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Abstract: In this paper we give a new proof of the partial regularity of solutions to
the incompressible Navier Stokes equation in dimension 3 first proved by Caffarelli,
Kohn and Nirenberg. The proof relies on a method introduced by De Giorgi for elliptic
equations.

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,

, (1)
divu = 0,

where € is a regular subset of R3.
The initial boundary value problem is endowed with the conditions:

u(0,-) = u® € L*(Q),
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 a
function u € L>(0,00; L2(2)) x L%(0,00; H}(R)) 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],
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Serrin showed that a solution of (1) lying in L?(0, co; L%(2)) with p,q > 1 such
that 2/p 4+ 3/¢ < 1 is smooth in the spatial directions. This result was later
extend in [23] and [3] to the case of equality for p < oco. 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, 17, 18, 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> N

8,:7 + dlv(uT) + div(uP) + |Vul|* — AT <0  t€]o,o0f, z€ (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 R3. 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 1 P
sup / lu|? da +// |vu\2dzdt+/ / |P|dx | dt
te[—1,1]\ v/ B(1) -1/ B(1) -1\/B(1)

is bounded by 1 on [—1/2,1] x B(1/2).
In a second part this result is used in a local way to show the second theorem:

2
P

< C*a
(3)

Theorem 2 There exists a universal constant §* such that the following prop-
erty holds for any u solution to (1) (2) in ]0,00[xQ. Let (to,x0) lying in the
interior of 10, 00[xQ and be such that:

1 t0+82
lim sup — / / |Vul|? dz dt < §*. (4)
eJt zo+B(e)

e—0 0—52



Then u is bounded on a neighborhood of (to, o).

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%(2)) x L*(0,00; H}(Q)).

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 Q) to set Qg1 with Qr+1 C Qk (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| — Cy)% dz to an
other one [(Ju| — Ck41)3 dz where Cy, is an increasing sequence. The estimate
of this transfer relies on the equation verified by v = (|u| — Cj)3. 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 U,% in Q into two parts: The "non local” part
which depends (from the Riesz transform) of values of u outside Qr_1 and
the ”local part” which depends only on the values of w 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 3). 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.

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:

u(t, z) = u(N\*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,
Bi—1/3 = B12(142+2-3%)-
To deal with the non locality of the pressure we will also introduce:
Bk—2/3 = B1/2(1+4*2*3")'
Then we introduce a new function:
vk = [Jul = (1= 277)]4.

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

U, = sup (/ vk(t,w)|2dx)+/ |d(t, )|? da dt,
te[Ty,1] B Qrk

1—27M) 1 > a
i = ( L juj>(1-2-5)} Tl + %Vl
|ul |ul

where:

Notice that:

1
Up= sup </ u(t,ac)|2dx> —|—/ / |Vu(t, z)|? dz dt.
te[—1,1] B(1) —1JB(1)

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
Q. do not shrink to 0. Indeed we have for every k:

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

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 L3 norm of u. 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; L*(Q)) x L*(0,00, Hj(2)) then P lies in LY (0, 00; L{ () (see
for instance [14]).
The main result of this paper is the following:

Proposition 3 let p > 1. There exists universal constants Cp,, B, > 1 depend-
ing 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+ || Pll w0121 (80)) ) UL 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 3 holds true for a p with 3, > 3/2 then this im-
plies the full regularity of any suitable weak solutions of Navier-Stokes equations
in ]0,00[xR3. 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 imbed-
ding 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 form. By local, we mean the term acting on the set Q) which
depends only on the values of u on Qr_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 4 For C' > 1 and 3 > 1 there exists a constant C such that for every
sequence verifying 0 < Wy < C§ and for every k:

0 < Wi < CFWY,
we have

lim Wk = 0.
k—+o0



Let us first check that Lemma 4 and Proposition 3 imply Theorem 1. If we
consider a C* < 1 we have Uy < 1. Notice that from the definition of Uy we
have Uy < Up so Uy < 1 for every k. This also gives ||P||zr0,1,01(B,)) smaller
than 1. So Proposition 3 gives that for every k > 1:

Uy < (2C,)'U . (6)

Notice that 5, > 1 for p > 1. So, if we set C* = inf(1,

o), Lemma 4 implies
that Uy converges to 0. But for every k and every —1/2 <

)
t<1:

/ [Ju(t,z)| — 1]3 dz < 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).

Proof of Lemma 4. Let us denote:
Wi = C%wal)? Wi.
The hypothesis of the lemma gives:
T T
0 < Wiy < Wy

So if Wy < Cj = C’l/(ﬁ’l)Q, we have Wy < 1 and by induction W < 1 for
every k. This gives:
— —1
W, <CriQmE e,
Since C' > 1, this shows that W), converges to 0 when k goes to infinity. O

To show Theorem 2 we use the usual scaling of the Navier-Stokes equation.
For that we introduce the rescaled solutions:

ug(t, x) New( ARt + to, \F + o),
Pu(t,z) = NPt 41, \ox + 2p),

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

— 1
Pi(t) = 1Bo| Py(t, ) dz,
ol /g,
and a sequence:
2 1 B 12
Vi = ||uk||L°°(—1,1;L2(Bo)) + ﬁ”Pk - PkHLr(—1,1;L2(Bo))v (7)



for 1 < p < 4/3. Notice that for any u € L°(0,00; L%(2)) x L?(0,00; H} (2))
solution to (1) the corresponding pressure P lies in Lt (L ) for this range of

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

Proposition 5 For 1 < p < 4/3, there exists A < 1 and 6, < C*/2 small
enough such that the following property holds true for any solution u to (1) (2)
lying in L>=(0, 00; L?(Q)) x L?(0, 00; H}(Q)). For any (to,xo) in the interior of
10, co[x Q2 wverifying (4), there is a ko > 0 such that the sequence Vi, defined by
(7) verifies:
Vi C*
Vir1 < — + —
BHLS + 1
for any k > k.
This proposition gives Theorem 2. Indeed since for k bigger than a kg we have:

Vi C*
< —= P
Vern <+

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

2k
Vel = 35 | o [ it
A to—A2k  Jzo+B(AF)

So, from (4) and the bound on ¢ of Proposition 5, there is a k; big enough
such that:

cr  C*
Vkl + ||vuk1||%2(L2) < ? + 7 +e<C".
Notice that (uy,, Py, — P, ) 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).

We can notice that Proposition 3 deals with a nonlinear sequence whose
exponent is expected to be as high as possible. In contrast Proposition 5 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 5 is to bring Vi small enough coming from a V{, 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 6 There exists a constant C' such that for every k, and every F &
L>(Ty,,1; L?(By)) and VF € L*(Q4):

2/5 3/5
1P 10y < C (Il iz oy + IFIT2 0 1o IV Iy ) -



Proof. From Sobolev imbedding we have:

1F| 21,1500 < C (1N Lo (1, 1522(80)) + IVF Il L2(q1)) -

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
||F||L10/3(Qk) < ”F”Loo (Ty,1;L2(By)) ||F||L2 (Ty,1;L6(By))

2/5
C (1Pl asaa sy + IFIF2 i g2 IV F 1250 ) -

IA

0
We introduce functions ¢, € C*°(R3) verifying:

¢r(z) =1  in By g
dp(z) =0  in BS |
0<or(z) <1

|Vor| < 23k

|V2¢| < C29F.

We have the following lemma:

Lemma 7 For p > 1, let Gi; € L>®(Ty—1,1; L (Bx_1)), 1 < 4,5 < 3 and
P € LP(Ty_1,1; LY (By_1)) verifying in Qg_1:

~AP = Zaiajaij.

Then we can decompose P|p, _,,, into two parts:
Plp, s = PralB,_y)s + Pr2lB_s)ss
where Py verifies:
—AP; =0 in [Th—1,1] X By_z/3,
and the following estimates on the closer set Bj_q/3:

Hv‘PkflHLP(kalvl?LQC(Bk—l/S)) + Hpkl||LP(T,C,1,1;L°°(B,671/3))
< C2* 1Pl po(r_y 10t ey + D NGl (ry 1201 (81
ij
The second part Pys is solution on [Ty_1,1] x R3 to:

APy =Y 0:0; (61 Gij)-

(2]



Notice that the support of ¢y, is contained in By_; so we can define ¢4,G;; in
R? by extending it to 0 on B{_;.

Proof. Since ¢ = 1 on By_y/3, we have P = ¢ P in [Ty_1,1] X Bj_g/3.
Moreover:

—A(¢rP) — kAP — 2div((Vey) P) + PAdy
AP = ¢ ZaiajGij

%

= 4+ 0,0;(¢xGij) Za (0i01)(Gij)]

.3

—Za (9560)(Gig)) + 3_(9:0561)(Gig).

0,J

Let us define Pgs by:
APy =Y 0:0; [$xGij] -
3,J

and Py by:

—APy = —2div((Vér)P) + PA¢ + Y Di;(Gij)

)
= ZDiiP + ZDij(Gij)a
i i,
Dijf = —0;((0ipr) f) — 9i((0;01) f) + (0:0;0%) [

Notice that for every f, D;;f vanishes on Bj_/3 since Vg = 0 on this set.
This implies first that:

—APkl =0 in Bk—2/3~

Moreover, for every x € By,_1/3, using the representation:

* [Z Dy P + Z D;;(Gij)],



we find:

1 1 )
Pa(ta) = — / S (—2div((Vr) P) + PAGK) (L, y) dy
™ Jpe, 1T =yl
1
A D’L ’L t d
T BC \J;_y|z i(Gij))(ty) dy
: 2 LY (Vu(y)Plt,) d
= I : Yy yy) dy
dr Jpg ,,, o=yl g
s [ S Ptasen
4 BS , \x—y| Y KL Y) Ay
47TZ/BC — ( J¢k( )) Zj(t’y)dy
—2/3
1 (w )
e [ R @Gt dy
1,7 k—2/3
e [ 0w
4 £~ |ge |z — gy WOiPr\Y))ig\h Y) ay-
2,7 k—2/3
Since the distance between By_1,3 and B,ﬁC_Q/3 is bigger than 273% and:
|Vor| < C23k
|V2¢r| < C2°F,

We have for every x € By_q/3:

| Py (t, )| < C2° (/ |P|dy+/ Gldy> ;
By 1 By—1

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

vpkl ‘ |3 ZD21P+ZD13 2]

to find that for every x € Bj_1/a:

|VPk1<t,m>|§0212k</ Pl dy + / |G|dy>.
Br_1 Br_1

Taking the LP norm in time leads to the desired bound on Py;. Indeed, since
1 — 1T <2, we have:
||Gij||Li”(Tk,1;L1(ka1)) < 21/p||GijHLQC(TkJ;Ll(kal))'

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

10



Corollary 8 Let (u, P) be a solution to (1) (2) in Qix—1. Then we can decom-
pose P|Bk72/3 wnto two parts:

PlBk—Q/S = Pkl‘kaz/s + Pk2|Bk—2/3’
where:
IVPerll Lo (11515 (Bi_1y0)) + 1Pkl Lo (71 15200 (Bi 4 y5))
< €2 (Pl poqr s 1015y + 16l 1y 2800 ) -

and Py is solution on [T},_1,1] x R? to:

_APkQ = Z 818] [(bku]ul] .
,J

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

2
We set G;; = usuj to find the result. O
Corollary 9 Let (u, P) be a solution to (1) (2) in [—1,1] x B(1). We define:

alt) = /B )

P(t) = P(t, ) dz.
B(1)

Then we can decompose (P — P)l[—1/2,1/2]><B(1/2) into two parts:

(P = P)|i—1/2,1/21xB1/2) = Pili=1/2,1/21xB(1/2) + Pali=1/2,1 /2 B(1/2),
where:
Pl e (172,172 (B(1/2)))

<C (||P — Pllo(—1,1;00(B(1)) + llu— H”%OO(—LLL?(B(U))) )
~AP; =0 i [=1/2,1/2] x B(1/2),

and Py is solution on R3 to:

—AP, = Z@'aj [f1(uy — ;) (u; — ;)]

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

i,J

B Z 030; [(u; — ;) (ui — ;)] -

11



We use Lemma 10 with k = 1 replacing P by P — P and setting G;; = (u; —
u;)(u; —u;). Notice that we have By = B(1) and:

B(1/2) C Byy3 C Byys,

so this gives the result. O
We finish this section by a lemma which gives the links between d; and the
the gradient of vy.

Lemma 10 The function u can be split in the following way:

uzuvk—i—u<1—vk>7
Jul Jul

‘u<11”“>’ <1-27F
|ul

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

where:

Ui|vu| < dka

|ul

Lgjui>1—2-# | Vul| < dg,

|V2)k| § dk,

‘vuvk
|ul

Proof. The function (1 — vy /|u|) is Lipshitz and equal to:

< 3d.

S it fu<1-27*
|ul
U
1—27*k
= T if  |ul>1-27%
U
Therefore:
U<1—|v’“>’ <1-27k
U
Let us first show that:
Uk
m|vu| < dy (8)
1{\u|21—2*k}‘V‘UH < dj,. (9)

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

2
2> 25y > (vl .
[u] [ul

12



To show (9), notice that:

2
|V|u||2:‘uVu < |Vul2.
|ul
So: .
1= 275) 1y (1_a-ry + 0
2> MLz a-24) T G2
|ul
with:
(L=277) o)Lz -2-0)) = [ulluiz-2-1)y-
So:

di > Ljuj>a-2-ry | V]ull*.
Then the bound on Vuy, follows (9) since:

V| = [V]ul|1{u>1—2-#)-
To find the last inequality we fist write:

v (W) ECE SRR (U> .
|ul |ul |ul
The first term can be bounded by:

ink
|ul

< | Vo] < dg.

The second one can be rewritten in the following way:
"V () _ Uy~ gy
lul /- ul Jul
So, thanks to (8) and (9):

u v
Ukv(>' < Wk||VUI+1{\u|z<1—2*k>}|v‘“”

< 2dy.

()
|ul

This ends the proof of the lemma. O

This gives:

Remark. From Lemma 6, Lemma 10, and the definition of Uy we see:
lvk—1llL10/3(q,_1)
< C (k- ia ey + 106113200, 1iaam, o IVO-11155)
< C (lon-tllzom sy + o1 l3 2w 1aas, o ldel3sg, )
<cu?.

Hence: Lo
Hvk*1||L10/3(Qk,1) < CUkil' (10)

13



4 Proof of Proposition 3

This section is devoted to the proof of Proposition 3. 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 vy. We summarize the result in the following
lemma.

Lemma 11 Let u be a solution of (1) (2) in Q =)0, 00[x§2. We define the level
set energy function vy, as in Section 2. The function vy verifies in the sense of
distribution:

v2 . v2 V2
3t?k + div <u2k> +d2 — A?k

+div(uP) + (vi/|u] — Du - VP < 0. (11)

Remark: The lemma is formally obtained multiplying (1) by uwvy/|u|. We have
to show that all the derivation is valid if u 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 v? 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:

Vg _ [l vk ful®

2 2 2

Equation (2) gives the evolution of |u|?/2. For the second term we notice that
for any (time or space) derivative 9, we have:

2 1,12
O (1]’“2|u|> = R0,V — U0 U

= vr0q|u| — udqu

= vkﬂﬁau — U0y U
|ul

= u (vk — 1) O .
|u

is bounded by 1. Using that div(u ® u) =

Lemma 10 ensures that ’u (ﬁ — 1)

14



u - Vu, multiplying (1) by w(vg/|u| — 1) we find:

2 2 2 2
v — |ul . vp— |l U U
T el E -y pu (1) )vP—u( £ —1)Au=0. (12
O 5 div(u 5 )+ u ] U ] u=0. (12)

Notice that the bound on u |”7’€| — ) and the natural bounds on u ensures the

validity of those calculations. Moreover we have:
—u (Uk — 1) Au
u
— _div (u (”" - 1) Vu) +V (“U’“) Vu — |Vul?
Jul Jul

2 12
N Sl U i (vk - 1) IVul? + (uVu) V (”k> ,
2 |ul |ul

(3w o) (2)
(ﬁf - 1) IVl + (V]ul) ]V (1 1 ‘|u2|_k)+

1 =271 ju>1—0-r
— (Uk _ 1) |vu|2 + ( ) {lu[>1-2"*} \V\u||2
|ul |ul

=d? — |Vul?.

with:

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

v2 . 2 v2
8t?k + div (uzk) +d2 — A?k
+div(uP) +u (i’:' - 1) VP <.

O

Step 2: Bound on Uy.
Let us introduce functions 7, € C*°(R?) verifying:

ne(x) = in By
nk(r) =0 in Bkc—l/:z
0<m(z) <1

V| < €23k

V2| < C25*.
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We multiply (11) by nx(z) and integrate on [o,#] x R3 for Tj,—1 < o < T}, <
t <1 to find:

t
[ o [ [ ) aois
/ |’uk o,r)|? L
//Vn ‘”‘“”)‘ dx ds
+/ /Ank(‘f)wdl’ds
vk
/ /nk {dlv uP) + (|| — 1) uVP} dx dt.
U
Integrating in o between Tj,_; and T}, and divided by Tj_1 — Tj = 2~ F+1D) | we
find:
2 t
t
sup /Wk(ff)de—F/ /nk(w)di(sw) dx ds
tE[Ty,1] 2 T,
2k+1/ / |Uk0$| de do
Tr-1
—I—/ /Vn |Uk 5 x)|2 dx‘ ds
Tk 1
|vk s x)|
+ Ang(x
Th—1
1
+/ /nk( ){div(uP) + (”’“ - 1) uVP} dx
Tho1 |
Since n; = 1 on By,

(t
sup /Wk ‘vk )l da: / /Wk x)di (s, z) dx ds
tG[TIH 2 Ty
(t
<2 sup /Uk |Uk 7)) dm—i—/ /Uk Yd3(s,x)dzds | .
t€[Ty,1] 2 T

We claim that:

ds

dt.

Ui < CQGk/ |og (s, 2)|* dz ds

k—1

+C23k/ ok (s, 7) |2 dx ds (13)

+2 /T :_IQk/lnk(x) {div(uP) + (ﬁf - 1) uVP} dr

16
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We use the bound on Vn and Any, the fact that ny is supported in Qx_1,
and the decomposition:

2 2
vk Vk UV 'Uk
_—= ]_ —_— R —— —_

“2 {u( Iul>+ u|}2

Thanks to Lemma 10:

wl1- 2k Uj<§
lu] ) 2|7 2
2 3

u  vi| v

— k| < 2k,

CREIR

Step 3: Raise of the power exponents.

We want to bound the right-hand side term of (13) with nonlinear power of
Uy_1 bigger than 1. To do so we use the following method due to De Giorgi.

Lemma 12 There exists a constant C' such that for all k > 1 and ¢ > 1 we
have:

FPY-
o0y llzai@u—) < €25 URLy,
ok 1
Hl{vk>0}||L°°(Tk,171;Lq(Bk71)) <C29U7 .
Proof. If v, > 0 then |u| — 1 +27% > 0 and:

veer = flul =127
= [lul=1+27F+ 27" 27,
> 7Rl o7k — o~k

Using Tchebichev inequality and (10), we find:

||1{vk>0}||%q(Qk_l) = / 1{'Uk>0} dx dt
Qr—1
S / 1{yk_1>2—k} d.%‘ dt
Qr—1
< Hok-1 > 275N Qi
S 21076/3/ |Uk:71|10/3 dxdt
Qr—1
10/3
< 210k/3”vk—1||L1{)/3(Qk71)
< 2101@/3(]}?{31

17



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

I on ()50t [ Ta(me 1) / Livy(t,)>0} d
Br_1

S / 1{Uk,1(t,-)>2*k} de
Br_1
< Hok-a(t,) > 275} N By
< 2 ol
Br_1
< 2% sup / vi_ (s,z)dx
se[kal,l] Br_1
< 2%kU,_y.
Therefore:
-
(1 gue>0t oo (Te—1,100(B, 1)) < 270 Uy
O

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

CQGk/ |Uk(s,;z:)|2d9:d5+023k/ o (s, 2)|® da ds
kE—1

k—1
< CQﬁkH“i”LS/?»(Qk,l)||1{vk>0}||L5/2(Qk,1)
+023k||712||1;10/9(@k,1) 11 {ve>03ll210(Qu_1)

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

12 lzovan_sy = lonlZaorson oy < okl iorsiq, -
This quantity is bounded by CUy_; thanks to (10). In the same way we have:
3/2
loePllsoso@y sy = lonll3iorsq, .,y < UL

Therefore, thanks to Lemma 12:

CQﬁk/ vk (s, 2)|? da ds + C’23k/ lvg (s, )| dx ds
Qr—1 Qr—-1 (14)

< C20FHARBR/3,

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

18



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

1
/ /nk{div(uP) + (v/|u| — D)uVP}dx| dt
Tk—1
1
= / / ne{div(uP) + (vi/|u| — DuVP}dz| dt
Ti—1 |/ Br-1/3
1
< / / nk%vpkl dx| dt (15)
Tk—-1 |/ Bg-1/3 |u|

dt. (16)

1
g
Tr_1

We have used the decomposition of Corollary 8 and the fact that VP is
bounded in z. Therefore:

/ Me{div(uPys) + (vg/|u] — DuV Pyo} dx
Br-1/3

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:

C”UkHL% (Qr-1) ”VPM ||LP(T’“—l’l;Lm(]3,’€*1/3)) ||1{”k>0} ||L<1(Tk—1,1;L1770(Bk—1))
< Ollvkllzrors (@) IIVPrtllLe (1,1 1525 (B2 o)) 1L {or>03 | La (@i 1)

where % = — 1%. From (10) and Lemma 12 we find that it is bounded by:

C27k/3—10k/(3p) |V Py HLP(Tk_l,1;L°°(Bk_1))U1?£31(171/p)-

Thanks to the bound of V Py given by Corollary 8 we find that it is smaller
than:

Tk _ 10k _5/3(1—1
OVt 5% kal( /) (||P||LP(T:€7171;L1(B;€71)) + ||U||2Loo(Tk,1,1;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:

Cllokllzee (z2) IV PetllLe(ry 1 1,000 (B o) Lo >03 oo (11 1302861y (17)

For 2 < p < 10 we control this term by:

Cllvkllee @y 2B IV Prall e @y 1200 (1 ) L0122 (@u-n)

< C’QE)IC/3||VZ_—)161 ”LP(kal71§L°°(Bk71/3))U:£31’
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thanks to Lemma 12. Notice that the power of Uy_; is still bigger than 1 for
those values of p.

For p < 2, we control (17) by:
Cllvkllzoe 1y 1:02(Bi- ) IV Pra ll Lo (13,1 150 (Bi—1 3))
1 / 1 .
X” {Uk>0}||Lp (Qk71)|| {vk>0}||Lw(Tk—1,1§L%(Bk—1))
Lemma 12 shows that (17) is bounded by
_ 5/3-2/(3
C27k/3 4k/(3p)(||P||Lp(L1) + ||U|\%OO(L2))U;€£1 /(3p)

Notice that the power of U;_; 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:
ap77Pp
c2*» U (I1PllLe(zry + ||u||%°O(L2))7

which is smaller than:
C2r U (| Plloqery +1) (18)

if Uy < 1. Moreover G, > 3/2 if p > 10.

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

Pro = Pro1 + Proo + Pios,

where Pkgl, Pkgg, Pkgg are defined by:

= o fon (-2) (1-2)
i,J

7AP]C22 = Z@laj {2¢kuj <1 — ;Z]) Uzr;]]}

AP = 300, g |

We just used 1 = (1 — vy /|u|) + vg/|u|. Thanks to Lemma 10, u (1 — v /|u|) is
bounded by 1. So, from Riesz Theorem:

| Pre21lla(@n_1) < Cq V1l < g < .

We have: .
le(’U,Pkgl) +u (vk/|u\ — 1) V Pyoq

. " (19)
= div <’Uk|u|Pk21> Pkgldlv ( | | )

20



From Lemma 10, we have:

V——-| < 3dk.

‘ UV
|ul

Therefore for ¢ > 2:

1
/ / Ne{div(uPpra1) + (v /|u] — 1)uV Pyay } dz| dt
Tk—1 |/ Br_1/3
< 2°%Cy|vw | pross | Praa | 2o 1L gjuy> 1 -2+ | 100/ ra—10)
+Cql| Prarllnalldell L2 |11 gjuj>1—2-#y | L2a/a-2)
< O 2kan (U1 3-8/

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 Pjos and Pioz. By Riesz Theorem and
(10):

IPiaallpiors < €S flui(1 = i /ul) s llowes /[l oss
%,J
< Cllvwllpiors < CUYA,
|Piaslliors < C llwgor/Julll gross l[owus/ full| oss
%,J
< CH’UkH%lO/SSkal'

We need to control their gradients too:

Lemma 13 We can decompose V Pyoo and V Pras in the following way:

V Pz = Gaa1 + Gaaa + Gaas,
V Pio3 = Gas1 + Gasa,

where:

G221l L10rs(Qu_yss) < C2%* ||vg|l prors @y 1)
\|G222||L2(Qk_1/3) < CHdkHLz(Qk—l)

1G22l 5/4(Qy_y 5) < CllvellLrors gy ldellz2(@)
1Gas1llL5/2(Qp_1 ) < C2% 0k F00/5(0,_ )

1G22l L5/4(Qy_y 5) < CllvellLrors g lldellz2@y)
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Proof. We have:

U;VE UV
\VA (Qbk Uk Ug k:)
lul  ul
UiV UV
= Vi~
ul  Jul
Y (ujvk> Ui VL
ul /|l
U; Vg UjVE
+orV ( ) .
lul ) Jul

Thanks to the bound on V¢, and Lemma 10 we have:

5oV <ujvk) UV PR (uivk> ;U
lul J |ul lul ) |ul
< Cdywg,

U;jVE UiV
ul - u

’V@c

S Ong‘Uk‘Q.

So if we denote Go31 and G35 solutions to:

—AGa3 = Zaiaj (V¢k UV Ui’l)k)

— ul - [ul
_ — Y UjUR ) UiV Ui ) 1i%
AGaz = ;818] <¢kv < |ul ) |ul - (bkv( |ul ) |ul ) ,

We have V Pyo3 = Ga31 + Ga32, and from Riesz Theorem:
1Gasnllzsss(@nsys) < C2 0k ln0ss(n_

G232l L5/1(Qu_y 5) < CllvkllLrors g,y ldkllL2(@r_y)-
For V Pyoo we first compute:

v (¢kuj <1 B vk) uﬂ]k)
lul ) ul

— Vou; (1- ) B

ul ) Jul

+oru; (1 Uk) VM

Jul |ul
Vk Vi
Vk U; Ve
—opu;V (> .
Tl ) Tl

WV (H) _ Mgy, g

~ |uf?

Notice that:
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So, thanks to Lemma 10:

(Y
u;V (1’5) ‘ < |VUk] + Lgjus1-2-#3 [ V]ul| < 24

Hence, if we denote Gaa1, Gagg, and Goo3 solutions to:

v UV
=0 (s 1 5) 57

@,

o (o (1 B o (Y oy
~AGm = )00, (‘”“ﬂ (1 u|)v|u| ow (1 |u|>(V“J)u>
s 0 (e ()27

i

then we have V Pyos = g1+ Gogo + (Gaaz, and from Riesz Theorem and Lemma,
10:

||G221||L10/3(Qk71/3) = C23k”kaLm/3(Qk71)
||G222||L2(Qk—1/3) < C”dk”Lz(Qk—l)
||G223||L5/4(Qk_1/3) < C”Uk”Llo/;}(Qk,l)||dkHL2(Qk71)'

23



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

/ /B nk{div(u(Pkgg + Pk23)> + (vk/|u| — I)UV(PkQQ + Pkgg)} dx| dt

Ti-1 b

wl=

1
< / / [Vnk||u|| Preze + Pros| dx dt
Tik—1/Br_1/3
1
+/ / M| (V Praz| + |V Pyas|) dz dt
Tk—1 Y Br-1/3
1

< C’23k/ / (1+1)k)(|Pk22|+|Pk23|)dxdt

Tk—1 Y Br-1/3

1
+/ / (|VPk22|+|VPk23|)d9cdt
Ti—1 Y Br_1/3

< CQSk(Hl{Iu|2172*’€}||L10/7(Bk_1)||P7€22||L10/3(Bk,1/3)
L guz1-2-ry 252y 1 Pr2sllLora B,y 4))
+C2%|[vg] prosa (g, ) (1 guiz1-2-#3 | 2o/2 (o) 1 P22l 10s3 (5, )
iz 1-2-rp 220y 1) 1 Pr2sll Lors B,y )
FC(Lguyz1-2-53 [ L10r7 (B Ga21 | Lr0rs (B, _, )
L guz1-2-sp sz 1 GostllLsrs (s, 0))
+C1 (juiz1-2-13 L5 1) (1G223ll L5/1(B, _, o) + | Gas2llLsra(B, _, )
+C1gjuiz1-2-#3 2B G222l L2 (B, 12
< c2*rUE 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 o, > 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;I;(l + HPHLP(O,l;Ll(Bo)))Ulfil'
This concludes the proof of Proposition 3. 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.
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5 Proof of Proposition 5.

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

upr1(t, ) = Mg (N2, Ax).
We introduce for —1 <t < A2,z € B(1):

1 _ =l
wA(t,w) = me 4(237-1)

The function ) is solution to:

Oy + Ay =0 in ] — 00, \?] x R?,

and verify:
[Ya(—1,2)| <1 forz € R3 (21)
C
[Ya(t, )| > b for |z] <\, —A? <t < \? (22)
|Ay| + [Vpa| < forx € Bf, —1<t<\ (23)
|Vaba| < C forz € R3, —1 <t <\ (24)
We define:
T ™
k
[B(1)]
Po(t) = — Pu(t,z)d
k k\l,T)ax
BW)| Jpq)

[B)]
1
wle) = |B(1)] B(1) fuel*(6 ) .

Multiplying (2) by m1(x)x(t, 2) and integrating on [—1, s] x R? for —1 < s < \2
we find:

|uk (s, )|

/ (s, z)m () T7 dx

Up(—1, T 2
< [rrom@ 0 0

A2 2 2
|u| U,
+[1 /V(mw) C Uk < 5 2) dz

A2 4
Jr/ /(%Am + 2V - Vq/;ﬂw

dt (25)

dz| dt

dt.

+/A2 /V(mwx) ~ug (Py — Py) dx
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We have used the facts that:

2 2 -
div (uk|u;| ) = div (Uk ('wj — qu>>

div(ukPk) = div(uk(Pk — ﬁ}g)),
since div uj, = 0. Thanks to (22) we have for s € [-\2, \?]:

lug (s, )| C / lug (s, z)|?
L S > P A SR
/wk(s,x)m(x) 5 dx > ¥ oo 5 dx

C
> G [ Il da.

We have used that 71 = 1 on B()) (since A < 273). So, we can get by this way
some information on ||uk+1||%w(L2). We want to control the right hand side of

(26)

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

up(—1,2)[2
[t om@ 2 0 <y
Since:
2 .2
2 2
L1(—1,1;L1(B(1)))
upl2 w2
ST P L ,
LY (=1,1,L2(B(1)))
and:
yluel : < v
V==l ez < lukllz1emanVurlza-1uxsa)),

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

g u? g w2
2 - 2
L1(L?) LY(L3)
|ug|?
< OVl umszmsa)
< COllugllzzzey IVukll L2 L2y
< C’||VukHL2(L2) (”Uk-”Loo(LQ) + ||Vuk||L2(L2)) .

Therefore, using (24):

L1(L2)

| Vugllpz(z2 c
< CTUVk + 5l Vunl e V.
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Thanks to (23), and noticing that Vi, = 0 on Bf:

: g 2
/ /(|V771V7/1A|+7/JA|A771|)dedt
-1
< CllurlLoe(r2) < CVi-
The last term of (25) is bounded by

(28)

C _
F”“k”LN(L?)”Pk — PllLe(z2)

[P — P17
<C (Uk%oo(m) + D) < ow.

8
This together with equations (25), (26), (27), and (28) gives:
kB raimay < OVit I VusllaVe + Va3 (29)

We need now to bound || Pyy1 — Pri1 HL,,(LQ). We use the decomposition of
the pressure term of Corollary 9:
Py — Py, = Prj, + 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 € [—A2?, \?]:

2
1
Pi(t,z) — —— Pi(t,y)dy| dax
BO Jaey AR
1 1 ?
< (2N Pt ) — ——— Pi(t,y)dy| dz
CV B Loy P50 T BAR) e DY)

< cv/ |Pyi(t, ) da.
(1/2)
Consider now the term Pgs. It is solution to:

—APy =Y 0061 (urs — Ty) (ki — ki)

(]
If p <4/3 then 4/(2 — p) <6 and
Y 2/
[k — U/c”sz(Lﬁ) < ||Vuk||L2IEL2)'

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

_ 77, 12(0=1/p) = 12/
IPeallzeqeey < Cllfue =wPE7PN ol = TlP20 | e
_ 1/p) 2/p
< Gl uk”“"(”) s = uk||L2(L2P)
2(1-1
< Clluk =l 7w 0 IVal75 2y
< CVI I/PHV k”Lz(Lz)
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For every t € [-1,1]:

1Pes1 — Prrallizz(sayy

2
1 1
< 2)\47/ Py (Mt 2) — —— P (Nt,y) dy| dx
1BV By 1BV JB(y
2
2N Pop (N2t ) — ——— / Por(Vt,y) dy| dx
B JBn B[ JB(n
gcx)‘/ |P1k()\2t,x)| dx
(1/2)
a1 |Por(N2t,2)|” da
BN JB(x ’
< 0)\6/ Py (A\2t,2)|* da + CA | Po (A2t )| da.
B(1) B(X)
Therefore:
=Y _4 _4
[Pis1 — Pryalforzy < CX° §||P1k||%,,(L2) + ON TR || Pk |30 12):
The corollary gives the bound:
1Pikll e (—1/2.1/2:L0 (B(1/2)))
<C (”Pk — Pilloe-1a:r sy + lluk — ﬂk||2Loo(_1,1;L2(B(1)))>
< C(I1Px = Pelloo(-1,1500 By + IVuel72) -
Using the bound computed for Pyy we find:
[1Pet1 = PrrallZoz2y
< C)‘6_4/p(HPk - ?k”%z’(qJ;L?(Bu))) + ||V“k||%2(L2))
_ 2—2 4
HONTAPYE2 P Gy |
Hence:
C||V
Ve < C02 4 A4y 4 SIVuellees “ﬂ” By,
OHvuk”L? (L2) ”vukHi%L?) ||VU7€HL2(L2) 9_9
/v, /P
+C A2+4/p A\T+4/p Vi

First notice that for p < 4/3 we have 2 —2/p < 1/2, and for any 0 < ¢ < 1:
qu <14 V.

Moreover we have 6 —4/p > 0 so we can fix A such that C'(\% 4 \6=4/P) < 1/8.
Then for every 1 < p < 4/3 there exists J, small enough (depending on \) such
that if

[Vur|22(22) < 265
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then:

Vi *
Vig1 < = + —.
=Ty Ty
This gives the result noticing that:
)\2k+t0

1
Vgl Pa oy = 7/ / IVul? da.
L2(L?) ™ Nk arane Jor BOW)

A Appendix

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

1 1
Oru + gdiv(u®u)+gVP—Au=0 te[-1,1], z € B(1),

(30)
divu = 0,
with the local energy inequality:
2 1 2 1 2
at% + gdiv(u%) + gdiv(uP)Jr |Vul? —A% <0 te[-1,1], z € B(1).
(31)

Let us assume the following conjecture.

Conjecture 14 There exists universal constants p > 1, C, 3 > 3/2 such that
for any solution to (30) (31) in [—1,1] x B(1) we have for every k > 0

Ck
Uk < — L+ 1Pz 0,121 (B YY) Up—s-

Notice that after proper scaling, Proposition 3 is the equivalent to this con-
jecture 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). Consider such a solution, and any point (tg,zg) €]0,00[xR3. For
A < V/to, we have (\2[—1,1]+t) x (2o +AB(1)) which is included in the domain
10, 00[xR3. We define a family of solution to (30) (31) in ] — 1,1[xB(1) in the
following way:

ue(t,x) = edulto + Ntz + \x),
P.(t,z) = &2M2P(to + \*t, 20 + A\x).

Notice that: )

13
1Pellzr(zry < iy 1Plleeeny,

is bounded for every 1 < p < co and € > 0 since P € L (L[, ) (see for instance

[14]). So from the conjecture the U, j, associated to u. verifies for € small enough:

(G
Ug,k S 2?UE,I€71'
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Let us denote W, = Usyks_ﬁ. Whenever W1 < 1 we have W, ; <
20*WP, . So, from Lemma 4, if W, o < C then im W, 5 = 0. So if

28-3

Ueo < /B0 = 2= %1 (32)

then Ug j converges to 0 when k goes to infinity. But:

Uso = NuclFoo(rey + IVuc|72

£ 2 2
T (lal ez + V02

IN

Therefore, since (28 — 3)/(8 — 1) > 0, for € small enough, (32) is verified and
|ue|] <1on|—1/2,1/2[xB(1/2). This means that |u| is bounded by 1/()\e) on
a neighborhood of (tg,zg). O
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