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von Karman-Howarth equations for Hall magnetohydrodynamic flows
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The von Karman-Howarth equations are derived for three-dimensional Hall magnetohydrodynamics in the
case of a homogeneous and isotropic turbulence. From these equations, we derive exact scaling laws for the
third-order correlation tensors. We show how these relations are compatible with previous heuristic and nu-
merical results. These multiscale laws provide a relevant tool to investigate the nonlinear nature of the high-
frequency magnetic field fluctuations in the solar wind or, more generally, in any plasma where the Hall effect

is important.

DOI: 10.1103/PhysRevE.77.015302

Turbulence remains one of the last great unsolved prob-
lems in classical physics which has evaded physical under-
standing and systematic description for many decades. For
that reason, any exact results appear almost as a miracle. In
his third 1941 turbulence paper, Kolmogorov found that an
exact and nontrivial relation may be derived from Navier-
Stokes equations—which can be seen as the archetype equa-
tions for describing turbulence—for the third-order longitu-
dinal structure function [1]. Because of the rarity of such
results, Kolmogorov’s four-fifths law is considered as one of
the most important results in turbulence [2].

The derivation of Kolmogorov’s law uses earlier exact
results found by von Kdrman and Howarth in 1938 [3]: it is
the well-known von Kédrman-Howarth (vKH) equation that
describes the dynamical evolution of the second-order corre-
lation tensors. Very few extensions of such results (VKH
equations and four-fifths law) to other fluids have been
made; it concerns scalar passively advected [4], such as the
temperature or a pollutant in the atmosphere, and astrophysi-
cal magnetized fluid described in the framework of magne-
tohydrodynamics (MHD) [5,6]. The addition in the analysis
of the magnetic field and its coupling with the velocity field
renders the problem more difficult and, in practice, we are
dealing with a couple of equations.

Signatures of turbulence in astrophysical flows are found
in the solar wind [7], the interstellar [8], galactic, and even
intergalactic media [9]. In the case of the interplanetary me-
dium, we have access to very precise in situ measurements
which show, in particular, the existence of a steepening of
the magnetic field fluctuation spectrum at frequencies higher
than 1 Hz [10,11] whose origin may be attributed to nonlin-
ear Hall-MHD processes [12]. Efforts from observers are
currently made to show the presence of intermittency at high
frequency. In this quest, any theoretical or model predictions
about moderate or high-order correlation tensors is particu-
larly important for the understanding of solar wind and, more
generally speaking, astrophysical turbulence.

In this Rapid Communication, we derive the vKH equa-
tions for three-dimensional (3D) Hall-MHD fluids. From
these exact results, we give the equivalent of Kolmogorov’s
four-fifths law for the velocity, magnetic, and current density
field correlations.

We start our analysis with the 3D incompressible Hall
MHD equations

(0,+v-V)v==VP:+b-Vb+ vAv, (1)
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PACS number(s): 47.27.Jv, 47.65.—d, 95.30.Qd

(6,+v-V)b=b-Vv-d,;V X[(V Xb)Xb]+ 7Ab,
(2)

with V-v=0 and V-b=0. The magnetic field b is normalized
to a velocity (b— v ugnmb, with m; the ion mass and n the
electron density), v is the plasma flow velocity, P+ is the
total (magnetic plus Kinetic) pressure, v is the viscosity, 7 is
the magnetic diffusivity, and d, is the ion inertial length (d,
=c/w,;, where c is the speed of light and w), is the ion
plasma frequency). Equations (1) and (2) may be rewritten
more compactly as

Ov;=—0;Px+bedeb; — v edev; + Vaﬁgvi, (3)

&tbi = bg&gvi - U{/&gbi + d](lgagbi - b(’df‘]i) + n&%(bi, (4)

where J=V Xb is the normalized current density. Note the
use of Einstein’s notation. We see immediately that the third-
order tensors that will appear in our analysis will be a com-
bination of the velocity, the magnetic field, and the current
density. This makes an important difference with Navier-
Stokes fluids for which the tensor used to derive the four-
fifths law is built with the same (velocity) field. As shown
below, it will have a direct impact on the kinematics.

Before deriving the VHK relations for Hall-MHD fluids,
one needs to introduce the kinematics adapted to this prob-
lem. The second-order correlation tensors, in the full isotro-
pic and homogeneous case, may be written as [13]

R}(r) = (X,(0)X;(x")) = F¥r;r; + GX5, (5)
where x’=x+r and X=v or b. FX and G* are four arbitrary
functions of 7> which will be specified later. The divergence-
free condition &,_Ré(r):O on the velocity and the magnetic

J
field leads to the relations

4FX +rd FX+1r19.G* =0, (6)

which will be used later. We now introduce the longitudinal
and lateral functions as, respectively,

Rﬁﬂ =X’f(r) and RY =X%g%(r). 7)

The reference direction is the vector separation r such that,
for example, the parallel component is the one along r. The
correlation functions f¥** and g"** are mainly decreasing (see
[13] for more details about the function g) and satisfy the
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condition f**(0)=g"?(0)=1. From relations (6) and (7), we
obtain

R¥(r) = xz{ x5, +< 8- —1) ,fx} (8)

The third-order correlation tensors that will appear in our
derivation are [13]

Sin(r) = (0,(X)v;(X)vi(x"))
—Alrrrk+B (r,5,k+r k)+Dlrk5l'~, (9)

Si(r) = (bi(x)b;(X)vi(x")

—Azrrrk+Bz(r,5jk+r 5,k)+D2rk5U, (10)

S(0) = (0 (X)b;(X)by(x")
—A3rrrk+B3r,51k+C3r 5lk+D3rk5U, (11)

Sir(r) = (T(0b;(x)bi(x"))

—A4rrrk+B4r,5jk+ C4r 51/(+D4rk511’

(12)

where A,,, B,,, C,,, and D,, are arbitrary functions of r*. Note
that the last two tensors are not symmetric in the suffixes i
and j, which makes an important difference with Navier-
Stokes fluids where only the velocity field is used to build
the third-order correlation tensor. The direct consequence is
that we need not three but four arbitrary functions to define
these tensors initially. In the same way as before, we use the
continuity condition d, S7;(r)=0 to constrain our system
[13]; it leads to the relations

rdA 5 +5A,,+2r7'9,B,,=0, (13)
rd,Dy,+3D,+2B,=0, (14)
F0As4+5A34+17'9,B3 4 +7719,C34=0, (15)
rd,D3 4+3D3 4+ B3 4+ C5,=0. (16)

Additionally, we note that S’ (r)=0 whatever the value of m
is (since it is a solenoidal first-order isotropic tensor); it gives
the relations

A1’2r2+231’2+3D1’2=0, (17)

A3y4r2+B3’4+C3y4+3D3’4=0. (18)

We introduce now the basic functions which include the par-
allel and perpendicular components of the fields. We have

SITi= A1 + 2B, + D )r=Y K 5(r),  (19)
SV =Dyor=Y ok 5(r), (20)
SiTL=Bar=Y,q,(r), (21)

Siti=Asar + (By g+ C3 4+ D3 )r="Y5 K5 4(r), (22)

SV =Dsar=Y34h34(r), (23)
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St =Byar="Y3.4q34(r), (24)

SV = Caar="Y34534(r), (25)

Where K, hy, qm, and s,, are odd scalar functions and Y,

=v3, Y,=Y;=vb?, and Y,=Jb>. Conditions (13)-(18) sim-
plify the expression of the third-order tensors, which write
finally as
Klyz—rﬁrKLz 2K1,2+rﬂrK1Y2
Sllﬂg(r):Y],2|:< 2r3 rirjrk‘l' 4r
X(riﬁjk-'-r k) ’I:|’ (26)
K34— r(?rK3,4 934
ljk(l') Y34|:< 2r3 Vk+ }’5

N (K3,4 +rd, K3 4/2 - 613,4)

K34
. rj‘sik_ 2 Vk@/}
(27)

The first main goal of this paper is the derivation of the
vKH equations for 3D Hall MHD fluids. We start with Egs.
(3) and (4) and use previous relations derived from the kine-
matics to find

IR (r) = (V0] Y+ (v av;)
=(vbydyb;) = (v ydp ;) = (v;d; P')
+{Vibedeh;) = (vjvd;) — v} I,P)
+ v(vi& v N+ V<U &%(v ), (28)

GR}(x) =(bdb}) + (b},b;)
= <bibéﬁél};> - <bi02&£’b;> + <b}b€560i>
= (bjvedeb;) + di((bJy3yb}) = (bibydiJ )
+ (b1 edb) = (bjbde]) + mbid? b))
+ 7%b] b (29)
After simple manipulations where we use, in particular, the

divergence-free condition and the homogeneity assumption,
we get

GRS = 0, (Sig;+ Sjei= Siej= Sie) + 27, Ry, (30)

b 4
atRij:a (Ssz j€z+S€z] +d1 i d1S€ji

—d,Shj)+277(92 Ry, (31)

Tere

+d,Si€j

Note that the pressure terms are suppressed because of isot-
ropy [13]. These general dynamical equations reduce to a
simple form for the diagonal part of the energy tensor,

ORY; =20, (Sig; = Sig) + 2, , R, (32)

n’

éltRlbl (Sfu S?fl + dI(Sl€t S‘(lu)) + an%(r(Rlbl (33)

It is the basic equations from which it will be possible to
derive the equivalent of the vKH relations. The introduction
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of Egs. (26) and (27) into Egs. (32) and (33) gives

v’} vb?
IR, = 0, | —r(4+rd)Ky = —r(4+rd)K, | +2vd, R
r r

rele 2754

(34)
2
a,R: = a,é(— ro(Ks + rd,K+/2 = 2q3)
4dJb*
+——r (K, + rd, K2 - 2q4)) + 277(93(,€Rz
(35)
By introducing
~ 1 ~ K,+rdK,/j2-2
K, =—0,"K,), K,=—""0mnf2  (36)
r r
for m=(1,2) and n=(3,4), we obtain
(9[((3 + rar)fvvz) = 03(9,,((17121) - szarf(l"elzz)
+ 2vﬁf€,€((3 +7d,)f'v?), (37)
I3 +rd,)f"b?) = 4dJb*d, (r(Ky) — 4vb%d, (reKs)
+ 27732 (B +7ra)f"b%). (38)

By noting the identity (for isotropic turbulence) ﬁfmzéf,
+(2/7)d, and the more subtle relation

2 1
o _ 24
(a%, + ra,)@ +19)=(410)500%),  (39)
we finally obtain after some simple manipulations
(B +rd)f'v?) =v’B +rd)K, - vb*(3 + rd)K,

1
+2v(3+7rd,) a.(r*a, fv?), (40)
r

(B +rd)f'b?) = 4d,Jb*(3 + rd,) K, — 4vb*(3 + rd,)K;
1
+27(3 +7d,) 59, 0,£7b?). (41)
¥
A first integral of these equations is

2v
a,f'v*=v’K, —vb K2+—r7( ra,fv?), (42)

_ _ 2
07D% = — 40b*K s + 4d IR, + r—fa,(r“af’bz). (43)

These exact equations are the vKH relations for 3D Hall
MHD. It is the first main result of this paper.

We shall derive now the equivalent of the four-fifths law
found by Kolmogorov for Navier-Stokes fluids [1]. We note
the relation RH )(r)= (X y— 2BH \(r), with the general form for
the structure function
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Bjj(r) = ([X,(x") - X,0IX;(x") = X;(x) ]}, (44)

where X=(v,b). Introducing this relation into the vKH equa-
tions (42) and (43), we get

1 2v 1
&t(v@ ZﬁBH |=v Kl—vb K2+—r9 (r (9((02> BT))

(45)

a4bty - 1,BL, = 4dJb*K , - 4vbK;

2 1
+ r_?&r<r4(9r(<b2 - EBI]H)) ’ (46)

and eventually

B I

~ ~ 14
Ity = d— 5 l—vszz—;a,(r%Bﬁ”), (47)

b
BH I

abi) - d, = 4dJb’K, - 4vb’K; - (9 (r*0,B ).

(48)

We define the mean (total) energy dissipation rate per unit
mass, &’, for isotropic turbulence, as

avi + b7y =—(2/3)eT. (49)

Exact scaling laws for third-order correlation tensors may be
derived from the previous relations (47) and (48) by assum-
ing the following assumptions specific to fully developed
turbulence [2]. We first consider the long- time limit for
which a stationary state is reached with a finite &’. Second,
we take the infinite (magnetic) Reynolds number limit
(v—0 and 57— 0) for which the mean energy dissipation rate
per unit mass tends to a finite positive limit. Therefore, in the
inertial range, we obtain at first order the relation

- teTr=v3 (K| +rd,K,/4) — vb* (K + 1d,K,/4)
- UbZ(K3 + ré’,K3/2 - ZQ';)
+d JbX Ky + rd K2 - 2q,), (50)

which can also be written as
—5eTr= (S + 380 = (ST L+ 38T )+ (S = 87,)
—df(Sf , -S1)). (51)

The last step consists in introducing structure functions
which gives, after some manipulations, the final result

vou vbb
38” By + By —

ZBbUb - 4'dl(SIIu 1Hz)

|lii
— 2Bl + 4d[(J X b) X b"]),

bb
_BUUU +BU I
(52)

llii 173

with B,‘}f’—((a,-’ - a) (B} = B) (7= Y-

Equations (42), (43), and (52) are the main results of this
paper. The former equations are exact for homogeneous and
isotropic turbulence, and the latter assumed additionally the
existence of a large inertial range on which the total energy
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flux is finite and constant. The most remarkable aspect of
these laws is that they not only provide a linear scaling for
the third-order correlation tensors within the inertial range of
length scales, but they also fix the value of the numerical
factor appearing in front of the scaling relations. Another
important remark is about the fields used to build the third-
order correlation tensors. Indeed, the convenient variables
are not only the velocity and magnetic field components but
also the current density components. Note that attempts to
find a simple expression in terms of only structure functions
failed, and therefore relations (52) seem to be the most ap-
propriate. A similar situation was found, for example, in
MHD flows when the magnetic helicity is included in the
analysis [6].

The vKH equations (42) and (43) derived here in the
framework of Hall MHD are compatible with the one de-
rived by Chandrasekhar [5] for MHD when the large-scale
limit (d;—0) is taken. Note that some minor manipulations
have to be made in [5] to prove the compatibility since the
notations are not the same (for example, we have P

Evbzl?3). As explained above, the notation used here seems
to be more suitable for Hall MHD, which therefore requires
for a better understanding a complete rederivation of the dy-
namical equations. In the same way, when the large-scale
limit is taken, relation (52) is compatible with previous
works [6], which are also compatible with Navier-Stokes flu-
ids when additionally the magnetic field is taken equal to
ZEero0.

The exact results found here provide a better theoretical
understanding of Hall-MHD flows. They show that the scal-
ing relation does not change its power dependence in the
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separation r at small scales if the statistical correlation tensor
used is modified. The interesting point to note is the compat-
ibility with previous heuristic and numerical results [14]. In-
deed, a simple dimensional analysis gives the relations r
~b3 for large scales and >~ b> for small scales (since J
~b/r), which give, respectively, the magnetic energy spectra
E~k™"? and E~k™7. Therefore and contrary to appear-
ances, the exact results found may provide a double-scaling
relation.

These multiscale laws provide a relevant tool to investi-
gate the nonlinear nature of the high-frequency magnetic
field fluctuations in the solar wind whose (dissipative versus
dispersive) origin is still controversial [12,15]. The use of
multipoint data may give information about both the mag-
netic field and the current density which can be used to check
the theoretical scaling relations. The observation of such a
scaling law would be an additional piece of evidence for the
presence of a dispersive inertial range and therefore for the
turbulent nature of the high-frequency magnetic field fluctua-
tions. The recent observation of the Yaglom MHD scaling
law [16] at low frequency provides direct evidence for the
presence of an inertial energy cascade in the solar wind. The
theoretical results given here allow us now to extend this
type of analysis to high-frequency magnetic field fluctuations
and, more generally speaking, to better understand the role of
the Hall effect in astrophysics, like, e.g., for the magnetoro-
tational instability in cool protostellar disks [17] or in labo-
ratory fusion plasmas. In such situations, isotropy is often
broken because of the presence of a strong large-scale mag-
netic field (see, e.g., [18]) and a generalization of the present
description to anisotropic turbulence is then necessary.
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