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Global Existence for Two Regularized MHD
Models in Three Space-Dimension

Davide Catania and Paolo Secchi

Abstract. The global existence of solutions for the 3D incompressible Euler equations
is a major open problem. For the 3D inviscid MHD system, the global existence is an
open problem as well. Our main concern in this paper is to understand which kind of
regularization, of the form of a-regularization or partial viscous regularization, is capable
to provide the global in time solvability for the 3D inviscid MHD system of equations.
We consider two different regularized magnetohydrodynamic models for an incompressible
fluid. In both cases, we provide a global existence result for the solution of the system.
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1. Introduction

The basic system of equations that one can consider in magnetohydrodynamics is
obtained combining Maxwell’s equations, which rule the magnetic field, with the
Navier—Stokes equation, which governs the fluid motion; this system has form:

1
vt+(v~V)v(B~V)B+V<p+ 2|BZ> =vAv, (1a)
Bi+(v-V)B — (B-V)v = uAB, (1b)
V-v=V-B=0, (1c)
(’U7B)|t:0 = (’Uo,B0>7 xr &€ Rn7 n = 2,3, (1d)

where the fluid velocity field v(x,t), the magnetic field B(x,t) and the pressure
p(x,t) are the unknowns, while v > 0 is the constant kinematic viscosity and u > 0
is the constant magnetic diffusivity. In this case, a homogeneous incompressible
fluid is considered.
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This problem has been deeply studied. If v > 0 and p > 0, then there exists
a unique global solution in time when n = 2, while for n = 3 the problem is still
open, as discussed in [13].

When n =2, v =0 and p = 1, local existence and small data global existence
results have been established by Kozono [10] for bounded domains and by Casella—
Secchi-Trebeschi [3] for unbounded domains.

When n =2, v =1 and p = 0, there is a regularity criterion for the solution in
terms of B provided by Jiu-Niu [9], but the problem in its generality is still open.

As pointed out in [12] (see also the suggested bibliography), at the moment,
there is no possibility to compute the turbulent behavior of fluids neither ana-
lytically nor via direct numerical simulation (this task is prohibitively expensive
and disputable as well due to sensitivity of perturbation errors in the initial data).
Hence, one can try to focus only on certain statistical features of the physical phe-
nomenon through the employment of suitable models. This is sufficient in many
practical applications.

Because of the success of Navier—Stokes-a models in producing solutions in
excellent agreement with empirical data for a wide range of large Reynolds numbers
and flow in infinite channels or pipes, it is natural to consider such a kind of
regularization also for magnetohydrodynamic models.

In « models, a function (or several functions) is substituted in one or more
of its occurrences with a regularized function; more precisely, the function v is
substituted with w, where

v=(1-a’A)u, a>0.

This substitution is performed in nonlinear terms to make the nonlinearity milder,
so that the solution becomes smoother.

Linshiz—Titi [12] have suggested several models. For instance, filtering only the
velocity field, one can consider the following model:

v+ (u- V)v—i—ZvjVuj —(B-V)B+V <p+ ;|B|2> =vAv, (2a)
j=1

B+ (u-V)B—(B-V)u=uAB, (2b)

v=(1-a’A)u, a>0, (2¢)

Vv=V.-u=V-B=0, (2d)

(v7B)‘t:O = (1;0730) : (26)

In this case, Linshiz—Titi [12] have shown a global existence result in a three-
dimensional periodic box when v > 0 and g > 0, while Fan-Ozawa [8] have
achieved the same result in the whole space R? for both (v = 1,u = 0) and
(v=0,p=1).

Another model is the so-called simplified Bardina model, which is studied by
Cao-Lunasin-Titi in [2].
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In [4], the following magnetohydrodynamic-a model, derived from Bardina
model for incompressible fluids, is considered:

vi+ (u-Viu— (B-V)B+Vp=vAv+f in [0,7] x R?, (3a)
B+ (u-V)B—(B-V)u=uAB in [0,7] x R?, (3b)
v=(1-a’A)u, a>0 in [0,7] x R?, (3¢)
Vio=V-u=V-B=0 in [0,7] xR*,  (3d)
(v, B)|t=0 = (vo, Bo) x € R%. (3e)

Once again, a global existence result is obtained in case (v =1, = 0) and f = 0.

In [6], a double viscous version (u,v > 0) of the previous model is considered.
The case of a periodic box in space-dimension three is handled and global existence
of solutions is achieved. Moreover, this result is complemented by the proof of the
existence of a global attractor, whose fractal dimension is estimated from above.
In [5], other MHD« models are considered.

It is well known that the global existence of solutions for the 3D incompressible
Euler equations is a major open problem (see [1], [7]). For the 3D inviscid MHD
system (i.e. (1) with v = u = 0), the global existence is an open problem as well
(obviously, because the Euler equations correspond to the particular case B = 0).

Our main concern in this paper is to understand which kind of regularization, of
the form of a-regularization or partial viscous regularization, is capable to provide
the global in time solvability for the 3D inviscid MHD system of equations.

We will consider two different models.

First model. We begin by considering the case without viscosity nor diffusivity,
but with regularizations both in the velocity v and the magnetic field B:

v+ (u-Vu—(b-V)b+Vp=0 in [0,7] x Q, (4a)
Bi+(u-V)b—(b-V)u=0 in[0,7] x Q, (4b)
v=(1-a’A)u, B=(1-73A)Db, a,f>0 in [0,7] x 2, (4c)
V-u=V-b=0 in [0,7] x Q, (4d)
(v, B)|t=0 = (vo, Bo) e (4e)

Here, Q = [0,L]> C R3 and we assume periodic conditions on the initial data
so that the corresponding solutions are space-periodic (this implies, in particular,
that integrating by parts border terms disappear). Moreover, we assume that
the initial data have zero mean, so that also the solutions have zero spatial mean
(this simplifies some computations). Under these conditions, we have the following
global existence results.

Theorem 1.1 (Weak Global Existence for the First Model). Let us set

Uy — (]. — Q2A)71’UQ, bo = (1 — ﬂzA)ilBo,
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and assume that ug, by € HY(Q) and V- ug =V - by = 0.
Then, problem (4) has a unique global solution (u,b) such that

u,b € L>(0,00; HY(Q)).

The couple (u,b) is a weak solution of (4) in the sense of (8) (see Section 2).

Theorem 1.2 (Strong Global Existence for the First Model). Let us assume that
the initial data satisfy vy, Bo € L2(Q) and V -vg =V - By = 0.
Then, problem (4) has a unique global solution (v, B) such that, for each time
T >0, one has
v,B e L>(0,T;L*()).

These results are shown in Section 2. Let us note that this model is particu-
larly interesting since it preserves three physical quantities, that is to say the energy
E*P =1 [ (v(z) - u(z) + B(z) - b(x)) de, the cross helicity H&™ = 1 [, (u(z) -
b(x) +a?Vu(x)-Vb(x)) de (here we are assuming § = «, which is absolutely rea-
sonable) and the magnetic helicity Hﬁ[’ﬁ =1 [, (a(x)-b(z)+B°Va(z) Vb(x)) de,
where a is a vector potential, so that b = V x a. Moreover, as o, 3 — 0, these
quantities reduce to the corresponding conserved ideal quadratic invariants of the
MHD equations.

Second model. Then, we consider the following model, with magnetic diffusivity
1 > 0 but no kinematic viscosity, and regularization only in the velocity v, while
B is the magnetic field:

v+ (u-Viu—(B-V)B+Vp=0 in [0,7] x Q, (5a)
B,+(u-V)B— (B -Viu=uAB  in[0,T]x 9, (5b)
v=(1-a’A)u, a>0 in [0,7] x Q, (5¢)
V.-u=V-B=0 in [0,7] x Q, (5d)
(v, B)|t=0 = (vo, Bo) xcQ. (5e)

The ideal version of system (5) conserves the energy and the magnetic helicity,
but at the moment we are unable to find an invariant quantity corresponding to
cross helicity.

Once again, we take Q = [0, L]> C R? and assume periodic and zero mean
initial data, so that the corresponding solutions are space-periodic and of zero
spatial mean. Under the aforementioned conditions, we have the following result.

Theorem 1.3 (Strong Global Existence for the Second Model). As to the initial
data, we assume that they satisfy vo € L2(2), By € HY(Q) and V-vy = V-Bj = 0.

Then, problem (5) has a unique global solution (v, B) such that, for each time
T >0, one has

v € L>(0,T;1L2(Q)), B c L>(0,T; H'(Q)) N L%(0, T; H?(Q)) .

This result is shown in Section 3.



Global Existence for Regularized MHD Models )

2. First Model

Here and in the next section, we will make use of the following identities, which
hold provided V - f = 0:

[7¥)g-hdz=- [ V)h g (6)
[(5:99-gaz=0. M)
Moreover, to simplify notations, we set ||| = ||-||L2(q)-

As to the local existence and uniqueness of a weak solution, let us note that we
can restate system (4) in the form

d fu) L ((1=a?A)"HPB(b,b) — B(u,u)]
Ot <b> = F(u,b) = <(1 NS @(«;,b)}) ! (8)

where B(f,g) = P[f - Vg|, P denoting the Helmholtz—Leray projection over the
divergence free functions of L2. Then (u, b) will be a weak solution of (4) provided
that it is a solution of (8).

We want to prove that the operator F is locally Lipschitz in H* equipped with
the scalar product

((5)(3)) = (1-rarmucearie),

+ (1= B28)1%, (1 - 328)"/2a)

L2’
‘We have
Fy = [|#(b1,b1) — B(u1,u1) — B(b2, b2) + B(uz, uz)||g-1
= Hg(blabl — bg) =+ %(bl — bg,bg) — ﬂ(ul,ul — Ug) — %’(ul — ’LLQ,'LLQ)”H—l

and also
#G. Dl < sw | [(7-Va)n[= s | [ir:vm)-g]
IVh|=1 IVh|=1
< |IVR[l[IfllLellglis < CIVEIIgl 2 Vgl
<CIVFIVell,
having used the Holder inequality,
Iflle < CIVEI,  lglus < Cligl?Ivgl*/?

and the Poincaré inequality. Thus we easily get

Fy < O(|Vur|| + [[Vua|| + (Vb1 || + | Vb ) (| V(w1 — u2)|| + [[V(b1 — b2)]]) .
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Similarly,

Fy = ||%(b1,u1) — B(uy,b1) — B(ba, uz) + B(uz, ba)||g-1
= H@(bl,ul — ’LLQ) + %(bl — b27U2) — %(ul, b1 — b2) — %(ul — Ug,bz)”H—l
< O(IVur | + [[Vuz|l + [[Vb1 || + [[VO2 ) (IV (w1 — u2)|| + V(b1 — b2)]]) -

Hence F is locally Lipschitz, using that (1 — a?A)~! is an isomorphism from H™!
onto H', and consequently we get the local existence and uniqueness of a weak
solution through the Cauchy—Lipschitz theorem.

Second, in order to get an energy identity, we take the scalar product in H!
(previously defined) of (8) with (u,b). Using (7), (6) and integrating by parts
when needed, we deduce the energy equality

d
3 (lell® + e[ Vu|® + [Ib]* + 52| VB|*) = 0,

or

[l + o[Vl + [[b]]* + 5% Vb|* = C1, (9)

where
C1 = |luol® + || Vuo||* + [|bol|* + 8% (| Vbol|* .

Now, using the bound for the H' norm of the solution provided by the energy
identity (9), we deduce that such a solution can be extended for all positive time
(indeed, the time interval of local existence has a lower bound depending only on
the initial data).

Hence, we have the global existence of a unique weak solution

u,b € L0, 00; H'(Q)) . (10)

This concludes the proof of Theorem 1.1.

In order to prove Theorem 1.2 for strong solutions, we can proceed similarly.
We only need an upper bound for higher derivatives. With this aim, we take the
scalar product with v and B, and integrate over (2, getting

%%“0”2+/(u.v)u.v—/(b~V)b~v:O, (11)
%%HBHQ+/(u~V)b~B—/(b~V)u~B:0. (12)

Using Gagliardo—Nirenberg inequality
lulle < CllAul** |l + Cllul (13)
and Poincaré inequality [|u| < C||Aul|, we have

lulle < CllAul>lu],
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fus

and therefore

< lulfie [Vl o]

14
CllAul** ][Vl [|v] 14

<
< Ol lull V[Vl

Proceeding similarly for the other terms in (11) and (12), we deduce

|

(loll® + 1BI*) <C ([l Vul oI + ] /4 Vo] | BII*|v]

N =
o,

t
+ [ VB (o] B+ 1Bl | BT

<O(lol* +IBIP*|loll + [lo]1**|IBIl + | BII"*)

having used (10). Applying Young’s inequality with exponents 7/3 and 7/4 to the
middle terms, we get

d
A+l +IBI?) < C(lol™* + B[ < C(llv]* + | BI*) '/

< C+ ol + IBI);
the differential form of Gronwall lemma implies
L+ o@)|* + IBOI* < (1+ [Jvol* + |1 Bol*) et Vvt >0,

and finally

v, B L>®(0,T;1%(Q)) VT >0
or

u,b € L>=(0,T;H3(Q)) VT >0.

Remark 2.1. Let us note that the same estimates hold also in the case Q! = R3,
with no need of periodicity hypotheses. The proof is indeed slightly simplified, since
Gagliardo—Nirenberg estimate (13) is straightforwardly

lullie < Ol Aul* 2.

Newvertheless, in this case one needs a different approach to prove local existence.

3. Second Model

First, let us note that local existence can be obtained by a contraction argument
proceeding similarly as in [4] (indeed, in this case the technique can be simplified
by considering the space X,, 12 = L>(0, Tp; H™*2(Q)) instead of ©,,, 12); therefore,
global existence is implied by the global in time a priori estimates provided below.
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This approach (to get local and global existence) works for the whole space-domain
Q =R3 as well.

We take the scalar product of equation (5a) with w and of equation (5b) with B,
integrate both equations over Q and sum them up. Using (7), (6) and integrating
by parts when needed, we deduce the energy equality

d
3 (Ilel® + e[ Vu|® + | BI*) + ullVB|* = 0,

N | =

or
t
lu®)[? + ®|[Vu®)|* + | B(®)]* + 2#/0 IVB(s)||?ds = C3, (15)
where
Ca = o) + | Vuol* + || Bol|*-

Hence, provided ug € HY(Q) and By € L%(Q), where ug = (1 — a?A) vy, we
have
u € L™(0,00;H'(Q)), B € L®0,00;L%(Q)). (16)

Similarly, taking the scalar product of (5a) with v and integrating in space, we
get

1d

§E||v\|2+/(u-V)u-v—/(B-V)B~v=O (17)

while, testing (5b) by (1 — a?A)B, we deduce
/Bt (1-a*A)B + /(u -V)B-(1-a*’A)B
f/(B~V)u~(17a2A)Bfu/AB-(lfoﬂA)B:O.
Integrating by parts, one easily compute
[ Bi-1-a?a)B = (1B +*|VBIP)

and
i [ AB- (1= a?A)B = y|VB| + a* ABJP.

As to the second term, we assume sum from 1 to 3 for repeated indices and get

‘/(u-V)B-(l—oﬂA)B’ =a?

JuwwB--am)

/(ahu V)B-0,B + /(u -V)0,B - 8hB‘

< o?|| V| [ VBl VBl
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having used twice identity (7).
For the third integral, we use the identity

- /(B V)u- (1 -a’A)B = —/(1 —a?A)[(B-V)u]-B
:—/(B~V)u~B+oz2/Bj8j8i2ukBk
+Oé2/8isz é)juk Bk+2a2/8iBj (fjuk By,

= —/(B . V)’U -B — a2 /BZBJ 8juk &Bk - a2/8iBj &uk @-Bk

to deduce the following estimate:
/(B V)u- (1 -a*A)B < /(B -V)v - B + 202 V|4 | VB2 ||VB]| .
Substituting these results in (18) and summing up with (17) yields
57 (IP + IBI? + o?[VB|?) + plVB|* + o*ul| AB|*
< [itw- ¥y ol + 3% | Vuls [VB|us [V B

Using Gagliardo—Nirenberg inequality
IVulls < CllAul® Va4 + Cllu|l < C||Aul*/*|| Ve
(thanks to Poincaré inequality) and the elliptic estimate ||Au|| < C||v||, we obtain
[Vl [VB|[L [V B

< Ol Va4 ABIP VB>

<e(JABIPY + (|l Vu| 4V B4

= el|AB|? + C||Vu| ||V B *?||v||*°| VB|*/®,
where ¢ > 0 is a small parameter. Combining with estimate (14) and exploiting

[ul < [[v]l + o®[|Au] < Clv]l,

we deduce, for € = a?1/2,

L4 4y of2 4+ BI? + a2 |VBIP) + u| VB2 + L aB|?
2 dt 2 (19)
< C(IVull + [Vul/S[VBIP/) (1 + [o]2 + | BI? + *|VBJ2).
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Setting y(t) = 1+ |[v(t)||?> + | B(t)||? + o?||VB(t)||?, from Gronwall lemma we get
t
y(t) < y(0) eXpC/O (IVu(n)|| + V()| VB(7)|%) dr .

Now, recalling that ||Vu|l € L ([0, co[) and
(IVBJ*?)°/* = ||VB||* € Ly ([0, ).

as follows immediately from the energy identity (15), we have

| (val+ 196 oV B dr

t 2/5 t
< C’t+C(/ d7> (/ ||VB||2d7->
0 0

<C(t+1).

3/5

Therefore, we conclude
v € L=(0,T;1L4(Q)), B cL1™(0,T;H (Q) VI >0.
Let us note in particular that
w e L>(0,T;H*(Q)) VI >0.
Moreover, integrating (19) in time shows that
B c L0, T;H%(Q)) VT >0.

This concludes the proof of Theorem 1.3.

After completing this work, the authors were informed of the paper by Larios—
Titi [11] containing some results related to the first model.
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