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Abstract

We demonstrate that there exist no self-similar solutions of the incompressible mag-
netohydrodynamics (MHD) equations in the space L3(R?). This is a consequence of
proving the local smoothness of weak solutions via blowup methods for weak solu-
tions which are locally L3. We present the extension of the Escauriaza-Seregin-Sverak
method to MHD systems.

1 Introduction and Main Results

In this paper we are concerned with the regularity of solutions or existence of the finite time
blow up for the principal system of magneto hydro dynamics (MHD):

(1.1)

v+ (v-V)v—Av+Vp=rot H x H in Q
divo =0 T

divH =0 (1.2)
Here 2 is a domain in R?, Q7 = Q x (=T, 0), unknowns are the velocity field v : Q7 — R3,
pressure p : Qr — R, and the magnetic field H : Q7 — R3. We use the notation (v V)v =

= g;’? and summation over repeated indexes from 1 to 3 is assumed.
J

OH — AH =rot(v x H) } in Q
T-

v;,jU; where v ;
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The system above can be interpreted as the usual Navier-Stokes equations perturbed by
an additional external force rot H x H which is governed by the linear system (1.2), and,
intuitively, can be not very regular. In other words, in such a way we relax the original
Navier-Stokes system in order to get more freedom in our search for solutions to the Navier-
Stokes system which allow the finite-time blow up.

The MHD system possess the same group of symmetries with respect to the natural scaling
as the original Navier-Stokes equations. This means that if we consider three functions
(v, H, p) satisfying the MHD system (1.1), (1.2) and construct for A > 0 the functions

oM, t) = (Ao, M%), HMx,t) = XH(Ax, \*t),  p*(x,t) = Np(A\x, \%t)

then the functions (v}, H*, p*) form a solution to the MHD equations again. For the systems
with symmetries one of the natural ways to find a singular solution is to construct a self-
similar solution (i.e. a solution for which v* = v, H* = H, and p* = p) that blows up in
finite time. In the case of the MHD system a self-similar solution blowing up at the moment
of time ¢t = t, is given by the formulas:

v(z,t) = NOUN)D), pr,t) = NX(E)PAB)z), H(z,t) = At)BO(b)z),

where
1

V2t —t)
If (v, H, p) satisfy (1.1), (1.2) then the functions (U, P, B) must satisfy the stationary system
“of the MHD-type”:

At) =

_AU+(x+U)-VU+U+VP=B‘VB} in R?. (1.3)

—AB+(x+U)-VB+B=B-VU

Here we used notations (z + U) - VU = (U, ;U; + U, jz;).

The system (1.3) includes additional terms (x - V)U and (z - V)B that “shift” the linear
systems to the “spectral” area and make this system hard to analyze. Nevertheless, the
initial information on the functions (v, H,p) (such as, for example, the assumption on the
local boundedness of the energy) provides some information about the decay of (U, B, P) at
infinity, and so, if the original MHD system had only smooth solutions then the functions
(U, B) must vanish identically.

The hypotheses on existence of a self-similar blow up solutions for the Navier-Stokes system
(i.e. in the case of H = 0) was proposed by J. Leray [6] in 1934. This hypotheses was
controverted in 1996 by Necas, Rizicka, and Sverak in [8]. In particular, in [8] they have
proved that any solution of the corresponding system

—AU+ (x+U)-VU+U+VP =0 (1.4)
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must vanish identically providing U € L3(R®). Later, in [13] Tsai generilized their result
by proving that the same assertion is true providing U € L,(R?), for any ¢ < +oo. The
approach of [8], [13] is based on the fact that if U satisfies (1.4) then the auxiliary Bernulli-

type function

M(z) = %|U|2 P (D)

must satisfy the differential inequality
—All+(x+U)-VII <0
and hence the following maximum principle holds:

max [1(z) < maxII(z) — 0, as R — oo,

lz|<R lz|=R
providing one can prove appropriate decay of U at infinity. This maximum principle happens
to be crucial steep for both approaches [8] and [13].
Unfortunately, for the system (1.2) we were not able to find an appropriate function II to
provide the maximum principle for it. So, in the case of the MHD equations the method of
NRS seems to be not applicable.
An alternative proof of the result of [8] follows from the results of Escuriaza, Seregin, and
Sverak [2] on the regularity of the L3 .~ solutions to the Navier-Stokes system. Namely, de-
note by L, (Qr) the anisotropic Lebegue space L ,.(Qr) = L, (=T, 0; Ls(€2)). It is clear that
the assumption U € L3(R?) provides the inclusion v € Lo (=T, 0; L3(R?)). But according to
[2] such solutions are necessary smooth and hence U must vanish identically. The advantage
of this approach is that it avoids usage of the maximum principle involved in [8] and [13].
In the present paper we adopt the method established in [2] for the MHD system. So, our
result can be interpreted in two ways: first we generalize the Lj o~ theory for the case of the
MHD and second we prove result on the absence of the self-similar blow up for the MHD
system which is analogues to the result of [§].
Denote by Q(R) the parabolic cylinder Q(R) := B(R) x (—R?0) and Q = Q(1). Denote
also W)°(Q) := {w € Ly(Q) : Vw € Ly(Q)}. The main results of the present paper are the
following two theorems:

Theorem 1.1 Assume v, H € Ly (Q) N WQI’O(Q), pE L%(Q) satisfy (1.1), (1.2) in Q in
the sense of distributions. Assume additionally

v, H - Lgﬁoo(Q)

Then v, H are Holder continuous on Q(3).

Theorem 1.2 There are no nontrivial solutions to (1.3) with U, B € L3(R3).
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It can be interesting to compare our results with the following theorem of Ladyzhenskaya-
Prodi-Serrin- type (LPS- condition). The theorem below is the local version of results ob-
tained earlier in [14].

Theorem 1.3 Assume v, H € Ly(Q) N W,°(Q), p € L3(Q) satisfy (1.1), (1.2) in Q.
Assume additionally that v satisfies the Ladyzhenskaya- Prodi-Serrin condition:

ve L, (Q), -+-=1, s>3. (1.5)

Then v, H are Holder continuous on Q(%)

As we see, that there is a gap in the regularity theory between the critical and the non-
critical LPS- conditions for v. Namely, in the case of v € L, ,(Q) with 2 +2 =1, s > 3 we
do not need any additional information on the magnetic field H besides H belongs to the
energy class Ly o (Q) N W, (Q). In contrast, in the “critical” case v € Ls o (Q) we require
the additional inclusion H € L3 (Q) to be satisfied. This phenomena is connected only
with the linear equation (1.2) and it is due to the lack of the absolute continuity of the Ls -
norm.

Our paper is organized as follows. In Section 2 we prove Theorem 1.3. In Section 3 we give
the notion of suitable weak solutions for the MHD equations and recall some known facts
concerning partial regularity for such solutions. In Section 4 we prove Theorem 1.1. Our
approach essentially follows to the method developed in [2].
In this paper we use the following notations:
e B(xg,R) := {x € R® : |xr — x| < R}, Br = B(R) := B(0,R), B := B(1),
Q(Zo, R) = B(l’o, R) X (to — RQ, to) for 20 = (l’o, to), Q = Q(O, 1),

o I1:=R3x (—00,0), Iy :=R3x (~T,0), Qpr:=B(R)x (~T,0),

e YV a, b € R" denote by a ® b the n x n- matrix (a;b;),

o JHQ) = {we WHQRY) :divw =0}, JI(Q) = JH(Q) N WI(QRY),
Jy, () ={w € J;(Q) : w - v]s, = 0} (v is the outer normal to 9Q),

1/r
b LS,T(QT) - LT‘(_T7 O; LS(Q))’ ||f| Ls »(QT) = (fi]T ||f(7t)||zs(ﬂ) dt) )

® Lioo(@r) = Loo(=T,0; Ls(Q)),  [[fl|2s @) = esssup 1f(-2)

te(=T,

)s

o W;Qr) ={v, Vv e Ly(@Qn)},  lullwrogy = ltlraen + IVullzy@n,

o W2HQr) = {v e W Qr), Vv, 0w € Ly(Qr)},
[ully21 g = HUle 2or)  1IV?ullg@r + 10ullq.r-
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2  Proof of the LPS- condition

In this section we present the proof of Theorem 1.3

Lemma 2.1 Assume v satisfies (1.5) and H € Ly (Q) N W, °(Q) meets the identity
OH — AH =rot(v x H).

Then
He Lyoo(QR)),  |HF e W,°(Q(2)).

Proof: Let ¢ € C*(Q) be a cut-off function such that ¢ = 1 on Q(3) and ¢ vanishes near
9'Q. Denote by H = (H. Then

OH — AH =rot(vx H) + F, (2.1)

where

F=H(0¢ — AC) —2(VH)V( + (v x H) x VC.

y < C (||v

— L, (Q) for any %—{—% = 3 we obtain H € L, ,,(Q)

By Holder inequality we obtain

o HIE ) < ClIolE IS, o wwmu%@)

By interpolation Ly (Q) W5 (Q)
%. In particular, we can take s; = r = 7~2TT2 as

342 _ 25
for any s1, 71 such that >+ = = s—2

siteagiet-teloioio (343 -4
So, we conclude that v x H € Ly(Q) and
1F N o@) < C (1H|za@) + lv X Hl|1o(0)) -

Multiplying (2.1) by |H|H and integrating over R? we obtain

SNy + /|H||VH|2 d < C/|v||H||VH| dx+C/|F||H|2 dr. (22)

By Holder inequality we estimate

- - 1 - - -
/|v||H||VH| dz < Z/|H||VH|2 da:+0/|fu|2|H|3 dz
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The second term in the RHS of the last inequality we again estimate by Holder inequality:

[ 1PIEP iz <ol
B

Now define A = 2. Then X € (0,1) and 2 = 122 + 4. Using the interpolation inequal-
8 -3
ity ||H||L 4, (B) < ||H|| ||H||L y with the help of the imbedding theorem [|H||7 g,

H|IZI|%HL6(B) < C|V|H|? HLQ(B) we arrive at the estimate

/ w2 B
B

Applying the Young inequality ab < ea? + C.b" with p = % and p' = ﬁ we obtain

/|v| AP de < - /|H||VH|2

Fr113(1=X)
LIS IV IH D)

Los N, 5

Recalling that A = 2 and 1—\ = 1—2 = 2 and absorbing the terms containing [ |H||VH|? dx
into the left-hand side of (2.2) we finally obtain

1d

3 )+O/|F||FI|2 dz. (2.3)

G+ [ 1EIVAP

B

To finish the proof of Lemma we need to estimate [|F||H|* dz. By Holder inequality we
B

get
JIFUAP do < [Pl |21
B
Taking = £ so that T = T“ + 4, using the interpolation inequality
1H sy < CIH| 1y |1 H NIy ) < C!\FI!\2;53>!\VIFII3\!§(B)
we get

- ~ 5 ~ 3 %
/ FIVAR dz < |Fllnao |1 H11E, o IV, 5

we obtain

[P

Applying the Young inequality ab < ca? + C.b” with p =4 and p' =

. 1 . . 4 .5
J1PNER dv < 5 [VBIVER do+ CIFI, )| A1
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Absorbing the term 1 [ |H||VH|? dz into the left hand side of (2.3) and using the estimate
B
1 -5 ~ . : .
HFHEZ(B)HHHEB(B) < C(]\F\]%2(B) + 1)(HHH%3(B) + 1) we obtain from (2.3) the inequality

1d
3dt

1oy + [ VRNV do < ool + I oy + 1)1 + €
B

from which the result follows by the Gronwall lemma. Lemma 2.1 is proved.

Remark 2.1 From Lemma 2.1 by interpolation Ls o(Q)) N Lo 3(Q) = Lg, ,,(Q) with any s,
ro satisfying % + 2 =1 we conclude that H belongs to the LPS- class with any s, Ts:

T2

3 2
H S LSz,T‘Q(Q)7 g + E - ]-7 S92 Z 3

In particular, we can take sy =r3 =15 or so = s, ro =1 where s and r are fixed in Theorem
1.5.

Lemma 2.2 Assume v, H € Ly~ (Q)N W,(Q), p e L%(Q) satisfy the MHD system in Q:

v+ (v-V)v—Av+Vp=rot H x H

dive =0 :
OH — AH =rot(v x H) in Q. (2:4)
divH =0

Assume additionally that v and H satisfy the LPS conditions:

v E LSl,Tl(Q)? H E LSQ,TQ(Q)?

where 3 5
—+—=1, s >3, i=12
S; T

Then v and H are Hélder continuous on Q(3).

Proof: The proof of Lemma 2.2 is similar to the proof of the corresponding result for the
Navier-Stokes system and the heat equation, see, for example, [11], [10] and reference there.
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3 - Regularity Conditions

Existence of weak solutions (analogues to the Leray-Hopf solutions for the NSE) to various
initial-boundary value problems for the MHD system was obtained by O.A. Ladyzhenskaya
and V.A. Solonnikov in [5]. Originally these solutions provide no information about pressure.
By small improvement of arguments of [5] (involving coercive estimates for the linearization
of the MHD system) it is not difficult to prove existence of analogues of the so-called suit-
able weak solutions to the MHD system (the notion of suitable weak solution for the NSE
equations was introduced by Scheffer [9], see also [1]).

Definition. The functions (v, H,p) are the suitable weak solution to the MHD system in
Qr = Q x (=T,0) iff for any compact domain Q' € Q and any 7" < T, Q) = Q' x (=1",0)

VE Lyoo(Q7) NWL(QY), b€ Lsp(Q),

the equations (1.1), (1.2) are satisfied in Q7 in the sense of distributions, and, moreover, the
following Local Energy Inequality holds

£(|v(x,t)|2+|H(:1c,t)|2)((x t) dx + f f (|Vv]? + |VH|?) ¢ dzdt’ <

< [ (o +1HP) (3¢ + AC) dude'+ (3.1)
Qr
+ [ (P +|H|* +2p)v- V¢ dadt —2 [ (v- H)(v- V() dzd?,
Qr Qr

for a.e. t € (—T,0) and all ( € C3°(Q x (—T,0]), ¢ > 0.

One of the pleasant properties of suitable weak solutions is that they have locally integrable
first time and second spatial derivatives, i.e.

v, HeWs, (Qr),  pe W3 (Qr).

5 loc
In particular, these means that v and H € C((—T,0]; Ls 10c(€2)). If we assume additionally

that v or H belongs to the space Loo(—T,0; Ly(€2)) with some ¢ > 2, then these function
can be redefined on a set of moments of time of measure zero in such a way that v or H
become continuous in time with values in L,(€') equipped by the weak topology, i.e for any

w € Ly () the function

5 Jloc

t»—>/ x,t) /H x,t) ) dx is continuous.

In particular, this means that suitable weak solutions belonging to the class Lo (=7, 0; L,(2))
have values in L,(€?') for EVERY moment of time. Below we always assume that our suitable
weak solutions have this property from the very beginning.
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For suitable weak solutions to the MHD system it is possible to obtain the following e-
regularity theorem:

Theorem 3.1 There is an absolute constant €, > 0 with the following property. For any
suitable weak solution (v,p, H) of the system (1.1), (1.2) in Q(zo, Ro) if for some R < Ry

1
I / (|v|3 +|HP? + |p|g> dxdt < e,

Q(20,R)
then v and H are Hélder continuous on Q(zo, ¥).

Theorem 3.2 There is an absolute constant €g > 0 with the following property. Let (v,p, H)
be a suitable weak solution of the system (1.1), (1.2) in Q(zy, R) and assume additionally
that one of the following two condition holds:

1
either limsup sup — / (Jo]? + |H|?) dz < &, (3.2)
p—0  te(to—p2,to0)
B(z0,p)
1
or limsup — / (|Vv]* + |[VH|?) dz < &. (3.3)
—0 p
g Q(z0,p)

Then there is p, < R such that v and H are Hélder continuous on Q(z, %).

Theorem 3.3 Let (v, H,p) be a suitable weak solution of the MHD system in Q(zo, R) and
assume additionally v, H are Hélder continuous on Q(z9, R). Then for any k € N the
functions V¥, V*H are Hélder continuous on Q(zo, 12—%) and

C
sup <|Vkv| + |VkH|> < —]Z
2€Q(20,%) R

The proofs of Theorem 3.1 — Theorem 3.3 can be obtained by the routine reproduction of
the corresponding arguments for the NSE equations, see, for example, [1], [2], [4], [7].

4 Proof of Theorem 1.1

Obviously, it is sufficient to prove Holder continuity of v and H near the origin. By contra-
diction, we assume that (0,0) is not a regular point for v, H. Then by Theorem 3.2 there is
a sequence Ry — 0 such that

sup (Jo]? + |H|?) dz > e.. (4.1)

2o Re
te(—R2,0) k)
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Extend functions (v,p, H) outside @ by zero and denote by v*, p* and H* the following
functions:

v*(y, s) = Ry, v(Ryy, R}s), H"(y,s) = Ry H(Ryy, R}s),

The functions (v*, H*, p*) satisfy the equations (1.1), (1.2) in Q(1/R},) and, moreover, thanks
to (4.1)

sup / (0" + [H*]?) dy > e.. (4.2)

s€(—1,0)
B

It turns out that the sequence (v*, H*, p*) has a subsequence that converges in the appro-
priate sense to some limit functions (v°, H°, p°) which are the global solution to the MHD
system (i.e. they satisfy the MHD system in R? x (—o00,0)):

Lemma 4.1 There exist and a subsequence (v*, H* pki) and the functions (v°, H®, p°)
which are a suitable weak solution of the MHD equations (1.1), (1.2) in I1 = R® x (—o0, 0)
such that

W, HO € Lo (), pP € Ly (1), (4.3)
vfi S and  HM S HY in Ly o (10), (4.4)

and for any bounded domain Q@ @ R? and any T > 0
00 € Wy (Q x (=T,0) N W (Q x (=T,0)) N C([~T;0]; Lo(Q)), (4.5)

3

p =" in Ls (2 x (=T,0)), (4.6)
o' — % and HY — H° in C([-T;0]; Ly(R)), (4.7)
vhi — 0 and H* — H° in Ls3(Q x (=T,0)). (4.8)

Moreover, the functions (v°, H°,p°) have the following property:
v*(y,0) = 0, H°(y,0) =0, for a.e. ye R (4.9)
The proof of Lemma 4.1 essentially repeats the arguments of the paper [2]. We present the

proof Lemma 4.1 below just for the reader’s convenience.

Convergence (4.7) makes it possible to pass to the limit in the inequality (4.2). So we obtain
the bound from below

sup /(IUOI2 +[H?) dy > e.. (4.10)
SE(—I,O)B

The principal result of our work is the following lemma:
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Lemma 4.2 Assume functions (v°, H®, p°) are a suitable weak solution of the MHD system
in Iz, = R3 x (=T, 0), Ty > 2, and assume conditions (4.3), (4.5), (4.9) hold. Then

W0 =0, H=0 a.e. in Ilp_4.

As soon as Lemma 4.2 is established, it provides the contradiction with (4.10). Hence the
result of Theorem 1.1 follows.

Proof of Lemma 4.1. From the obvious estimate

108l 2o () + 2 oy < 0l @) + 1 H s i@ < € (4.11)

we obtain convergence (4.4) as well as the first two inclusions in (4.3). Taking divergence of
the equation (1.1) and taking into account the identity

1
rot Hx H=(H-V)H — 5V|H|2 (4.12)
we obtain the relation for pressure
1
Ap =divdiv(H @ H —v®v) — §A|H|2.

We split pressure as
D =p1+p2,

where p; is defined as the solution to the following boundary-value problem:

/plAw dﬂﬁ:/((H@H—v@v) : V2w—%|H|2Aw> dx,

B B

for a.e. t € (—1,0) and all v € WZ(B) N W1(B). By an appropriate choice of the test
function ¢ we obtain the following estimate for p;:

Ipilg @ < C(1HIZ, -0 + 10l o))

On the other hand, for a.e. ¢t € (—1,0) the function ps(-,t) is harmonic. Hence py €
Ls (1,0, L>(B(2))) and P20, Ol B2y < chg(-,t)HL%(B). So, we obtain the estimate for
Da:

Hp?HL%(fl,O,LOO(B(%))) <C (HUH%&O@(Q) +IHIZ, @ + Pl (Q)) :

3

2
Splitting now the functions p* in the same way, p* = p¥+p%, where pf (y,s) = Rip;(Ryy, Ris),
j=1,2, for any Q @ R? we obtain estimates

IPilley an < lpilley @ <€
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HpIQCHL%(foo,O;Loo(Q)) < RkszHL%(q,o;Lw(B(g))) — 0, as Ry —0.

From the estimate for p} we obtain existence of p° € L%OO(H) such that p¥ = p° in L%OO(H).

Taking into account the estimate for p§ we obtain (4.6).

Let us prove now inclusions (4.5). Take an arbitrary ¢ € C§°(R? x R) and consider (*(z,t) =

((#%, £=). Choose k large enough so that supp ¢(* € B x (—1,1). Substituting ¢* into the
k

Local Energy Inequality (3.1) and making change of variables y =

x t

"o S = m We arrive at

the relation

[ ([0, 9)1? + |HE(y, 9)1?) Cly, s) dy+ [ [ (IV0* > + [V, H*?) ¢ dyds <
R3 —oo R3
< [ (I + | HE?) (0:¢ + AyC) dyds+
i (4.13)
+ [ ([0F|? + | H¥|? + 2p%) v* - V. ¢ dyds+
1T

=2 [(vF - HF) (% - V Q) dyds,
il

that holds for a.e. s < 0, for any ¢ € C5°(R® x R) and for k large enough. It is easy to see
that the RHS of (4.13) can be estimated by Lz- norms of v*, H*, and L%— norm of p*. Hence

taking an arbitrary Q € R?® and T > 0 after appropriate choice of ¢ we obtain the estimate

HkaWQl’O(Qx(fT,O)) + HHkHWQl’O(Qx(fT,O)) <G (4.14)

from which the first inclusion in (4.5) follows. The estimates (4.14), (4.11), and the in-
terpolation result Lso(Qr) N W,y *(Qr) — L4(Qr) provide boundedness of v* and H* in
L,(2 x (=T,0)). By Holder inequality we obtain that all bilinear terms

rot H* x H* (% - V)o*, rot(v® x HY) = (H* - V)o* — (vF - V) H*

are bounded in L% (Q x (=T,0)). Considering bilinear terms as given external forces and
applying coercive estimates for the linear Stokes and the heat equations, for an arbitrary
Ve Qand 7" € (0,7) we derive the estimate

||Uk||W2’1(Q/><(—T’,O)) + ||Hk||w2*1(gfx(7T/,o)) + IVP*llL, @x 10y < C, (4.15)
3 3 3

from which the second assertion in (4.5) follows. (To simplify our notations below we will
omit prime and we will use notation €2 and (—7,0) for an arbitrary domain and arbitrary
time interval, passing to smaller domains when necessary, but keeping the same notations
for them).
In particular, from (4.15) and the imbedding
WEQ x (~T,0) " O([~T,0]; L1 (Q)
3

XXI-12



we obtain strong convergence v® — v° and H* — H° in C([-T, 0];L%(Q)). In [2] it was
shown that the following imbedding is true:

C([=T50]; La () N Lo (=T, 0; L3(2)) — C([=T;0]; L(2))

2 3
lwlle-roLa@) < CHng‘([—Tp];L%(Q))Hszoo(—T,O;Lg,(Q))

and hence v*, H* % H® € C([-T,0]; Ly(2)). Moreover, from the relation

2
[0% — vl o0 2200)) < cllv” = UOHE‘([—T,O];Lé(Q)) X
3
3 3
% (1%, @y + 197115, ez

the last assertion in (4.5) and convergence (4.6) follow. Finally, convergence (4.8) follows
from the fact that the sequences v* and H* are bounded in L4(Q x (=7, 0)) and precompact
in Ly(2x (—T,0)). Using (4.8) we can pass to the limit in (4.13) and in the MHD equations
for (v*, H* p*). So, we conclude that the limit functions (v°, H%, p°) are a suitable weak
solution of the MHD equations in II.

Let us prove (4.9). For any z, € R3 we have

[00(, 0)|| La(Blan1)) < [J0F(-,0) — vo(-ao)HLQI(/BQm,l)) + 10*(-, 0) | Lo(Ban 1)) <

< " = lloq-roiLaB@..n) + Ry I 0) | LoB(Ries m)

For the last term due to Holder inequality we have the following estimate:

—1/2
Rk / H’U(-, O)HLZ(B(RW*,Rk)) < CHU(W O)HL3(B(RI€Z‘*7R1€)) — 0 as R — 0.

(We remind here that we assume v(-,t) € L3(B) for every t € [—=T,0]). So, the first assertion
in (4.9) follows from (4.7) and absolute continuity of Lebegue integral. The identity (4.9)
for H? follows in the same way. Lemma 4.1 is proved.

Proof of Lemma 4.1, Part I. Let T'= T, — 1. From Theorem 3.1 we conclude that there
exist a cylinder Qg, r = B(R;) x (—T;0) such that all spatial derivatives of v* and H? are
bounded and Hélder continuous on Ilr \ Qg, r. Let us fix some of these bounds:

HUOHLoo(HT\QRl,T) + HHOHLoo(HT\QRl,T) < Mo,

HVUOHLoo(HT\QRl,T) + ||VH0||LOO(HT\QR1,T) < M,
V20| Lo tir\@ry )+ IV HO | Lo 1\ @y ) < M.
Moreover, for a.e. t € (—T,0) the pressure p°(-,t) € Ls/2(R?) satisfies the identity

1
Ap? = divdiv(H’ @ H® —v° ® v°) — 5A|HO|2.
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As the norm [|p°(-,t)]|L,,,rs) is bounded with respect to t € (—T,0) for any k € N the
following assertion holds:

Ve, 9,V 1 are locally bounded in Il \ Qg, - (4.16)

Our basic tools are the following propositions on the unique continuation for the heat oper-
ator, see [2], [3]:

Proposition 4.1 Assume there exist R > 0, T > 0 such that W € W;ic(HT \ Qrr;R")
satisfies the following conditions

AM >0: |8tW—AW| SM(|W|+|VW|) a.e. n HT\QR,T7
3C>0: (W (z,t)] < e e in Tp\ Qrr,
W(-,00=0 a.e. in R"\ Bg.
Then W =0 a.e. in Iy \ Qgrr.

Proposition 4.2 Assume there exist R > 0, T > 0 such that W € W;’lic(QR,T; R*) satisfies
the inequality

IM>0: OW — AW| < M(|W|+|VW]) a.e. in Qrr
Assume also that for some cylinder Q
W=0 ae in Q.
Then W =0 a.e. in B(R) X (t,ts).
While the magnetic field satisfies the parabolic equation
OH® — AH® = (H° - V)’ — (° - V)H".

from the very beginning, for the velocity filed v we have only the Stokes-type system,
for which to the best of our knowledge the results on the unique continuation similar to
Propositions 4.1, 4.2 are unknown. So, to eliminate the pressure and to get a parabolic
equation we take rot of (1.1) and obtain the system for w® = rotv". Our main goal is to
control the structure of weak terms we obtain under this operation. We denote by J° =
rot H°, we also use representation (4.12) and the relation rot(v® x H%) = (H° - V)v® — (v° -
V)H?":
0w’ — Aw® = (W - V) — (0° - V) + (H - V)J" — (J°- V) H°.
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As the RHS of this equation includes the term (H°-V)J? which contains the second deriva-
tives of H we have to differentiate also the magnetic equation:

OHY — AHY, = (HY, - V)° + (H° - V)v), — (05 - V)H® — (° - V)H,

Let us introduce the new 15-component vector W = (H, w°, H}, H%, H%) and also (to make
our considerations more observable) we introduce three auxiliary vector functions consisting
of some components of W: the 3-component vector W© = HO the 3-component vector
WM = w0 and the 9-component vector W® = (Hﬂ7 Hg, H%)

Thanks to our equations it is easy to see that this vector-functions satisfy the differential
inequalities in Iy \ Qg, 1

10,W O — AWO| < My WO+ MWW,
10D — AWWD| < MWD+ M| VWD + Mo WO | 4 My W),
10, — AW < MW + Moy WO| 4 My WP+ My |[ VIV,
Combining these three inequalities we arrive at the differential inequality for W = (W© W ® 1/ @):
|(?tW — AWl S OMO,M1,M2 (|W| -+ |VW|) in HT \ QRl,T'

Moreover, as identities (4.9) hold and the functions v°(-,0) and H°(-,0) are smooth on
R3 \ Bg,, differentiating these relations we arrive at

W(z,0)=0 forz € R*\ Bpg,.
Applying Proposition 4.1 we obtain the identity

W=0 n HT\QRl,T-

Proof of Lemma 4.1, Part II.
At this step of the proof we already know that the functions v
properties:

0 HY possess the following

e rot v’ =0, dive® = 0, and hence Av® =0 on Iy \ Qg, 7.
L] HO =0on HT \ QRl,T~
e VFu0 are bounded and Holder continuous on Iz \ Qg, 1 for any k € N.

o %, H° € Lyoo(Ily), p° € Ls o (Tl7) satisfy the MHD system in Il7.
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So, roughly speaking, we have shown at this step that for every moment of time our function
W has a compact support. Our next goal is to show that W must vanish identically in
1. Unfortunately, due to the lack of smoothness of the original functions v and H°, the
function W is not even well-defined inside Q) g, . We are going to show that for almost every
to € (—=T,0) there is a strip (o, to + dp) with some 6y = do(to) > 0 such that v° and H? are
sufficiently smooth (and hence W is well-defined) in this strip.

Take Ry = Ry + 1 and R3 = Ry + 1. Consider the cut-off function ( € C§°(Bg,) such that
¢ =1 on Bpg,. We introduce functions

u=C0  ¢=¢°  H=H"

(We have redenote here HY by H just to simplify our notation). It is easy to see that (u, H, q)
satisfy the identities:

Ou—Au+diviu®@u)+Vg=rot H x H+ F S
divu =0 - V(¢ m

OH — AH = rot(u x H) N
divH =0 T
ulopy, =0, H,|op,, =0, (rot H )tan|opy, = 0,

where v is the outer normal to 0Bg,, H, = H - v, (rot H )y, = rot H X v,
F=-2(Vo")V¢ — 0" Al + (% — () div(t? @ 0°) + (v° @ v°)V( + p° V(.

We remark that thanks to the condition supp H C Qg, r we have the identities (rot H x
H =rot H x H and (v° x H) x V¢ = 0. Note also that the function F' and all its spatial
derivatives are bounded on Ilt.

To improve the divergence-free conditions for u we introduce for a.e. t € (—T,0) the functions
(w(-,t),r(-,t)) which are the solution to Stokes-type problem:

—Aw+Vr=0, divi=g=1"-V( in Bg,,

4.17
w|aBR3 = 0 ( )

From the elliptic theory it is well-known (see [12]) that the functions (w,r) satisfy the
estimate for any k& > 0:

lwllwgez ) + 1T lwsrisy) < Clallwe sy,

Taking the derivative of the equations (4.17) with respect to ¢ we get the analogues estimate
for Oyw:
HathW2k+2(BR3) + HatTHw;+1(BR3) < CHatSJHw;H(BRs)'
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Taking into account (4.16) and the fact that the function g = v° - V( is supported on
Qry 1 \ Qr,r we conclude that for any k € N

OVFw € Loo(Qpyr),  VFw € C“2(Qryr). (4.18)
Let us represent v and ¢ as the sums
u=U+w, q=P+r
where U, P and H satisfy the relations
U — AU +div(U ®@ U) 4+ div(U @ w)+

+div(w®U)+ VP =F+rot Hx H in Qg,r1, (4.19)
divU =0
O.H — AH —rot(w x H) =rot(U x H )
t di(vH :0) ( | } - Qo (4.20)
U|aBR3 = O’ HV|aBR3 = 07 (rOt H)tan|6BR3 = 0, (421)

where .
F=F—0w—div(w ® w).

As U, H € Ly(—T,0; W} (Bg,)) hence there is a set E C [~T,0] such that meas{[—T,0] \
E} = 0 and for any t, € E the inclusions U(-,ty), H(-,t9) € Wi(Bg,) hold. Let us fix
to € E. Note also that thanks to (4.18) the function F and the coefficient w in the system
(4.19), (4.20) are bounded in Qg, r together with all their spatial derivatives.

Due to the well-posedness of the system (4.19), (4.20), (4.21) for the initial data U(ty) €

3%(333) and H(to) € J3,(Br,) (see [5]) we conclude that for any ¢ty € E there is 0 = 0(tg) > 0
such that
U H € Wy (Bg, X (to,to + 9)).

Hence for any k£ € N the functions V*U, V¥H are locally Holder continuous on an open strip
R3 x (to,to + &) and thanks to (4.18) the same is true for V*v. Now we can take rot of the
NSE equation and obtain the differential inequality

[OW — AW| < M, (W] + [VIV])

for the 15-component vector function W introduced in Part I. This inequality holds in the
strip R3 x [t1, t; + 0,] for any (t1,t; +81) € (to,to+d) with the constant M, depending on ¢y,
d1. Taking into account the identity W = 0 a.e. in Iy \ Qg, r and applying Proposition 4.2
we conclude that W = 0 on R3 x [t1, ¢, +6,]. Hence for every t € [t;,t;+0;] the function v(-, t)
is harmonic in R?® and, moreover, it belongs to L3(R?). So we conclude that the function v
vanishes identically on [t1,t;+01]. Ast; € (to,to+0) is arbitrary due to the strong continuity
of v with values in Lé(BR?)) we obtain v(+,tg) = 0. This implies that v(-,ty) = 0 for any
to € E. Lemma 4.2 is proved.
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