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It is known that Kolmogorov’s four-fifths law for statistically homogeneous and
isotropic turbulence can be generalized to anisotropic turbulence. This fundamental
result for homogeneous anisotropic turbulence says that in the inertial range the
divergence of the vector third-order moment {|§v(r)|>Sv(r)) is constant and is equal
to —4e, where ¢ is the dissipation rate of the turbulence. This law can be extended
to incompressible magnetohydrodyamic (MHD) turbulence where statistical isotropy
is often not valid due, for example, to the presence of a large-scale magnetic field.
Laws for anisotropic incompressible MHD turbulence were first derived by Politano
and Pouquet. In this paper, the laws for vector third-order moments in homogeneous
non-isotropic incompressible MHD turbulence are derived by a technique due to
Frisch that clarifies the relationship between the energy flux in Fourier space and the
vector third-order moments in physical space. This derivation is different from the
original derivation of Politano and Pouquet which is based on the Karman-Howarth
equation, and provides some new physical insights. Separate laws are derived for the
cascades of energy, cross-helicity and magnetic-helicity, the three ideal invariants of
incompressible MHD for flows in three dimensions. These laws are of fundamental
importance in the theory of MHD turbulence where non-isotropic turbulence is much
more prevalent than isotropic turbulence.

1. Introduction

One of the few rigorous results in the theory of homogeneous isotropic turbulence
for incompressible fluids is Kolmogorov’s four-fifths law (Kolmogorov 1941), valid in
the limit of large Reynolds number,

(v (r)]’) = —ter (1.1)

where the length scale r lies in the inertial range, Sv(r) is the component of the
velocity fluctuation §v(r)=v(x + r) — v(x) in the direction of the displacement r, ¢
is the average energy dissipation rate per unit mass, and angle brackets denote the
ensemble average. Kolmogorov’s four-fifths law tells us that in the inertial range, the
third-order moment of the parallel velocity fluctuation Sv; is proportional to both
the displacement r and the dissipation rate ¢ with a constant of proportionality that
is determined by the theory to have the value —4/5.

Kolmogorov’s four-fifths law is a special case of the more general law for
homogeneous but not necessarily isotropic turbulence

V- F(r) = —4e, (1.2)
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where
F(r) = (|8v(r)*8v(r)) (1.3)

and |v|>=v-v. The quantity F(r) is called the vector third-order moment of the
fluctuations. Equation (1.2) expresses the conservation of energy flux through the
inertial range and shall be called the law for the inertial range energy flux. The law
(1.2) is identical to equation (6.58) in Frisch (1995) and equation (22.15) on p. 402 of
Monin & Yaglom (1975) where it is credited to Monin (1959). Derivations of this law
have also been presented by Antonia et al. (1997) and by Hill (1997). It is important
to emphasize that the divergence law (1.2) applies to both isotropic and anisotropic
turbulence.

If the statistical properties of the turbulence are homogeneous and isotropic, then,
by symmetry, the vector F(r) must have the form

F(r) = Ar, (1.4)

where A is a scalar function of r-r. The inertial range is described by the behaviour
near r =0 where, because F is differentiable, A is constant. Therefore, the substitution
of (1.4) into (1.2) yields the four-thirds law for homogeneous and isotropic turbulence

F(r)=—%8r. (1.5)

This equation says that the statistical third-order moment F(r) is proportional to the
displacement r, like the four-fifths law (1.1), but it is a vector relation and, therefore,
it contains information about both the parallel and perpendicular components of the
fluctuations. In fact, it contains Kolmogorov’s four-fifths law (1.1) as a special case.

The fundamental divergence law (1.2)—(1.3) can be extended from incompressible
hydrodynamics to incompressible magnetohydrodynamics (MHD) in a straightfor-
ward manner as first shown by Politano & Pouquet (1998a). Politano, Gomez &
Pouquet (2003) derived a similar law for the magnetic-helicity. Perhaps unwittingly,
Politano & Pouquet (1998a) do not mention the important fact that their equation (3)
is valid for anisotropic turbulence; but this fact is crucial since MHD turbulence
is generally anisotropic as shown by laboratory experiments, theoretical studies
(Montgomery & Turner 1981, 1982), numerical simulations (Shebalin, Matthaeus
& Montgomery 1983; Oughton, Priest & Matthaeus 1994; Matthaeus et al. 1996a),
and solar wind observations (Matthaeus, Bieber & Zank 1996b). Instead, Politano
& Pouquet (19984, b) immediately introduced the assumption of isotropic turbulence
which obscured their more general result. It is important to emphasize that this more
general result has great potential for applications to anisotropic plasma turbulence.

Because of the fundamental importance of the Politano & Pouquet laws for MHD
turbulence, it is of interest to derive these laws in different ways. More than a
theoretical exercise, this is useful to elucidate the physics and may possibly open the
door to new lines of investigation. The derivation by Politano & Pouquet (19984, b)
is based on the anisotropic variant of the Karman-Howarth equation for MHD and
is similar to the derivation by Antonia et al. (1997) in the hydrodynamic case. In the
present study, the MHD laws are derived by generalizing the method employed by
Frisch (1995) from incompressible hydrodynamics to incompressible MHD.

Here, the MHD analogue of the divergence law (1.2) is derived in the limit Re — oo
and for arbitrary positive values of the magnetic Prandtl number Pr, =v/n, where
v is the kinematic viscosity and n is the magnetic diffusivity. The principal results
are equations (7.1)—(7.4). The derivation below uses the primitive variables v and b
rather than the Elsasser variables z* employed by Politano & Pouquet (1998a, b), a
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formulation that has certain advantages in applications that require tensor analysis
(Podesta, Forman & Smith 2007). Following Frisch (1995), the derivation presented
here is based on an equation for the scale-by-scale energy budget in Fourier space and
an expression that relates the energy flux ITg in k-space to the third-order moments of
the fluctuations in physical space. This relationship between the third-order moments
in physical space and the energy flux in k-space reveals the physical meaning of the
fundamental law (1.2) in an especially simple way as discussed in § 7. Note that the
law (7.3) for the cascade of magnetic-helicity in anisotropic turbulence is new; the
derivation by Politano et al. (2003) is restricted to the case of isotropic turbulence.
The laws (7.1) and (7.2) for the cascade of energy and cross-helicity in anisotropic
turbulence were first derived by Politano & Pouquet (1998a).

In the present study, the derivation of the MHD laws for the third-order moments
is composed of four principal elements or building blocks that are derived in the
following four sections. The conservation of energy, cross-helicity and magnetic-
helicity are derived in §2. The scale-by-scale versions of these conservation laws are
derived in §3. The definitions of the third-order moments are derived in §4. The
spectral transfer rates are expressed in terms of the third-order moments in § 5. These
four principal elements are then brought together in §6 where the major results of
this paper are developed. Even though the three laws (7.1), (7.2) and (7.3) are derived
together, side by side, it should be emphasized that the derivation of each one is
independent of the other two.

2. Conservation of energy, cross-helicity and magnetic-helicity
The governing equations of incompressible MHD are written

3
??+(v-V)v—(b-V)b=—Vp+vv2v+fv, (2.1)

ob
P (v-V)b—(b-V)v = nV’b+ fs, (2.2)
V-v=V-b=0, (2.3)

where v is the velocity, b= B/ \/m is the magnetic field in velocity units, p =
constant is the mass density, p is the total pressure (kinetic plus magnetic), v is the
kinematic viscosity, n is the magnetic diffusivity, f, is the forcing function for the
velocity field, f, is the forcing function for the magnetic field, V- f,=V- f, =0, and
Wo is the permeability of free space (SI units). Note that the magnetic forcing term
fp in (2.2) is artificial because such a term never exists in real physical systems. It
is sometimes used in numerical simulations of MHD turbulence to inject magnetic
energy into the flow and is used here as a theoretical artifice.

For homogeneous incompressible MHD turbulence in three spatial dimensions the
governing equations for the average energy, cross-helicity, and magnetic-helicity are

S (ol + 1) = —v{lof) = n{l i) + (0 £+ b+ £2), (24)
by =~ i)+ (0 f 4 b £, 2.5)
S asb) = —200j-B) + (@ o+ b 1) 2:6)

respectively, where w =V X v is the vorticity, j =V X b is proportional to the electric
current density, a is the vector potential for the magnetic field, b=V x a, f, =V X f,,
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and |v|> =v-v. Equation (2.6) applies only to turbulence in three-dimensional space.
In two dimensions, the quantity (a?) is conserved instead of (a-b) (Biskamp 2003).

2.1. Definition of cascade rates

Cascade rates can be defined for turbulence that is either statistically stationary in
time or freely decaying. Under steady-state conditions, the statistical averages are
independent of time and the conservation of energy (2.4) implies

(v fo+b o) =v{ol’) +n(jP) =e. 2.7)

This equation says that in the steady state, the average energy injection rate (left-hand
side) is equal to the average energy dissipation rate (right-hand side). By definition,
for a turbulent MHD system, this is equal to the average energy cascade rate ¢ from
large to small scales.

Similarly, the conservation of cross-helicity (2.5) implies

(v fo+bfo)=0+n){j @) =ec. (2.8)

This equation says that at steady state, the average injection rate of cross-helicity (left-
hand side) is equal to the average dissipation rate of cross-helicity (right-hand side).
This defines the average cascade rate of cross-helicity ec. Note that the cross-helicity,
unlike the energy, is not positive-definite. Both the cross-helicity and the cascade rate
of cross-helicity can be positive, negative or zero. However, by the previous equation,
the cascade rate has the same algebraic sign as the cross-helicity itself. The direction
of the cross-helicity cascade is always from large to small scales (Biskamp 2003)
independent of whether the value of the cross-helicity is positive or negative.

One of the goals of this paper is to derive laws for the flux of magnetic helicity
through the inertial range similar to the laws for the flux of energy and cross-helicity.
To do this, it is necessary to postulate the existence of an asymptotic steady state as has
been assumed in (2.7) and (2.8). At steady state, the conservation of magnetic-helicity
(2.6) implies

(arfo+b- fo)=2n(j-b)=en. (29)

According to this equation, at steady state, the average injection rate of magnetic-
helicity (left-hand side) is equal to the average dissipation rate of magnetic-helicity
(right-hand side). This defines the average cascade rate of magnetic-helicity &,,. While
it is well known that magnetic-helicity usually undergoes an inverse cascade to large
scales (Meneguzzi, Frisch & Pouquet 1981; Biskamp 2003), there may be situations
where the magnetic-helicity cascade process can reach a steady state, for example, in
the case of periodic boundary conditions.

Cascade rates can also be defined for freely decaying turbulence under certain
conditions. For homogeneous freely decaying turbulence, the forcing terms are zero
and the conservation of energy (2.4) takes the form

19

2 ot
This defines the time-dependent energy decay rate e(¢). Similarly, the cross-helicity
decay rate in freely decaying turbulence is defined by

([v]* +18%) = v{|l®) + n{|jI*) = (). (2.10)

—%(v-b) =W +n){j ) =ect) (2.11)
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and the magnetic-helicity decay rate in freely decaying turbulence is defined by

—%(a-b) —2n(j - B) = £ (0). 2.12)
Note that the decay rates defined in (2.10)—(2.12) are not necessarily due to turbulent
cascade processes. For example, the Taylor relaxation process in laboratory plasma
experiments is characterized by a shortlived turbulent energy relaxation phase followed
by a slowly decaying force-free state in which the magnetic-helicity decays gradually
on a resistive time scale (Taylor 1986). The slow decay of the latter process is still
described by the quantity e,(z) defined in (2.12), even though the decay is not
associated with a turbulent cascade process. In this study, attention is restricted to
turbulent cascade processes. The decay rates e(¢), ec(t) and ey(¢) shall hereafter
refer to turbulent cascade rates associated with nonlinear turbulent cascade processes
(whenever they exist). It is not required, however, that in a given application all three
cascade processes are simultaneously active. It is possible, for example, that there exists
a turbulent energy cascade without a cascade of cross-helicity or magnetic-helicity so
that ec =&y, =0 while ¢ # 0.

2.2. Energy conservation

The derivation of the energy conservation law (2.4) from the MHD equations is well
known, but the technique is briefly reviewed because it is used frequently in later
sections. Take the dot product of v with (2.1) plus the dot product of b with (2.2) to
obtain

%%(v-v-l—b-b)-l—NL =—(v-Vp)+v{w-Vu)+n(b-V?b)+ (v f,+b- f,), (2.13)

where the nonlinear terms are given by
NL=(w-(v*VYv—v-(b-V)b+b-(v-V)b—b-(b-V)v) (2.14)

and angle brackets denote a spatial average over a cube of size L x L x L. For
homogeneous turbulence, the spatial and ensemble averages are equivalent. The limit
L — oo can be performed at the end of the calculation.

By incompressibility, the pressure term can be written

(v-Vp) =(V-(pv)) = ;/Spv-ndS, (2.15)

where the surface integral on the right-hand side follows from the divergence theorem.
If periodic boundary conditions are assumed, then the surface integral is zero. More
generally, if all physical quantities p, v, etc. are uniformly bounded in space and time,
then the right-hand side vanishes in the limit L — oo.

After integration by parts, the viscous term becomes

v{v-V2) = —v(|Vu, > + [V, > + Vo, *) = —v(|e]*), (2.16)

where the last equality on the right-hand side follows from the vector identity
/A-(VxB)de/(VxA)-BdV—/(AxB)-ndS (2.17)
with A =v and B =V X v. The contribution from the surface integral vanishes in the

case of periodic boundary conditions or, as a consequence of uniform boundedness,
after dividing by L* (to obtain the volume average) and then letting L — occ. Similar



176 J. J. Podesta
to the viscous term, the resistive term takes the form
n(b+V?b) = —n(|Vb.|> + Vb, > + |Vb.|*) = —n(|j ). (2.18)

To complete the proof of (2.4) it only remains to show that the nonlinear term
(2.14) vanishes. The first term in (2.14) can be written

(ve(v-V)v) = %((v V)(v-v)) = %(V [(v-v)v]) = ﬁ /S(v ‘v)v-ndS, (2.19)
where the second equality follows from incompressibility and the third from the
divergence theorem. Uniform boundedness of v implies that the right-hand side
vanishes as L — oo. The term (b-(v-V)b) is evaluated in the same way. If the
remaining two terms in (2.14) are combined, then they can also be evaluated in the
same way. This completes the proof of (2.4).

2.3. Cross-helicity conservation

The derivation of (2.5) for the cross-helicity is similar to the derivation described in
the preceding subsection. Take the dot product of b with (2.1) plus the dot product
of v with (2.2) and then average. The remaining details are left to the reader. Note
that as a consequence of incompressibility, the cross-helicity dissipation term can be
written in the equivalent forms

(b-V*v) = —(Vv, - Vb, + Vv, - Vb, + Vv, Vb,) = —(j - w). (2.20)

2.4. Magnetic-helicity conservation
The equations for the magnetic field and the magnetic vector potential may be written

ab

5 = VX (v X b) +nV*b+ f, (2.21)
da )
5 Svxb+nViat fo+ Ve, (2.22)

where b = Vxa, f,=V X f,, and ¢ is the scalar potential. It can be assumed,
without loss of generality, that V-a =0 since this can always be accomplished by an
appropriate choice of ¢. Take the dot product of a with (2.21) plus the dot product
of b with (2.22) and then average to obtain

R
§<“'b> = (a-[Vx(vxb)])+nla-V’b+b-Va)+(a+ f+b- fo)+(b-V$). (223

Using the vector identity (2.17), it can be shown that the first term on the right-hand
side vanishes using the same kind of boundedness argument given for (2.15). The
dissipative terms may also be evaluated using the vector identity (2.17) with the result

n{a-V?b+b-Va) = —2n(j-b). (2.24)

Because V-b=0, the term containing the scalar potential ¢ can be converted to
a surface integral which vanishes by the same boundedness argument as given for
(2.15). This completes the derivation of (2.6).

3. Scale-by-scale energy, cross-helicity and magnetic-helicity budget

For any wavenumber K > 0, the velocity field v(x) can be decomposed into two
components, a low-wavenumber component containing all Fourier wavevectors of
magnitude less than or equal to K, and a high-wavenumber component containing all
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wavevectors greater than K. In this section, an equation is derived for the conservation
of energy for the low-wavenumber component. This equation contains terms for the
energy generation rate due to forcing and the average dissipation rate, like (2.4),
but it also contains a term describing the energy transfer from the low-wavenumber
component to the high-wavenumber component. The latter term is the key to the
entire theory developed in this paper, however, a useful mathematical form for this
term cannot be derived until §5.

For a domain with periodic boundary conditions, the Fourier series representation
of v(x) is written

v(x) =) d(k)exp(ik - x). (3.1)
k
where k=2nn/L with n=(n, n,, n3) an ordered triple of integers, and
1
(k) = L3/ v(x)exp(—ik- x)d’x, (3.2)
cube

where the integration is over a cube of volume L°. Any dependent variable, such as
v(x), can be decomposed into low- and high-wavenumber components in the form

v(x) = vr(x) + vg(x), (3.3)
where
vi(x) =Y d(k)exp(ik-x), (3.4)
|k|<K
vi(x) =Y d(k)exp(ik-x). (3.5)
|k|>K

3.1. Energy budget scale-by-scale

For homogeneous incompressible MHD turbulence, the conservation of energy for
the low-wavenumber components of the fields takes the form

oFE
71( =S](—DK—H](, (36)
ot
where
Ex = 3{jvgl + 0% )) (3.7)
is the average energy of the low-wavenumber components (kinetic plus magnetic),
Sk = (vg fox + bk fix) (3.8)
is the average rate of energy injection at low wavenumbers due to forcing,
Dg = v(log*) +n{ljx ) (3.9)

is the average energy dissipation rate at low wavenumbers due to viscous and resistive
dissipation, and ITg is the rate of energy transfer from low wavenumbers to high
wavenumbers (from wavenumbers less than or equal to K to wavenumbers greater
than K). The energy transfer rate ITx arises from the nonlinear terms in the equations
of motion. An expression for the energy transfer rate ITx is given below.

Equation (3.6) is derived as follows. Let Px denote the projection operator that
projects out the low-wavenumber component of any function:

Pro(x) = Pgvg(x) +vi(x)] = vg(x). (3.10)
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Note that Pxvg(x)=vg(x). Apply Px to (2.1) and (2.2) to obtain

vy
ot

+ Pcl(v-V)v — (b-V)b] = —Vps +vV05 + f. (3.11)
ab;
ot

Take the dot product of vg(x) with (3.11) plus the dot product of bg(x) with (3.12)
and then average to obtain

+ Px[(v-V)b— (b-V)v] = nV?b5 + fix (3.12)

19
55 (VR + BEP) + NLi = —(v7 - Vp5) + v(v5 - V205)
+n{bi - V2bi) + (v - fix + b fix). (3.13)
where the nonlinear terms are given by
NL| = (vg - Px[(v-V)v — (b-V)b] + by - Px[(v-V)b— (b-V)v]) (3.14)

and angle brackets denote a spatial average over the cube of size L x L x L. Using
the incompressibility condition V+vg =0, it can be shown that the pressure term in
(3.13) vanishes as in (2.15). The viscous and resistive terms can be evaluated using
the vector identity (2.17).

The verification of (3.6)—(3.9) is completed by equating the energy transfer rate I1g
with the nonlinear term (3.14). This is consistent with the well-known fact that the
nonlinear terms in the MHD equations cannot create or dissipate energy, but only
redistribute energy in Fourier space. Because an alternative expression for this term
is derived in §§4 and 5, the derivation in the remainder of this subsection can be
skipped without loss of continuity. To evaluate the nonlinear term (3.14), observe
that for any two functions f and g, {f(Pxg)) ={(Pk f)g), so that the nonlinear term
(3.14) is equal to

NL; = (vg-[(v-V)v — (b-V)b] + bx - [(v-V)b— (b-V)v]). (3.15)
Expressing v and b in terms of high- and low-wavenumber components yields sixteen
terms, eight of which can be shown to vanish. Thus, (3.15) yields the expression
Mg = (v [(vg * V)vg + (vg - V)vgl) + (b - [(vk - V)bg + (v - V)bg])
— (bg * [(b - V)vg + (b - V)vg]) — (v - [(Bk - V)bg + (b - V)bi]).  (3.16)
Eight of the original sixteen terms vanish as L — oo due to identities of the form
(vg - (v - V)vg) = 3{(v - V(g - vg)) = 3(V- [(vg - vx)vg]) — 0. (3.17)
3.2. Cross-helicity budget scale-by-scale

For homogeneous incompressible MHD turbulence, the conservation of cross-helicity
for the low wavenumber components of the fields takes the form

dHE
ot

=S¢ —D§ —I1g, (3.18)

where
Hg = (v - by) (3.19)
is the average cross-helicity of the low-wavenumber component,

Sk = vk fox + b3 fix) (3.20)
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is the rate of cross-helicity injection at low wavenumbers due to forcing,
Di = (v+n)(jg k) (3.21)

is the average cross-helicity dissipation rate at low wavenumbers due to viscous
and resistive dissipation, and T is the rate of transfer of cross-helicity from low
wavenumbers to high wavenumbers. An expression for the cross-helicity transfer rate
I1§ is given below.

The derivation of (3.18)—(3.21) is similar to the derivation of (3.6)—(3.9). Apply the
projection operator Pk to (2.1) and (2.2), then take the dot product of bg(x) with the
result of Pk applied to (2.1) and take the dot product of v (x) with the result of Pk
applied to (2.2), add the two equations and then average to obtain

0
o7 Wk bx) + NLy = — (b - Vi) + v{bi - Vivg)
+n(vg - V2bg) + (bx* fix +vi - fix), (3.22)
where
NL, = (b; - Px[(v-V)v — (b-V)b] + vg - Px[(v-V)b— (b-V)v]) (3.23)

and angle brackets denote a spatial average over a cube of size L X L x L. From the
divergence-free condition V- by; =0, the pressure term in (3.22) can be reduced to a
surface integral that vanishes as L — oo by the boundedness argument used in (2.15).
The viscous and resistive terms can be evaluated using the vector identity (2.17) with
the result

v{bi - V2og) + n{vg - V2bg) = —(v + n){jk o). (3.24)

It only remains to evaluate the nonlinear term (3.23) which is equal to the cross-
helicity transfer rate IT¢. Because an alternative expression for this term is derived in
§§4 and 5, the derivation in the remainder of this subsection can be skipped without

loss of continuity. Moving the operator Py from the term in square brackets to the
term on the left-hand side of the dot product, the nonlinear term (3.23) can be written

NL; = (bx - [(v-V)v — (b-V)b] + vg *[(v- V)b — (b-V)v]). (3.25)
Expressing v and b in terms of high- and low-wavenumber components yields sixteen
terms, eight of which can be shown to vanish. Thus, (3.25) becomes
g = (bx * [(vg - Vv + (vg - V)vgl) — (bk - (b5 - V)bx + (b - V)b])
+ (vg - [(vk - V)bg + (v - V)b]) — (v - (B - V)vg + (bg - V)vgl).  (3.26)
Eight of the original sixteen terms vanish as L — oo due to relations of the form
(bg - (vg - VIvg +vg - (vg - V)bg) = ((vg - V)(vg - by)) = (V- [(vg - by )vk]) — 0.
(3.27)
This completes the derivation of (3.18)—(3.21).

3.3. Magnetic-helicity budget scale-by-scale
For homogeneous incompressible MHD turbulence, the conservation of magnetic-
helicity for the low wavenumber components of the fields takes the form

dHY
BIK =S¥ —D¥ — Y, (3.28)
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where
HY = (a5 - b7) (3.29)
is the average magnetic-helicity of the low-wavenumber component,
S = lag* fox + b5 fox) (3.30)
is the rate of magnetic-helicity injection at low wavenumbers due to forcing,
Dy =2n{jk - bx) (3.31)

is the average magnetic-helicity dissipation rate at low wavenumbers due to viscous
and resistive dissipation, and ITY is the rate of transfer of magnetic-helicity from low
wavenumbers to high wavenumbers. An expression for the magnetic-helicity transfer
rate ITY is given below.

Equations (3.28)—(3.31) are derived as follows. Apply the projection operator Py
to (2.21) and (2.22), take the dot product of ag(x) with the result of Px applied to
(2.21) and take the dot product of bg(x) with the result of Py applied to (2.22), then
add the two equations and average to obtain

a < < < < < < < < < <
o, @k b)) = NLs + nlai - V2bi + by - Viag) +{ag - fi + b~ fox), (3.32)
where

NL; = (ag - Px[V x (v x b)] + bg - Px(v X b)) (3.33)
and angle brackets denote a spatial average over a cube of size L x L x L. The term
on the left-hand side of (3.32) is equal to dH}Y /dt. The third term on the right-hand
side of (3.32) is S¥. The second term on the right-hand side of (3.32) can be evaluated
using the vector identity (2.17) together with the fact that V-az =0. Hence,
nlag - V?bg + by - V’ag) = —2n{jg - bg) (3.34)

and this is equal to —D¥.

The nonlinear term (3.33) is equal to the magnetic-helicity transfer rate ITY. Because
an alternative expression for this term is derived in §§4 and 5, the derivation in the
remainder of this subsection can be skipped without loss of continuity. Moving the
operator Py from the second term in the dot product to the first term in the dot
product, the nonlinear term (3.33) takes the form

NL; = (a3 +[V X (v X b)] + bx - (v X b)). (3.35)
The first term can be simplified using the vector identity (2.17) with the result
NL; = 2(b% - (v x b)), (3.36)

where the surface term has been dropped since it vanishes in the limit as L — oo.
Expressing v and b in terms of low- and high-wavenumber components, it follows
that

Ty = —NL3; = —2(by * (vx X bg + vy X by)). (3.37)
This completes the derivation of (3.28)—(3.31).

4. Third-order moments F, F¢ and FM

The vectors F, F€ and F which enter the divergence laws derived in § 6 are third-
order moments of the fields v and b. These third-order moments originate in the
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dynamic equations for second-order correlation functions. In this section, equations
for the second-order correlation functions are derived; the vectors F, F¢ and F™
which emerge from these equations are defined; and the divergence of these vectors
are related to the time rate of change of the second-order correlation functions due
to nonlinear interactions. The latter relationships are required in § 5.

4.1. Third-order moment F for the energy

To derive an equation for the two-point correlation function, write down equations
for v and b at the two points x and X' =x + r:

av

E+(v-V)v—(b'V)b=—Vp+vV2v+fv, (4.1)
%f—i—(v-V)b—(b'V)v:’]VZb-l—fh; (4.2)
O W W — (BT = V) 0 4 1, (43)
%’;/ + (' -V)b — (b -V = Vb + f), (4.4)

where v=wv(x, t), v =v(x + r, 1), etc,, and all spatial derivatives are with respect to
the variable x. Take the dot product of v" with (4.1), plus the dot product of v with
(4.3), plus the dot product of & with (4.2), plus the dot product of » with (4.4), and
then average to obtain

0
§<v’-v+b’-b)+NL =—(W Vp4+v:-Vp)+ v Vv +0v-V?)
+ (b Vb4 b-VV)+ (v fo o f, 4+ fo+b-f,), (45

where

NL = [(v-V)v—(b-V)b] +v-[(v - V) — (b -V)b]
+b - [(vV)b—(b-V)v] +b-[(v-V)b — (b -V)V']) (4.6)

and the angle brackets denote a spatial average with respect to the variable x over a
cube of dimensions L x L x L. Although (4.5) is of interest in its own right, only the
nonlinear terms are of interest here. The reason for focusing on the nonlinear terms
will become clear in §§5 and 6.

Using the incompressibility condition V-v =0, integration by parts, and the fact
that the surface integrals vanish in the limit L — oo as shown in §2, one finds

(V- (v-V)v) = <U;aj(vivj)> = —<(3JU;)(Uin)> = —%@fvivﬂy (4.7)

where 9; =0/0x;, repeated indices are summed from 1 to 3, and the volume average
is performed with respect to the variable x. The simple fact

af(x +r) _ af(x +r)

8Xj arj

(4.8)
has also been used. By a similar procedure, one obtains

(- (0 ) = (widy () = = (o). 49)
J
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It is now shown that

d
V. - (|8v(r)]*sv(r)) = 28—(vivaj — vjyv}), (4.10)
Tj
where dv(r)=uv(x + r) — v(x), and, therefore,
V(- Vv+v- (0 - V)W) =—1V, - (|5v(r)*sv(r)). (4.11)
By homogeneity, (viv;v;) = (vjvjv}) and, therefore,
(|8(r)Psu(r)) = (v — vi)(v] — vi)(V} = v))) (4.12)
= (vv;v}) — (vjvjv;) — 2(vjviv) + 2(vivjv;). (4.13)
Incompressibility implies that
a / i
aTj(Uivivj) = (vyv;d;v}) =0, (4.14)
8 r.7 o7 .7
—(vivv;) = (v;9;(vivp)) = (9;(vjviv;)) = 0. (4.15)

8I”j

This proves (4.10) and (4.11).
Using the condition V-b=0 and integrating by parts, the remaining nonlinear
terms in (4.6) are

{0+ (b+V)B) = —{0f,(bib) = (BB = =ik, (416)
(o (B - VIB) = — i, (01B)) =~ wiblB), (4.17)

J

(B (0-908) = (043, (br0) = —(@B)bivy)) = —5 - (ibfy), @18)

(b (b)) = —(Biay b)) = (b (uib)) = 3 (ubihy).  (419)
J
(b (' V) = (b () = = (b)), (4.20)
J
(b (B V) = (3, 01B)) =~ {bibo]). @.21)

J

By the same procedure as employed to derive (4.10), it can be shown that

V, - {|8b]*sv) = 2i<b,»bl/-vj — bibi), (4.22)

Brj

where §b(r)=b(x 4+ r) — b(x) and

]
Vr . <(8‘U ~8b)8b> = —a <Ul/b,b; - U;bibj + U,b:b; — U,'b;bj>. (423)

ar;
Thus, the sum of the terms (4.16)—(4.21) is equal to

V.- {(8v-3b)sb — 1[8b]*v). (4.24)
Adding this to (4.11), we find that the nonlinear term (4.6) can be written

NL =V, - ([8v(r) - 8b(r)18b(r) — 1 [|8v(r)|* + |8b(r)|*18v(r)). (4.25)
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Now define the quantity
10
6(r) = =53 (v(x + 1)+ 0(x) + Bx + 1) b(x) e (4.26)
where the subscript NL indicates the time rate of change due to the nonlinear terms
in the MHD equations. The function &(r) is not constant and should not be confused
with the cascade rate ¢, although the two are related as shown in §§5 and 6. From
(4.5) and (4.25) it follows that
e(r) = —iV -F(r) (4.27)
where
F(r) = ([|8v(r)* + |8b(r)|*18v(r) — 2[sv(r) - 8b(r)]8b(r)) (4.28)
and dv(r)=wv(x + r) — v(x). The last three equations are the principal results of this
subsection. The vector F is a statistical third-order moment constructed from the
fluctuations v and 8b. It is called the vector third-order moment for the energy.
4.2. Third-order moment F€ for the cross-helicity

To derive an equation for the two-point correlation function take the dot product of
b’ with (4.1), plus the dot product of b with (4.3), plus the dot product of v’ with
(4.2), plus the dot product of v with (4.4), and then average to obtain

3
—(0b+b-v)+NL=—(b-Vp+b-Vp')+v{b-Vv+b- V)

ot
+ (0 Vb+v-VU)+ (b fo+b-f,+ V- fr+v-f,), (429
where
NL =@ [(v:V)b—(b-V)v] +v-[(v-V)b — (b -V)V']
+b [(v-V)o—(b-V)b] +b-[(v - V)V — (b -V)b]) (4.30)

and the average is with respect to the variable x over a cube of dimensions L x L x L.
The nonlinear terms in (4.30) are evaluated in the same manner as described in
§4.1 with the results

(V- (v-V)b) = (v;3;(biv;)) = —((3;v))(b;v;)) = —%Mbivﬁv (4.31)
(0 (b V)0) = (i b)) = (G)uby)) = 3= Gfuby), (432)
J
(- (0 V)W) = (widy ()} = - {wibfas), (433)
J
(o (- V) = — {0y (018)) = — = (00lB). (4.34)
J
(B (v-V)v) = (bjd;(viv;)) = —((9;D))(viv;)) = —%@ibgvﬂ, (4.35)
J
(b (b-)B) = (B0 (b)) = (@B bib)) = - (bibiby). (436)
(b (o' V') = (b () = -~ {wibiaf), (4.37)

Brj



184 J. J. Podesta
9
rj

The procedure used to derive (4.10), (4.22) and (4.23) can be applied to show that
the sum of the terms (4.31)—(4.38) is equal to

—(b+ (B VIB) = — (b3, (b[B})) = = (bibib)). (4.38)

NL = 1V, - ([|8v(r)* + [8b(r)|"18b(r) — 2[Sv(r) - 8b(r)]Sv(r)). (4.39)
With these results in hand, now define the quantity
e(r) = =3 o {uli + ) B(x) + B+ 1) o)) (4.40)

where the subscript NL indicates the time rate of change due to the nonlinear terms in
the MHD equations. The function e¢(r) is not constant and should not be confused
with the cascade rate of cross-helicity ¢, although the two quantities are closely
related as shown in §§ 5 and 6. From (4.29) and (4.39), it follows that

ec(r) = —%V-Fc(r), (4.41)

where
FC(r) = —([|8v(r))* + |8b(r)*18b(r) — 2[sv(r) - 8b(r)]Sv(r)). (4.42)

Note the similarity between (4.40)-(4.42) and (4.26)—(4.28). The quantity F€ is the
vector third-order moment for the cross-helicity.

4.3. Third-order moment F™ for the magnetic-helicity

Write down the equations for the magnetic field and vector potential at two points x
and X' =x+r:

b

5=V XWX B+ Vb £, (443)

da )

§=vxb+nVa+fa; (4.44)

8b, ’ / 2/ !

§=Vx(v x b)+nVb + f,, (4.45)

8(1/ ’ / 2 7 /

¥=v Xb—{-nVa—i—fa, (446)
where b = b(x,t), b = b(x +r, 1), etc., and all the spatial derivatives are with respect

to the variable x. Take the dot product of & with (4.43), plus the dot product of
b’ with (4.44), plus the dot product of a with (4.45), plus the dot product of » with
(4.46), and then average to obtain

%(a-b’—i—a“b) = NL+n{a-V?b' + b -V’a+d-V’b+b-Vd)
tla fy b fatd fr+befl), (447)
where
NL={(a-[Vx@ xb)]+b-(v xb)+a-[Vx(xb)]+b-(vxb)). (4.48)

By repeated use of the vector identity (2.17), equation (4.47) can be transformed into

d
a(wb/—l—a“b) =NL—2n(j-b+j-b)y+2a-f,+a-fp) (4.49)
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and (4.48) can be transformed into
NL =2(b-(v' x b') + b+ (v X b)) (4.50)

or, equivalently,
NL = -2V, (ax (v x b') —a’ x (v X b)). (4.51)

Because the divergence operator (V,-) acts only on the primed variables, the
equivalence of these two expressions follows from an application of the vector
identity V- (A X B)=B+(Vx A) — A-(V x B) to (4.51) followed by an application
of the identity (2.17).

Equations (4.49) and (4.51) yield the following expression for the time rate of
change due to the nonlinear terms

eM(r) = —%%(a(x +7r)b(x)+ b(x + 1) a(x))|y, = -V FY, (4.52)
where
FM(r) = (a(x +r) x [v(x) x b(x)] — a(x) x [v(x +r) X b(x + r)]) (4.53)

is the vector third-order moment for the magnetic-helicity. It does not appear possible
to express the vector FM solely in terms of the fluctuations as in (4.25) or (4.39).
However, it is possible to manipulate (4.50) to obtain

NL =2(b"-(v x b—v" x b)) = —2(b"+(8v X b)) = —2(8b-(5v x b)) = 2(b-(5v x §b)).
(4.54)
Thus, (4.52) is equivalent to

eM(r) = —(b(x)- [8v(r) x 8b(r)]). (4.55)

The magnetic-helicity vector F¥ has a distinctly different character from the energy
vector F or the cross-helicity vector F€. The difference is revealed by the special
relation (4.55).

5. Spectral transfer rates of energy, cross-helicity and magnetic-helicity

The fourth pillar upon which the results of this paper are founded may be stated
as follows.

In homogeneous but not necessarily isotropic turbulence, the energy transfer rate
I[Ig from small to large wavenumbers is related to the vector third-order moment F
by

1
8n?
the cross-helicity transfer rate I7¢ from small to large wavenumbers is related to the
vector third-order moment F . by

1
82

r sin(Kr) 5
My = v- [ﬁV-F} = (5.1)

s =

sin(Kr) g, (52)
.

o]

and the magnetic-helicity transfer rate ITY from small to large wavenumbers is is
related to the vector third-order moment F,, by

1 sin(K'r)

[
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or, equivalently,

1
2m2

These expressions are derived in the following subsections.

d’r. (5.4)

o | sntkn)
r

v- [r%w-(av % 8b))

5.1. Expression for the energy transfer rate
By definition,
d
e(r) = —f—<v(x r)-v(x)+ b(x + r)- b(x)) |NL, (5.5)

where the subscript NL indicates the time rate of change due to the nonlinear terms
in the MHD equations. Substitute the decomposition (3.3) into this equation and use
the fact that for any two functions f(x) and g(x), (f5(x)gz(x)) =0. Thus
10
e(r) = =5 5 (VR (x + 1) 0 () + v (x + 1) 05 (%)
+ bg(x +r)-bg(x) + br(x +r)-br(x)) |NL. (5.6)

If it can be shown that

1
67 (r) = =5 3 (0 (x  7) V() B x + 1) B () (57)
a
7 (r) = =5 5 (VR (5 1) 0 () B 5+ 1) B () (53)

then, by the definition of I,

M = =3 (o) + B3], = e = 0), (59)

where the last equality on the right-hand side follows from (5.7). Using the Fourier
representation

ex(r) =Y &(kyexp(ik-r), (5.10)
|kl<K
where
1
é(k) = 73 / e(r)exp(—ik-r)d’r, (5.11)
cube
one obtains from (5.9) the expression
My =75 Z /g(r) exp(—ik-r)d’r. (5.12)
k<K
In the limit as L — oo, this becomes
1
Mg = 3k/a(r) exp(—ik-r)d’r, (5.13)
K (2m)? k<K

where the r-integration is now over all space. Interchanging the order of integration
in (5.13), the integration over k is performed by choosing a coordinate system in
which the k,-axis is aligned with r. This yields

1 sin(Kr) — Kr cos(Kr)

I = e(r)d’r. (5.14)

HK:
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An integration by parts then yields the final form
1 v. [re(r)} sin(Kr) &

My = —
2n? r2 r

(5.15)

Insert (4.27) to obtain (5.1).
To complete the derivation it is necessary only to verify (5.7) and (5.8). Substitute
the Fourier series for v(x) and b(x) into (5.5) to obtain

1 3, . N .
e(r) = =3 Y 3 {19k, ) + bk 1)) explik ) (5.16)
k
and substitute the Fourier series for vg(x) and bz (x) to obtain

9
—55; PR 1) vk (x) + b (x + r) b (),
1

=3 (Iv(k 1) + [b(k, 1)) xy exp(ik 7). (5.17)

\k\<K
From the definition of ez(r), a comparison of (5.16) and (5.17) shows that (5.17) is
equal to ez (r). This proves (5.7). The proof of (5.8) is similar.
5.2. Expression for the cross-helicity transfer rate
By definition,
c 10
“(r) = —58—<v(x r)-b(x)+b(x+r)-v(x

where the subscript NL indicates the contribution to the time rate of change arising
from the nonlinear terms in the MHD equations. Use the decomposition (3.3)
to find

(5.18)

’NL’

£€(r) = =3 3 (0 0x o r) B ) B )05 )
+vg(x+r) br(x)+br(x+ r)-v;(x)>|NL. (5.19)

As in the previous subsection, it can be shown that

E7(r) =~ o il 4 1) bR + (e ) () (520
8K>(r) = —%%(v;(x +r)-bx(x)+ bg(x + r)'vi(x»’NL. (5.21)

Therefore, by the definition of 7€,
11E = =2 (50 B (¥)) ], = €50 = 0), (5.22)

at

where the last equality on the right-hand side follows from (5.20). The Fourier
representation

eg~(r) =Y &°(k)exp(ik - r), (5.23)
|k|<K
where
1

/ eC(r)exp(—ik-r)d’r, (5.24)
cube
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yields, from (5.22), the expression

g = o Z / e€(r) exp(—ik-r)d’ (5.25)
k<K cube
In the limit L — oo, this becomes
1
g = — d3k/8c(r)exp(—ik-r)d3r, (5.26)
K (2m)? k<K

where the r-integration is now over all space. Interchanging the order of integration
in (5.26), the integration over k is then performed by choosing a coordinate system
with the k.-axis aligned with r. This yields
1 sin(Kr) — Kr cos(Kr)
c _ c 3
g = e p e (r)d’r. (5.27)
An integration by parts then yields the desired expression

1 v. {rsc(r)} sm(Kr)

g = (5.28)

2 r2 r
Insert the result (4.41) to obtain (5.2).

5.3. Expression for the magnetic-helicity transfer rate

The derivation is nearly identical to that for the transfer rate of cross-helicity in §5.2,
but is presented in full for completeness. By definition,

eM(r) = —%gw(x +r)-b(x)+ b(x + r)-a(x)) |NL, (5.29)

where the subscript NL indicates the contribution to the time rate of change arising
from the nonlinear terms in the MHD equations. Applying the decomposition (3.3),
this takes the form

£M(r) = —3 - (a (e + 1) B () + b x + 1) ai (o)
+ag(x+r) bg(x)+bg(x+ r)-a}(x)ﬂNL. (5.30)

As demonstrated in §5.1, it can be shown that

() = — o lag (e ) bR+ bR (e ) ap ()] (531)
8,"<4>(r)=—;; (agx(x +r)-br(x)+ by (x+r)-a}(x)>|NL. (5.32)

Therefore, from the definition of ITY,
0
my = —5<a§(x) ~bx(x)) {NL =e¥=(r=0), (5.33)

where the last equality on the right-hand side follows from (5.31). The Fourier
representation

e =(r)=">_ &"(k)exp(ik-r). (5.34)
|k|<K
where
1

/ eM(r)exp(—ik-r)d’r, (5.39)
cube
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yields, from (5.33), the expression
1
M _ M 7. 3
nY = LS’;{ /cubf (r)exp(—ik - r)d’r. (5.36)

In the limit as L — oo, this becomes

1
B (2m) |

mY d3k/eM(r)exp(—ik'r) d’r, (5.37)
KI<K

where the r-integration is now over all space. Interchanging the order of integration
in (5.37), the integration over k is then performed by choosing a coordinate system
with the k.-axis aligned with r. This yields

w1 sin(Kr) — Kr cos(Kr)
K7 om2 r3
An integration by parts then yields the desired expression

1 v. [rsM(r)] sin(Kr)

eMr)dir. (5.38)

Y d’r. (5.39)

22 r? r

Now insert the result (4.52) to obtain (5.3) and insert the result (4.55) to obtain (5.4).

6. Divergence laws for MHD turbulence

The fundamental laws for the third-order moments are now derived in the limit
of large Reynolds numbers. These laws are valid for both stationary (steady state)
turbulence and freely decaying turbulence.

6.1. Law for the inertial range energy flux

Under steady-state conditions, the average energy input due to forcing is balanced by
the average energy dissipation due to viscous friction and resistive losses as described
by (2.7). If the wavenumber spectra of the forcing functions f, and f, are confined to
large scales near £y~ K;!, and the kinetic and magnetic Reynolds numbers are very
large, then both the viscous and resistive dissipation scales are very small compared
to £y and there exists an intermediate range of scales called the inertial range where
the energy transfer rate from large to small scales is approximately constant. That is,

ITy ~ ¢ = constant (6.1)

for all K in the inertial range. This argument can be made more precise. Hereafter,
the value of the magnetic Prandtl number Pr,, = v/n is assumed fixed (constant)
since the theory does not depend on the precise numerical value of Pr,,.

In homogeneous but not necessarily isotropic turbulence, the vector third-order
moment F(r) satisfies the divergence law

V-F =—4¢ (6.2)

in the limit as Re — oo and for r in the inertial range.

Assume that the wavenumber spectra of the forcing functions are zero beyond
some cutoff wavenumber K. or, otherwise, are negligible for K > K. Assume that for
every value of the kinetic Reynolds number Re ~v~!, the MHD system approaches
a statistically stationary state at large times characterized by finite values of the
average energy, cross-helicity and magnetic-helicity. Also assume that as Re — co with
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Pr,, = constant, the average dissipation rates of energy, cross-helicity and magnetic-
helicity all converge to constant values ¢, ec and ¢gy,.

At steady state, the energy cascade rate ¢(v) may depend on the inverse Reynolds
number v and is defined by

(e fo+be fo) = {0l + Prl|jI?) = e(v), (6.3)
where g(v) — ¢ as v — 0. The scale-by-scale energy budget (3.6) takes the form
My = Sx — Dg. (6.4)

Equation (3.8) can be written in the equivalent form

Sk = vk fox T bx fox) =0 fox + b fig), (6.5)

because (vy - frx) =0 and (bg - frx)=0. The assumption that the forcing functions
are confined to small wavenumbers implies

Fox(x, 1) = fu(x, 1), fix(x, 1) = fi(x,1)  for K > K. (6.6)
Hence,
Sk~ (v fo+b-fr) =¢(v) for all K > K. (6.7)
It will be shown that for a fixed value of K,
liII(l) Dx =0 (6.8)

and, consequently, from (6.4), (6.7) and (6.3),
lin% Mg =¢ for all K > K,. (6.9)

This equation says that in the limit as Re — oo, the energy transfer rate from
wavenumbers less than K to wavenumbers greater than K is constant, independent
of K, for all K in the inertial range K > K, and, moreover, the value of the energy
transfer rate is equal to the cascade rate e. Thus, the intuitive result (6.1) has been
given a precise mathematical formulation. To demonstrate (6.8) note that for any
function ¢(x, 1)

(o)) =)o), (6.10)
k
(IVoR(x)) = > Klp(k)> < K*([p(x)[). (6.11)
|k|<K

Therefore, from (2.16) and (2.18),
D = v{lox(x)P) + n{ljx(x)I*) < vK*(Jo(x)]* + Pr'|b(x)P). (6.12)

Equation (6.8) follows from the assumption that the average energy remains bounded
as v — 0.
Substitute the result [Ty = ¢ into (5.1) to obtain

Iy = L / f(r)sm(Kr) Pr=c¢ for all K > K, (6.13)
22 r3

where
2

fr) ==V [ 5V-F(r)] . (6.14)
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With the change of variable r' = Kr, equation (6.13) takes the form

1 r\sin(r)
HK — 2771:2 f<K> e d’r = g, for all K > K0~ (615)

For large K, this integral depends on the behaviour of f(r) near r =0. Approximating
f(r) by the first term in its Taylor series, the integration yields

f(r)=ge, Kor < 1. (6.16)
The substitution of (6.16) into (6.14) yields the differential equation

22V {ZV.F(,)} — _4¢ (6.17)
r
or
2y [8(,):2] _. (6.18)

where ¢(r) is defined by (4.27). The solution of this equation that remains bounded
near r =0 is

e(r)=ce. (6.19)
This is (6.2).

So far, it has been assumed that the turbulence is stationary in time. It will now
be shown that the divergence law (6.2) also holds in the case of freely decaying
turbulence. In this case, however, the divergence law applies only to the nonlinear
phase of the decay when there exists a large separation of length scales and a large
inertial range. In the late stages of the decay, the dissipation acts on all dynamically
relevant scales so the approximation Dg = 0 fails to hold. For freely decaying
turbulence, the cascade rate is defined by the energy equation

19

—5 - (0P +161) = v{lP) + n(jF) = (). (6:20)
The scale-by-scale energy budget (3.6) takes the form
oFE
— BtK = [Ix + Dg. (6.21)

In the nonlinear phase of the decay, the approximation Dg = 0 is valid as long as
the inertial range is well separated from the dissipation scales or, in other words, as
long as the dissipation scales are greater than K. In addition,

vg(x, 1) ~v(x, 1), by(x,1) ~ b(x,1) for K > K, (6.22)
so that
Ex 10, _, S I I
—_— — < = o~ —— = — . '2
K= SR B = 5 (0 + (Bl = —e(r) (6.23)

Thus, ITx =¢(¢) and the rest of the derivation, from (6.13) onward, remains the same.

6.2. Law for the inertial range cross-helicity flux

In homogeneous but not necessarily isotropic turbulence, the vector third-order
moment for the cross-helicity F€(r) satisfies the divergence law,

V-FC = —dec, (6.24)

in the limit Re — oo and for r in the inertial range.
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The derivation of this result is almost identical to that for the energy in §6.1. To
summarize, it can be shown that I7T¢ =¢c for all K > K, and this result can be
substituted into (5.2) to obtain (6.24). The details are left to the reader. The only
notable difference between the derivation of (6.2) and (6.24) is in the demonstration

lim D = 0. (6.25)

To prove this, note that for any two functions f(x) and g(x), the Schwarz inequality
implies

(VF& Vel < VAP 2 (IVeR Y2 < K311 21812, (6.26)
where the inequality on the right-hand side follows from (6.11). From (3.24)
(Jr og) = (Vo Vb + Vo < Vbig + Vo5 - Vb ), (6.27)
where v = (v,, v, v;) and, therefore,
D[ =1+ m{ik @) < 3v(1+Pr) (o) 218172, (6.28)

If the total energy is bounded as v — 0, then ( |v|?) and (|b|?) are both bounded and
the result (6.25) follows.
6.3. Law for the inertial range magnetic-helicity flux
In homogeneous but not necessarily isotropic turbulence, the vector third-order
moment for the magnetic helicity F™(r) satisfies the divergence law
V-FM" = —¢, (6.29)
in the limit Re — oo and for r in the inertial range. In addition, the third-order
moment satisfies
(b (8v X 8b)) = —ey. (6.30)
The derivation of these results follows closely the derivations for the energy and
cross-helicity in §§6.1 and 6.2. Briefly, it can be shown that I[TY = ¢, for all K > K

and this result can be substituted into (5.3) and (5.4) to obtain (6.29) and (6.30),
respectively. The details are omitted for brevity.

7. Conclusions

It has been shown that in the limit of large kinetic and magnetic Reynolds numbers,
the vector third-order moments F(r), F¢(r), and F¥(r) for homogeneous, anisotropic,
incompressible MHD turbulence satisfy the divergence laws

V- F = —4e, (7.1)
V-FC = —de, (7.2)
V-FM = —¢y, (7.3)
and, in addition,
(b(x)*[8v(r) x 8b(r)]) = —ey, (7.4)

where F, F¢ and FM are defined by (4.28), (4.42) and (4.53), respectively, and
Sv(r)=v(x +r)—v(x). These laws are valid in the inertial range for both statistically
stationary turbulence and for freely decaying turbulence under the conditions
discussed in § 2.1. It is important to emphasize that these laws are valid for anisotropic
turbulence as well as isotropic turbulence and, therefore, are fundamental for the study
of plasma turbulence in nature where statistical isotropy is often not satisfied.
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What is the physical meaning of the laws (7.1)—(7.3)? The divergence law (7.1)
expresses the fact that energy is conserved during the energy cascade process. In other
words, the divergence law (7.1) is equivalent to the statement [Tx =¢ for all K in the
inertial range. For this reason, (7.1) is called the law for the inertial range energy flux.
The proof consists of two parts. If [Ty =& = const for all K > K, then, as shown
following (6.13), V- F = — 4e. On the other hand, if V-F = — 4¢, then it follows
readily from (5.1) that ITx =¢. This completes the proof. Similarly, the divergence
laws (7.2) and (7.3) are equivalent to the conservation of the fluxes of cross-helicity
and magnetic helicity in the inertial range, respectively.

The theory indicates that the quantity (b-(Sv x 8b)) has special significance. The
result (7.4) shows that this third-order moment is constant in the inertial range,
independent of the scale r of the fluctuations, and is equal to the inverse cascade rate of
magnetic-helicity. It is remarkable that this quantity does not depend on the magnetic
vector potential. Consequently, this formula provides a practical means of determining
the cascade rate of magnetic-helicity from experimental data. The presence of a strong
mean magnetic field b yields the approximation (b« (8v x 8b)) ~b- (5v x 8b).

Similar to the four-thirds law (1.5) for hydrodynamic turbulence, the theory implies
that for homogeneous and isotropic, but not necessarily mirror symmetric MHD
turbulence, the vector third-order moments take the form

F(r)= —%sr, FC(r)= —%scr, FY(r)= —%sMr. (7.5)

The first two equations are called the four-thirds laws for homogeneous isotropic
incompressible MHD turbulence. Note that the radial (longitudinal) components of
the equations for F and F€ in (7.5) are equivalent to the laws derived by Politano &
Pouquet (1998a)

([I80(r)* + [8b(r) P18, (r)) — 2([80(r) - 8b(r)18by (r)) = —3er, (7.6)

—([18v(r)* + [8b(r)|*18by (r)) + 2([50(r) - 8b(r)]8v) (r)) = —3ecr. (7.7)
The radial (longitudinal) component of the equation for F¥ in (7.5) is
((a-b)v) — (@' v)by — (a- V)| + (a-V)b)) = —ésMr, (7.8)

where a=a(x), a’ = a(x + r), v| is the component of v in the r-direction, etc., and x
is a dummy variable. The last two terms on the left-hand side of (7.8) are not found
in (17) of Politano et al. (2003). Therefore, the result (7.8) derived here does not agree
with that of Politano et al. (2003). One difference between the formulation of Politano
et al. (2003) and the present work is the definition of the cascade rate g,,; the value
of &) defined in equation (13) of Politano et al. (2003) is half the value defined by
(4.52). However, this does not resolve the discrepancy between (17) of Politano et al.
(2003) and (7.8) above.

The discrepancy arises from the fact that, by construction, (4.52) is symmetric
with respect to the interchange of x and x/, whereas the expressions derived
by Politano et al. (2003) appear to lack such symmetry. The symmetry in (4.53)
implies FM(—r)=—FM(r). In the special case when the turbulence is isotropic, the
statistical third-order moment FM(r) is constrained by tensor analysis to have the
form FY(r)= Ar so that the condition F¥(—r)=—F"(r) necessarily holds. The last
two terms in (7.8), like the second term in (4.53), are necessary if F¥(r) is to have
the correct symmetry. However, when the different definitions of &), are taken into
account, (17) of Politano et al. (2003) implies (7.8).
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