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1. Introduction

1.1. Model and related studies

MHD is a discipline that studies the interaction between electric and magnetic fields in conductive
fluids based on fluid mechanics. The Navier-Stokes equations in fluid mechanics and the Maxwell
equations in electrodynamics contribute to the fundamental equations of the MHD system of equations.
The MHD equations are also of great interest in mathematics. The following is the standard expression
for the incompressible MHD equations:

ou+u-Vu=uAu—-VP+B-VB,
oB+u-VB=nAB+ B-Vu, (1.1)
V.-u=0, V-B=0,

where u = u(x,7), B = B(x,7) and P = P(x, t) represent the velocity field, the magnetic field and the
pressure, respectively. u denotes the viscosity coefficient and 7 the diffusion coefficient.

In this paper, we study the 2D incompressible MHD equations without magnetic diffusion and
kinetic viscosity with damping only in the vertical component of the velocity equation in the periodic


http://www.aimspress.com/journal/Math
http://dx.doi.org/ 10.3934/math.20241725

36372

domain T?,
du+u-Vu+VP+v(0,u,)" =B-VB, xeT? t>0,
OB+u-VB=B-Vu, xeT? >0, (1.2)
V-u=0, V-B=0, xeT? >0,

where the parameter v > 0 denotes the damping coeflicient, and the 2D periodic domain is defined by
T? = [-n, 7]

In the whole plane R?, the global well-posedness and stability of the 2D incompressible MHD
equations without magnetic diffusion with damping only in the vertical component of velocity
equations remain unknown. If the magnetic field is ignored, the system reduces to Euler-like equations
with an additional Riesz transform-type term, and the global well-posedness of the Euler-like equations
remains an open problem in R2.

In recent years, important progresses have been made on the MHD equations. For the case of a
viscous and resistive MHD system, the MHD system is globally well-posed in the 2D space (see [1,8]).
For the case of inviscid and non-resistive MHD systems, Bardos, Sulem, and Sulem [3] proved their
global well-posedness. For cases when only viscosity exists, please refer to [11, 19,20], and only
magnetic diffusion exists, please refer to [15,21,26]. For more results of these two dissipation cases
above, see [2,7,25]. Ji, Lin, Wu, and Yan [10] proved the stability of the 2D MHD equations with
mixed partial dissipation, and Ji and Li [9] studied the global regularity of 2%-D MHD equations with
mixed dissipation diffusion. For more results on the MHD equations with mixed partial dissipation
or fractional dissipation, please see [22,23]. Prompted by Lin and Zhang [16], there’s been a lot of
research on the global well-posedness of the MHD system near a constant equilibrium (see [17,28,30]).

In addition, there are some results on the 2D MHD system involving damping in the equation
of the velocity. Boardman, Lin, and Wu [4] proved the stability for the MHD equations with vertical
velocity damping and full magnetic diffusion. Chen, Lin, and Wu [5] improved the work to the vertical
magnetic diffusion even further. Afterward, Lin and Zhang [18] proved the global well-posedness
of the 2D MHD equations with horizontal magnetic diffusion and vertical damping in the velocity
equation in T X R. Besides, Lai, Wu, and Zhang [13, 14] studied the stability of a 2D MHD system
with horizontal velocity damping and vertical damping in the magnetic equation.

Moreover, by using the Diophantine condition, Wu and Zhai [24] proved the global small solutions
of the 3D compressible viscous non-resistive MHD system. Chen, Zhang, and Zhou [6] proved the
global well-posedness of a 3D MHD system in T°. Compared with [6], the results of Zhai [27] reduces
the regularity requirement on initial data. Zhao and Zhai [29] proved the global small solutions to the
3D MHD system with a velocity damping term. Compared to the velocity damping term in [29], in
this paper, we require only its second component.

Let n € R? satisfy the so-called Diophantine condition: for any k € Z?\{0}

c
n- kl>—, (1.3)
|Kk|”

for some ¢ > 0 and r > 1. Moreover, as demonstrated in [6].
The perturbation (u, b) with

b:=B —n,

our Eq (1.2) becomes
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du+u-Vu+v(0,u,)" +VP=b-Vb+n-Vb, xeT? t>0,
Ob+u-Vb=b-Vu+n-Vu, xeT? >0,

V-u=0, V-b=0, xeT? >0,

u(x,0) = up(x), b(x,0) = by(x).

(1.4)

1.2. Main result

The main result of the paper is stated as follows.

Theorem 1.1. For any y > 4r + 11 with r > 1. Consider (1.4) with initial data (uy, by) € H?(T?) with
V-ug =V -bg=0. There exists a constant € such that, if

[|(wg, bo)llar < &,

fuodxl = f bodx = 0, (1.5)
T T2

then there exists a global solution (u,b) € C([0, +00) ; H”) to system (1.4) satisfying

@l + [bOllHr < Ce,
[la(®)l|gr+s + b@)||grs < C(1 + [)_%.

Moreover, foranyt > 0and r + 5 < a < vy, there holds
()llze + DOl < CL+ 1) 375

Remark 1.2. If the initial data (uy,by) satisfies (1.5), for sufficiently regular solutions to the
system (1.4), this property will be conserved in time,

fudx:fbdX:O, (1.6)
T2 T2

using the two-dimensional Biot-Savart law, u, = 8;A~'w, combined with the system (1.4), we can get
d _d _
G bdx= 4 |, udx=0.

1.3. Purpose and difficulties

According to previous studies on 2D MHD equations with a velocity damping term, it was found
that the magnetic equation is either fully dissipative or partially dissipative. Our work focuses on the
challenging problem of the global well-posedness of the 2D incompressible MHD equations without
magnetic diffusion and kinetic viscosity with vertical velocity damping.

Due to the absence of magnetic diffusion and horizontal velocity damping, proving the theorem
is challenging. Indeed, the construction of global solutions to the incompressible non-resistive MHD
system with vertical velocity damping remains an open problem, even with small initial data in T,
This work represents a meaningful step forward. It establishes the global well-posedness and stability
of solutions near background magnetic fields that satisfy a Diophantine condition.
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2. PRELIMINARIES

Some useful inequalities and properties are provided in this section for assistance in demonstrating
our main result.

Lemma 2.1. If n € R? satisfies the Diophantine condition (1.3), then it holds that

Ifllzs < Clim- V fllgser, 2.1
forany s € R, if Vf € H*"(T?) satisfies [, f dx = 0.

The proof of the above lemma is provided in [27].
Lemma 2.2. Let s > 0. The following inequalities hold

£ gl < CUIf = llgllas + N llsllgllee),
IEA®, f - Vgl < CUV A=A gllz2 + [IA° fll2lIVgllz=),
where [a,b] = ab — ba is the commutator; please refer to [12] for details.

Lemma 2.3. Define u = ﬁ fT u(x;, x)dx,, let u be a smooth solution to (1.4) on [0, o) X T? satisfying
fT udx; =0, there holds

Ml 22y < Cll0vull2er2). (2.2)

Because the integral average of u equals zero in the x, direction, we have used Poincare inequality.

3. Proof of theorem

The proof of Theorem 1.1 is highlighted below. First, denote A = V—A and (a, b) the L*(T?)
inner product of a@ and b. By using incompressible conditions, we can easily obtain:

101ullz = IVarl|2. (3.1

The standard energy method might be used to demonstrate the local well-posedness of (1.4) given
the initial data (ug, bg) € H”. As a result, we can assume that there is a T > 0, which means that there
is only one solution for (u,b) € C([0, T]; H”) to system (1.4).

We demonstrate that this local solution can be expanded to a global one using the bootstrapping
argument. Theorem 1.1 is to derive a global a priori upper bound. For some 0 < § < 1 to be specified
later, we assume that

sup ([[ullzy + [bllar) <6, (3.2)
t€[0,T]

in order to initiate the bootstrapping argument. Under the assumption (1.5"),
llollr + [Ibollar < &,

where € > 0 is sufficiently small, our goal is to get

0
sup ([fullzr + [lbllzr) < 7. (3.3)

te[0,T]
Then the intended global bound is reached via the bootstrapping argument.
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3.1. Basic energy estimates
Taking the L*-inner product of (1.4) with (u, b), integrating by parts, we can obtain the standard

basic energy estimate,

d
> —-(lall7, +1IbI7.) + Vllall7, = 0, (3.4)

where we have used

(u-Va,u) =<u-Vb,b) =0
(b-Vb,u)+<b-Vu,b)=0
(m-Vb,u)+ (n-Vu,b) =0

due to the incompressible condition V-u=0and V-b = 0.

3.2. Higher energy estimates
To get the higher energy estimates, the purpose of this subsection is to prove the following lemma

Lemma 3.1. Forany S € [0,y] and t € [0, T), it holds that

EE(IIU(I)II +IbD15) + Vlluallys < C(IVulls + [IVb] ) ()]l + [DD)I[,0)- (3.5)
Proof. Operating A*(1 < k < ) on (1.4) and using a commutator argument, we have
0, A*u +u - VAR + A¥Vp + vAX0, uy)T
= A¥(n-Vb) + b - VA*b — [A*,u- V]u + [A*, b - V]b,
O,A*b +u-VA'D = A(m - Vu) + b - VA*u — [A*,u - V]b + [A*,b - V]u.
Taking L? inner product with A, A, we obtain
1 d
Z A I, +IADIE) + VA wlff, = ([A% b VIb, Au) = ([A u- VIu, A'u)
+(IA b - VIu, Ab) - (AL u- Vb, A'D),  (3.6)

where we have used
<u-VA"u, Aku> = <A"VP Afu ): <u-VA"b, Akb> =0,
<b-VA"b,A"u>+<b VA u, A*b ) 0,
<Ak(n-Vb),A" >+<Ak(n Vu), A*b ) 0.

By Lemma 2.2, we have

LAY, u - Vull2 + [I[AS b - VIbll2 < C(IVul|
ILAS, - VIbll2 + [I[AS b - Vull2 < C(IVull=|A*D]l 2 + A all 2 ][ VD).

A ull2 + IAD|2 ]| VD),
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As a result, applying the above two estimates and the Cauchy’s inequality, we can get the bound of the
right-hand side of (3.6),

| <[Ak,b - Vb, Aku) | < CIIVbI|= Al |A ]2
< CIIVbl=(IA ull7, + IA*DIIZ,), (3.6)

|<[Ak, b - V]u, Akb)l < C(IVull= Al + |A ul| 2] Vbl =) ADII 2

< C(IVull=IA*BIE, + Vbl (1A ull, + IA*DZ,)). (3.6")

Similarly,
[{[A, u- V]u, A} | < ClIVull [l (3.6")
(A%, u- VIb, A*b) | < C(IVull=lIA“DIE, + [Vbll= (A ully, + IA*D,)). (3.6"")

Plugging the (3.6 ')-(3.6 """") into (3.6) yields

1d

Ed—t(lll\kulliz +IA'DI) + vIA woll?, < C(IVullzs + [IVbli=)(IA 7, + [IA*DII7,), (3.7)
which is the desired estimate (3.5). O

3.3. The dissipation of the magnetic field

The MHD system under consideration in this paper is not subject to magnetic diffusion. It is
necessary to take advantage of the hidden dissipation caused by the background magnetic field. This
subsection will show how to find the upper bound stated in the following lemma.

Lemma 3.2. Foranyy > r + 4 withr > 1. Assume that

sup (|[ullz» + |[blla») <6, (3.9)
t€[0,T]

for some O < 6 < 1. Then there holds that

Hr+3

d , . .
I - VbI,.s — Z 2 (A A Vb)) < 2+ COllull,.. + CS[Ibll;s. (3.9)

0<s<r+3

Proof. Applying A*(0 < s < r + 3) to the first equation of (1.4) and multiplying it by A*(n - Vb), then
taking L*-inner product over T?, we obtain

IA*(n - VB)|1%, = (A*8,u, A*(n - Vb)) + (A*(u - Vu), A*(n - Vb))

2=

+{(A°0,u)", A°(m - Vb)) — (A’(b - Vb), A*(n - Vb)). (3.10)
Using Holder’s inequality and Young’s inequality,

(A’(u-Vu), A’(n - Vb)) <CJIA*(u - Vu)||2[|A*(m - Vb)||2
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<C(llallz=IVullgs + [[Vullz=|[a]lg)IA*(n - Vb)||2
<&l|A*(n - VD)2, + CSlIVul..

By (3.9), similarly,

(A*(0,u)", A'(n - Vb)) < ClIA |l 2l|A (- VD)2
< ellA*(n - VD)7, + Clluall7s
< el A*(n - VD)7, + Clluli,

and

(A’(b - Vb), A*(n- Vb)) <C|IA*(b - Vb)||2[|A*(n - Vb)|| .2
<C(IIbllz=IVbllzs + [[Vb]|z=|[blz)IIA*(m - Vb)]|2
<C(IIbllg2 1Bl zs+1 + VD]l |[bllz)[IA* (0 - V)| 2
<&llA*(n - VD)II2, + CIIbI[>,...[Ibl17s
<&l[A*(m - Vb)|I7, + CIbI2,...[IbII7,s
<&l|A*m - Vb)|I7, + ClIbl[z, bl
<ellA’(n - VD)7, + C&*|Ibll;

H3»

where we have used assumption (3.2).

(3.11)

(3.12)

(3.13)

Subsequently, to control the first-time derivative term on the right-hand side of (3.10), we make

use of the second equation in (1.4) and obtain
(A*0u, A°(n - Vb)) :dit (A'u, A*(mn - Vb)) — (A’u, A’(n - Va,b))
:dit (A'u, A’(n - Vb)) + (A’(n - Vu), A°(b - Vu))
+(A’(n-Vu),A’(n-Vu)) — (A’(n- Vu), A’(u - Vb))
::dit ANa, A’(n- Vb)) + Jy + Jo + J5.
By Lemma 2.2 and (3.8), we get

71l < IA* (- Vo)l 2[|A°(b - Vo)l ,2
< ClIA (- V)l 2(I[bllz[Vullgs + [blls|[Vul|z)
< ClIA (- V)l 2(|bll g2Vl + (bl IVl 2)
< ClIA (- Vw)ll2(|[bllzx [ Vullgs + [bllg[[Vullz2)
< Céllullgsa (IVullgs + [[Vullg2)
< Céllull3,.; + Collullpzs |,

|75] < - V|7, < |[VulfZ,.

Likewise,

[73] < A (- V)| 2[|A*(a - V)| 2
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< CIA (- Va)llz(l[ull=[IVbllgs + [[ully:|[Vb]l.~)
< CIIA* (- V)l 2 ([l 2Bl + [l bl )
< Colfullgsi(llallgs + [fallz2)

2
< Collully,.i + Collallgse{[ullzs.

This shows that
d
(A*0u, A’(n - Vb)) < o7 (N'a, A*(n- Vb)) + (1 + CcS)lluIlés+1 + Co||a|gs+ ||| g5- (3.14)

Forany 0 < s <r+3andr > 1, summing up (3.10)—(3.14) and taking 6 small enough, we get the
result of Lemma 3.2. O

3.4. Proof of Theorem 1.1

There are no dissipative terms in equations u and b in (1.4). However, in order to demonstrate the
intended stability results, we do require these stabilizing effects. We solve this difficulty by combining
Lemma 2.3 and n - Vb.

First, taking 8 = r + 5 in Lemma 3.1,

1d
EE(IIU(t)IIf,Hs + ID@)I1F,.5) + Vilually,.s
< C(IIVull + Vbl =)A(@),5 + DI G5)- (3.15)

Multiplying (3.15) by a suitable large constant A and then adding it to (3.9), we have

d
—{ﬂ(IIU(t)IIi,Hs+|Ib(t)||ﬁ,r+s)— Z (A‘Yu,As(n-Vb»}

dt 0<s<r+3
2 2
+ Alluallyes + |Im- Vb|

Hr+3
< CAlIVull=[ally,.s + CAVull[blIF,.s + CAUIVD]| [l
+ CAIVD|=[Ibl.s + 2 + CO)llully,.. + CS*bI7;, (3.16)

where A > 1 is a constant to be determined later.
The terms on the right-hand side of (3.16) can be bounded. Next, for any v > 2r + 7, by (3.1),
Lemma 2.1, 2.3, and the interpolation inequality, we have
Ibll7: < Clin - VbII7,.s,

IbII7,.s < ClIbllIblly < CSlln - Vbllgs,

H5

2 2 2
||u||Hr+4 < ||61u||Hr+4 < ”u2”1-1r+5’

2res < Cllullgslullyy < Céllullys < Colullgres, (3.17)

||u||Hr+5

which gives

Ibl[%..s < C&*|ln- Vb|?

Hr+5 Hr+3°
4 2 2
||u||Hr+5 S Cé ||u||Hr+4- (318)
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By Young’s inequality, (2.2), (3.1), (3.17), and (3.18), we get
CAlVullz~lall7,.s <CAIVullz2|ulf?,.s
<A(elullz; + Clhully,.s)

2 JTY)
<Aglully,. + CA67ally,

<Aglldrully,.. + CAS*|0,ull;

Hr+4
2 2 2
<AellVurllyyas + CA7 | Vil
2 2 2
<Aelluallys + CAG ||zl
2 2
CAlIVullz=[Iblly,..s <CAlIVullg2lblly..s

2 4
Sﬂg”“”[{r#& + C”b”HHS

<A&l|0rull2,.. + C&*[In - VB[, .5
<Aeluall},.s + CS°|Im - Vb[;

Hr+3:
Similarly,
CAVD|=lullZ,..s <CAlbllzs ]l
<Aeln - Vb2, + CAul, ..

<agln - Vb|,.; + CAS|lual 7,55
CAlIVBII=[Ibl[7,..s <CAblbI;

Hr+5 Hr+5
<CAlIn - Vb||g(CS|In - Vb||zr-3)
<CAd|In - VbI,,...

Hence, inserting (3.17)—(3.20) in (3.16), we obtain

d
= {a(numni,ﬁs HIbOR.) - Y (ANuA@: Vb)>}

0<s<r+3

2 2
+ Alluallyyres + [ VIl

< (CAS* + 2+ C6 + 228) a5 + (CAS + C6* + Ag)|m - V][>

Taking ¢, € > 0 small enough, we get

d : ,
—{/I(IIU(I)IIEHS+||b(t)||2r+5)— Z (A"u,A"(n'Vb»}

dt 0<s<r+3

2

A 1
+ Elluzllfw + Sl VDIl

<0.
Define

E(1) = A(@)|I7,.s + IbOIF,..5) - Z (N'u, A*(n - Vb)),

0<s<r+3

D(t) = Aluall3es + [0 - VbIL, s,

Hr+3"

(3.19)

(3.20)

(3.21)

(3.22)
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then (3.22) becomes
d E()+ 1D(t) <0 (3.23)
dt 2 - '
We take A > 1 so that

E(0) = ()]s + IDOI[7.25)-

For any y > 4r + 11, we use interpolation inequality

3 1 1 3
IbI,..s < IIbl2,Ibll7, < CS2|In - Vb]|?

H+5 3

which implies

E(1) < C(lull}s + IIbI..s)

3 1 3 1
< Cllull sl + (bl bl
3

< C6%|n - Vul|>

2
Hr+3

3
+C62|In - Vb)|?

Hr+3

3 3
< Co?|ull’.., + C5%|n - Vb|?

Hr+4 Hr+3

1 3 1 3
< Céz||owl|?,,, + CoHZ|n- Vb||?

Hr+4 Hr+3

3 3
< C6?|uo|%, . + C52|In - Vb

Hr+5 Hr+3

< C(D)3,

ie., D(t) = C (E(t))% for some C > 0. Thus, inserting this inequality in (3.23), we get

d E() + c(E(1)) <0

— c <0.

dt
Integrating this inequality gives

E®)<C1+07. (3.24)
Thus, by (3.24), we can demonstrate the decay rate
®llgrss + D@5 < CL+ )7,

for any ¢ € [0, +00).
Next, for any @ > r + 5, choosing y > @, we have the following interpolation inequality

Y- a-=r=>5

IFOllae < NFOI,S WO - (3.25)

In the end, in order to get the stability of u and b in the desired Sobolev space, we need to sacrifice
some decay of u and b in much higher space. Inserting (3.25) in (3.24), we obtain

_ 30
(@)l + D)l < C( + 1) 75,
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Then using Sobolev’s inequalities and Lemma 3.1 with 8 = vy, for any y > 4r + 11, we obtain

d
Emmm#+%@%»sﬂhhuwwmwmm;+%m%»

Obviously, (3.24) implies the decay upper bound

fo(llu(T)IIH3 +1b(Mllp) dr < C.

By Gronwall inequality, we have

1
llullZ, + bz, <Cluoliz, + IIbolliy)eXp(f (Ia(@)llg + [Ib(Dll) d7)
0

<C(|luol%, + Iboll%)
<C&.

Taking & small enough so that VCe < £, we have

0
(allzzy + [bllr < 5.

Consequently, the bootstrapping argument suggests that the local solution can eventually be expanded
to a global one.
This completes the proof of Theorem 1.1. O

4. Conclusions

Based on the above proof process of the theorem, we can obtain that there has a global solution
(u,b) € C([0, +0) ; H”) to system (1.4) satisfying

@z + bl < Ce,
[a(llzr+s + D@5 < C(1 + )72

Moreover, for any t > 0 and r + 5 < @ < , there holds
(@)l + D@ < CL+ 7575,
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