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Abstract

Local regularity results are obtained for the MHD equations using as global framework the setting
of parabolic Morrey spaces. Indeed, by assuming some local boundedness assumptions (in the sense of
parabolic Morrey spaces) for weak solutions of the MHD equations it is possible to obtain a gain of reg-
ularity for such solutions in the general setting of the Serrin regularity theory. This is the first step of a
wider program that aims to study both local and partial regularity theories for the MHD equations.
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1 Introduction

In this article we study local regularity results for the incompressible 3D magnetohydrodynamic (MHD)
equations which are given by the following system:

- —

it = Ail — (i - V)i + (5- V)b — Vp+ f,  div(i)) =0,

1

- =,

b =Ab— (@ -V)b+ (b-V)i+g, div(b) =0, (1.1)
@(0,2) = @o(x) and b(0,2) = bo(x), div(iy) =0, div(by) = 0,

where ﬁ,g : [0,T] x R — R? are two divergence-free vector fields which represent the velocity and the
magnetic field, respectively, and the scalar function p : [0,7] x R — R stands for the pressure. The initial
data i, bo : R3 — R3 and the external forces f: G:[0,T] x R® — R? are given and for the external forces
we will always assume that they belong to the space L?H}.

Now if Q C [0, +00[xR3 is a bounded set, we will say that the couple (@,b) € L°L2 N LEHL(Q) sat-
isfy the MHD equations 1' in the weak sense if for all g, ¢ € D(Q) such that div(F) = div(¢) = 0, we have

—

(84t — AT+ (G- V)id — (b- V)b — fl@)prxp =0,
(O — Ab+ (@ V)b — (5- V)i — §|@)prxp = 0,

note that if (, I;) are solutions of the previous system, then there exists a pressure p such that || is
fulfilled in D’'.

*Corresponding author: diego.chamorro@Quniv-evry. fr



It is clear that if the magnetic field b= 0, then the previous equations 1) are reduced to the classical
Navier-Stokes equations
i =Au— (u-V)i—Vp+f, div(@) =0, (1.2)

for which some results related to regularity are available. Indeed, let us briefly recall the Serrin regularity
theory for the classical Navier-Stokes system:

Theorem 1 (local regularity, [13]) Let Q =|a,b[xB(xo,70) be a bounded set where ]a,b[ is an interval
and B(xo,70) is a ball with zo € R3 and ro > 0. Let f € LZHF(Q) for some k > 0, let @ € LL2(Q) N
L%H;(Q) and p € D'(Q); if we assume that @ is a weak solution on @ of the Navier-Stokes equations
then, if

i€ LFPLE(Q), (13)

we obtain that locally the reqularity of U is given by the reqularity of the external force f for everya <c<b
and 0 < p < ro we have that @ € L*(Je,b[, H"(B(zo, p))) N L?(]c,b[, H**%(B(x0,p))). The points of
10, +-00[xR3 for which we have the condition for some @ will be called regular points.

Remark that no particular assumption is needed for the pressure p, which can be a very general object and
this fact is a very important feature of this theory.

Remark 1.1 Note that the assumption @ € L{°L¥(Q) stated in can be generalized. Serrin [13] proved
that, if f € L?HL(Q) and if
@€ LYLY(Q) with 243 <1, (1.4)

then for every a < ¢ <b and 0 < p < rg we have that @ € L{° LY (]c, b[x B(zo, p)).

Important and significant efforts have been made to generalize even more this hypothesis (|1.3]), see for exam-
ple [14], [15] or [6]. In particular, parabolic Morrey-Campanato spaces were used by O’Leary [10], see also
[11], to generalize Serrin’s theorem and we will see how to exploit this framework for the MHD equations

[T

It is worth to mention here that another regularity theory is available for the Navier-Stokes equations.
Indeed, Caffarelli, Kohn and Nirenberg developed in [3] a second approach, known as the partial regularity
theory, which is essentially based on energy estimates. Of course these two points of view (local and partial)
are quite different since they require different hypothesesﬂ and since the results obtained are obviously dif-
ferent, however -and this point is important- a common treatment can be performed by using the framework
of parabolic Morrey spaces. See for example Kukavica [§] for generalization of the Caffarelli-Kohn-Nirenberg
theory in this parabolic setting. One special feature of this common framework appears to be crucial when
studying the role of the pressure in the Caffarelli-Kohn-Nirenberg theory for the classical Navier-Stokes
equations, indeed, as it is shown in [4], the language of parabolic Morrey spaces is a powerful tool which
allows to mix, in a very specific sense, these two regularity theories.

Although many studies concerning regularity are available for the MHD equations (see for example [6],
[7] or [9] and the references there in for a generalization of Theorem [l| and Remark [1.1| to the MHD equa-
tions), to be best of our knowledge, a detailed treatment using parabolic Morrey spaces is missing. Since
this framework is important to improve the understanding of the role of the pressure in these regularity
theories, we find interesting to set up in this article the first step of our approach -given by Theorem [2]
below- that will eventually lead us in a forthcoming work to define new classes of solutions for the MHD

equations ([L.1).

'In particular, for the Caffarelli-Kohn-Nirenberg theory some information is needed for the pressure p, which is not the case
for the Serrin theory.



The plan of the article is the following. In Section [2] we introduce some notation and we present our main
theorem while in Section [3| we recall some useful fact about parabolic Morrey spaces. Finally, in Section
[4 we detail the proof of all the results stated before. Some classical but useful results are gathered in the
appendix.

2 Notation and presentation of the results

Before stating the main theorem of this article, we need to introduce some notation related to parabolic
Morrey spaces. It is worth noting here that the use of these parabolic spaces is actually given by the

-,

underlying structure of the MHD equations: indeed, in one hand we have that if (u,p,b) is a solution of
(1), then for A > 0 the triplet AG(A2t, Az), A2p(A2%t, Az) and AB(A2t, Az) is still a solution of the MHD
equations and this remark will lead us to a very particular dilation structure. On the other hand, when
studying existence for these equations, we can see the system as a nonlinear perturbation of the heat
equation and thus the properties of the heat kernel h(v/%,z) must also to be taken into account. It is thus
natural to consider the homogeneous space (R x R3,d, 1) where d is the parabolic quasi-distance given by

d((t,z), (s,)) = |t — |7 + | —y, (2.5)

and where p is the usual Lebesgue measure dy = dtdx. Remark that the homogeneous dimension is now
Q@ = 5. See [5] for more details concerning the general theory of homogeneous spaces.

Now for 1 < p < ¢ < +0o0, parabolic Morrey spaces Mf? "1 are defined as the set of measurable functions
@ : R x R* — R? that belong to the space (L} L})ioc such that ||&]|ypa < 400 where

1
- 1 - :
18]l agra = sup (5(1_;>)/ / \go(t,x)]%xdt) : (2.6)
’ $0€R3,t0€R,T>O T q |t7t0|<7ﬂ2 B(Io,’r‘)

Remark that we have M}y = LyL;. In Section [3| we will present some useful properties of these spaces.

As we are interested in studying local regularity properties of the solutions of the MHD equations ([1.1)),
in what follows we will always consider here the following subset of ]0, +oo[xR3:

Q =Ja,b[xB(zg,r), with 0<a<b< 400,20 € R® and 0 < r < 4o0. (2.7)
The main theorem of this article reads as follows.

Theorem 2 Let i, by : R® — R3 such that @y, by € L2(R?) and div(iiy) = div(by) = 0 be two wnitial data
and consider two external forces f, g : [0, +00[xR3 — R3 such that f,§ € L?([0, +ool, H'(R?)).
Assume that p € D'(Q) and that i,b : [0, +0o[xR3 — R? are two vector fields that belong to the space

LOO(]av b[, L2(B($0, T))) n LZ(]a7 b[, ' (B(x()v T)))v (28)
such that they satisfy the MHD equations over the set §) given in .

If moreover we have the following local hypotheses

Lot € M{Y™ (R x R?)  with 2 < po < 0,5 < go < 400

lobe MY (R xR?)  with2 <p1 < q1,5 < q1 < +00, 2
and p1 < po, q1 < qo, then, for all a, B such that a < a < f < b and for all p such that 0 < p < r, we have

@€ L (o, B, L% (B(x,p)) and b€ L% (o, B[, L% (B(zo, p))).



Note that once we have this result -and observing that the parameters above satisfy the condition —
we can thus apply Remark to obtain that we actually have QZ,E € (L$°LS)10c and then, by the Serrin
theory stated in Theorem [1|in the context of the MHD equations [2], we will deduce local regularity for the
solutions of the MHD equations.

3 Useful properties of parabolic Morrey spaces

We state here some results that will be frequently used in the sequel. The first one is just a consequence of
Hoélder’s inequality.

Lemma 3.1 If f,§: R x R3 — R3 are two function that belong to the space MR x R3) then we have
the inequality
17-4ll, 5.4 < CllFlapallgllasgs-

t,x

Our next lemma explains the behaviour of parabolic Morrey spaces with respect to localization in time and
space.

Lemma 3.2 Let Q be a bounded set of R x R3 of the form given in . If we have 1 < pg < p1,
1<po<qo<q <~+oo and if the function f : R x R> — R3 belongs to the space Mﬁm (R x R3) then we
have the following localization property

Maflaromn < Clflpprn-

Let us now introduce, for 0 < a < 5, the parabolic Riesz potential Z, of a locally integrable function
f: R x R® — R3 which is given by the expression
. 1 .
(P = [ [ Fls,y)dy ds. (3.10)
RJIR ([t —s|2 + |z —y|)>~*

As for the standard Riesz Potential in R, we have a corresponding boundedness property:

Lemma 3.3 (Adams-Hedberg’s inequality for parabolic Riesz potentials) If 0 < a < 2, 1<p<
g < 400 and f € Mt’jf(]R x R3) then for A\ =1 — L (which verifies 0 < A < 1) we have the inequality

—

Hl—a(f)HMt%% < C”f”Mtp,;

See [1] for a proof of this fact. From these general lemmas we will now deduce two specific results that will
be helpful in our computations.

Corollary 3.1 Let Q be a bounded set of the form given in . If2 <p<gq, b<q<6, and fe
P g

M2% (R x R?), then we have
1) ToTi(f) € MY (R x B), with A =1 — %2 (remark that 0 < A < 1).
2) 107.(f) € Mg’f(R x R?), where § = min(%, q) with the same X as before.

Proof. For the first point, it is enough to notice that since 2 < p < g and 5 < ¢ < 6 we have 20 < \ where
A=1- % and 0 = 1 — {5. Thus, applying Lemmas and we have:

IaTu(7 g < OB, g 5, < O g
For the second point, since we have § = min(%,¢) < £ and ¢ < {, by Lemmawe can write H]IQIl(f)HMa,q <
t,z
11aZ:(f)|| and it only remains to apply the first point just proved. [

§4
Mt

, T



Corollary 3.2 Let Q) be a bounded set of the form given in . If2 <p<ygq 5<qg<6and f €
P a
M2% (R x R?), then we have

—

LoTr(1af) € Méf(R x RY),

where 6 = min(%,q) with A =1 — ‘%15.

Proof. Notice first that we cannot use Lemma [3.3]directly since we are dealing here with the Riesz potencial
Zo witha =2 > T%' To overcome this gap we will exploit the double localization of the function 1oZ>(1q f).
Indeed, observing that § = min(%,q) < ¢, we can write by Lemma

— —

LoZo(Tof)l o0 < CliloZo(Laf)lags-

Consider now a parameter o such that ¢ < % < 2 and such that o is close enough to % so that we have
ItaZo(@af)lyes < CNTMaf)| o , - Since

1-20/5 *1-20/5
M, ,

min(2,0)
1_200/5 > 1_22/5 > ¢, thus we have by Lemma

now we do have the condition 2 < g, by Lemma we deduce the inequality

—

IZ2@N)l mingr < Clafll mingo.o-

1-20/5 '1-20/5 t,z

Mt,z
It is enough to remark that min(%,0) < £ and that o < 4 to obtain H]lgﬂ‘Mmin(%,a),a < C’Hﬂ]Mg% and the
t,x t,x
Corollary follows. [

4 Proof of Theorem 2|

The first thing to do is to define our framework, thus from a general parabolic ball €2 of the type (2.7) that
will be fixed once and for all, we consider the two following subsets:

b
Qo =|a, B[xB(xp,p) and Q = } a —g a, %ﬁ [ x B <x0, r ; p> , (4.11)
and remark that since 0 < a < o < 8 < b and 0 < p < r, we have the inclusion
Qg C Q1 C . (4.12)

Note in particular that the conclusion of Theorem [2|is given over the subset ().

Observe also that since we are working in a local setting, due to the localization property stated in
Lemma and with no loss of generality we may assume in hypothesis (2.9)) that we have 5 < qg, ¢ < 6.

Once our framework is clear, in order to prove Theorem [2] we will use the following strategy: we define
two technical parameters 0 < Ag, A1 < 1 such that

-5 -5
N=1-2 and A =1-2L—2 (4.13)
5qo 9q1
and we prove that we have
lo,d € M{OP(R xR?), 1g,be MV (R x RY), (4.14)

where o9 = min{§%, go} and o1 = min{§+, ¢1}. Now if (4.14) holds, then by iteration we will be able to
obtain
Loyl € M{® = LOL® 1o b e MIL® = LI LY, (4.15)



which is the conclusion of Theorem |2 l Indeed, if we have at our dlsposal estimates , then reap-
plying the same arguments we will obtain 1o 4 € M, (O DR x R3), ILQOb € M, (1 DA (R x R3), where
o(0,1) = min{§2, qo} = min{%,qo} and 0(11) = mm{ /\1’Q1} = min{ /\%,ql} then observmg that we have

lim f\’% = 400 and lim )\—}L -+00, we obtain (4.15).
n—-+00 n—-+00

Now, to prove (#.14) we introduce two test functions ¢, : R x R?> — R that belong to the space
CS°(R x R3) and such that

p=1onQy and supp(¢) C Q, (4.16)
p=1on€Q; and supp(p)C Q. (4.17)

These functions satisfy two important facts: first we have ¢(0,-) = ¢(0,-) = 0 and second due to the inclu-
sions stated in (4.12]) we have the identity ¢ = ¢ in the whole space.

We define now U = ¢u and B = qﬁg. As long as we are interested in the behavior of % and b inside the
set ()p and with the properties of the localization functions ¢ and ¢ defined above, we can write

U = gp(iA((ﬁﬁ))—@( <¢Au—(A¢u+2ZE) )>>,

_ 1 - 1 - .

B = o (AA(¢>5)> = <A <¢>Ab — (Ag)b + 22&»((8@)5))) .
=1

Thus, verifying 1} amounts to prove that U € M{9% and Be MY y™ and for this we will first study in

the expressions above the terms where the Laplacian does not act directly over the functions @ and b. More
precisely if we define the quantities

7=y (i«mm) and W = (iwm?)) , (4.18)

we will study in the next lemma the behavior of the quantities U—V and B — W and we will prove that
locally they belong to the parabolic Morrey spaces we are looking for.

Proposition 4.1 Under the notation , assume 5 < qo < 6 and let og = min{%,(ﬂ]}, then we have
10U - V) € MY (R x R3).  Symmetrically, if 5 < q < 6 and if oy = min{{, q1} then we have
1o(B - W) € MY (R x R?).

Proof of Proposition We claim first that

—

U—V:¢<A< A¢u+228 ) )) € L>(]0, +-o0[, L5(R?)). (4.19)
i=1
Indeed, recall that @ € L>(]a,b[, L?(B(xo,7))) hence i € LOO(]a,b[,Lg(B(:UO,r))) and by definition of the
test function ¢ we have (A¢)u € L>(]0, +o0], Ls (R?)) thus, recalling that we have by duality the embedding
L C Hﬁl, we obtain .
(Ag)a € L*=(]0, +-oof, H'(R?)).

Moreover, as @ € L>®(]a,b[, L>(B(xo,7))), for any 1 < i < 3, we have (0;¢)@ € L°°(]0, +oo[, L?(R?)), which
results in

3
> 0i((@ig)id) € L=(0, +oof, H(RY)).
=1

6



With the two informations above, we get

3

i=1

Hence, ([£.19) is verified by the Sobolev embedding H'(R3)  LS(R?). Once we have U —V € L°LS, by the
assumption 5 < gg < 6 and by the localization property given in Lemma we have 1o(U V) € LILY =
Mt'{‘;’qo and this conclusion is enough for our purposes. However, let us note that, since oy = min{%g, q} < qo,

the fact 1o(U — V) € M9 (R x R3) also follows from Lemma E To finish, remark now that as we
have the information b € L*(]a,b[, L2(B(zo,7))) and o = min{{*, ¢1} < @1 < 6, the proof of the fact
1o(B-W)e M (R x R?) follows the same lines. [ |

Once we have Proposition for the differences U —V and B — W, it remains to show that the quantities
V and W defined in 1} belong to the parabolic Morrey spaces Mf 090 and Mtg L4 For this we will use

the equations satisfied by these objects V and W, but these dynamics involve the pressure p for which we
do not have any information (recall that p € D’) and we need to get rid of this term, however, as we are
working in a local setting we can not just apply the Leray projector and it will be more convenient to work
with the vorticity

&=V AT,
and with the current

g=VAb,
and with the equations satisfied by these two variables, which do not involve the pressure anymore: indeed
if we apply the curl to the system 1) and since VA Vp = 0 we will obtain the dynamics for & and p where
there is no pressure.

The link between the variables 17, W defined in 1' above and the functions &, p’ is given by the
following property: if we localize properly the vorticity ¢ and the current p, then due to the support
properties of the localizing functions and by Lemma in the Appendix, we obtain (locally) the identities

V= (56T Ga)) = ¢ (50d) md W=—p(50TA6A) =0 (50F). 4

where U := VA (i) and B := VA(pp). Thus in order to study V and W we shall first obtain some properties
on the variables U/ and B since once we obtain information them it will be easy to deduce information for
V and W. Note that the dynamics for U and B can be deduced from the initial system by first apply
the curl, by localizing with the function ¢ and by applying the curl again, we thus obtain the two following
equations:

ouU = AU
3
+ VA wﬁAﬁ+w@¢+A@w—gzyM@memdﬁA(—ur€m+aiﬁm)(4m)
=1
oB = AB
3
+ VARV AG) + @+ Ap)F— 2D 0:((@)7) + o (VA (= @ )b+ (5 V)a) )
i=1

Remark now that by the definition of the localization function ¢, we have 24(0,-) = 0 and B(0,-) = 0 and



thus the variables I/ and B satisfy the following parabolic equations:

oU=AU+V AR, OB =AB+V AV,
B and B (4.22)
U(O, ) =Y, B(Ov ) =Y
where
. 11 . 3
R=> Rj=0(VAF)+ 0+ Ap)d -2 9;((0ip))
j=1 — i=1
(1) @)
3)
3 3 3 3
+) 0V A (wii)) + V A (Z(ach)u@ = (Vi) A (uiit) = V A (Z 8,(g0uzu)> (423
i=1 =1 =1 =1
) (5) (©) @)
3 . . 3 . 3 . . . 3
=2 0i(Ve A bid) =V A <Z<azso>bz-b> + (Vi) A (bib) +V A (Z axsobzb))
i=1 i=1 =1 =1
(8) ©) (10) an
and
3
ZV = o(VAG) + (Orp+Ap)p =2 0i((9:0))
=1
. . . 3 . 3
+ Z (Voo A (uib)) + V A (Z(amuib) =D (Vaip) A (Z Oi(puib )
=1 =1 =1
3 . . 3 3 . .
=Y 0V A (biil)) = V A (Z(@w)b@) + ) (Vip) A (biil) + V A (Z Oi(sobiﬁ)> :
=1 =1 =1 =1

In the expressions of the quantities R and V given above we have systematically decomposed the terms
(@- V)i, (b- V)b, (@- V)b and (b- V)i of - ) by using the identity

3 n 3 3

P(VA(A-V)B) = =3 0i(Ve A (AiB) =V AQ_(0ip)AiB) + ) _(Vaip) A (AiB) +V A (Y i AiB)),

i=1 i=1 =1 i=1

which follows from vectorial identities, the support properties of the localization functions and the fact that
div(@) = div(b) = 0. See Lemma in the Appendix for a detailed proof.

Now, using an integral representation we have that the solutions of equations (4.22)) can be written in
the following form

t 11 t 11
U= / IV AR) (s, )ds =V /\/ AR (s, )ds == VAT,
0 » 0 »
J=1
and
t 11 t 1
B:/ =BT AV)(s,-) ds = ZV/\/ =AY (s, )ds == > V AX;,
0 j=1 0 j=1
t t
where we defined T / AR (s, ) ds and X; = [ e AVi(s,) ds
0 0



UO#]O

With these expressions for the variables U and B we remark that in order to prove that Ve M,

and W € Mta 20 due to the identification we only have to verify that for each T] and X], w1th
j=1,...,11, we actually have

1 = — 1 = —
go(g(w A Tj)) € M7 (R x R%) and “D<Z<¢V A Xj)) € ML (R x RP). (4.24)
The rest of the paper is thus devoted to show (4.24]) and for this we will treat separately each ones of the
previous terms: indeed Proposition [£.2] studies the cases j = 1,2, Proposition [£.3] treats the case j = 3 while
Proposition [4.4] treats the cases j = 4,5,6,8,9,10, finally Proposition studies the remaining cases, i.e.
j=17.11.

Proposition 4.2 Under the above notation, for j = 1,2 we have
1 Vi al 00,40 1 Vi e 01,91
© Z((ﬁV/\Tj) € Mt,x and % Z(gbV/\Xj) € Mt,x .

Proof of Proposition Let us start with 7h. By Lemma since 5 < qo < 6 and since o¢ =
min{%%, go} < go and using the identification M} PP = [PLE, we can write

1, - -
— T
| (367 )],

IN

< CHSOHL;”LgO

1, o =
. Z(<;5V/\T1)

ol (b

1, -
CHA((Z)V/\Tl)

LYLg

IN

< Cll¢V A Till g1

LSH!

where we used the embeddlng H' ¢ L5 and the properties of the negative powers of the Laplaman Now,
by the definition of T 1, using the embedding L% ¢ H~' and the Holder inequality with 5 =3 14l 5, we write:

t
169 A Tol s < CIOT ATl < CIOT AT g = Coup [o¥ A [ e5R1cs
v v <Lz t>0 0

‘ -
/ e(tfs)A(_A)% (V A 7?'11)d8
0

6
L5

< CH(Z’”L;fOLg sup 1
t>0 (_A)Q 2
VAR -
|2 -clpmil,,
(_A)E L2L2 LiH

t
The last estimate follows from the general inequality sup / eI=9A(—A) 2Fds| <C | F[| 212, see Lemma
t>0 [|J0 L2

. 2|in the Appendix. Remark now that since f € L2H I and due to the properties of the localizing function
¢, we actually have VAR, =V A (o(V A f)) € L2H since

19 ARl 21 < Clle(¥ A Pllzzsg < Oz < +oo,

which finally gives ¢ (% (gbﬁ AT 1)) S Mf 090 For T, in a similar fashion, since we have by hypothesis
@ € LL2 N L2HY(Ja,b[x B(zo, 7)) we get VA Ry = V A ((atcp—l—Acp)(ﬁ /\27)) € L?H;! from which we
deduce that ¢ ( (gbV A Tg)) € M.

The estimates for ¢ (% (qﬁﬁ AX ])> follow the same lines. |



Proposition 4.3 For j = 3, we have
1 = AT 00,40 1 Vi v 01,41

Proof of Proposition We will detail the first term since the second term that involves X ; follows
the same computations. Indeed, following the same ideas as previously we have

(a2l (o)
Mg

<cC Hw <i(¢6 A f3)>

MG oL

Let us define now V A Tg = A}_’},, where

3 t 1

Y3 =—2 2/ e(t_S)AEV A 8;((Dip)@) (s, ) ds.

=170

Using the classical identity ¢(AY3) = A(¢Y3) + (Ad)Ys — 228 d;$)Y3), we obtain
1, = - .
o(zOVAT)) = wo¥stox ((A0)7F) - 22 & (@0 1). (4.25)

It remains to treat each term on the right-hand side of equality (4.25] - For the first term above, by using
Sobolev embedding H'(R3) ¢ LS(R3) and a standard heat kernel estimate (see Lemma , we get

lod¥sllpers <

ct=9)A (iﬁ A O, ((aigo)aj)) (s,-) ds

Lo H}
3

o2

i=1

3
LS CY @)l pare < Cllall g2 - (4.26)
LiL3 i=1

IN

1 o
ZV A 8,-((&(;7)(,«))

For the second term and the third term on the right-hand side of (4.25]), we define the following two operators:

Loif ook (D)), Lagif o 950 ((09)f),

which can be rewritten in the following form:

Do) = o(FUA0N) (ta) = ol * (A0))(0.0) = Cplt.o) [

Rﬂm_mAwuwﬂuw@

L) = o (30(@AN) (ta) = (O x @) Nt,) = Cotto) [ L sdiole. ) (e

By localization property of the test functions ¢ and ¢, we find that £1 and L£y; are bounded on LYLS, so
we can write:

H@i ((Asb)??,)

< CH]lQ%HL?Lg < C||Ysl 5oz,
LSLS

and form the previous calculus displayed in (4.26|) we finally obtain

H o5 ((B0)7)

< CHJHL%EH < 400,
L8 *

10



and we also have, for the last term of (4.25)
3
( (0;9) Y3> < Z H»CQ,Z'(YB)‘

ors =1
Thus gathering all the L¢LS estimates for li we obtain (L ((V AT))) € M. [ |

LOLE < Cl[to,Ysllrgrs < CllYsllLeers < CHﬁHLfH%.

We continue our study of the terms T; and X j for 7 =4,5,6,8,9,10 and for this we will need to establish
some estimates that involve the parabolic Riesz potencial Z,, defined in (3.10]).

Lemma 4.1 Under the notation above, for j = 4,5,6,8,9, 10 there exists a generic constant C > 0 depend-
ing only on the size of the set @ =|a,b[xB(zo,r), such that the variables T; and X; verify the following
pointwise estimates:

1) Forj=4,5 |T(t,z)| < CTi(Lali(t,z)|?) and |X;(t, x)| < CTi(1gli(t, z) ® b(t, z)|).
2) Forj=6, |Tj(t,z)| < CLy(lali(t,2)]) and |X;(t,z)| < CTy(lali(t, ) @ b(t, )|).

3) Forj =89, |Tj(t,z)] <CTi(lg|b(t,z)|?) and | X;(t, x)| < CTi(Lali(t, z) @ b(t, z)|).

4) Forj =10, |T;(t,x)| < CIy(1alb(t,2)?) and |X;(t,z)| < CTr(Lald(t, x) @ b(t, z)|).

Proof of Lemma We detail here only the estimates for the values j = 4 and j = 6 since the proofs
of all the other terms follow essentially the same computations due to their common structure.

e For j = 4, recalling that we have the following expression for the heat semi-group e"™92f = h,_, x f
where h; is the heat kernel, we can write

t 3
Ty(t,z) = / o(t=)A (Z 8;(V A (u;iD)) ) (s,z)ds = Z/ Oihi—s(x — y)Veo A (wiD) (s, y)dyds
0 i=1

3.t
it < 3 [ ] omsto =)l [Fe A ()| (5. )y
=1

By the decay properties of the heat kernel (see Lemma in the Appendix) and by the support
properties of the function ¢, we observe that we have

|T4m|<cz// ¥ A (i) (s, )| dy ds,
B ( \t—s\2+!m—y!)

now, with the definition of the parabolic Riesz potential Z; given in (3.10) and with the boundedness
properties of the function ¢ we have:

3
Tt 2)| < CY Ti(|Ve A (wid)]) < CTy(Lali(t, z)[).
=1

Remember that )54(75,33) has the same expression as ﬂ(t, x) by replacing @ by b. So we may use the
same technique to show that

| X4(t,2)| < CTi(Lgli(t, z) @ b(t, z)|).

11



e For j = 6, recall that we have

— t 3 —
To(t,z) = /0 elt=9)A (Z(v&@ﬂ%)) (s,z)ds,

i=1
and by the same arguments above we can write

Te(t,x)| < CZ/ / Vi A (uiit)(s,y)| dy ds < CTy(La|i(t, z)|?).
R ( t—5|2+|$—y|)
The same computations for Xg(¢,z) lead us to obtain |Xg(t,2)| < CZy(1g|i(t, z) ® b(t, z)|). [

Once we have these pointwise estimates, we can continue our study where we will use the hypothesis on
i and b given in 1)
Proposition 4.4 Under the notation above and for j = 4,5,6,8,9,10 we have
1 - = o 1 - - "
o(ROTAT)) eamm  ad o (50TAKY) e T

Proof of Proposition As for the previous lemma, we will only detail here some cases since the proof
of the remaining cases follows essentially the same computations.

e For the term gp( (gbV A T4)), we have
le(zeonm)| = e(5(Fn iy -Tont)|

90,90 70,90
Mt,m Mtaﬂc

IN

Hgo(iﬁ A (oTh)) HM;jquo + Hgo(i% ATh) (4.27)

’ 70:90
M,

Let us remark now that the inner structure of the terms Lp(%ﬁ A (qﬁﬂ)) and w(%ﬁé A f4> is of the

following form:
Tai(f)(t ) = ¢ (i&(@ﬁf)) (t,z) = Q0K x¢f)(t,x) = Co(t,x) /R3 |x_1y|2¢(t,y)f(t,y)dy and

Tlf)tr) = ( 500 ) () = Coteo) [ T

where K is the convolution kernel associated to the operator % (namely ﬁ) and f(t,z) is a component

87L¢(t7 y)f(tv y)dy,

of the vector Ty. At this point we observe that, due to the support properties of the functions ¢ and
¢, the kernels associated to the operators 7,; and 7Tp; are bounded in L'(R?). Since the norm of
M?0:% ig translation invariant, we deduce from these facts the estimates || 7, (f)|| Mgo < Call f H YACKED
and || 7p.:(f)l PYACKL < G| f]] MO0 Applying these observations to the right-hand side of (4 , and

keeping in mind the support of the function © given in we have

1, - . .
‘ @(Z(QZ)V/\T4)) < Ca||]191T4||M007QO —I—CbH]lQlT4||MGo,qo. (4.28)
M:g’qo t,x t,x
Now, using the first point of Lemma the second point of Corollary and Lemma [3.1] we obtain:
lo(x0nt)| < CltaBalalgs < Clialil y.y
]\4;:27 0 t z

< CH]IQW‘”?W;?C@O,

thus, by the assumption 1o € M{5* (R xR?), we can conclude that ¢ (% (¢§Af4)) € M7Y™ (RxR3).

12



e For the term (p(% ((ﬁﬁ A )?4)), we can perform the same computations as before to obtain

1, = - 1o = 1o o
et < [ozorem)] , +feGoens)] .,
t,x t,x t,x
< G, X4H o +Cy H]1§21X4H o

< Clto,Ti(Lali(t,2) ® 5(t,2))) | yorn

IN

CllLa i ® bl I, < [Leldlllazyn [Lalblll ppoo

P a1
2’2
, T

By the hypotheses 1qu € Mgg’qo (R x R3) and 1ob € Mi’;’ql (R x R3) with p; < po, q1 < qo, we finally
obtain that go(%(qbﬁ A )?4)) € MPLY™ (R x R?) .

For the cases j = 6 and j = 10 we can apply the same arguments, the only modification is given by the use
of Corollary [3:2] in order to study the parabolic Riesz potential Zs. [

Proposition 4.5 For the remaining terms of , ie. for j =7,11, we have
1 va i 00,490 1 Vi v 01,91
%) E(qbV/\Tj) IS Mt’x and %) E(qbV/\Xj) € Mt’x .

Proof of Proposition We will detail the case j = 7 as the case when j = 11 follows the same
computations.

e Recall that

Using the classical identity ¢(AY7) = A(¢Y7) + (Ad) Yy — 22 9;((9;¢)Y7), we obtain
=1

(1169 1)) = 6%+ o ((2007) ~232 62 (0100 T2).

=1

which gives

IN

o (120

M990

A (o)

e(zeeam)] . + o (2072)

‘ 9090
Mt,x

)

90,90
M,
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and we will study each one of the previous terms separately. For the first term above we write

lpd¥rllprzom0 <

cpgb/ —V AV A P92 (puyii) ds

70,490
My,

3
< z
=1

(qu/(?ets ( V/\V/\((,puz )) ds

70,90
M,

t 1 - R
Let us study the quantity <pgz$/ dielt=9)A <AV AV A (cpuﬁ)) ds and we can write
0

—

1 -
gqu/@e(t 5) ( VAV A (uyi )> ds-gqu/ R38ht s(z — )<AV/\V/\(¢W{[)> (s,y) dyds,

and due to the support properties of the functions ¢ and ¢, and to the decay properties of the heat
kernel (see Lemma [5.1]in the Appendix), we obtain

‘gpgb/@e(ts ( V AV A (Quiit )> ds

1
< C
< cool ] [, (1t — sl + o — y])?
< ClpolTy < ) :

<cy- )

By the localization properties of ¢, the second point of Corollary [3.I] and the boundedness of Riesz
transforms in Morrey spaces and Lemma, we have

<|<P¢|// Oheo(z —y |'VAVA<% ) (s, y)\dyds

1 - =
ZV ANV A (gouiﬁ)(s,y)‘ dyds

1. -
ZV/\V/\(g@uiﬁ)

and with this estimate we have

quﬁ/(‘)e(ts ( V/\V/\(gpuz )) ds

1~ -
]lQOL (’AV AV A (gouzﬁ)

9090 9090
M9 M,

V/\V/\(cpuZ i)

H<P<bY7HM°0 o < CZ

=1

Po 40 < C|’]190’ﬁ(t, x)‘”?\/[p(%‘m < +o00, (4'3())
MT’T t,x

t,x

pOﬂO

since by hypothesis we have Lo u € M; and we thus obtain the wished estimate for the first term

of the right-hand side of (4 -

For the second and the third term of the right-hand side of (4.29)), using the same strategy as in the
proof of Proposition (see (4.27) and (4.28))) and with the previous estimate (4.30])) we finally obtain

1 ~ ~ ,
lex (A6 oo < Cllta, Vrllyzon < Clagli(t @)l |30 < +oo, (4.31)

and
H Z & (@) Y7) lasgoso < Cllta, ¥rllayzom < Clltagla(t, )1 o < +oc. (4.32)

Gathering the relations (4.30) -, we can conclude that each term of (4 is bounded and we have
1, = = .
© (A(W A T7)) € M2 (R x R?).
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e Recall that ,
VAX, =— /V/\V/\etS (Z@Zgauz )
i=1
Let us define V A X7 := AZ7. As lo@ € MPY (R x R?) and 1gb € MY (R x R®) with py < qo,
p1 < q, p1 < poand ¢1 < qo the same calculus can be used to complete our proof. [ |
5 Appendix
Lemma 5.1 Let hy be the heat kernel. If « € N3 is a multi-index then we have

| ~@FlD if > > ¢,
|D%hy(z)] < C

_ B4[aD \ D
> if |22 < t.

See [12] for a proof of these facts in a general framework.

¢
Lemma 5.2 If f € L?([0, +oo[, L*(R3)) and if we define F(t,z) = / hi—s * f(s,x)ds then we have
0

@) < Clifllezrs-

Proof of Lemma We simply write

I(=A)2F(t,) 2 = sup <A>% F(t,2)p(z)dx| = sup / / (—A)2 (hy_s % f(s,2)) dsd(a)da
lloll2<1 ol 2<1 1IR3
= / A% (hi—s * @) f(s,z)dzds
H¢|IL2<1 R3
< sup / 1 (5, M2l (=A)2 (he—s @) || 2ds < sup NSl oo * Sy
Il 2<1J0 Il 2 <1

Now remark that we have for the last term above

+oo “+00
x b2, .~ 2,—2t|E1% | ey |2 _ 2 —2H[E]2 | D e\ (2
ol = [ [ ePe g i = [ [T e e Pana

+o0 ~ -
thus, by the change of variable 7 = 2t|¢|? we can write ||h; * ¢||i§1‘{% ~ /3/ e T|p(€)Pdrde = || 932

R3 /0
which gives ||h; * ¢|’L3H1 < C|[¢llL2, and we finally obtain [|[F'(¢, )| ;1 < C|[fll 22 [

Lemma 5.3 If ¢ is the test function defined in , if © the test function defined in and U is a

reqular vector field, then we have

0 (i(qﬁ(Aﬁ))) S (i (gﬁ ALV A ﬁ])) .

Proof of Lemma Indeed,

<l

VAVAT = oVA(VAG) +VeA (VAT = ( (div (i ))—Aﬁ)+ﬁ¢/\(ﬁ/\ﬁ)
= —pAT+ VoA (VAD).
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Moreover, by the support properties of ¢ and ¢ we have ﬁgo = 0 and ¢p = 1 on the support of ¢. So the
second term in the identity above will disappear when we multiply the identity by ¢ and then we have

(VA [V Aid]) = d(—pAii+ Vo A (V AiD)) = —Ad.

For the nonlinear terms in the equations, we use the following lemma:

—,

Lemma 5.4 Let A = (A;, Ay, A3) and B = (B, By, B3) be two functions such that div(A) = 0 and
div(B) = 0. Then,

n

A D) == 30T () - A (0045

; (5.33)

Proof. We write p(V A (A-V)B) =V A (p(A-V)B) — Vo A ((A - V)B) where we study each term in the
right-hand side. As div(A) = 0 we can write

—

VA(p(A-V)B) = VA ((PZAiaig) =VA > ©0i(A;B))

= —VA(@)AB) +V A 0i(pAB)),

=1

—,

where we obtain the second and fourth terms in 1} Then, always as we have div(A) = 0 we write

3 3
—VeA(A-V)B) = —VoA (D 0i(AiB)) = Zﬁ A 0;(A;B)

=1

= Y (@Y A (AiB)) + Vo A (A,B))

where we obtain the first and third term in ([5.33)). |

Acknowledgments: J. HE is supported by the program Sophie Germain of the Fondation Mathématique
Jacques Hadamard.

References

[1] D. R. Apams & J. X1a0. Morrey spaces in harmonic analysis. Ark. Mat. Volume 50, Number 2, 201-230
(2012).

[2] Q. CHEN, C. M1AO & Z. ZHANG. On the Regularity Criterion of Weak Solution for the 3D Viscous
Magneto-Hydrodynamics Equations. Commun. Math. Phys. 284, 919-930 (2008).

16



3]
[4]

L. CAFFARELLI, R. KOHN & L. NIRENBERG. Partial reqularity of suitable weak solutions of the Navier—
Stokes equations. Comm. Pure Appl. Math., 35:771-831 (1982).

D. CHAMORRO, K. MAYOUFI & P.-G. LEMARIE-RIEUSSET. The role of the pressure in the partial reg-
ularity theory for weak solutions of the Navier-Stokes equations. Archive for Rational Mechanics and
Analysis, 228(1), 237-277. (2018)

G. FOLLAND & E. STEIN. Hardy spaces on homogeneous groups. Princeton University Press, (1982).

Z.M. CHEN & W.R. PRICE. Morrey space techniques applied to the interior reqularity problem of the
Navier-Stokes equations. Non-linearity; 14: 1453-1472 (2001).

X. Jia & Y. ZHOU. Ladyzhenskaya—Prodi—Serrin type reqularity criteria for the 8D incompressible MHD
equations in terms of 3 X 3 mizture matrices. Nonlinearity, Volume 28, Number 9, (2015).

I. KukaAvicA. On partial reqularity for the Navier—Stokes equations. Discrete and continuous dynamical
systems, 21:717-728 (2008).

A. LARIOS & Y. PEL On the local well-posedness and a Prodi-Serrin-type reqularity criterion of the three-
dimensional MHD-Boussinesq system without thermal diffusion. J. Differential Equations 263, 14191450,
(2017).

[10] M. O’LEARY. Conditions for the local boundedness of solutions of the Navier—Stokes system in three

dimensions. Comm. Partial Differential Equations, 28:617-636 (2003).

[11] P.G. LEMARIE-RIEUSSET. Recent developments in the Navier-Stokes problem. Chapman & Hall/CRC,

(2002).

[12] K. SAKA. Besov Spaces and Sobolev spaces on a nilpotent Lie group. Thoku. Math. Journ. Vol. 31, p.

383-437 (1979).

[13] J. SERRIN. On the interior reqularity of weak solutions of the Navier—Stokes equations. Arch. Rat. Mech.

Anal., 9:187-195 (1962).

[14] M. STRUWE. On partial reqularity results for the Navier—Stokes equations. Comm. Pure Appl. Math.,

41:437-458 (1988).

[15] S. TAKAHASHI. On interior regularity criteria for weak solutions of the Navier—Stokes equations.

Manuscripta Math., 69:237-254 (1990).

Diego CHAMORRO Fernando CORTEZ Jiao HE Oscar JARRIN
LaMME EPN LaMME DIDE

UMR 8071 Quito - Ecuador UMR 8071 UTA

UEVE UEVE Ambato - Ecuador
Evry - France Evry - France

17



	Introduction
	Notation and presentation of the results
	Useful properties of parabolic Morrey spaces
	Proof of Theorem 2
	Appendix

