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Abstract. Whether or not the classical solutions of the two-dimensional (2D) incompressible magnetohy-
drodynamics (MHD) equations with only Laplacian magnetic diffusion (without velocity dissipation) are
globally well posed is a difficult problem and remains completely open. In this paper, we establish the
global regularity of solutions to the 2D incompressible MHD equations with almost Laplacian magnetic
diffusion in the whole space. This result can be regarded as a further improvement and generalization of
the previous works. Consequently, our result is more closer to the resolution of the global regularity issue
on the 2D MHD equations with standard Laplacian magnetic diffusion.

1. Introduction

In this article, we focus on the global regularity problem concerning the 2D gener-
alized incompressible magnetohydrodynamic (GMHD) equations of the form in the
whole space

Qu—+w-Vu+Vp=(kb-V)b, xeR> >0,
b+ (u-V)b+ Lb = (b-V)u,

V.-u=0, V-b=0,

u(x,0) = uo(x), b(x,0) = bo(x),

(1.1)

where u = (u1(x, 1), ua(x,t)) denotes the velocity, p = p(x, t) the scalar pressure,
and b = (b1(x, 1), ba(x,t)) the magnetic field of the fluid. ug(x) and bo(x) are the
given initial data satisfying V -ug = V - by = 0. The operator L is a Fourier multiplier
with symbol |£]?g(£), namely

Lh(E) = £]7g(6)b(&),

with g(&) = g(|&]) a radial non-decreasing smooth function satisfying the following
two conditions
(a) g obeys that

g(&) >0 forall & #0;
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(b) g is of the Mikhlin—-Homander type, namely, a constant C > 0 such that

10fg(®)] < ClElFIg®)l. kel 2,3}, V& £O.

The MHD equations model the complex interaction between the fluid dynamic
phenomena, such as the magnetic reconnection in astrophysics and geomagnetic dy-
namo in geophysics, plasmas, liquid metals, and salt water (see, e.g., [7,15]). The
fundamental concept behind MHD is that magnetic fields can induce currents in a
moving conductive fluid, which in turn creates forces on the fluid and also changes the
magnetic field itself. Besides their important physical applications, the MHD equa-
tions and GMHD equations are also mathematically significant. Due to the physical
background and mathematical relevance, the MHD equations attracted quite a lot of
attention lately from various authors. One of the fundamental problems concerning
the MHD equations is whether physically relevant regular solutions remain smooth
for all time or they develop finite time singularities. Actually, there is a considerable
body of literature on the global regularity of the MHD equations with different form of
the dissipation (see, e.g., [4-6,8,10,11,19-27] and the references cited therein), and
here for our purpose, we only recall the notable works about the 2D fractional MHD
equations

u+ w-Vu+ (A u+Vp=@0B-V)b, xeR’ >0,
b+ w-V)b+ (—A)Pb=(b-Vu,

Vou=0 V-b=0,

u(x,0) = uop(x), b(x,0) = bo(x),

(1.2)

where (—A)? is defined by the Fourier transform, namely

(A FE) = 617 f&).

We remark the convention that by « = 0 we mean that there is no dissipation in
(1.2)1, and similarly 8 = O represents that there is no diffusion in (1.2),. It is well
known that the 2D MHD equations with both Laplacian dissipation and magnetic
diffusion (¢ = B = 1) have the global smooth solution (e.g., [18]). In the completely
inviscid case (¢ = B = 0), the question of whether smooth solution of the 2D MHD
equations develops singularity in finite time appears to be out of reach. Therefore,
it is natural to examine the MHD equations with fractional dissipation (see, e.g.,
[6,8,10,11,14,17,20,24-26,28] and the references cited therein). Let us review several
works about the system (1.2), which are very closely related to our study. To the best
of our knowledge, the issue of the global regularity for 2D resistive MHD (o =
0, B = 1) is still a challenging open problem (see [5,13]) as we are unable to derive
the key a priori estimate of ||V j|| Lire But if more dissipation is added, then the
corresponding system does admit a unique global regular solution. On the one hand,
when « > 0, B = 1, the global regularity issue was solved by Fan et al. [8]. Very
recently, Yuan and Zhao improved this work as they obtained the global regularity of
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solutions requiring the dissipative operators weaker than any power of the fractional
Laplacian. On the other hand, when o« = 0, 8 > 1, the global regularity of smooth
solutions for the corresponding system was established in works [6,11] with quite
different approach, which was also improved by Agelas [1] with the (—A)#b (8 > 1)
replaced by —A(log(e — A))Kb (k > 1).

Inspired by the previous works, the aim of this paper is to weaken the operator £
as possible as one can, without losing the global regularity of the system (1.1). More
precisely, our main result reads as follows.

THEOREM 1.1. Let (ug, bg) € H*(R*) x H*(R?) for any s > 2 and satisfy
V.-ug=V-by =0. Assume that g(§) = g(|§|) is a radial non-decreasing smooth
Sfunction satisfying the conditions (a)—(b) and the following growth condition: for any
given finite T € (0, 0o) such that

© dr
=Cr < o0, (1.3)
Ar 78(r)
where AT > 0 is the unique solution of the following equation
1
2 ——
x°g(x) =

then the system (1.1) admits a unique global solution such that
u, be L®([0, T]; H*(R?), be L*([0,T]; H ' (RY).

REMARK 1.2. On the one hand, A7 is a decreasing function of 7" which obviously
satisfies

lim AT =0.

T—o00

On the other hand, Cr is anon-decreasing function of 7 which can satisfy the condition

lim Cr = o0o.
T—o00

REMARK 1.3. The typical examples of g satisfying the conditions (a)—-(b) and
(1.3) are
g(r) =r*" with u; > 0;
g(r) = (In(1 + )" with o > 1;
g(r) =r"(In(1 + 7’))M with 3 > 0, g > 0;

145
g0 =In(1+n)(In (1+In(1+1))" with s > 1.

REMARK 1.4. In [1], Agelas proved the global regularity of the smooth solution
of the system (1.1) with the operator given by £ = —A(log(e - A))K fork > 1.
Obviously, one can easily check that ( log(e+|& |2))K for k > 1 satisfies our conditions
(a)—(b) and (1.3). Clearly, our result generalizes the work [1] and improves the previous
works [6,11] which require the dissipative (—A)#b with g > 1.
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REMARK 1.5. For the system (1.1), it remains an open problem whether there
exists a global smooth solution when the function g(£) is a positive constant.

The plan of this paper is as follows: We collect some useful properties of the operator
L in Sect. 2, and then we prove Theorem 1.1 in Sect. 3. Throughout this paper, the letter
C denotes various positive and finite constants whose exact values are unimportant
and may vary from line to line.

2. The properties of the operator £

This section is devoted to establishing some properties of the operator £, which
are the key components in proving our main theorem. To begin with, we consider the
following linear inhomogeneous equation

@2.1)

atW + LW = f,
Wi(x,0) = Wy(x).

Thanks to the Fourier transform method, the solution of the linear inhomogeneous
equation (2.1) can be explicitly given by

t
W) = K(t)*Wo—i—/ K(t—1)* f(r)dr, 2.2)
0
where the kernel function K satisfies
K(x, 1) = F (e B8@) (), (2.3)

Now we will establish the following estimate which plays an essential role in proving
our main theorem.

LEMMA 2.1. Foranyk > 0 and s > k — 1, there exists a constant C depending
only on s and k such that for any t > 0

212 - C(s—
f e g@)f e S0 dg < crmtHhg(a)TOTD, 24)
R
where A; > 0 is the unique solution of the following equation
) 1
x“gx) = T 2.5)
Proof of Lemma2.1. We split the integral into the following two parts

/Rz £ g (ke 2P g = /I €12 g (5) ke 21 8®) gg

§|<R

_ 2
+ / &% g (&)ke 2 EM8®) ge
|£]>R
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where R > 0 will be fixed hereafter. Recalling s > k — 1, direct computations yield
that the first part admits the following bound

f |§|2sg(§)ke—2l|§|2g(é) dé = / |€|25 (2tl$|2)—k(2t|§.|2g(%_))ke—2t|§|2g(§) d
[EI<R

lE1<R
S Ct_k / |§|2S—2k ds
lEI<R
R
< Ct_k / r2S—2k+1 dr
0
S Ct*k R2(S7k+])’ (26)
where in the second line, we have used the simple fact
max(Afe™) < C(k). 2.7)
A>0

Thanks to the above fact (2.7), by some simple computations, we can estimate the
remainder term as follows:

/ 617 g(6)e 25 gg
€12 R
—k k 1812 g2
= [ P 16)  (lePae)fe RO
=
< C,—k/ £ 252kt IEP8(©) e
€12 R
< ka/ |%-|2s72keft|5|2g(R) de
§1=R

© 2
< Ct*k/ r2x72k+leftg(R)r dr
R
< Ctm 8 tDg(R)~0 74D, (2.8)
Combining (2.6) and (2.8), we get
Az |s|2sg(%-)ke—2l\§\2g(§) d&- < Ct—kR2(S—k+1) + Ct—(s+1)g(R)—(S—k+l)

< th(s+l)((R2t)(sfk+l) +g(R)*(5*k“)).
Now taking

Rt

1
= R%o(R) = — R = A,
<R or R°g(R) oor ‘

we eventually deduce

/ |g|2;&g(€)k6721|§|2g(€) dg S 2Ct7(s+1)g(R)7(57k+1) :2Ct7(S+1)g(At)7(S7k+l).
R2

Thus, we get the desired result. This concludes the proof of Lemma?2.1. 0
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With the help of Lemma?2.1, one can conclude the following results.

LEMMA 2.2. For any s > O, there exists a constant C depending only on s such
that for any t > 0

_sal sl
IK®llgs <Ct™ 2 g(A)™ = . (2.9)
In particular, it holds
IK @)~ < Ctg(An~", (2.10)

where A; is given by (2.5).

Proof of Lemma2.2. According to (2.4), one immediately obtains
1K O, =/ 611K (. 1)) d&
R2
= | |gFe2EPE®) g¢
R2
< Ct_(”l)g(A;)_(SH).
By the simple interpolation inequality and (2.9), we have

1 1
IK®)llLe < CUKONIK O,

< Crig(A) it ig(A) 3
=Ct'g(Ap7.

Therefore, we finally conclude the proof of Lemma2.2. U
Next, we would like to show the following lemma.
LEMMA 2.3. There exists a constant C such that for any t > 0
IV2K @)l < Cr'g(An™ 2.11)
where A; is given by (2.5).
Proof of Lemma2.3. Since for any radial function g in R”, one may check that
gx) =g,

where g denotes the inverse Fourier transform of g. Since K (., t) is a radial function,
then we infer that K (., t) is also a radial function. Based on this observation and the
following interpolation inequality (see the end of this lemma)

~ Lo
IRl < CllAl R, (2.12)
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it yields that

IVEK ()l = IFEKE D)
= |FEXKE D)l
~ 1 ~ 1
< CIEKE DI LIVEEKE )2, (2.13)

where we have denoted by &2 the matrix £ ® £. By (2.9), one gets
182K &, 0l = CrigapTh. 2.14)
It follows from some direct computations that
IVZE?K(E. D) < CUKE 0] + €] VK E. 0] + P VEK E. D))

Recalling K(£,1) = e/154® and the property [8fg(6)| < Cl&|™*g(®)l, k <
{1, 2, 3}, it is not hard to check

VK (&, 1) < CtlEl1(E)] + 116121 g (E)DIK (&, 1)
< C1l¢]1g(®) K (&, 1)

and

IVZK(E. D] < C(PIEPIZE) + 2 1E[10: 8(E) 17 + 118(E)] + 11E]10: 8 (E)| + 11E 71028 (£)])
x |K (&, 1)
< CPEPIE)* +tig@DIKE. D). (2.15)

Therefore, we obtain
IVEEK(E, D) < C(+11EPIg@)] + 2 1E[1g@)PIK ., 1)

We appeal to (2.4) to get

IV2E2RE )2, < C / e 2EP®) g 4 2 / £ g ()2 21E4®) g
R2 R2

+crt / 6B g(6) e 2IEPE® gz
]RZ

<Ctlg(Ap™ + P g(A) T + o g(An !
<Ccrlgap™. (2.16)

Inserting (2.14) and (2.16) into (2.13) yields

V2K < Ctlg(A)™!,
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which is nothing but the desired estimate (2.11). Finally, let us show (2.12)

Il = f [7(£)| dg
RZ

= / [ (£)| dE + / [h(€)| dg
|£|<N |EI=N

=[ |ﬁ<s>|dé+/ £ IR de
|E|I<N |E|=N

1 1
son([ mera) son ([ tieras)
|§I=N |§I=N
< CN|hll 2+ CN 7 ikl
1 1
< Clhll 21705,
where in the last line, we have chosen N as
N — <||h||m>%.
Al
We thus complete the proof of the lemma.
Now we are ready to show the following key lemma.

LEMMA 2.4. Under the assumptions of Theorem 1.1, there holds

T T T
/ VK ()2 de +/ 1K (0)]I3, dt +f I K (t)]l Lo dt
0 0 0
T
+/ V2K (t)|| 1 dt < C(T).
0
Proof of Lemma 2.4. Making use of Lemmas?2.2 and 3.3, it follows that
IVKOll2 + IKON7: + 1K@~ + VKOl < Ct'g(R)
where R satisfies
2 1
R°g(R) = T

Taking R-derivative of the both sides of the above equation, it is easy to check

1 dr

2Rg(R) + R’¢'(R) = —— —
g(R) + R°g'(R) 7 4R

or equivalently

dr = —1*(2Rg(R) + R?g'(R))dR = —R*g(R)"*(2Rg(R) + R*¢'(R))dR.
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By direct computations, we have that

T Ar
/ t'g(R)dt = — / R?g(R)*(2Rg(R) + R*¢/(R)) dR
0 +00

+oo
=/ R72g(R)*(2Rg(R) + R*g'(R)) dR
A

T

+00 +00
- 2/ R 'g(R)"'dR +/ g(R)2¢'(R)dR
A

T Ar

+o00
2] R7'g(R)™"dR + g(Ar) ™ — g(400)!
A

T

+o0
< 2/ R7'g(R)"1dR + T A%
Ar

=),

where we have applied (1.3) and the fact AzTg(AT) = % or g(Ar)~! = TAZT.
Consequently, it is obvious to check that

T T T
| vkoiza+ [Cikoias kol a
T
+/ V2K (t)|| 1 dt < C(T).
0

This concludes the proof of the lemma. g

In order to show the nonnegativity of K (x, t), let us recall the definition of positive
definite function.

DEFINITION 2.5. The real-valued function g defined on the 2D Euclidean space
RR? is positive definite if the matrix

(g(xl- B xj))lgi,ng

is nonnegative definite for every set of points x1, x» € R2.
The following is the celebrated Bochner’s theorem (see [2,16]).

LEMMA 2.6. Let g be a bounded continuous function on R>. Then the matrix

- B 2(0) g —m)
(g(fh 77]))151-’]-52 - (g(m —n2) 2(0) )

is nonnegative definite for every set of points n1, 12 € R? if. and only if, there is a
positive finite Borel measure ¢ on R? such that

g(x) = (Fo)(x).



830 Z. YE J. Evol. Equ.

Next, we go into the proof of the nonnegativity of K (x, ¢).
LEMMA 2.7. Let K (x,t) be given by (2.3), then it holds for any t > 0,

K(x,t) >0. (2.17)
Proof of Lemma2.7. One may check that for any ¢ > 0,
h(g) = e EP8®
satisfies
h©O)y=1, 0=h@) =1

One can also show that the matrix

. _ 1 h(m — n2)
(h(n’ n’))lsi,jsz B (h(m — 1) 1 )

is nonnegative definite for every set of points 1y, 17y € R2. This yields that % is a
positive definite function. By Bochner’s theorem, it is clear that K (x,¢) > 0. This
concludes the proof of Lemma2.7. U

In order to get the estimate ||b|| Lo, we need to show the following lemma, whose
proof is inspired by [9, Lemma 3.8].

LEMMA 2.8. There exists a constant C depending on t such that for any t > 0
KOl =1. (2.18)

Proof of Lemma2.8. According to the definition of K (x, t), we have
K(x,t) = / e Ee1IEP8®) ds.

9 Rz

For 1« > 0, we obtain by integrating by parts
x[“XTK (x. 1) = / x| S Bz (e‘"élzg@)) d&.
Rz J
Keep in mind the fact
|x|u,eix-é — Ageixf,

where A" with 0 < u < 2 is defined by

gx) —glx —y)
|y|>HH

Atg = [
R2
with an absolute constant C; > 0. As a consequence, we deduce

Ix|"“x2K (x,1) = eixE ARg2 (e—tlélzg(é)) de.
J R2 §j
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We further get

x|"x? K (x, z)|<c/ /Rz @) = hE = 4, g,

|y|2Hr

where
g2
h(g) = agj (e 11| g(%‘))'

We decompose the integral into two parts to obtain

O —hE -0l
/R/R e pdE=At4

where

1) — he =y, ff 1h©) = hE =0l |
/Rz/ﬂ g e R Syl [y yd&.

2 2

Thanks to (2.15), it ensures

Ih(E)] < CEIEPIZE) + tlg ) he 175 ©),

It thus gives

— |h()l |h(§ — y)I
ASC// ||2+“d d§+c/ /n >4l IyI2+“ dy d
M@I
= / /,|>s |y|2+u dy d&
=

|h(®)]
C d
o e
21 2Ig(§)|Pe " E 8 ® / Hlg(§)le ! s®
¢ d+C | ———dé&.
: /RZ &1+ S R? & |~ §

By (2.7), we can easily check that for any u© € (0, 2)

_E2
/ 121€ 1% g (&)|?e~E8®)
RZ

dg
&1+
00 ;12,2 2a-1r7g(r)
_c / HG) o
0 r#
1,..2.2 2.—1r2g(r) 00 2.2 2.—trlg(r)
rt°r r (S rt°r r (S
_ C/ lg(r)] dr+C/ lg(r)] dr
0 rik 1 rik

1 00 2,4 2.—1r2g(r)
t°r r €
S Ct2/ r3—Mdr+/ |g( )1| dr
0 1 e
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2 *© 1
SC[ +C/l rl—_"_udr
<C+Ct.

Similarly, we also have

t1g(&)]e "€ 8®
Jo e

dé¢ < C+Ct.
11"

Consequently, we get
A <C+Ct.
To estimate the term A, we use the mean value theorem

[h(&) —h(§ — )| < |yl sup [VA(n)I.
nis betweengs ande—y

Recalling the property |Bé‘g(§)| < 5|§|_k|g(z§)|, k € {1, 2, 3}, we can show
IVh(n)| < [ViK (. )|
< C@P1gmP + 2 n1°10,8mF + 2 nllgm* + 2 [nl*|g (] 19, (n)]
+ 2P, + 2P lg(ml 1872 (] + 2 [n[* 19,8 ()] 1072 ()]
+ 1138 ()| + t1n] 1928 ()| + t1n1*133 g MDIK (n, 1)
< C@nPlgnP + 2l lg@ + tln~ g e 11e®

Noticing the fact |y| < % and n is between & — y and &, we thus have

W hiCh lmphes

|h(E) — h(g — y)| < Clyl(? 1P g (k&) > + 121E] 1g (k&) + t1E] g (cd)])

e~ CrlEPgd)

where « is a fixed constant satisfying « € [%, %]. Now it is not difficult to deduce for
any u € (0, 1)

31g)3 3442 2 -1 —CrlE|*g (k)
s < C/ / CEPISCDE + Il w)P +rleI M lget)pe 0D |
R2 J]yl< 8! |y
< C/Rz §1' P16 + 18] g (ct) 4 1151 g Geg) eI ag
=

o0
C/ (t3r5_“|g(lcr)|3 + 123 H Ig(Kr)I2 + trl_“|g(/cr)|)e_Ct"2g(”) dr
0

=A+A,,
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where
1
A =C / (Pro gl + 237 1gen)? + 1! [ger)] ) e ar,
0
*© 2
A, = C/ (t3r5*”|g(/<r)|3 + t2p3m |g(/<r)|2 + tr1*“|g(/<r)|) e Crrigler) gy
1
It is obvious that
A <C+Cr.
For the remainder term A,, it follows from (2.7) that

00 =)
A, =C / RO g er) P EE) dr 4 € / R g ) Pe SN dr
1 1

© 2
+ C/ r R 2 g (ker) [e T8 gy
1
oo
<C / P 12
1
<C.
We therefore get
A<CHCr.
Combining the above estimates, we finally obtain
lx[“xFK (.0l <C+CP, j=1,2
It should be noted that

K(x, 1) = / eix'fe—llélzg(é) dg
R2

_ / eixEeIE8® g 4 / eixE eI 8(®) ge
g1<1 €121

5/ d§+/ e1IEPe(D) g
g1<1 €121

<C+cCr,
which gives
K (x,0)| = C(1).
This further implies

(1+ [xP™)K (x, 1) < C(1).
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Combining the above facts yields that
K@l = CQ@).

Thanks to the nonnegativity of K (x, ¢) obtained in Lemma 2.7, we further have

1K (x, t)] 11 :/ |K(x,t)|dx=/ K(x,t)dx:[f(\(o,t)zl.
R2 R2

The lemma is proved. 0

3. The proof of Theorem 1.1

This section is devoted to the proof of Theorem 1.1, the global existence and unique-
ness of smooth solution to the system (1.1). Before the proof, we will state a notation.
For a quasi-Banach space X and for any 0 < T < oo, we use standard notation
LP0,T; X) or Ll;(X ) for the quasi-Banach space of Bochner measurable functions
f from (0, T') to X endowed with the norm

1
T P
(/0 ||f<.,r>||§dr> . l=p<oco

sup [ £, Dlx, p = o0.
0<t<T

”f”Lg(X) =

By the classical hyperbolic method, there exists a finite time 7 such that the system
(1.1) is local well-posedness in the interval [0, Tp] in H® with s > 2. Thus, it is
sufficient to establish a priori estimates in the interval [0, T'] for the given T > Tj.

We first state the basic L2-estimate of the system (1.1).

LEMMA 3.1. Let (ug, bo) satisfy the conditions stated in Theorem 1.1, then it holds
2 2 to 2 _ 2 2
@3 + 16 +2 [ IL I de = ol + Ibol2 @D
where L7 is defined by

L2b(E) = £]V/g(E) b(&).

Proof of Lemma 3.1. Taking the inner products of (1.1); with u and (1.1), with b,
adding the results and invoking the following cancelation identity

(b-V)b-udx+/ (b-Vyu-bdx =0,
R2 R2
we obtain that

d
= (e[ + 16@)172) + [ £26]7. = .

N =
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where we have used the following estimate due to the Plancherel theorem

Lhbdx = /RZZB(S)E(s)ds = /Rz &2 (£)[b(£)|* dg

R2
= | 136 s = 1£7b]12.
R2 L
Integrating the above inequality implies (3.1). This ends the proof of Lemma3.1. [J

In order to get the H! estimate on (i, b), we apply V x to the MHD equations (1.1)
to obtain the governing equations for the vorticity w := V X u = 9y, u2 — dy,u1 and
the current j := V x b = 9y, by — 0y, b1 as follows:

!&a)—i—(u-V)a):(b-V)j, 42

Wi+ Ww-V)j+Lj= (b -Vo+T(Vu, Vb),

where T'(Vu, Vb) = 20y, b1 (0x,ut1 + 0x,u2) — 20y, 11 (0x,b1 + 9x, b2).
We now prove that any classical solution of (1.1) admits a global H'-bound, as
stated in the following lemma.

LEMMA 3.2. Let (ug, bo) satisfy the conditions stated in Theorem 1.1, then it holds
foranyt € [0, T]

t
> @172 + 11 (1172 +/0 1£3 j (012, dT < C(T, uo, bo). (3.3)

Proof of Lemma 3.2. Taking the inner products of (3.2) with w, (3.2), with j, adding
them up and using the incompressible condition as well as the following fact

/(b~Vj)a)dx+/ (b-Vw)jdx =0,
R2 R2

it yields

1d

. 12 .
so (lo®IZ: +170I2:) + [£25]7: = /R T(Vu, Vb)j dx.

We obtain by direct computations that

IVel2, = CllEGE)I13
= C/ HEGIEE
R2

=c/ |s|2|$<s>|2ds+c/ EPIPE) 2 de
[&]<1 |£]>1

~ 1 —~
= C/ 1p(£)|* dE + C/ —|£7g(©)1p(&)I* d&
lg1<1 lg1=1 &)
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e 1 —~
< c/ 16(&)1> d& + Cf ——|E17g(&)1p(&)[* dg
R2 =1 8(1)
< CllIBI2, + Call L3I,
which implies

1
IVol2 = Cligli2 + Call L2l 2. (34

Therefore, we get by virtue of the easy interpolation inequality that

/Rz T(Vu,Vb)jdx < C|[Vull2IVbl g4l jllp4

< Clloliz211j1l7 4
< Clll 2111211V jll .2
< Cloll 2 IVBI 21V jll 2

Cllolzz (1612 + |36 2) (112 + 12251 2)

1
S12517: + € (141613 + 22607 ) (Il + 17132)

IA

IA

As a result, one has
d 2 . 2 L2
< (lo®IF: +17017:) + 122517
L2 .
< (14112 + |£36]7:) (lol2: + 1712,)

From the classical Gronwall’s lemma and (3.1), we easily get (3.3). The proof of the
lemma is now achieved. O

Making use of the global bounds obtained in Lemma 3.2, we obtain a global bound
for the L{°L°-norm of b as follows.

LEMMA 3.3. Let (ug, bo) satisfy the conditions stated in Theorem 1.1, then it holds
foranyt € [0, T]

6]l oo oo < C(T, uo, bo). (3.5)
Proof of Lemma 3.3. We rewrite the second equation of (1.1) as
b+ Lb=V-bQu)—V-(uQb).

By (2.2), we can check that

t
b(t):K(t)*bo+/ Kit—1t)*[V-bQ®u)—V - -u®b)](r)dr.
0
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Taking L°°-norm in terms of space variable and using the Young’s inequality, it implies
t
[b(@) Lo < [[K(2) * bollL +/ IVK(@ — 1)« [(0b®u) — (u®b)I(7)| Lo dT
0
t
= CIK®lptlibollL= + C/ IVK (= Ol 216 @ u) — (u @ b)I(7) 2 dT
0

t
< CIK®Ltlbollz> +Cf0 IVK (@ — Dl 2 lu()llp4llb(T) 4 dT

= CIKD Lot boliLe + CIVE @Il L1 2 (@) oo L4 16T | oo 4
< C(T, ug, byp),

where in the last line, we have used the following fact

t
/ VK (t)|;2dr < oo. (3.6)
0

Consequently, the proof of Lemma 3.3 is completed. O

With the help of the global bounds obtained in the above lemmas, we obtain a global
bound for the L?L>-norm of ;.

LEMMA 3.4. Let (ug, bo) satisfy the conditions stated in Theorem 1.1, then it holds
foranyt € [0, T]

/0 @B b < T, w0, bo). (3.7)
Proof of Lemma 3.4. We rewrite the second equation of (3.2) as
hj+Lj=V-0b®w)—V-u®j)+T(Vu,Vb).
We again make use of (2.2) to deduce
Jj@) = K@) * jo

t
—l—/ Kt-—)*[V-bQ@w) -V -w®j)+TVu, Vbl(r)dr. (3.8)
0

Taking L°°-norm in terms of space variable and using the Young’s inequality, we
conclude

t
J @ lzee < (1K (@) * jollLoe +/0 VK@ — 1) [(b®w) — (u® )T~ dT
1
—i—/ |K(t—1)%T(Vu,Vb)(t)||L>dr
0
t
= CIIKOll2ljoll 2 + C/o K@ — D)l IT(Vu, Vb)(T)| 1 dT

t
+C/0 IVK (@ — D216 @ o)D)l 22 + 1w ® j)(T)]12) dT.
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Take L?-norm in terms of time variable and use the convolution Young’s inequality
as well as the estimates (3.5)—(3.7) to show

17Ol 215 < CIKON 2,200l 2 + CUK Ol 2o 1T (Vit, IB) 2,1

+C[VE® 1 (I @l 22+ 1@ ] 12,0)
= CIKOllg2z2lljoll2 + CHK Ol 1o @l 221171122

+CIVE@ll 2 (16 2 Il 2op2 + ful papall .0
< C(T, ug, bo),

where we have applied the following facts:

t t
/0 1K (0)172dT < C(T, ug, bo), /0 K (T)llpee dr < C(T, uo, bo), (3.9)

1 1
lullpsps < Cllull oo 2 l@ll ;2,5 < C(T, uo, bo)
[ L°L

L212
and by (3.4)
illpspe < CIIJIIE?OLZIIVJIIztsz
. . Lok
< Clljll o2 (n;u,ﬁtm + ||£21||;,2L2)
< C(T, uo, bo). (3.10)
This completes the proof of Lemma3.4. O

The next lemma plays a significant role in obtaining the global bound for (u, ) in
H? with s > 2 for the system (1.1).

LEMMA 3.5. Let (ug, bo) satisfy the conditions stated in Theorem 1.1, then it holds
foranyt € [0, T]

t
/ IVj(@llLe dr < C(T', uo, bo), (3.11)
0
lo@llL~ = C(T, uo, bo), (3.12)
t
/ IVb(2) |70 dT < C(T, ug, bo). (3.13)
0

Proof of Lemma 3.5. Coming back to (3.8), we get
t
Jj@ = K(t)*joJr/ Kit—1)*[V-0®@w) =V -(u®j)+T(Vu, Vb)|(r)dr.
0

Applying the gradient V to the both sides of the above equality, taking L°°-norm in
terms of space variable, and using the Young’s inequality, it follows that
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t
IVj@liLee = IVK (@) * jollLe +f0 IV2K(t =) % [(b® ) — (u ® j)I(7)]| L dr
t
+f IVK(t — 1) % T(Vu, Vb)(t)|| L~ dt
0
t
= CIVK @l 2l joll 2 + C/o IVK @ — )l 201T(Vu, Vb) ()2 dT

t
+C/O IV2K (= D)1 (1 ® ) (Dl + [ ® j)(T)|[Lx) dr.

Now we obtain by taking L'-norm in terms of time variable and appealing to the
convolution Young’s inequality

||Vj(t)||L[1Loo
< CIVKO I rp2lljolli2 + CIVK @Ol 21T (Vu, VB[l 12

+CITKO ]y (100l o+ 0 1],
< CIVK Ol 2ol 2 + CIVE Ol 2ol 24l 20
+CIV KD (nbwuL;Lm + ||u||L,zLoo||j||L;Loo)
< CIVK Ol 2ol + CIVK Ol 210l a0l e 2107
OV <||b||L;mLoo||w||L;Lw ol ol ||j||L;Loo>
= @) + ool + HsO ol (3.14)
where H;(t) (I =1, 2, 3) are given by
HI(0) = CIVK Ol 2 loll i Ha(®) = Cllbll o V2K Oy
Hy(1)=C (HVK(:) (Y% ||w||ij2||j||f?oLz ||j|\f}m +[ VKD 1, ||u||ftmLz IIJ}ILng> :

Thanks to (2.11), (3.3), (3.5), (3.6), and (3.7), it is easy to show that H;(t) (l = 1,2, 3)
are non-decreasing functions satisfying

H(t) < C(T, up,bo), Vrel0, Tl
Consequently, it thus follows from (3.14) that

¢ 1
/O IVj()llredr < Hi(t) + ZH2(f) + H2(t)||0)||L[lLoo + H3(t)||w||L}Loo
1 t
= Hy0) + JHo0) + () + Hs(0) /0 o (@)l dr

t
= &a(T) +Cz(T)/O ()] dz, (3.15)
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where
1
¢(T) == H|(T) + ZHz(T) <00, &(T):= Hxy(T)+ H3(T) < oo.

Multiplying the vorticity w equation of (3.2) by |w|”~?w and integrating over R? with
respect to variable x, it holds

;Ellw(t)llfp = /RZ(bVJ)wIwIP dx
< 1Bl Villrlolf, .
‘We thus have
d lo@lzr < 16lLelIV
a o@)|Lr = LellVJliLe.
Integrating in time, the outcome is
t
lo@lLr < o)L +f0 6LV (T)llLr dT.
Letting p — o0, it has
t
lo@lLe < [l@0)]L> +/0 16DV j(T)llL> dT.
By (3.5), we conclude
t
lo@ Lo < [lw(0)| L +C(T)/0 V(D)L dr. (3.16)
Now letting
t
G) = (1) +6T) [ ol dr.
it follows from (3.15) that
t
[ 19insar < o,
Thanks to (3.16), we easily get
d
EGU) = o(T)llo@)] Lo

t
< (D) (0O~ + C(T) /0 IV (D)l dr)
< M (0O~ + CTIG)). (3.17)
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The following key estimate is an easy consequence of the Gronwall’s lemma
G (1) = C(T, ug, bo),

which further implies that

t
/ IVj(@) L dr < C(T, uo, bo).
0
From the above estimate combined with (3.16), we get
@)L < C(T, uo, bo).

The following interpolation inequality

1 1
VDl < CIVEI IV jll o

as well as (3.3) and (3.11) yields that

t
/ IVb(t)||2 dt < C(T, ug, bo).
0

This achieves the proof of Lemma3.5. 0

The global H* estimate To show the global bound for (u, b) in H® withs > 2, we
apply T* with Y := (I — A)% to the equations « and b and take the L? inner product
of the resulting equations with (Y*u, Y*b) to obtain the energy inequality

1d 1
53 MO + 1O + 1£2b117

=— [Ts,ro]u-Tsudx+/ [Y5,b-V]b- Y udx
R2 R2

—/ [TS,M-V]b~TdeX+/ [Y5,b-V]u- Y bdx
R2 R2
=01+ L+ 3+ Jg,

where [a, b]is the standard commutator notation, namely [a, b] = ab—ba. By means
of the following Kato-Ponce inequality (see [12])

1Y, £lglher < CAV Fllzel Y gllie + gl fliLe), 1< p < oo,
one can deduce that
1= C|Vul liulidpes 2= €|V oo (Nl + 1013 )

Iy da = € (|Vu] oo 4+ 98] ) (1l + 1513
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Consequently, it implies that
d
= ([ 5 + 160015 ) + | £25]5, (3.18)

2
< C(|Vul o + 1960 ) (e + 10051

To bound the term || V|| oo with ||w|| L, we need the following Sobolev extrapolation
inequality with logarithmic correction (see e.g., [3])

IVl oo g2y < c(1 + el 22y + ol oo g2, In(e + ||u||HS(R2))), 5> 2.

Consequently, it enables us to get

d
e (e + 1OI) + [£28],
< C (1 ol + [ V0] o) 0 (e 4 a5 + 1513 )

(lall 3+ 1803 ) (3.19)

Applying the log-Gronwall type inequality as well as the estimates (3.12) and (3.13),
we eventually obtain

t
(@ s + 16O s +/0 1£26() I dr < C(),

which together with (3.4) implies

t
/0 1)1 dr < C(1).

This is nothing but the desired global H* estimates.
With the global bounds in the previous lemmas at our disposal, we are ready to
prove Theorem 1.1.

Proof of Theorem 1.1. With a priori estimates achieved in the previous lemmas, it is
a standard procedure to complete the proof of Theorem 1.1. The proof is achieved by
using a standard procedure. First, we seek the solution of a regularized system. In
order to do this, we recall the mollification of gx f given by

(en /)(x) = N? /R (NG =) FO) dy,
where 0 < n(|x]) € CSO(R2) satisfies fRZ n(y)dy = 1. Now we regularize our system
(1.1) as follows:
du™ +Pon((onu™ - V)oyu™) = Poy ((onb" - V)onb™),
3N +on((onvu™ - V)onb™) + Tonb™ = on((onb" - VIoyu™),
vV-ul =v.pV =0,
u (x,0) = onuo(x), bV (x,0) = onbo(x),
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where P denotes the Leray projection operator (onto divergence-free vector fields).
For any fixed N > 0, using properties of mollifiers and following the same argument
used in proving the previous lemmas, it is not difficult to establish the global bound,
for any ¢ € (0, 00),

! 1
1 Ol + 1Y @O e + /0 136N ()12 dr < C()

t
/O 15N (T) 13541 dT < C(0).

Now the standard Alaoglu’s theorem allows us to obtain the global existence of the
classical solution (u, b) to (1.1). The uniqueness can also be easily established. This
completes the proof of Theorem 1.1. g
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