/T1 1 / e ){dlv(uP) (&—1) uVP} da

Since nr =1 on By,

t
U, < sup /nk |vk )l dx / /Wk dk s,x)dx ds
tE[Ty 1] 2 T,
(t
2 sup /Uk |Uk Tl dx+/ /Wk )d3(s,x)dxds | .
te[Ty,1 2 T

We claim that:

dt.

A

IN

U, < CQGk/ |og (s, ) |* do ds

k—1

+023k/ |og (s, 2) |2 d ds (13)

+2/T:_1Qk/1 (@ ){dlv(uP) (Ilifl )wp} dx

We use the bound on Vn, and Ang, the fact that 7, is supported in Qf_1,

and the decomposition:
2 2
v
0/ O SR A WU
2 |ul ul J 2

dt.

Thanks to Lemma 4:
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Step 3: Raise of the power exponents.

We want to bound the right-hand side term of (13) with nonlinear power of
Uj_1 bigger than 1. To do so we use the following method due to De Giorgi.

Lemma 6 There exists a constant C' such that for all k > 1 and ¢ > 1 we have:

o
Loesopllza@uoyy < €230 U,

ok 1
||1{'Ulc>0}||L°°(Tk—1»1§Lq(Bk—1)) < C2u qu—l‘

Proof. 1f vy > 0 then |u| — 1 +27% > 0 and:

vp_1 = [Ju] — 14271,
[lu] =14 27% 4 (27FF1 —27k)]
> 27kt _ o=k — ok

Using Tchebichev inequality and (10), we find:
ol = [ liwso dads
k—1

/ 1{v1€71>2*"’} dx dt

Qr-1

[{vk—1 > 27"} N Qp-1

210k/3/ lop_1[19/3 dz dt
Qr—1

10/3
210K /31y,, IILlé/s(Qk,l)

ININ A

IN

IN

10k/3775/3
210K/3L2/%

The proof of the second statement is similar. Indeed for every ¢ € [Tj_1, 1]:

/ Lwp(t,)>03 d
Br_1

/ 1{vk,1(t,<)>2*’“} dxr
Bp—1

{oeoa(t,) > 275N By

22k/]3 lvp_1(t, z)|* dz
k—1

IN

11 o (2, >0} H%Q(Bk,l)

IA

IN

IA

IN

228 sup / v (s,x)dz
SE[Tk,hl] Br_1

22k 1.

IN
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Therefore:

2 1

op L
||1{Uk>0}||L°°(Tk*1,1;Lq(Bk—1)) <24 Ulcqfl'

O

This lemma allows us to control the two first terms of the righthand side of (13):

C'26k/ log (s, 2)|* dz d5+023k/ ok (s, )| dx ds
k—1

k—1
< CQGkH“i”LS/S(Qk,l)||1{vk>0}\|L5/2(Qk,1)
+CO2% vl pross (@ 1y 11 {or>03 1 L10(@1)

From the definition of vy we have that vy < vi_1, and so:

&l Ls/s (@) = okl Fa0/s(y 1y < Non-1ll710r3(q4_,)-
This quantity is bounded by CUj_; thanks to (10). In the same way we have:

3/2
okl ooy = N0kl 1000, ) < UL

Therefore, thanks to Lemma 6:

C'26k/ vk (s, )| dz ds+C’23k/ ok (s, )| dx ds
k—1 k—1 (14)
< 026k+4k/3U£/3.

Notice that the exponent 5/3 is bigger than 3/2. Therefore we have succeeded to
overtake the scale of the equation.

We want now consider the pressure terms in (13). Since Supp nx C Bj_1/3:

1

/Tkl

1

/Tk—l

1

VLU

s/ / o 2 Py de
Tk—l Bk;—l/?, |U|

1
‘)
Tr-1

dt

/ e div(uP) + (ve/|u] — uV P} do

dt

/ el div(uP) + (ve/|u| — 1)uV P} de
By_1/3

dt (15)

dt.  (16)

/ e div(uPes) + (o] — 1V Pya} dae
By _1/3
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We have used the decomposition of Corollary 1 and the fact that V Py is bounded
in . Therefore:
div(uPy1) = uV Py € LP(L?).

Step 4: Bound of the pressure term involving Py, (non local term).

We want to bound the term (15). We discuss about the value of the index
p. If p > 10, then we bound it by:

Cllvsll 3 (Qk- HVP’“”LP(Tk vtsz= (B ) [Losopl (Te—1,1:L 7 (Bio1))
< C||Uk|\Lw/3(Qk_1)HVPk1HLP(Tk_l,l;LOO(Bk,l/g 11 ¢or>01lLa(@r_i)s

where % = 1—70 — =. From (10) and Lemma 6 we find that it is bounded by:

1
P
027k/3—10k/(3p)HVPk1|‘LP(Tk7171;L 5, 1))Us/s(l 1/p)

Thanks to the bound of V Py given by Corollary 1 we find that it is smaller than:

k Tk _ 10k 5/3(1—1
C212k 5 » Uy / ( /) (||P||LP(T:€7171;L1(B;C71)) + ||U||2Loo(Tk,l,l;L2(Bk,1))>-

The power of Uy_1 is bigger than 3/2 for those values of p. Therefore, for p > 10,
we still can overtake the typical scale of the equation for the non local pressure
term. For the proof of Theorem 2 we need to consider also the small p.

For p < 10 we bound the term (15) by:

Cllokllzoe (z2) IV PrtllLe(ry s 1,0 (Br— ) L0y e (11 1502861y (A7)
For 2 < p < 10 we control this term by:
Cllvkllzoe (11102 Br IV Pit | (1,1 1525 (B 1)) L o> 03 | 22(@1 )
< Cst/?)HkalHLP(Tk—l,1§L°°(Bk71/3))U;€1£31’

thanks to Lemma 6. Notice that the power of Uy_; is still bigger than 1 for those
values of p.

For p < 2, we control (17) by:
Cllvllzoe (zi—y1:02(Be- ) IV Pra [l Lo (11,21 1505 (Bi—1 13)
1 / 1 p .
X” {1)k>0}||LP (Qk,l)H {”k>0}||L°°(Tk_1,1;L2277P(Bk_1))
Lemma 6 shows that (17) is bounded by

C27k/3—4k/(3p) ( )U5/3 2/(3p)

| Pllzeczyy + ”uHLOO(L?)
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Notice that the power of Uj_; is still bigger than 1 for any p > 1. Hence for any
p > 1 there exists a;, > 0 and §, > 1 such that the term (15) is bounded by:

C2E U (1Pl oy + llF o 12y,
which is smaller than:
C2r U (1P| Loy +1) (18)
if Uy < 1. Moreover 8, > 3/2 if p > 10.

Step 5: Bound of the pressure term involving Py, (local term).
To control the term involving Py we split it into three terms:

Pyo = Pio1 + Proo + Pras,

where Pkgl, Pk227 Pk23 are defined by:

ona - 2 fon ()}
2%

_APkQQ = 2818] {2¢kuj <1 — |’l’Z,€> Uzr;f}

~APm = 300, g |

We just used 1 = (1 —wvi/|u]) + vi/|u|. Thanks to Lemma 4, u (1 —vg/|u|) is
bounded by 1. So, from Riesz Theorem:

| ProtllLaor ) £ Cq V1< q< oo

We have:

diV(qugl) +u (vk/|u\ — 1) VP2

(19)
= div <Ukupk21> Pkgldlv < vk)
|ul |ul
From Lemma 4, we have:
‘V“”’C < 3dj.
|ul
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Therefore for g > 2:

/1
Tr-1

< 2°%Cy|vk |l pross | Prza | Lo 111> 1-2-%} | L1oasza—10)

/ e {div(uPio) + (vp /] — 1)UV Pear} da| dt
Br_1/3

+ Cyll P21l alldil 22 |1 {juj>1-2-#} | L2as a2

< Cq2kaq(U]§£31(1—1/f1) + U;lg—5/(3<I)).

NoDEA

(20)

Notice that the second term (with the exponent smaller than 3/2) comes from the
second term of the right hand side of (19), namely the pressure term which is not

in a divergence form.

We now turn to the terms involving Pgos and Pgoz. By Riesz Theorem

and (10):

A

[ Przz2lpioss < €D i (1= vg/|ul) | oo loxts /|ull| pross
%)

Cllvg | pross < CULZ,

1Praslizsrs < C Y llujor/|ulll pross owui /| pross
%)

CHUk:”%lo/s < Up_1.

IN

A

IN

We need to control their gradients too:

Lemma 7 We can decompose V Proo and V Pyas in the following way:

V Pio2 = Gag1 + Gagz + Gaas,
V Pyo3 = Gas1 + Gasa,

where:

1Gaa1ll 103y, 1) < C2% 0kl 103y )

1G22l L2(Qu_1/5) < Clldkllz2(Qi-1)

G223l Ls/1(Qy 1 9) < Cllvkllrors gy lldkllL2 @iy
1Gas1llLsr3(Qu_y 5) < C2* 0k lI210r5(00,_,)

G232l Ls/1(Q,_1 9) < Cllvkllrors g,y lldkllL2 Qe
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Proof. We have:

U5V Ui Ve
v J
<¢’“ al u|>
U;VE UiV
V(Zsk: 3 Vk k
lul  [ul
UGV UV
+¢kv< J k) k
lul ) |ul
UV UiV
+¢kv< ’“) 1k
lul ) |ul

Thanks to the bound on V¢ and Lemma 4 we have:

50V (ujvk) UV PR <ulvk> ;U
lul /|l ul /) ul
< Cdyvg,

UjVE UiV

S C23k\v;€\2.

’V%

jul - [ul

So if we denote G317 and Ga3o solutions to:

“AGys = Z@‘f’% (V¢k UV umm)
%]

ol o
UV U; Ve U; Ve UiV
—A — 0 J J
G = 300, (o9 () it = oxv () ).

We have V Po3 = Gaz1 + Gasze, and from Riesz Theorem:

1Ga31lLor3(p 1 j0) < C2% [0kl 10500y
G232l 25/1(Qu_s,5) < CllvkllLrors gyl dkllL2(@r_1)-

For V Pyoo we first compute:

Vi U; VE
v (%“ﬂ‘ (1 - |u|> |u|)

= Vopu, (1 ”k> UiVk

lul J ul

s (1 'Uk> o UiV

Cful) T Tl

Vi Vk
+oru; (1 - u|) (Vuj)m

b,V (vk> UV,
j

lul ) Jul
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Notice that:
ujV Ul = &VU}C - wv"ﬂ
|ul |ul

|ul?

So, thanks to Lemma 4:

v
u; V (J)‘ < |Voug| + 1{|u‘21_27;€}|V|u|| < 2d.

Hence, if we denote Gag1, Ga22, and Gao3 solutions to:

v UV
= (o 1) )

2]

_ 9. (1 Yk ik (1 Yk N Yk
A =200 (s (1 1) V5 v (1 ) )
s o (2) ).

4,J

then we have V Proo = Ga21 +Gago+ Goo3, and from Riesz Theorem and Lemma 4:

G221l L10/s(qy ) < €2 [vrlliors (0, 1)
G222ll2(Qi 1 3) < Clldillz2(Qu_s)
||G223||L5/4(Q,€,1/3) < C||Uk||L10/3(Qk,1)||dk||L2(Qk71)-

Using this lemma we can bound the term (16) in the following way:

/ /B Me{div(u(Pr2z2 + Pr2s)) + (vi/[ul — 1)uV (Proa + Pros) } d| dt

Tk—1 k-1

1
S/ / |Vne||u|| Peao + Pros| da dt
Ti—1 Y Br_1/3
1
+/ / M| (V Praa| + |V Pras|) dz dt
Tk—1 Y Br-1y3
1
< 023’“/ / (1 + v (| Praa| + | Praal) da dt
Tx—1 Y Br_1/3

1
+/ / (|V Praz| + |V Pras|) da dt
Tr—1 Y Br_1/3

< C2* (|1 qpuz1-2-+3 | pror7 By ) | Proall prosa sy, o)

> 1—2-*3 L2 (B, 1) \|Pk23\\L5/3(Bk,1/3))
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+O2%(|ugl| prosa g, ) (1 guiz1—2-#3 | 252 (o) 1 P2l 10/3 (5, )
L guz1-2-sp Lo ) [ Pr2sllLsrs (s, 4))
FCO( 1wz 1-2-13 L1073y G2t L10rs (B, _, )
L guz1-2-splzsr2 (o) | G231l Lora(m, ., 0))
+C guz1-2-#3 125y 1) 1G223l| L5/a(B, _y o) + 11G232l L5748, _, )
+C| L gjuiz1-2-#} 2By [|Go22ll L2 (B, _, )
< 22U 4 oul.

Again the exponent 4/3 < 3/2 comes from the pressure term which is not in a
divergence form in (16).

Step 6: Conclusion.

From (13), (14), (18) and the last inequality of Step 5 we see that for every
p > 1 there exists a, > 0, 8, > 1 such that for any solution to (1), (2) in
[—1,1] x B(1), if Uy < 1 then we have for every k > 0:

U < C¥(1+ || Pll o 0,121 (B0)) ) UL” 1 -

This concludes the proof of Proposition 1. Moreover, for p > 10, the only bad
terms (with exponent smaller than 3/2) comes from the local pressure term which
cannot be written in a divergence form.

5 Proof of Proposition 2.

We consider (uy, Py) defined in the introduction, where A < 273 will be chosen
later. Notice that for any ¢t,2 € Qo = [—1, 1] x B(1):

ug41(t, ©) = Aug (N, A\x).
We introduce for —1 < ¢ < A2,z € B(1):

1 o=
w)\(t,w) = me 4@2237—t)

The function ) is solution to:

Oy + Ay =0 in | — 0o, \?] x R3,
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and verify:

[a(-La) <1 forzeR’

C
At 2)l = 35
|[AY[ + [Via| < C

C
IVal < i

for [z] < A, =A% <t < \?
forz € Bf, —1<t<\?

for z e R3, —1<t<\%

We define:

ug(t, x) dx
Py (t,x) dx

2(t) = m - |ug| (¢, z) da.

NoDEA

Multiplying (2) by 71 (x)1x(t, ) and integrating on [—1, s] x R? for —1 < s < A2

we find:

|ur(s, z)”

/ (s, ) () S DT g

|ux | (t, @)

dz| dt

+/A2 /(%Am + 2V - Vi)

dt.

+/A2 /V(Tlﬂ/}/\) ~up, (Py — Pr) da

‘We have used the facts that:

2 2 o2
div Uk ‘Uk| = div Uk |uk| _ %
2 2 2

diV(ukPk) = diV(uk(Pk - Pk)),
since div u = 0. Thanks to (22) we have for s € [-A?, \?]:
|ug (s, )| ¢ |ug (s, 2)[?

/w)\(svx)nl(x)# dzx > )\3/30\) fdf

C
> p/|uk+1(s,m)|2dﬂc.

(25)
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We have used that 7; = 1 on B()) (since A < 273). So, we can get by this way
some information on ||ug41 ||2LOO(L2). We want to control the right hand side of the

inequality (25). First we have from (21):

up(—1,2)?
/1/1,\(—1@)771(56)7' k( 5 ) dz < Vj.
Since:
g ud
L1(-1,1;L1(B(1)))
upl? w2
<kl poe (=1,1522(BY)) | ;' —7’@ ;
LY(-1,1;L%(B(1)))
and:
v Ll < v
IV ==l sz < luwllez-nee@apIVurl ez -1xsa)),

by Sobolev Imbedding and Holder inequality in [—1,1] x B(1):

g u}

2 2

> ud

5 Zk

L'(L?) LY(L3)

ol
TR ROATEICTeN)

IN

Cllul 2oyl Vurl L2122

IN N

ClIVurl 22y (lurllL=(z2) + [ Vurllz2z2)) -

Therefore, using (24):

up? u}
/ V(mva)ue <| ;' —;> dx dt
wpl?  ul
< IVl e ey | 55— 2
LY(L2)
Vug| L2z C
< c”l#vk + Vel Vi (27)
Thanks to (23), and noticing that Vi = 0 on Bf:
A2 |Ul~c‘2
A dzx dt
| [ avmvin+ s M da .

S C”uk“%oo(LZ) S C’Vk
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The last term of (25) is bounded by

C _
FHUICHLOO(LQ)HPIC — Prllze(z2)

1Py — Pill7 012
<C <||Uk||2L<x>(L2) + 8 5 ) <o

This together with equations (25), (26), (27), and (28) gives:
2 2 ¢ ¢ 2
k1 Zoe (-1, < CAVie + 5 IVl Vie + 5 IVurlza vV (29)

We need now to bound ||Py41 — Fk+1||2Lp(L2). We use the decomposition of
the pressure term of Corollary 2:

P, — Py, = Pij, + Pay.

Since A < 1/2: [-A2,A?] x B()) is contained in [—1/2,1/2] x B(1/2). Since Py
is harmonic in this latter set, we have for every ¢t € [-A%, \?]:

1
BO| /Bm Pux(

< (2))?

2
dx

— Pi(t,y) dy
B<A>|/B<A> 1 (t:9)
2

Pip(t,x) — Pi(t,y)dy| dx

1 / 1
|B(1/2)| /a2 |B(1/2)| B(1/2)

< C)?/ | Py (t, )| da.
B(1/2)
Consider now the term Pys. It is solution to:
—APy, = Zaiaj (D1 (ury — Tnj) (Uni — Tri))-
1,7
If p <4/3 then 4/(2 — p) <6 and

2/p

2/p
L2( LT S ”vuk”LQ(LQ)'

llur — k||

Then Riesz Theorem together with Holder inequality gives (if p < 4/3):

_ 77..12(0=1/p) 2
1Pezllzo(rey < Ollfur — w217 L /pIILp(L%)
o 20=ypy 2/
< Clluk =l 12)” lur Uk||L2(L2 -

2(1-1
< Ollur = 3% AV Vgl 75 2

IA

1-1
OV P | Vugl |3 o
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For every t € [-1,1]:

| Pet1 — Pkﬂ”?mwu)))

2
1
<o —— Py (Vt,z) — 7/ Pip(Nt,y) dy| dx
B[ JB(n 1B JBny
1 2
bt [ Pate) - s [ Pty dy| o
BN /) BN/
< C)\ﬁ/ | P (N2t 2)]” da
(1/2)
ant | Py (N2, )| da
BV By
< C)\G/ | P (A2, 2)| da + CA/ | Po (A2t 2)|” da.
B(1) B(A)
Therefore:
=y _4 _4
[ Prt1 — PkJﬂ”%P(L?) <OXTh ”Plk”%P(L?) + AT HPWC”%P(L2)'
The corollary gives the bound:
1Puell Lo (—1/2,1/2:L00 (B1/2)))
<C (||Pk = Pillze(-10:1 (1)) + llus _ﬁkH%W(—l,l;L?(B(l))))
< C (|1Pv = Prllee(—1,1,00 By + IVurl72) -
Using the bound computed for Pys we find:
[ Pres1 — ?k+1||%P(L2)
< ONYP(|| Py — PillTo1 12280y + IVurllzz(z2)
+ ot 4/pV2 2/P||V kHL2(L2
Hence:
C||Vu
Vs < 002 4200y 4 V20 i!” v
C||vuk||L2(L2)\/— C k||L2(L2) ||V’(LkHL2(L2) V2 2/p

\2+4/p \T+4/p k
First notice that for p < 4/3 we have 2 —2/p <1/2, and for any 0 < ¢ < 1:

V,fSl—i—Vk.
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Moreover we have 6 — 4/p > 0 so we can fix A such that C(A\% + X\6—4/?) < 1/8.
Then for every 1 < p < 4/3 there exists , small enough (depending on \) such
that if

||Vuk‘|%2(l/2) < 2(5;

then: ———
Vi1 < — + —.
HLS T
This gives the result noticing that:
)\2k:+t0

1
Vg Pa oy = 7/ / IVul? da.
200 =38 | i Lovson

A Appendix

We introduce a rescaled Navier Stokes equation for e < 1:

1 1
Ou+ —diviu®@u)+ -VP—-Au=0 te[-1,1], z € B(1),
€ € (30)

divu = 0,
with the local energy inequality:

Jul? Jul? Jul?

Op—— + %div(uT) + %div(uP) + |Vul|? - AUT <0 te[-1,1], z € B(1).

(31)

2

Let us assume the following conjecture.

Congecture 1 There exists universal constants p > 1, C, 8 > 3/2 such that for any
solution to (30) (31) in [—1, 1] x B(1) we have for every k > 0

Ck
Up < — (L4 1Plee,1i2030)) Uy,

Notice that after proper scaling, Proposition 1 is the equivalent to this conjecture
but with a 8 < 3/2. Let us prove that this conjecture implies that all the solutions
to (1)(2) lying in L>(L?) x L?(H{}) are locally bounded (and so regular).

Proof. Consider such a solution, and any point (o, o) €]0, 00[xR>. For A < /%o,
we have (A\2[—1,1]+to) x (zo+AB(1)) which is included in the domain ]0, co[xR?.
We define a family of solution to (30) (31) in | — 1,1[xB(1) in the following way:

ue(t,x) = elulto + N2t zo + \x),
P.(t,x) = €2X?P(to + N\, 20 + \z).
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Notice that: ,

13
| Pell ooy < WHPHLP(D);

is bounded for every 1 < p < oo and € > 0 since P € LV (L] ) (see for instance

[14]). So from the conjecture the U, j associated to u. verifies for & small enough:
Ck
Ui < 27U§7k71.

Let us denote W, = Ueﬁks_ﬁ. Whenever W, 1 < 1 we have W, <
QCka’kfl. So, from Lemma 1, if W, o < C then lim W, ;, = 0. So if

_28-3

Uco <el/BD = g2 %1 (32)
then U, j converges to 0 when k goes to infinity. But:

Ueo = ||U5H%oo(L2) + Ve[ 72

2
£
T (Il ez + 1 V0l32)

IN

Therefore, since (26 — 3)/(8 — 1) > 0, for £ small enough, (32) is verified and
lue] <1on]—1/2,1/2[xB(1/2). This means that |u| is bounded by 1/(\e) on a
neighborhood of (to,xg)- |
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