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Abstract

We prove local existence of smooth solutions for large data and global smooth solutions for small data to the incompressible,
resistive, viscous or inviscid Hall-MHD model. We also show a Liouville theorem for the stationary solutions.
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1. Introduction

In this paper, we study the existence of smooth solutions for the incompressible resistive Hall-
MagnetoHydroDynamics system (in short, Hall-MHD). While usual incompressible resistive MHD equations are
well understood for quite long time (see e.g. [6]), Hall-MHD has received little attention from mathematicians. How-
ever, in many current physics problems, Hall-MHD is required. The first systematic study of Hall-MHD is due to
Lighthill [10] followed by Campos [3]. The Hall-MHD is indeed needed for such problems as magnetic reconnection
in space plasmas [7,9], star formation [17,2], neutron stars [14] and geo-dynamo [12]. A physical review on these
questions can be found in [13]. Mathematical derivations of Hall-MHD equations from either two-fluids or kinetic
models can be found in [1] and in this paper, the first existence result of global weak solutions is given. In [4],
a stability analysis of a Vlasov equation modeling the Hall effect in plasmas is carried over.

Hall-MHD is believed to be an essential feature in the problem of magnetic reconnection. Magnetic reconnection
corresponds to changes in the topology of magnetic field lines which are ubiquitously observed in space. However,
in ideal MHD, due to ideal Ohm’s law, the magnetic field undergoes a passive transport by the fluid velocity and
its topology is preserved. The Hall term restores the influence of the electric current in the Lorentz force occurring
in Ohm’s law, which was neglected in conventional MHD. This term is quadratic in the magnetic field and involves
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second order derivatives. So its influence becomes dominant in the cases where the magnetic shear is large, which
precisely occurs during reconnection events. In laminar situations, this term is usually small and can be neglected,
which is why conventional MHD models ignore it.

In this paper, we focus on the mathematical analysis of this model and investigate the existence and uniqueness of
smooth solutions. We also prove a Liouville theorem for stationary solutions. The main results are stated in Section 2.
Theorem 2.1 provides the global existence of weak solutions for any data. Compared to [ 1] which dealt with a periodic
setting, the present result concerns the whole space case. However, the proof is identical and is omitted. Theorem 2.2
shows the local existence of smooth solutions for large data and provides a blow-up criterion. Theorem 2.3 proves
the global existence of smooth solutions for small data. Theorem 2.4 gives the uniqueness of the solution. Finally,
a Liouville theorem for stationary solutions is provided in Theorem 2.5. The main technical point is to control the
second order derivatives in the Hall term by the diffusion term induced by the resistivity. This can be done thanks to
the special antisymmetric structure of the Hall term. The proofs are carried over in Section 3.

2. Statement of the main results

We consider the following viscous or inviscid, resistivity incompressible MHD-Hall equations.

du+u-Vu+Vp—vAu=(V x B) x B, 2.1)
V.ou=0, 2.2)
9B~V x (uxB)—AB=-V x ((VxB)x B), 2.3)

Eq. (2.1) represents the momentum conservation equation for the plasma fluid while (2.3) is the Maxwell-Faraday
equation for the magnetic field. The incompressibility condition (2.2) is what is left from the continuity equation when
the fluid density is a constant. The left-hand side of (2.1) is the standard Navier—Stokes equation while the right-hand
side describes the Lorentz force acting on a charged fluid. For the simplicity of the presentation, the density is assumed
to be equal to 1, along with all the physical parameters except for the viscosity v. Keeping v will allow us to distinguish
between inviscid flow (v = 0) and viscous flow (v > 0). The left-hand side of (2.3) is the standard Maxwell-Faraday
equation for standard MHD, while the right-hand side is the Hall term. The collection of (2.1), (2.2) and the left-hand
side of (2.3) makes the standard incompressible viscous resistive MHD. The addition of the Hall term at the right-hand
side of (2.3) gives rise to the incompressible viscous resistive Hall-MHD. The second term at the left-hand side of
(2.3) describes the passive transport of the magnetic field by the plasma velocity and arises from ideal Ohm’s law.
The third term at the left-hand side of (2.3) is added to Ohm’s law when finite resistivity effects are present. Here, the
resistivity term is essential for the well-posedness. Consequently, we set the resistivity equal to 1. Finally, the Hall
term restores the influence of the discrepancy between electron and ion velocities in Ohm’s law. This discrepancy is
usually neglected in conventional MHD models but it may become significant in some situations such as magnetic
reconnection and dynamo effects.

The following theorem is the first step of the present paper. It shows the existence of global weak solutions in the
whole space case.

Theorem 2.1 (Existence of global weak solutions). Let v > 0 and uq, By € L>(R3), with V - ug = 0. Then, there exists
a global weak solution u, B € L* (R, ; L>(R3) N L>(Ry; H' (R3)) satisfying energy inequality

t t
1 1
S(luc 0l + ||B(-,r)||iz)+vf||W(-s)||iz ds+/||v3<~,s>||§2 ds < > (luollj2 + 1 Boll}2)
0 0

for almost every t € [0, 00). Furthermore, if V - Bo =0, then we have V - B(-,t) =0 for all t > 0.

A previous version of this theorem in the case of a periodic domain has been proved in [1] using a Galerkin
approximation. Here, in the whole space case, the proof is based on mollifiers (see Egs. (3.1)—(3.3)) and the main
estimates will be given at Proposition 3.1 below. We note that this theorem does not require that V - By = 0. Howeyver,
if V- By = 0, the divergence free condition is propagated.
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The main results of this paper are the establishment of short-time existence of smooth solutions and a blow-up
criterion (Theorem 2.2). We also establish the existence of global smooth solutions for small data (Theorem 2.3).
Additionally, we show the uniqueness of solutions (Theorem 2.4). Finally, we state a Liouville theorem for smooth
stationary solutions.

For the sharp blow-up criterion, we need to introduce the following functional setting. We recall the homogeneous
Besov space Bgo, oo+ Which is defined as follows. Let {1/ }«c7 be the Littlewood—Paley partition of unity, where the

Fourier transform tﬁk (&) is supported on the annulus {§ € RN | k=1 ¢ ] < 2"} (see e.g. [5,16]). Then,
fe Bgo,oo if and only if ~ sup ||y  f|| 00 =t [ fllgo < o0,
keZ e
The following is a well-known embedding result, cf. [16, pp. 244]
L>®(RY) = BMO(R") < BY,  (R"), (2.4)

where BMO denotes the Bounded Mean Oscillation space [16]. Now, we state the theorems. The first one is the local
existence theorem for smooth solutions and the blow-up criterion:

Theorem 2.2 (Local existence and uniqueness of smooth solutions and blow-up criterion). Let m > 5/2 be an integer,
v>=0andugy, Bo € H" (R3) with V - ug = 0. Then:

(i) There exists T = T (|lug| zm, || Bollum) such that there exists a unique solution u, B € L*®([0, T); H™(R?)) N
Lip(0, T; H""2(R?)).
(ii) Define
X(0) =14 | BCO| 3 + [4C )]s 2.5)
and
L+ [u@ll7 + I1BON7 0 + IVB@)[7
1 +log(1 + lu(@) L + [1B@) e + VB[ L)
where we denoted by w =V x u the vorticity. For T* < oo then the following two statements are equivalent:

AW = o] g+ 2.6)

(i) X(@)<oo, Vi<T* and limsupX(t)= o0, 2.7)
t—T*
t T*
(ii) /A(s) ds <oo, Vt<T* and fA(s) ds = oo. (2.8)
0 0

If such T* exists, then T* is called the first-time blow-up and (2.8) is a blow-up criterion.

Note that this theorem is valid in both the viscous (v > 0) and inviscid (v = 0) cases. Next, we state the global
existence theorem for smooth solutions with small data:

Theorem 2.3 (Global existence and uniqueness of smooth solutions for small data). Let m > 5/2 be an integer,
v > 0, and ugy, By € H™(R3) with V - ug = 0. There exists a universal constant K = K (m, v) such that if ||uo|| gm +
|Bollgm < K, then, there exists a unique solution u, B € L*°(R; H™ R33N Lip(Ry; H™Z(R3)).

This theorem is only valid in the viscous case (v > 0). The next theorem states the uniqueness of the solution:
Theorem 2.4 (Weak-strong uniqueness). Let (u1, B1) and (u>, By) be two weak solutions.

(1) Assume v >0, and (uz, B) satisfies
T
/(nmnm + lluzllzo + B2l + 11V B2ll7e0) dit < 0,
0
then we have uy = uj, and By = B, a.e., in (0, T) x R3.
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(i) Assume v >0, up € L0, T; H' (R*) N L2(0, T; H>(R?)), B, € L*(0, T; W °(R3)). Then we have u; = u»,
and By =Bj a.e., in (0,T) x R3.

More precisely, this theorem states that, if two solutions exist with the same data and if one of them is smooth,
then they must coincide. The first statement is valid in both the viscous (v > 0) and inviscid (v = 0) cases but requires
stronger regularity on the smooth solution. The second result is only valid in the viscous case (v > 0) and the regularity
for the u-component of the smooth solution reduces to that of the strong solution.

Finally, we state a Liouville type theorem for the smooth solutions of the following stationary Hall-MHD system.

u-Vu+Vp=(Vx B) X B+VvAu, (2.9)
V.u=0, (2.10)
—Vx(uxB)+Vx((VxB)xB)=AB, (2.11)
V.-B=0. (2.12)

The Liouville theorem reads as follows:

Theorem 2.5 (Liouville theorem for steady smooth solutions). Let (u, B) be a C2(R3) solution to (2.9)—(2.12) satis-

fying

/|Vu|2dx+/|VB|2dx<oo, (2.13)
R3 R3

and
u, B e L(R*) N L3 (RY). (2.14)

We assume v > 0. Then, we have u = B = 0.

Remark 2.1. If we set B = 0 in the Hall-MHD system, the above theorem reduces to the well-known Galdi result [8]
for the Navier—Stokes equations.

3. Proofs of the main results
We use the mollifier technique as described in [11]. We consider the following mollifier operator:

Jev=pexv, pe=5"p(x/e),

where p is a nonnegative C3° function, with unit integral. We introduce the regularized system as follows:

e + Te(Tette - VITette) + Vps = Te((V x T Be) x T Be) + VAT e, 3.1)
V-u, =0, (3.2)
¥ Be —V x (Je(Tetts X TeBe)) + V x (T ((V x Te Be) x JoBs)) = AT Be, (3.3)

with initial condition

(ME, BE)'Z‘:O = js(u07 BO)

First, we have

Proposition 3.1. Let m be an integer such thatm > 5/2, let e > 0, v > 0 and ug, Bo € H™ (R3), with V -ug = 0. Then,
there exists a unique global solution ug, B, € C*°(Ry; C*° N H™ (R3)) which satisfies:
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(i) Energy inequality:

t 1
1
S0+ Bl + v (19T [fads+ [ 1980 ds
0 0

<1 2, +1IBol?,) Vie (0 3.4
<5 (luoll}: + 1Boll32) V1 € 0. 00). (3.4)
(i1) There are positive constants C depending only on m, and constant T depending only on m, |\ug| g, and || Bo|l gm
such that:
2 2
” (ué‘v Bs) || L0, T;H™ (R3))0Lip(0,T;H'"’z(ﬂ@)) < C(””O”H’" + ” BO”H'")' (35)

Sketch of proof. The existence and uniqueness comes directly from the abstract Picard iteration theorem in H™ (see
details in [11]). The energy estimate comes directly from (3.1), (3.3). The proof of estimate (3.5) is almost identical
as the proof of the a priori estimate (3.20) of Theorem 2.2 below and is skipped. O

We can now prove Theorem 2.1.

Sketch of proof of Theorem 2.1. Thanks to Proposition 3.1, we can construct a sequence of regularized solutions
to problem (2.1), (2.3) and the energy estimate (3.4) provides the required compactness allowing to pass to the limit
& — 0 in the weak formulation and to get a global weak solution. The details of the functional analysis are the same
asin[1]. O

Property (ii) of Proposition 3.1 will be used as an a priori estimate for the construction of regularized solutions in
the proof of Theorem 2.2 below.

Proposition 3.2. Let m > 5/2 be an integer. Let (u, B) be a smooth solution to (2.1)—(2.3). Then, there are two positive
universal constants C1 and Cy such that the following a priori estimates hold:

d
E(an%,m + Nuel3gm ) + 11V Bl 3y + 20| Dt |3
<Ci(1+1Bllis + IVBIee + lulFoe + VUl o) (1 BllFm + lullFm + 1), (3.6)

B3 m + Nl 3m) + 20V Bl m + 2] Dl 3m

S

< C2(IVBI3m + IVullFm ) (1B 3w + Nutllgpm + el gm + || Bl ggm). 3.7)

Proof. We first concentrate ourselves on (3.6). Let @ = (a1, o, @3) € N> be a multi-index. We operate D% =
3l /ax{" - 9x3 (where |a| = o) + -+ + a3) on (2.1) and (2.3) respectively and take the scalar product of them
with DY B and D“u respectively, add them together and then sum the result over || < m. We obtain

d
Ea(nun%,m +IBI3m) + vIDull3m + VB3
=— Z D*((V x B) x B) - D*(V x B)dx + Z D%(u x B) - D%(V x B)dx
0<|a|<mR3 0<|a|<mR3
- Z D% - Vu) - D®udx + Z D*|(V x B) x B} - D®udx
0<‘(¥|<’”R3 O<‘“|<”’R3
=L+ h+ 5L+ 1. (3.9)

Notice that the || = 0 terms on the right-hand side above have exactly cancelled each other by energy conservation.
The cancellation is crucially important for the existence of global smooth solution for small data. Then, we estimate
successively each of the /1—14 terms. We have:
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Li=— Y [[D*((VxB)xB)—(D*(V x B)) x B]- D*(V x B)dx
0<|a|<mR3

where the second term of the right-hand side is simply zero. Using the well-known calculus inequality,

S oD% (fe) = (D*f)gl 2 < CIF N gm-11V8 L + 1 fllLeliglam), (3.9)
la|<m
we get:
L <C(IBllan VBl L + VBl ool Bll g ) |V Bl s (3.10)
< VB2 + CLBIZmIVEBIP 3.11
< ZIVBIGm + ClIBIGm VBl 7, (3.11)

On the other hand, using Leibnitz formula and the Sobolev inequality, we obtain

L< Y D% x B 2 IVBlan

O<|a|<m
< C(llullzoll Bl gm + llull gm | Bl oo ) |V B]| g
1
< ZHVBH%,m + Cllull? o | Bl 3gm 4 Clluelym | Bl|3 oo (3.12)
Then, we remark that
L=— Z [D“(u-Vu)—u~VD“u]-Daudx.
0<|a|<mR3

Indeed, the second term is zero by the fact that u is divergence free. Then, similarly to the above calculation, using
the calculus inequality (3.9), we obtain

B Y DU Vi) —u - VD u | Val gt < CHVul| | Vull - (3.13)
O<|a|<m
From (3.8) we get
L< ) [V xB)x Byl Vull gt
O<|a|<m

Note that we can take || Vu|| gm—1 instead of ||u|| g» because || > 0. This remark is important for the proof of the next
theorem about the global existence of smooth solutions for small data. Using Leibnitz formula, we derive

L < C(IVBIiLe Bl am + VBl g || Bl oo ) | Vet || g (3.14)
1
< CIVBll 1Bl am | Vull gn-i + 5 IVB[3m + ClIBI o llullFm. (3.15)

From estimates (3.11), (3.12), (3.13) and (3.15), we obtain

d
E(||B||fqm + el 3y ) + IV BI3m + 201 Dullm

< C(IIBleo + VB0 + ull7o0) (1B lI3m + el Fym)

+ ClIVull oo | Vil s + CIIVBI L | Bl | Vit gyn-, (3.16)

from which we easily deduce (3.6).
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We now turn towards estimate (3.7). It is deduced through a small change in the estimate (3.12) for I,. From
Leibnitz formula, we have:

L< Y D@ x B)| VBl an

O<|a|<m
3
< > YD @y u x B 4w x 3y, B 2| VB

O<|a|<m j=1
< C(llull eIV Bl gm—t + I Vuull o | Bl gt + 1Bl oo [ Vit || gt + [V Bl Lo ]l g1 ) |V B[
< C(lullgm |V Bl gt 4 1Bl am [ Vel gt ) [V B . (3.17)

From estimates (3.10), (3.17), (3.13) and (3.14), we easily deduce (3.7). This completes the proof of Proposi-
tion3.2. O

In order to prove Theorem 2.3, we need to use the following

Lemma 3.3. Assume that a is a positive constant, x(t), y(t) are two nonnegative C 1 (Ry) functions, and D(t) is a
nonnegative function, satisfying

d
T+ + D<a(x® + 5 +x+y)D.

If additionally, the initial data satisfy

204770 + 2020 +20) < - (3.18)

then, for any t > 0, one has

1
2O+ YO +x@) + (@) < x20) + y2(0) +,/2(x2(0) + y2(0)) < —

Proof. Notice that

d
(5% + D <alx? +y7 +,/2(x2 +y2) D.

Since (3.18) is true initially, it is still true for short time, so that one has

20+ V20 +/2(x20) + y2(0) < %

Then x2(r) 4+ y*(t) is a decreasing function in this short period. Hence

x2(1) + ¥ +,/2(x2(1) + y2(1)) < x2(0) + y*(0) + ,/2(x2(0) + y2(0)).

Then by an extension argument, it holds true for all time. O

Proof of Theorem 2.2. We construct a sequence of weak solutions of the regularized system (3.1)—(3.3) and remark
that such solutions do actually satisfy the a priori estimate (3.6). This allows us to pass to the limit in a subsequence
and show the existence of smooth solutions on short times.
Below we set
2 2

X ()= |BC.O)| gym + [uC 0| 5w + 1.
Then, from (3.6), and using the Sobolev inequality, we have
dx<cn 2 VB|? 2 \Y
th SC(L+IBllzee + VBl + lullzoc + I Vul ) X

S C(L+ Bl gm + Nt G + el ) X

< CX2.
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Therefore, thanks to nonlinear Gronwall’s inequality, we have:

X (0)

XOsT—ex0r

Now, choose T = m. Then:
X(@) <2X(0) Vrel0,T). (3.19)
This implies the following a priori estimate:
|G B oo 0.7 1 i3y < C (ol + 1 Bollz,)-
Now, thanks to a direct estimate on the time derivatives using Egs. (2.1), (2.3), we have also the a priori estimate:
|Gt B 0,12y < € (luollz, + 1Bollz,)-

Adding these two inequalities together, we get the a priori estimate:

2 2
” (M, B) ”LOO(O,T;Hm(R3))ﬂLip(0,T;Hm’Z(R3)) < C(””O”m + “BOHm) (320)

Inequality (3.20) also holds true for the modified equations (3.1)—(3.3). This is exactly estimate (3.5) of Proposi-
tion 3.1. As in the proof of Theorem 2.1, there exists a subsequence, still denoted by (u., B;) whose limit gives rise
to a global weak solution (#, B). Using the lower-semicontinuity of the norm, one has that this weak solution satisfies
the inequality

” (ua B) ”L°°(O,T;Hm(R3))ﬂLip(0,T;Hm_2(R3)) g C(”“O”i + ”BOHrzn)a

which proves the local existence of a smooth solution on [0, T'). Uniqueness follows from the same kind of proof as
Theorem 2.4.

Next, in order to prove the blow-up criterion (2.8) we recall the following version of Beale—Kato—Majda type
logarithmic Sobolev inequality in R3 (see [15, formula 14.2] or [5]),

Iz SC(L+ N fllgo, log(L+ 11 flgma)}. m>5/2. (3.21)

Substituting f for Vu in (3.21) and inserting the result into (3.16), we have

d

TXSC(1H 1Bl + 1VBI 7o + lllZ) X + C(14+ 1 Vull o, ) X log(1 + X). (3.22)
We use the fact that the Calderon—Zygmund operator is bounded from the homogeneous Besov space 1'320’ o INto
itself [16], namely we have

IVullzo < Clolg - (3.23)
We also use the Sobolev inequality to obtain

1+ Bll7o + VB0 + 7
1+ 1Bl3 + VB3 + [ul}~ < C L L L log(1+ X). (3.24)

1 4+1log(1 + |lullzee + [|BllLe + |VB| L)
Inserting (3.23) and (3.24) into (3.22), we get:

d
X <CADXIn(l +X),

where A(t) is given by (2.6). We now recall that by Sobolev imbedding, there exists C > 0 such that we have A(?) <
CX (t). Then, by this inequality and Gronwall’s lemma, we obtain the equivalence of (2.7) and (2.8). O

Remark 3.1. By applying the same argument, we can show the local well-posedness for the simple Hall problem
without coupling to the fluid velocity u, which is written as follows:

B+ V x ((Vx B) x B)=AB,
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with an initial data By. We can also extend the result to the following generalized Hall problem
#B+V x ((A“V x B) x B) =—A”B,

where A is the fractional power of the Laplacian A% = (—A)%/2, supplemented with an initial data By. With the
same argument, we can show that if 8 > o 4+ 2, o > 0, then this generalized Hall problem is also locally well posed.
When 8 < « 4 2 it is an open problem to determine if this problem is well-posed or not.

Proof of Theorem 2.3. We use the inequality (3.7), and estimate, using the Sobolev inequality,

d
E(HBH%M + ulZm) + 20V Bl 3w + 29[ Vel 3

< C(IBleo + VB0 + ull7oo) (I1BlI3m + el Fym)
+ ClIVull L [ Vull3,, 1 + CIIV Bl | Bl g | V]| g

< CL(IVBIGm + 1Vl 3 ) 1B g + Nl + el g + 1B i) (3.25)
Therefore if
min{1, 2v}

1Boll3m + ol 3 + /1 Boll3m + ol < —c
then, by Lemma 3.3, we have for any # > 0

d

2 (1B D + ut0[) <0 (326)
and

in{1,2
L ) P L A T e

for all # > 0. Hence the so obtained solution is global in time, which ends the proof. O

Proof of Theorem 2.4. The proof of this theorem uses the same estimates as for the proof of Theorem 2.2(i) applied
tou =u; —up and B = B| — B. The details are omitted. O

Proof of Theorem 2.5. We first estimate the pressure in (2.9). Taking the divergence of (2.9), and using the identity,
(V x B) x B=—VEL 4 (B.V)B, we obtain

B2 :
Alp+=-) == 2 8dk(ujuc — Bj By,
j.k=1

from which we have the representation formula of the pressure, using the Riesz transforms in R>,

3 2
|B|
= RiR B;By) — —. 3.27
p Z j j(”/uk Jj 9] ) ( )
J.k=1
By the Calderon—Zygmund inequality, one has
Iplize < Cllul2s, + CIBIZ,,, 1<g <o, (3.28)

if u, B € L% (R3). Let oy be the standard cut-off function defined as follows. Consider o € Cy° (RV) such that

(1 il <1,
(’('x')_{o if x| > 2,

and 0 < o(x) <1 for 1 < |x| < 2. Then, for each R > 0, let us define

a(%) = og(|x]) € C(RY).
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We take the inner product of Eq. (2.9) with uog and the inner product of Eq. (2.11) with Bog, add the result together
and integrate over R3. After integration by parts, we have

1
v/quIzaRdx+/|VB|20Rdx = Ef|u|2(u.V)aRder/p(u.V)oRdx
R3 ]R3 R3 R3

—/uxB-VaRdex+/(VxB)xB-VaRdex

]R3 ]R3
v 5 1 5
+§ lu| AaRdx—i—E |B|*Aogdx
R3 R3
=hLh+---+ I (3.29)
We have the following estimates,
L] < / u’|Vor|dx
{R<|x|<2R)
2
1 9 3 3
< EHVUHL“’( / lu|2 dx / dx)
{R<|x|<2R} {R<|x|<2R}
<C||u||39 —0 as R — oo.
L2 (R |x|K2R)
Using the estimate (3.28), one has
Il < / |pllullVog|dx
{R<Ix|<2R}
4 2 1
1 9 9 9 9 3
<E||VU||L°°</|P|4dx> < / IMIZdX) < / dX>
R3 {R<|x|<2R} {R<|x|<2R}
< C(llul? B|? 0 asR ,
(Rl y +UBIZ gl g =0 as R 00

Il < / ul|BI?|Vo | dx

{R<Ix|<2R}

! N VYIRS }
<E||Va||Loo</|u|2 dx) </|B|2 dx) < / dx)
R3 R3

{R<IxI<2R}

<C||B||ig||u|| —0 asR— oo,
2

9
L2 (R<IXIS2R)

] < / VB|[BP|Vo|dx

{R<Ix|<2R}

| S\ !

< E”VU”LOO”B”LO"”VB”LZ / |BI”dx / dx
(R<|x|<2R} {R<|x|<2R)}

< CIBl=lIVBI 21 Bll Lok iri<ary = 0 as R— oo,

since ||B]|;6 < C||VB] ;2 < oo by the Sobolev embedding. Then,
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5]+ s < C / (ul? +1BP) | Ao dx
{R<|x|<2R}

3

1

C 3
colooli( [ Grrmpya)(f w
{RSIxIS2R} (R<IX|<2R)

<C( —0 as R — oo.

2 2
16 v i<y + 1B 6(riv1<2m))

Therefore, passing to the limit R — oo in (3.29), and using the dominated convergence theorem, one has

/|Vu|2dx+/|VB|2dx=0,
R3 R3

which implies the conclusion of the theorem. 0O
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