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NEW ENERGY FUNCTIONALS FOR THE INCOMPRESSIBLE
HALL-MHD SYSTEM

JIN TAN

ABSTRACT. We show the existence and uniqueness of solutions to the three-
dimensional incompressible Hall-magnetohydrodynamic (Hall-MHD) system
with initial data in critical Sobolev spaces. Our result works for general phys-
ical parameters, thus improves the partial result obtained very recently by
Danchin and the author in [13] and fully answers a problem proposed by Chae
and Lee in the Remark 2 of [6]. Considering the so-called Q%D flows for the
Hall-MHD system (that is 3D flows independent of the vertical variable), we
show that under the sole assumption that the initial magnetic field is small in
the critical Sobolev space leads to a global well-posedness statement.

1. INTRODUCTION

In this paper, we consider the following three-dimensional incompressible resis-
tive and viscous Hall-MHD system in the whole space:

Ou+u-Vu+ VP —vAu= (V x B) x B,
divu =0,

OB —V x (ux B—h(V x B) x B) = uAB,
(u, B)lt=0 = (uo, Bo),

where the unknowns are u, B and P, that represent the velocity field, the magnetic
field and the scalar pressure, respectively. The parameters v and p are the fluid
viscosity and the magnetic resistivity, while the positive number h measures the
magnitude of the Hall effect compared to the typical length scale of the fluid. For
compatibility with 2, we assume that divug = 0 and, for physical consistency,
since a magnetic field is a curl, we suppose that div By = 0, a property that is
propagated by (L.1));.

The Hall-MHD system is useful when modelling the magnetic reconnection
phenomenon, which cannot be explained by the classical MHD system (that corre-
sponding to h = 0) where the Hall electric field Ey := hJ x B (here the current
J is defined by J := V x B) is neglected. The study of the Hall-MHD system has
been initiated by Lighthill in [23]. Owing to its importance in the theory of space
plasma, like e.g. star formation, solar flares or geo-dynamo, it has received lots of
attention from physicists (see e.g. [2} [16] 201 27] 30]).

The mathematical study of the Hall-MHD system has been considered only
rather recently. We mention that, the results [Il Bl 14, [10] are focused on the

(1.1)
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weak solutions, while [6 4 33| [34], @] are focused on the strong solutions with reg-
ular enough (sub-critical) initial data. In [31L B2} [IT] B5], the long-time behaviour
and optimal space-time decay rates of strong solutions are obtained. Recently, in
[12, 13], the authors proved global (for small initial data) and local (for any initial
data) well-posedness in critical Besov spaces. For Hall-MHD system without resis-
tivity, it was showed in [7] that there exists finite time singularity formation within
axisymmetry, and several strong ill-posedness results are presented in [21].

For any couple (w, z) of vector-fields on R?, thanks to the equality
(Vxw|z)=(w|V xz), (1.2)

where (-|-) denotes the scalar product in L?(R3;R?), Hall-MHD system (I.1)) ac-
tually shares a same energy inequality as to the classical MHD system (see e.g.
[26, 19]): for all t > 0,

1d (
2 dt
Indeed, (1.3) plays a key role in the proofs of Leray-Hopf type weak solutions of
Hall-MHD system in [T, 5]. However, we emphasis that due to the additional Hall
term: V x ((V x B) x B), the magnetic equation (|1.1))3 becomes quasi-linear, and
the only known natural a priori bound (1.3)) is super-critical more than the classical
MHD system, or the Navier-Stokes equations. Moreover, as mentioned in [12, [34],
we shall see that the difficulties not only comes from Hall term but also from the
coupling between u and B through the term V x (u x B) in (l.1))3. Somehow, it
seems difficult to get exactly the same results as for the generalized Navier-Stokes
equations that presented in e.g. [3, Chap. 5].

In [12] [13], Danchin and the author pointed out that the Hall-MHD system ([1.1)
better behaves if v = p (which is not physically motivated) since, although being
still quasi-linear, the Hall term disappears in the energy estimate involving the
so-called velocity of electron v := u — hJ. Indeed, considering v as an additional
unknown, the following extended formulation of the Hall-MHD system is obtained:

owu—vAu=B-VB—u-Vu—Vm,

B —vAB =YV x (v x B),

ow—vAv=B-VB—u-Vu—V x ((Vxv)xcurl ' (u—1)) (1.4)
+V x (vxu)+2V x (v-Veurl H(u —v)) = Vn,

divu =divB =divv =0,

lu®)l[Z2 + IB@)II72) + vIVu®)Z: + sl VBl < 0. (1.3)

in which the —1-th order homogeneous Fourier multiplier (the so-called Biot-Savart
operator) curl ! is defined on the Fourier side by

i€ X F(2)(§)
€12
That redundant equation (|1.4)3 is still quasi-linear but, owing to (1.2]), the most
non-linear term cancels out when performing an energy estimate, since
(Vx ((Vxv)xB)|v)=0.

Let us now briefly explain what we mean by critical regularity for the Hall-MHD
system . In fact, because Hall term breaks the natural scaling of the classical
MHD system (the reader may refer [25] for results in critical spaces), there does
not exist a genuine scaling invariance for the Hall-MHD system . However, it

Fleurl ™ '2)(€) ==
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can be seen that some scaling invariance does exist for System (1.4)) and the scaling
invariance of (u, B, v) is the same as for the velocity in the Navier-Stokes equations:

(u, B,v)(t,z) ~ (Au, AB, \)(A\*t, A\x) and (ug, Bo,vo)(x) ~ (Aug, ABo, Avg)(Ax).

This observation motivates the use of criticality in [12] 13] and for more details on
the definition of criticality for Hall-MHD system, one may read [2§].

1.1. Main results. Our first main goal is to prove Fujita-Kato type result for the
3D Hall-MHD system in the spirit of the celebrated work [15] (see also []]) for
the Navier-Stokes equations. In our context, this amounts to proving that System
(1.1) supplemented with initial data (ug, Bp) such that (ug, By) is small enough in
the critical homogeneous Sobolev space Hz(R?) x (H=(R?) N H2(R?)) admits a
unique global solution.

Theorem 1.1. Let (ug, Bo) € Hz(R3) with divug = divBy = 0, and V x By €
H%(RB). There exists a constant ¢y > 0 depending only on v, u, h such that, if

HUOHH%(RS) + ||BO||H%(R3) + ||V X BOHH%(R:;) < clv

then there exists a unique global solution
(u, B) € C(Ry; H?(R?)) N L*(Ry; H > (RY))
to the Cauchy problem (L)), such that B € L=(R; H2 (R3)) N L2(Ry; H3 (R?)).
Adopting the low-high frequencies decomposition method as in [3] and [I8] for the
Navier-Stokes equations, we have the following consequence which states that global
solutions, even if large and with infinite energy, enjoying a suitable integrability
property have to decay to zero at infinity. In contrast with [I3], the assumption

that v = p is not required here, thanks to an improved stability estimate in L? (see
Proposition |1.5)) and similar arguments as in [13].

Corollary 1.2. Assume that (ug, Bo) € Hz(R3) with divug = divBy = 0 and
V x By € H%(R?’). Suppose in addition that the Hall-MHD system supplemented
with initial data (ug, Bo) admits a global solution (u, B) such that

(u, B,V x B) € L>,(Ry; H? (R®) N L (Ry; H'(R?)).

loc loc
Then, (u, B) also belongs to LZQOC(R+;H%(R3)), and satisfies
. 2 2 2 —_
Jim ()], + IBOIZ,, + I1BOI, ) =0 (15)
In particular, all the solutions constructed in Theorem satisfy (L.5)).

In the last, we consider the 22D flows for the Hall-MHD system (L.I) (that is
3D flows depending only on two space variables), as proposed by Chae and Lee in
[6]. This issue is well-known for the incompressible Navier-Stokes equations (see
e.g. the book by Bertozzi and Majda [24]). In our case, the corresponding system
reads: _ _ _ _

du+u-Vu+Vr=B-VB+vAu,

divu = 0,

9B —V x (ux B)+hV x (j x B) = nAB,
(ua B)‘t:() = (UO, BO>7

(1.6)
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where the unknowns u and B are functions from R, x R? to R3, V= (01,09,0),
div := V-, A := 9} + 0% and

0. B?

-0,B3
0L B% — 0,B!

j:z%xB

After a small modification of the proof of [5] allows to establish that for any
initial data (ug, Bg) in L?(R?;R3) with divug = div By = 0, there exists a global-
in-time Leray-Hopf weak solution (u, B) € L™ (Ry;L?(R?)) N L?*(Ry; HY(R?)) of
System that satisfies:

1d
2dt

For 2%D flows, we obtain a global existence and uniqueness result for System

(1.6)) by assuming only that || Bg||f: is small enough and ug € H'(R?). In contrast
with [I3], the assumption that v = p is not required. It reads:

(Il 2z + 1B ) ) + VI V(8) 22y + IV BOI ey < 0. (17)

Theorem 1.3. Let (ug, By) be divergence free vector-fields with ug in H'(R?;R3)
and By in H*(R?;R3). There exists a constant co > 0 depending only on the H!
norm of ug, and on v, u, h such that if

| Boll 1 2y < ca,
then there exists a unique global solution (u, B) to System (1.6)), with
(u, B) € L®(Ry; H'(R?)), (Vu,VB) € L*(Ry; H'(R?)).

Moreover, the following energy balance is satisfied for all t >ty >0 :

t ~ ~
lu()lI22 g2y + 1 B®)72 @) + 2L0 WIVu()Z2 g2y + uIVB()Z2g2)) dr
= l[ulto)lZ2z2) + 1B(to) |72 g2)- (1.8)

Remark 1. At the same time, the critical Sobolev regularity of the Q%D model
corresponds to ug in L?(R?) and to By in H'(R?), if only wug is in L?(R?) and that
the initial data are small, then it will be possible to prove a global existence and
uniqueness result of solutions with critical regularity, in the spirit of the 3D one.

1.2. New energy functionals. Due to the scaling of the magnetic field for the
Hall-MHD system, it seems reasonable to consider the current function J =V x B
as an auxiliary unknown. Applying the operator curl to both sides of ([L.1])3, one
has

0¢J — curleurl (u x B) + heurleurl (J x B) = pAJ. (1.9)

Using the following equality for divergence-free vector-fields
curl (w X 2) = (curlw) X z 4+ (curl z) X w — 2w - Vz + V(w - 2), (1.10)
we rewrite (1.9) to

OpJ — pAJ = curl (J x u—2u-VB) + 2hcurl (J-VB)
+ curl ((curlw) x B) — heurl ((curl J) x B). (1.11)
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Keeping in mind that as B is divergence free, one has the following equivalence of
norms for any s € R:

IVB g ~ /]l g with J:=V x B. (1.12)

It can be seen that the terms in the first line of are of semi-linear type
which are fine, while the rest terms in the second line are troublemakers, since the
failure that H#(R3) — L>®(R?) in the case d = 2,3. Thus one really sees that
the difficulties of proving existence (and uniqueness) of solutions to the Hall-MHD
system in critical Sobolev spaces are come from not only the Hall term but also the
coupling V x (u x B) in (L.1)5. The ideas presented in [12} [13] in order to cancel
these two trouble terms only work in the case that v = pu.

In order to prove Theorem our idea to handle that two troublemakers is to use
the Hall term to cancel the term curl ((curlu) x B) by performing a renormalized
energy estimate for , and meanwhile we take advantage of the equality
to write a cancellation to deal with the Hall term. Indeed, this idea is in the
spirit of the hypocoercivity method proposed by Villani [29]: construct a Lyapunov
functional by adding carefully chosen lower-order terms to the natural Lyapunov
functional.

We have the following a priori estimates.

Proposition 1.4. Define
1 2 2 2 1 b 1
) =3 (alu@®l?y + 1BOI%, +10I12,) - E(A Hnatsw),
D(t) = av [u®I 5 +ullBO)I2 g +u||J()||2 V20

(n o v\ 8 (4 a)(1+h?%)
R ( + > h2’ Bi= min{1, h} min{%, pu}’

Let (u,B) be a smooth solution of the 3D Hall-MHD system (L.1) on the time
interval [0, Ty]. There exists a universal constant C' such that on [0, Ty, we have

%ﬁ(t) +1D(t) < O BVEW) D). (1.13)

About the fractional derivative operators, the reader may check Definition
Using the fact that £ + ﬁ > 2 for v, u > 0, and Hélder’s inequality and Young’s
inequality, one has

£(t) 25 (I, y + IBOI,, + 17017, )~ pglu@)l?,, ~ 17012,

S N OLA (1.14)

We know that thanks to (1.14) and Proposition we do obtain desired estimates

in order to prove the existence part of Theorem

Let us now simply explain our idea. Indeed, when taking L? scalar product with
J — +u (but not J) for (L.11]), we find from (L.2)) and basic vector identity that

<curl((curlu) x B) ’ J— ;Lu> = (curl ((curlu) x B) | J)

= ((curlu) x B ‘ curl J)
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= (B x (curl J) | curlu), (1.15)

—h <curl((cur1 J) x B) ‘ J - ;Lu> = (curl ((curl J) x B) | u)

= ((curl J) x B ’ curlu)
= —(B x (curl J) | curlu). (1.16)

Obviously, the sum of the above two scalar products cancels out and when per-
forming similar (renormalized) energy estimate of the higher-order Az, the above
products still cancel each other, up to some lower-order commutator terms. Next,
to couple with the cross term (8,5A%J| — %A%u), we take L? scalar product with
A%(au — %J) for the resulting equation of applying AZ to 1 and since the
non-linear terms in 1 are of lower-order, we can choose some appropriate a
and use Young’s inequality to handle the another cross term (VAzu | VAz.J).

About the uniqueness part of Theorem we emphasis that a direct estimate
in the space L? maybe not enough, since the obtained L? stability estimate in [13]
strongly rely on the condition v = u. We consider slightly regular space and obtain
the following stability estimates:

Proposition 1.5. Let (u1, B1) and (ug, Ba) be two solutions of the Hall-MHD
system on [0,T] x R3, supplemented with the divergence-free initial data (u; 0, B;o)
and such that, fori=1,2,

(us, Bi,V x B;) € L®(0,T;H?) and (u;, B;,V x B;) € L*(0,T; H").
Then there exists a constant M depends only on v, u, h such that for all t € [0,T),
I(ur = u2) (I 5 + 1(B1 = Ba2) () 71

t
+ [ (V190 = w)ly + ull V(B = Ba) ) dr

t
< (huro = wzoll,y + 1810~ Baally ) exo (31 [ Vir)ar )

with V(1) := ||(u1, ug, B1, Ba, V x B1,V x Ba)(7)|[3,, for all T € [0,].

We remark that after localization of the 3D Hall-MHD system ((1.1)) by means
of the Littlewood-Paley spectral cut-off operators (one may read [3] for its defini-
tion), the idea illustrated previously may valid in critical Besov spaces of the type

Bgr (for any r € [1,00]), which does not need the assumption v = p sated in
Theorem 2.3 of [I2]. The details are left to the interested reader.

For Q%D flows, the proof of Theorem is essentially relies on the following
proposition.

Proposition 1.6. Define w := V x u and

£0) = (@1l + FBOIE: + w0l - £ 0 |50) ).

B(t) == avl|Vult) |3 + aulVB®)|2: + v [Vo(t) |32, ¥t >0,



and

_ w o v\ 8 = 1 1 h?
a=(~+—)—=, B=l=aa7+t= | 757
(V u) h? <a2,u2y3h4 V5) min{1, h?}
Let (u, B) be a smooth solution of the Z%D Hall-MHD system on the time
interval [0,T1]. Then 1s satisfied and there exists a universal constant C' such
that on [0,T}], we have
~ t o~ ~ 4 ~
Zo+ [ By ar < (80 + P8 ) exp(Clua, Bo)fe). (117)
0 vz 2
Due to the coupling between magnetic field and fluid velocity, it seems hard to
impose smallness condition only on initial magnetic field. As found in [13], if one
consider w = V X u as an auxiliary unknown then, indeed, an a priori L? estimate
can be obtained for w without any smallness assumption on the initial data, under
the assumption that v = u. Here, we use again the idea of adding some harmless
terms into the natural energy functional, in order to cancel out the troublemakers
when performing L? estimate of w. More details on the proof of Propositionwill
be presented in Section [4
To prove the uniqueness part of Theorem[I.3] we apply a weak-strong uniqueness
theorem from [I3] which valid for all positive parameters v, i and h.

Finally, we mention that some cross products between the magnetic (current)
filed and the fluid velocity (vorticity) field are involved in several conservation laws
that have been discussed in [14].

The paper will unfold in the following way: In the next section, a few definitions
and technical results will recalled. Section [3]is devoted to the proof of Theorem
In the last section, we prove Theorem

We end this introductory part by presenting a few notations. As usual, we denote
by C harmless positive constants that may change from line to line, and A < B
means that A < CB. For X a Banach space, p € [1,00] and T > 0, the notation
LP(0,T; X) or LE(X) designates the set of measurable functions f : [0,7] — X
with ¢ — [|f()[x in LP(0,T'), endowed with the norm ||-{[zz (x) := ||| [[x|[zr(0,7)-
We agree that C([0,T]; X) denotes the set of continuous functions from [0, 7] to X.
We will keep the same notations for multi-component functions. Throughout the
paper, the commutator of two elements, f and g, is the element [f,g] :== fg — gf.

2. PRELIMINARY

For the reader’s convenience, we here recall a few results that will be repeatedly
used in the paper (more details may be found in e.g. [3, Chap. 1]). Let us first
recall the definitions of Sobolev spaces and fractional derivation operators.

Definition 2.1. Let s be in R. The homogeneous Sobolev space H®(R%) (also de-
noted by Hs) is the set of tempered distributions u on R, with Fourier transform
in L} (RY), satisfying

[ull o = [A w2 < oo,
where A® stands for the fractional derivative operator defined in terms of the Fourier
transform by

F(A*u)(€) = [¢]°Fule),  €eR™
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The nonhomogeneous Sobolev space H*(R?) (also denoted by H*) is the set of tem-

pered distributions u on R®, with Fourier transform in Llloc(]Rd)7 satisfying

lullzzs = (D) ull 2 < 00 with F((D)*u)(€) := (1 + [£[*)*/* Fu(§).
We have the following proposition.

Proposition 2.2. Let sg < s < s1. Then, Hso N H5 s included in HS, and we
have for all 6 in [0, 1],

0

., with s = (1—0)so + 051 (2.1)

Hs1

l[ull o < flul

We will often use the following Sobolev embedding for 0 < s < d/2:

H*(RY) — L% (RY), (2.2)
and sometimes the following Gagliardo-Nirenberg inequality:
3 35
lell e 22y S Null o) [l s sy 5 < 5 <85 0= — (2.3)
The following inequalities (see e.g. [22], Lemma 2.10) are needed.
Lemma 2.3. Let s > 0 and 1 < p, p1, p2, p3, pa < 0O satisfying % = pil + p% =

p% + p%~ There exists a constant C > 0 such that

1A* (uv) — uA*vl|e < C(IVullze [A* 0] Lre + A% Les [[v]]es)

and
[A®(uv)[|e < C([[Aul[Les [[0]|Lr2 + [[ull Lrs [[A%0]|Lra).

Finally, we recall a bootstrap argument from [13].

Lemma 2.4. Let X, D, W be three nonnegative measurable functions on [0,T]
such that X is also differentiable. Assume that there exist two monnegative real
numbers C' and « such that

%XQ + D? <CWX? 4+ CX*D?. (2.4)
If, in addition,
T
20 X(0) exp (C;a fo W dt> <1, (2.5)

then, for any t € [0,T], one has

X2(t) + % fot D2 dr < X2(0) exp (C’ fot W d7> : (2.6)

3. GLOBAL FuJiTA-KATO TYPE SOLUTIONS FOR THE 3D FLOWS

This section is devoted to prove Theorem [I.1] it includes the existence part and
the uniqueness part.



3.1. Existence. First and foremost, we prove Proposition [T.4]

Proof of Proposition[1.J} Applying the fractional derivative operator A% to both

sides of equations (T.4);, (T.1)3 and (T.11)), taking the L? scalar product with Azu,

A%B7 A%(J — %u), respectively, we get

1d, . - .
§%HUHH% —|—V||UHH% = —(u-Vu|Au) + (B-VB|Au) =: A} + As,
1d, ., - .
1Bl +ulBI g = (Vx ((u—hJ)x B)|AB) =: As

and

1d, . 2 1,1 1 7 1 1
=As+ As + Ag + A7,
where

1
Ay = (A%(J x u—2u-VB)‘cur1A% (J— hu)) ,

1 1 1
A = 2h (AE(J-VB) ‘curlAf (J— hu>) :

Ag = (Aé((curlu) x B) ‘curlA% (J— iu)) ,

A7 = —h (A%((curl(]) x B) ‘ curl A2 <J - lllu>> .
By Holder’s inequality and Sobolev embedding , we get
[ Av| < Cllulls [Vull el Aull 2 < CllulFpallull 5,
| A2| < C||Bll1slIVB| 2| Aull s < ClIBIZ: llul 3,
14| < C(llu =~ T g |Bllze + llu = h T || o || Bll g2 ) [AB]| o
< Cllullgr + AT ) 1Bl 1Bl g

and by Lemma and we have
45| < Ch(|A2 T ]|V Bl|ze + || o[|A> V B]| ) (||cur1A%J||Lz + % ||cur1A%u||Lz)
<C (RITIENT g + 102 Nl 3 ) -
Term A4 may be bounded similarly as As:
A4l <C (||J||H1|u||H1|J||Hg i % ||J||H1||u||H1||u||Hg) :

Now, we decompose Ag and A, as

A = (A%((curlu) x B) ‘ curlA%J) - % (A%((curlu) x B) ‘curlA%u) =: Ag1 + As2,
A7 = (A%((curl J) x B) ’curlA%u) —h (A%((curl J) x B) ’ curlA%J> =: A7y + Az

and we rewrite

Ag1 = — ([A%,BX](curlu) ’ curlA%J) — (B X A%(curlu) ‘CurlA%J)
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A =— ([A%,Bx](curl J) ‘curlA%u> — (B X A%(curlJ) ‘ curlA%u) )
Not surprisingly, the last terms in Ag; and A7; cancel out each other and thus gives
A1+ A = — ([A%,Bx](curlu) ’ CUI‘IA%J> - ([A%,Bx](curl J) ’curlA%u) .

Meanwhile, thanks to the commutator estimate in Lemma and (1.12)), one easily
has

1 1
[Aga| <5 [[[A%, Bx](curlw)]| 2 l[curl AZul|z2

<

2

(IVBIlze [ A2 curlul s + A2 B[ [curl ul| ) [[ul] ;3

<

= Q=Q

T g lleell o+ NI g el 2 ) Nl 5
and similarly
|Ags| <h||[A2, Bx](curl J)| z2 [|curl A2 J|| 2
<Ch (10 + 11,3 11,8 1155
[Ae1 + Ani| SC(lull gl 1113+ Nl s 190+ llull s 1153 171 )

Next, applying the fractional derivative operator A% to both sides of equation
(T.4); and then taking the L? scalar product with —% A%J, we get

—% (A9pu | A3 ) — 2 (VATu|VAS)) = —% (B-VB|AJ) + % (u-Vu|AJ) =: As.
By Young’s inequality, one has
VI oad 1 20+ 42 e By e
i (VAZu| VA2 ) STHHHHgﬁLZHJIIHg

v 2 H 2
< o hllyg + 115
Term Ag may be bounded similarly as A;:
C
4] < = (1Bl + Il ) 1713

Hence, recalling the definitions of £(t) and D(t) and using repeatedly the interpo-
lation inequality (2.1)) and Young’s inequality, it is easy to deduce from the above
inequalities that

d
%E(t) +D(t)

v+ p
h

<——= (VA2u | VAZJ) + a(|As] + |Ao|) + [As + Ay + - + As|

(1+a)(1+h?)

av i 9
<— 2 =
<l g + LTIy + 0

[(u, B, )l 3 1w B, ) (3.1)

2
Notice that
) v
D(t) > min {ﬁ,u} 1w, B, J)(2)

we thus complete the proof of Proposition [I.4] by substituting the above inequality

and (1.14)) into (3.1). O

H2-§v
H?2



11

Now, combining Proposition [I.4] with Lemma [2:4] implies that there exists a
constant ¢; > 0 such that, if
1
id < S 308 max(a, 1}

l[uoll ;3 + 1Boll 3 + lIJoll

then )
VL) < @

and we have for all ¢ € [0, T

)+ f 7)dr < CL(0). (3.2)

We conclude from (3.2)) that we obtained a priori bounds for (u, B, J) in the space
L>(0,T; H%) N L2(0,T; H%) uniformly in time. In order to prove rigorously the
existence part of Theorem one may resort to the following classical procedure:

(1) smooth out the initial data and get a sequence (u", B™),en of smooth
solutions to System (1.1)) on the maximal time interval [0 T);
) apply . to (u™ B" JneN SO as to prove that T = oo and that the
sequence (u B" J")neN with J™ := V x B is bounded in L= (R; Hz)N
LA(R.: H);

(3) use compactness to prove that (u”, B"),en converges, up to extraction, to
a solution of System supplemented with initial data (ug, Bp).

Since each steps of proving existence are extremely similar to the ones that are
clearly presented in [I3], we omit the details here.

3.2. Uniqueness. Let us finally prove the uniqueness part of the theorem. Indeed,
one only needs to prove Proposition

Proof. In order to estimate the difference (du, 0B) := (u; —us, By — Ba) in the space
E(T) = (L;?(L? NHY) N LZE N H’)) x (L%"(LQ NEYNL2(H N H?)) .

We first need to justify that, indeed, (du, 0B) belongs to that space. One can observe

that
Oydu — vAdu = Ry,

0t6B — pAéB = Ra, (3.3)
(0u, 0B)|¢=0 = (0u(0),dB(0))
where
Rl = P(Bl . V(SB+6B 'VBQ — U - V&L—&L~VU2),
Ry :=V X (u1 X 0B + du X By) — hV x (J; X 6B + 6J X Bs),
J11:VXBl, JQZZVXBQ, (SJ::J1—J2.
To achieve our goal, it suffices to prove that R; belongs to the space L?(0, T} Hﬁl)ﬁ
L2(0,T; H~2) and Ry, VR, € L2(0,T; H"). Now, since (éu, 0B, 8J) € L*(0,T; H')
and using repeatedly the product laws (see e.g. Corollary 2.55 in [3]):
HY(R®) x L2(R®) — H™3(R%), H'(R®) x Hz(R?) — L?(R?),
we get

IRl 20, 5-1y S 1Billzse e 16B | L2 oy + [10Bllp20,7;18) | B2l e (1.2
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+ Hu1||Lg,°(L3)H5U||L§(L6) + ||5U||L2T(L6)HU2HL;9(L3)
S T4 (un, w2 Br, Bl g gy 10 B) | o iy
||Bl||L4T(H1)||V5B||L4T(L2) + ||5B||L4(0,T;H1)||VB2HL4T(L2)
+ llull o gy IVOull s 2y + 0ull g oy VU2l s 22

||R1||L2(O,T;H7%) §
S ”(UlvUZaBlvBZ)HL4(0,T;H1)||(@>5B)||L4(0,T;Hl)v
IRl 20,771y S l(wr — hJ1) X 0B||r2(0,;12) + [[(0u — R 8T) X Bal|r2(0,7;12)

S T3 ||(U1, BQ; th)”LO"(O,T;H%)H(éB’ 6”7 hd])“L‘L(O,T;Hl)

and
||R2||L‘§(L2) S (ur = hJy) % 5B||L2(0,T;H1) + ([ (0w — hdT) x B2||L2(0,T;H1)
SV = k) 2a 2 10Bl|pa ey + lur = R Jillnge (23) VOBl L4 (L)
+ 10w — 20T L oy 1 B2l s, (roey + 16w = B 8T [| g (£3) IV B2l 4, L) -

Note that our assumptions ensure that B; and VB; are in L*(0, T} H 1) and thus we
do have, by the Gagliardo-Nirenberg inequality (2.3)), 0B, By, By in L*(0,T; L>).
Moreover, thanks to Sobolev embeddings (2.2]), we are sure that Ry € L%(0,T; L?).

Now, estimating (du,dB) in the space E(T) follows from Lemma 5.10 in [3]
and standard energy estimates applied on (3.3)). More precisely, using Holder’s
inequality and (2.2)), we have

1 1 ¢
6172 = 10032 +v [ 0u(r)|[3, dr
t
< J, 1By © 8Bl 12 +]B2 @ 3Bl 12 + Juz @ dull ) [|Voull 2 dr

t
Sfo (1Bl g ll8BI| ;3 +11Ball g1 [10B1 3+ llwall g 1wl 1) 0wl g dr
and

1 1 2 t 2
SIa@I2 4 = S8, +v [ ()2 dr

s
¢
<[ (1B - VEBI 4 +185 - VEally + - Vil g + - Tual, ) |AGull s dr
t
SIO Bl g2 1681 g2 + 6Bl g 1Bl g+ Nl ll ga 16wl o + [10ull o lluall go) 16wl , 3 dr
and
1 2 1 2 t 2
LI — 1B+ [ 1B, dr
t
< fO(H(ul —hJy) xB|rz + ||(0u — hdJ) x Bal|p2) ||V x 0B||p2 dr
t
S Ul = h ) g ll0B g + 116w — RT3 |B2ll ) 1B]| g dr
0 i i
Moreover, by Lemma [2.3] and using repeatedly (1.12) and the product law:
lwzll s ray S M1wll g3 gy 1211 oy + 0l gy 1211 5 gy
we write

1 1 .
SIASBOE: — SIABOE: +p [) [A0B() |3, dr
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t
Lnmxw+@x&_hﬁxwmmﬁwhﬂwmA&ﬂmmmwhgm

<+

< L1 (el 08B+ sl N80y + B o 10Bl 4 131 18714 0
a1 161y 1671 g )
At this stage, interpolation inequality (2.1)) and Young’s inequality imply that
1 1
Bl g2 [10B] ;3 0]l oo < ||Bl||H1||5BH1§2H5B||§11||5U||H1

v 0
%II&Lllil + %H5BII§;1 ||5BHL2||131||H1,

v C
Bl g l6Bl| gl o]l 3 < —0||5u||2% + ;||A5B||2Lz||31\|§;1,

A

1 3
el 1 0ull g NGl g < Nl o Gl 4 ll0ull o

IN

C v
el 182, + 2l 5

[(ur = B )| 1B 1 0Bl g < [[(wr = B J1) | g ||5B||E2II5BH§~1

C
< EH(uthl)ll‘};JwBllia + o5 ||5B||H1,
1 3
il g l16B | e 1071 gra < AUl ll0BI1 5 10711 7,
Ch*
< —||J1H 10B11% +*II5JIIH1,

1 3
M g 161 g 1671 g < h||J1||H1H5B||,31H5J||2‘1

Ch*
<i||J1H 6Bl +*II5JIIH1,

and similar inequalities for the other terms of the right-hand sides of the above
inequalities. In the end, we get for all t € (0,7),

18I, s+ 18BN + [ (B, g+ 1IBE) R0 ) dr

HNHS
< (|0 >||2 L IO )+ M [ V) (100l )+ 19812 )
Since our assumptlons ensure that V is integrable on [O,T]7 applying Gronwall’s
inequality completes the proof of Proposition O
We have complete the proof of Theorem O

4. GLOBAL UNIQUE SOLVABILITY OF THE Z%D FLOWS WITH LARGE VELOCITY
In order to prove Theorem let us first prove Proposition

Proof of Proposition[I.6, Applying the operator Vx to (L.6)1, it is easy to find
that w satisfies

dw+V X (wxu) =vAw~+V x (j x B).
Taking the L? scalar product with w + %B (but not w) for above equation, we get
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Dwl2s + | TwllZe + & (atw |B) + 1 (V| VB) = (j x B|V xw)

2 dt
= A + A, (4.1)
where
Ay ::—(wxu‘%xw),
1 ~
As =— (wxu’VxB).
Also, taking the L? scalar product with %w for (1.6))3, we get
= (@|0B) ~ & (V| VB) + (5 x BV xw) = As, (4.2)

where
Agzzé(uxB‘%xoO.

Adding (4.2)) into (4.1), and putting together with the result of energy inequality
(1.7) multiplied by &, we obtain that

d ~ - -~
ZL(t) +D(t) + ”JFT“ (Vw | VB) < Ay + As + As. (4.3)

Using Holder’s inequality, Sobolev embedding ({2.2)), interpolation inequality (2.1
and then Young’s inequality, we write

1 ~
Ma| < llwlpellullpalV Bl| 2

C - - Gl ~
<zl Vel full oo Va2 + IV B

. N
< gm0t Vel ol + ZI9lle + IV BIE.

Very similarly, we have
= c
|AL] <[lwllzallulla]|Vw|l2 < — V sl VullZ ol 7z + 3 IIVwIILz»

[ As| <[IBllzaljulla[[Velle < ;HUHHHB||L2HVU||L2HVBHL2 + gIIVuJIIiz-

Meanwhile, it is easy to see that

+ ~
(42 |30 98)| <2 1951, + 9.

]/ ~
§7||VBII%2 + S IVellze.

Now, notice that

£(t) 25 @ ()2 + SNBOIs + lw(0)2) — 51 BOIE: - 1l

min{1, h?} 2
SR NPT (1.4

Combining above estimates, we can rewrite (4.3 to

d ~ 1~ C C h? 2 1S 12 A
— — < _— — | — 2 2
L)+ D(1) < (&%W + ys) min{LhQ}IIuHL [Vull72L(t)
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C ~ ~
+ - Il Bllz2 [Vl 2 [ VB 2
Applying Gronwall’s lemma enables us to finish the proof of Proposition[l.6} O

Existence and uniqueness. At this stage, thanks to Proposition[L.6]and inequal-
ity , one can follow the proof of inequality (5.3) in [I3] to get the H' estimate
of the magnetic field by assuming that By is small enough in H'. Then, one can
work out a standard procedure similar to that of sub-section [3.1] and complete the
proof of the existence part of Theorem In order to prove the uniqueness, we
apply the weak-strong uniqueness Theorem 2.6 established in [I3] which valid for
general physical parameters.

Finally, to check that the energy balance is fulfilled, one can use the same
approximation scheme as in the proof of existence (the energy balance is clearly
satisfied by approximate solution sequnece (uy,, By, )) then observe that (u,, Bn)nen
is actually a Cauchy sequence in L (R, ; L?(R?)) N L?(R,; H'(R?)), which may be
checked by arguing as in the proof of uniqueness.

It completes the proof of Theorem [1.3 ]
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