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We consider the regularity of two dimensional incompressible magneto-hydrodynamics equations
with zero viscosity. We provide an approximating system to the equations and prove global-in-
time existence of classical solution to this approximating system. By using approximating system,
a priori estimates for the equations can be justified.

1. Introduction

In this paper, we are concerned with regularity problem of solutions to the 2-dimensional
incompressible magnetohydrodynamics (MHD) equations with zero viscosity

ur+(u-Vyu+Vp=(b-V)b, xeR?, t>0,
bi—Ab+u-V)b=(b-V)u, xeR? t>0, (1.1)

V-u=V-b=0, xeR? t>0,

where u = (uj,up), b = (b1, by), and p are fluid velocity vector field, magnetic field, and
pressure function. The underlying idea of MHD is that dynamics of magnetic field induces
the force on the fluid and, in turn, the motion of the conducting fluid affects the dynamics
of magnetic field. MHD has many applications in electromagnetics, plasma theory, and
cosmology. MHD equations describe the dynamics of the conducting fluids and thus, MHD
equations are expressed as the combinations of the fluid equations and Maxwell system. We
restrict our interest on the incompressible Euler equation (with Lorentz force of magnetic
field) as the fluid equation. This is the special case that the fluid viscosity is quite smaller
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than the magnetic diffusivity. Recall that magnetic Prandtl number is approximately the ratio
of viscosity and magnetic diffusivity. So (1.1) represents the zero magnetic Prandtl number
case. In physics, liquid metal usually has the small magnetic Prandtl number. For the two-
dimensional incompressible MHD equations with positive viscosity and magnetic diffusivity,
it is well known that there exists a unique global classical solution for every initial data
(uo,bp) € H™" withm > 2and V- ug = V- by = 0 (see [1, 2]). But if viscosity of the fluid
or the magnetic diffusivity is zero, then the global regularity issue for 2D remains as an open
problem. For the case that viscosity is positive and the magnetic diffusivity is zero, then there
are some studies on the regularity or blow-up criterion. We briefly recall a few of them. In
[3], the authors showed that if joT |V x w||r=dt < oo, then the solution (u, b) remain smooth on
[0,T]. In [4], the authors showed that if fOT IV x b|lgmodt < oo, then the solution (1, b) remain

smooth on [0,T]. In [5], it was shown that if fOT |Ib x b|lpmodt < oo, then the solution (u, b)
remain smooth on [0, T]. For the case that the viscosity is zero and the magnetic diffusivity
is positive, that is, for the system (1.1), we have better a prior estimates. In [6-8], the authors
obtained the global existence of more regular weak solution, that is, we have u € L*(0,T; H h
and b e L*(0,T; H') N L*(0,T; Hj) for any T > 0.

But still the global existence of smooth solution is remained as a challenging open
problem. Only some blow-up criterion for the system (1.1) is known. In [7], Cao and Wu
showed that if for some T > 0,

T

1
sup— | ||Vu||;.dt < oo, (1.2)
q>2 0

then (u, b) remains smooth on [0, T]. Also Lei and Zhou [8] obtained the regularity criterion
in terms of the L'(0,T;BMO) norm of V x w. In [6], Kozono studied the stability of the
solution to (1.1) (see [9] also). And in [10], the authors studied the 2D incompressible MHD
equations with horizontal dissipation and horizontal magnetic diffusion.

In this paper, we consider approximating system of (1.1), which still preserves some
properties of (1.1). We consider

o+ (u-Vyu+Vp=(-A)""((b-V)b),

ab+ (u-V)b—Ab = (b- V)((-A)u), (1.3)
V.u=V-b=0.

We study the regularity issue for (1.3). We can rewrite (1.3) into the equations of the vorticity
w = 011y — O2u1 and the current density j = 01b, — 0,b; as follows:

wi+ (- Vw=(-A)"*((b-V)j), xeR? t>0,

it @-V)j—Aj = (b-V)(=A)w - b1 (1+ (=A))d1us — 0aby (1 + (=A) *)Oun  (14)
+81b1 (1 + (—A)_a)azu1 + 61b2(1 + (—A)_u)azuz, X € RZ, t>0.

We state our main results.
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Theorem 1.1. Assume (ug,by) € H> and V - uy = V - by = 0. Then forany T > 0 and a €

(0,1/2), there exists a unique solution (u,b) € L=(0,T; H*) x L=(0,T; H*) nL*(0, T; Hy) of (1.3).
Furthermore, there exist constants C and D satisfying

||u”L°°(0,T;H3) + ||b||L°°(O,T;H3) + ||b||L2(0,T;Hg) < De, (1.5)
where C and D depend on ||ug ||, ||bol|pr3, and a.

2. Global-in-Time Existence of Smooth Solution

To prove Theorem 1.1, we present some regularity criterion for the solution to (1.3). The proof
is standard and very similar to the criterion in [7, 8]. But for the readers’ sake, we provide the
sketch of the proof.

Proposition 2.1. Assume the initial data (ug,by) € H?, V -ug = 0and V - by = 0. Let (u, b) be the
corresponding solution of (1.3). If, for some T > 0,

T
I lw(®)||;dt < o0, (2.1)
0

then (u, b) is reqular on [0, T], namely, (u,b) € C([0,T]; H).
Proof. We provide brief sketch of proof. If we take V® operator on the fluid equations and

magnetic field equations and take inner product with V3u and V3b, respectively, then we
obtain

2
LZ

o Iwel) + v

d
s3I

= —f Vs((u-V)u)V3udx+J V3(-A)*((b- V)b)V3udx (2.2)
RZ RZ

- f V3((u-V)b)V3bdx + j V3((b-V)(-A)*u)V?bdx.
R2 R2
There are some cancellation properties, that is,

-| @ -v)Vu-Viudx=0,
R2

AV (b - . ZA)® (2.3)
IRZ( A) <(b V)V3b>V3udx _IRZ((b V)V3b>V3( A)*udx

_ _I ((0- V)V (-2)“u) Vb .

R2
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Using the previous cancellation, we have
1d 3
s (7

Then recall the following Beale-Kato-Majda’s logarithmic inequality [11],

o 9el) « Il < cuvu- (v

; + ”VZb”;). (2.4)

[Vl < Cllew]] e (1 +1In(1 + [[ue]| 52))- (2.5)

We have the conclusion via Gronwall type inequality. O

We provide the Proof of Theorem 1.1.

Proof of Theorem 1.1. For simplicity of the exposition, the calculations are presented on 0
smooth solutions. All the calculations can be justified by using continuation method of the
local solutions. If we multiply both sides of the first and second equations of (1.4) by w and
j, respectively, and integrate over R?, then we have

1d. o
EEHWHLZ < JRZ(b . V)] . (—A) wdx,
1d, ., 12 w . )
EE”]”LZ"'”V]”LZ <| (b-V)(-A)w-jdx+C | |Vul|VB||j|dx (2.6)
R2 R?
< IRZ(b V) A)w - jdx+ C Tl ][
Since we have
(b-V)(~A)w - jdx = -f (b-V)(-A)"} - wadx, 2.7)
R2 R?

we obtain the following by adding the above inequalities:

1d . . ,
5 2 (ol + [17) + 1Vill5: < Civadiz 117

< Cllwl |71l 2 1Vl 2 (2.8)

. L Tp
< Cllwliflillz: + 3197117

By using Gronwall’s inequality, we have

T
sup (w1 + [jO1) + [ 1950t
0<t<T 0

T
< (jonls = 1ol e (] il ).

Then we obtain w € L*(0,T;L?) and j € L*(0,T; L?) N L?>(0,T; HY).

(2.9)
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By standard LP4 estimate of the Stokes system or heat equation (see [12, 13]), we have

t t
[ 19l <c [ - vy(art i ar«Clil

for any p, g € (1, 00). We also recall the following inequality:
1 V) (=AY “u) | < 1Bl 2

Since j € L*(0,T; L) n L*(0,T; H'), b € L*(0, T; L*) for p < oo. Then we have

t t
fO |Villl,at < cfo ||u||‘;vé,mpdt +C.

(2.10)

(2.11)

(2.12)

If we consider a usual trajectory map X(x,t) such that (dX/dt)(x,t) = u(X(x,t),t) and

X(x,0) = x, then we can rewrite the first equation of (1.4) as
d —a :
X, 0 = (A (0] (X (x, 1), 1)
Thus we have

t
wMMb£MMb+mewww,

0<t<T

for any r € [1, o0].
From the calculus inequality, we have

||bj||W1—2a,r S C(||b||L2’||j||W1—2a,2r + ||b||wl—2a,zr ]l L2r)'
Forr € [2,00) and p > 2r/(1 + ar), by Sobolev inequality, we have
il zear < €llillwze + €1l -

For the case r = o0, we choose p such that ap > 1, then we have

17llwr-zece < Cllillypr + €I -

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)
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L2r dt>

Hence for any r < oo and p > 2r/(1 + ar), we have

T
sup [lwl|p- < flewolly + C<f 112 (171l yr-2ea + [Bllwr-2a 7]
0

0<t<T
T
< llwoll,, +c<f0 ||j||wé,pdt+C>.

Since j € L*(0,T; L?) N L*(0, T; H; ), we have the finiteness of ||b||1=(o12r) + [|bllz20,7:m1-20r) +
I7llz2(07;12y in the above inequality.
If we use (2.12), then for any g € (1, ), we have

(2.18)

T 1/q
sup ||, < C+CT@ D/ < f ||u||‘;vlzﬂ,zpdt> : (2.19)
0 0

0<t<T

If we choose p such that 4r/(1+ar) < 2p < r/(1-ar)(we can choose such p if r > 3/5a), then
for any g € (1, ), we have

T 1/q
sup ||w||,, < C+CT@ /4 <I ||w||Z,dt> . (2.20)
0

0<I<T
By using Gronwall’s inequality, we have

sup ||w||;- £ C, (2.21)
0<t<T

for any r € [3/5a, o0). In turn, it gives the bound of ||V||s(1r) for all p,q € (1, 00).
Forr = oo and p > 1/a, we have
il )

T
sup [l < [lwolly + c< f 6l 1l e + 1Bl
0

0<t<T
T
< llwollys + c<f0 llpoctt + c>.

We already have the finiteness of || V|11 (or.r); this gives our conclusion by Proposition 2.1.
O

(2.22)

Remark 2.2. With the similar arguments in the proof of Theorem 1.1 and this approximating
system, we can prove rigorously that the solution (u,b) to (1.1) satisfies u € L*=(0,T; W'P)
and b € L*(0, T, W'"?) N L3(0, T; Wg’p) forany T > 0 and (p,q) € [2, 00) x (1, o) as the remark
in [8].
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