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Direct numerical simulations of low Mach number compressible three-dimensional
magnetohydrodynamic (CMHD3D) turbulence in the presence of a strong mean magnetic field are
compared with simulations of reduced magnetohydrodynamics (RMHD). Periodic boundary
conditions in the three spatial coordinates are considered. Different sets of initial conditions are
chosen to explore the applicability of RMHD and to study how close the solution remains to the full
compressible MHD solution as both freely evolve in time. In a first set, the initial state is prepared
to satisfy the conditions assumed in the derivation of RMHD, namely, a strong mean magnetic field
and plane-polarized fluctuations, varying weakly along the mean magnetic field. In those
circumstances, simulations show that RMHD and CMHD3D evolve almost indistinguishably from
one another. When some of the conditions are relaxed the agreement worsens but RMHD remains
fairly close to CMHD3D, especially when the mean magnetic field is large enough. Moreover, the
well-known spectral anisotropy effect promotes the dynamical attainment of the conditions for
RMHD applicability. Global quantities (mean energies, mean-square current, and vorticity) and
energy spectra from the two solutions are compared and point-to-point separation estimations are
computed. The specific results shown here give support to the use of RMHD as a valid
approximation of compressible MHD with a mean magnetic field under certain but quite practical

conditions. © 2005 American Institute of Physics. [DOI: 10.1063/1.2128573]

I. INTRODUCTION

In the presence of a strong or moderately strong large-
scale mean magnetic field, the equations of compressible
magnetohydrodynamics can be approximated, under certain
conditions, by the so-called equations of reduced magneto-
hydrodynamics (RMHD). In RMHD a subset of the nonlin-
ear couplings of full MHD are retained. The physical picture
is that of two-dimensional MHD fluctuations in planes per-
pendicular to the mean magnetic field, which are coupled by
long wavelength modes (the Alfvén waves) along the mean-
field direction.

Original derivations of the RMHD equationsF3 need to
assume two conditions: (i) that fluctuations are small as com-
pared to the mean magnetic field and (ii) that gradients of the
fluctuations along the direction of the mean magnetic field
are much smaller than gradients in the perpendicular direc-
tion. A third issue is the role of component fluctuations par-
allel to the mean field. When deriving RMHD from incom-
pressible equations,2 the parallel fluctuations obey a passive
equation that is added to the RMHD system. However, start-
ing from a compressible plasma derivation,” the parallel fluc-
tuations are required to be small in establishing RMHD.

In a formal asymptotic derivation,’ RMHD is obtained
from the compressible MHD equations at lower Mach num-
ber, for the strong mean magnetic-field case [condition (i)]
and large aspect ratio [i.e., condition (ii)]. High-frequency
modes are eliminated in this procedure, and RMHD emerges
as a suitable description of low-frequency magnetohydrody-
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namics. Two limits are involved—Ilow Mach number and
strong magnetic field—so that the collapse in dimensionality
and the approach to incompressibility become intertwined in
establishing RMHD. More elaborate derivations of RMHD
equations also include complications due to effects of weak
spatial inhomogeneity and/or toroidal geometry.S’6

The practical advantages of using the RMHD equations
are clear. First (see below), the dynamics can be fully de-
scribed in terms of two scalar fields as compared to the seven
scalar fields needed for the full MHD equations. Second, as
some of the couplings are not included, fewer nonlinear
terms (often the most demanding terms in numerical simula-
tions) need to be computed. Third, since fast compressible
modes are eliminated at the onset, lower spatial and time
resolutions are usually required. Finally, in situations where a
large aspect ratio of the geometrical domain already exists,
use of the full MHD equations with equal number of modes
in all directions would be computationally prohibitive, while
the inherent anisotropic property of RMHD is fully consis-
tent with this geometry and computationally feasible. As a
result of these clear advantages, RMHD has been widely
employed in applications where a large mean magnetic field
and a large aspect ratio exist. Included in those cases are
astrophysical applications, such as RMHD coronal
models,7_13 as well as plasma fusion studies (where RMHD
was introduced originally'?).

It is clear then that the subject of applicability and va-
lidity of the RMHD approximation is important for a number
of plasma physics applications. In a previous paper14 we
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have examined the self-consistency of the RMHD approxi-
mation through direct numerical simulations of the RMHD
equations, which showed that the approximation does not
invalidate itself as the system evolves in time. That study
shows that the turbulent energy cascade along the direction
of the mean magnetic field is self-limited, and therefore the
RMHD assumption of weak spatial variations in the parallel
direction persists in time. Another study addressing that issue
within RMHD was discussed in Ref. 15. The purpose of the
present paper is to give new support to the use of the RMHD
approximation now by direct comparison of simulations of
the RMHD equations and the full compressible MHD equa-
tions at low Mach number using several types of initial con-
ditions. Results will be compared one to one for global quan-
tities, such as mean energies, square current, and vorticity as
for energy spectra and direct visualization of currents. The
separation (mean-squared-normalized distance) between the
two solutions will be computed for different values of the
mean magnetic field and initial conditions.

Although the cases examined are specific, the results
shown here give strong support for the use of RMHD when
the conditions for its validity are satisfied, as well as good
support for situations in which some of these conditions are
partially relaxed. In the latter case we find the interesting
property that the realm of applicability of RMHD can be
enhanced by the dynamical reinforcement of the low-
frequency requirement, achieved through anisotropic cas-
cade.

The organization of the paper is as follows. Section II
describes the equations for both compressible MHD and re-
duced MHD, along with the codes to numerically solve
them. Section III presents the numerical results for different
types of initial conditions. Section IV contains the conclu-
sions.

Il. MODEL AND EQUATIONS
A. Compressible MHD

The macroscopic description of a plasma given by com-
pressible three-dimensional (3D) MHD (CMHD3D) involves
a fluctuating flow velocity v(x,y,z,f), magnetic field
B(x,y,z,), and density p(x,y,z,7). The MHD equations are

1 (VX B) X B

av
—+(v-V)v=——Vp+
ot p 4mp

1
+V<V2V+§VV~V), (1)

%=VX(VXB)+,U,V2B, (2)
where p is the pressure, v is the kinematic viscosity, and w is
the magnetic diffusivity. A continuity equation for the den-
sity p and an equation of state complete the system. We treat
the pressure as polytropic p/py~ (p/py)?, y=5/3, and con-
sider a regime with low Mach number M =v,/c,=0.25,
where v, is the initial rms velocity fluctuation value and ¢,
=\ ypo/ py 1s the sound speed, with p, and p, the initial pres-
sure and density, respectively.
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A mean background magnetic field (dc field) along the z
direction, By=BZ, is assumed so that the total magnetic field
is B=Byz+b where the fluctuating magnetic field is b. Then
the MHD Egs. (1) and (2) can be written in the form

av 1 B>\ ByV.b (b-V)b
—+(V-V)V=——V<p+—)+L+!
ot p 8 41p 41p
1
+V(V2V+§VV-V>, (3)

B
E=BOVZV+(b-V)V—V~Vb—B(VoV)+,u,V2B, (4)

where the mean magnetic field B appears explicitly and V,
is the gradient along its direction. This form is useful for
comparison with the RMHD equations.

B. Reduced MHD

The RMHD limit attempts to describe compressible
MHD flows in which (1) the flow becomes incompressible or
nearly so, (2) the mean background magnetic field By, is large
when compared to magnetic- and velocity-field fluctuations
values,'® and (3) the dynamical processes of interest occur at
slow convective time scales, well separated from high-
frequency waves.

The latter condition, recognized explicitly in Montgom-
ery’s derivation® from the incompressible equations, may be
quantified by defining the Fourier modes that are expected to
follow the RMHD equations according to the inequality

(k) < 74(K). ()

Here 7,;(k)=1/(kv,) is the nonlinear time associated with the
speed v, at wave number k and_TA(k)=1/ (kyVa,) is the
Alfvén time, where VAO:BO/\J’47Tp0 is the Alfvén speed.
Condition (5) is related to the critical balance criterion,” in
which the approximate equality of the two time scales holds
for the steady inertial range modes in anisotropic incom-
pressible MHD. Although the approximate equality might
hold for a range of modes in a plasma, one should not expect
that this is true for all the modes in the system or all condi-
tions (see Ref. 14 for a more complete discussion of this
issue). An interesting example is the solar corona, where
through driving at the coronal base the inequality can be
maintained at the low-k modes in the system.12

The strong magnetic field By— o¢ limit is formally sin-
gular, as the frequencies of the turbulence, at convective time
scales, become increasingly separated from the Alfvenic
wave frequencies. To maintain the RMHD time scale in-
equality in this limit, the condition that nonlinear terms [e.g.,
(b-V)b] are comparable in size to or smaller than the linear
ones (e.g., BoV.b) implies that it is necessary to restrict gra-
dients along B, to be small when compared to gradients in
the perpendicular directions.

Further technical complications arise when RMHD is
derived formally, starting from a compressible MHD model,
and these have practical ramifications as we see below in
later sections. Magnetoacoustic couplings are present, and
now the relevant dimensionless ratio is the Mach number
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associated with the turbulent fluctuations, M, which — 0 in
the incompressible limit. This is also a singular limit, in
which the convective motions and wave activity have diver-
gent characteristic time scales. Consequently there are spe-
cial conditions that must be formally imposed on the system
when the mathematical limits b/By,— 0 (rms fluctuating field
b) and M,— 0 are imposed simultaneously, if the dynamics
is to be dominated by low-frequency convective motion.* As
in the limit of incompressible hydrodynamics,l&19 a proper
approach to such a singular limit requires that conditions be
placed on initial data to restrict the level of “fast” wave ac-
tivity, thus producing solutions that remain within the realm
of the “reduced” dynamical equations for finite time. In par-
ticular, the frequency of Alfvénic couplings at a given wave
number is reduced by imposing the spectral anisotropy, so
that w=kV,<<kV,. However, for magnetosonic couplings,
which involve nonzero parallel variance, w~kV, for low
plasma beta (strong Bj) and therefore variance anisotropy,
i.e., parallel component fluctuations smaller than perpendicu-
lar component fluctuations, is required to maintain the con-
vective time scale restriction needed for RMHD (see Ref. 4).

For the description by the RMHD model this implies a
combination of factors—limits on magnetoacoustic activity,
low Mach number, and strong mean magnetic field. Here we
will be concerned not with an examination of the formal
asymptotic properties but rather with the practical issue of
how well the RMHD model performs in real simulations.

Providing the necessary restrictions are met, the above
conditions result in a set of leading-order equationsl’z’4 in-
volving incompressible plane-polarized velocity and
magnetic-field  fluctuations  v(x,y,z,0)=(v,,v,,0)=v |,
b(x,y,z,t)=(b,,b,,0)=b ,

v, 1 ( BZ) ByV.b,
—+(v, -V =—-Vip+—|+——
it (vi-Vo)v, o \p S 4mp
b,-V,)b
LIS Ton Wiv,, (6)
41p

b
— =BV + (b Vv, - (v, V)b, +uVib,

(7

with V, -v, =0, where V, =(d,,d,,0) is the gradient in the
transverse directions and p=py.

In this form, it can be seen that some of the nonlinear
terms in CMHD3D are not present in RMHD (e.g., those
involving parallel component fluctuations) and also that fluc-
tuations are incompressible in this approximation. However,
the RMHD equations remain strongly nonlinear and should
not be confused with any kind of linear small amplitude
fluctuation limit.

The fact that the fluctuations are incompressible in
RMHD implies that the pressure can be eliminated from the
equations, which can be put in a form involving two scalar
fields,! the fluid vorticity w.(x,y,z,), and the magnetic vec-
tor potential a.(x,y,z,7) as

(9(,02 _BOszz+ (bVL)]z

—+(v-V
ot v- Ve, 4mp 41p

+ 1V o, (8)
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a
% +(v-V)a =BV ¢+ 'U“Vzlaz’ ®)

where w,=-V?* ¢, and j,=-V? a,, with , the stream func-
tion and j, the current density. The velocity and magnetic
fluctuation fields are obtained from the scalar potentials as
v, =V X .2 and b, =V X a,z, respectively.

The leading-order current density in RMHD is j
=(0,0,j,) that is directly aligned with the mean magnetic
field. Higher-order contributions to the current (coming from
weak V. terms) are corrections to RMHD and are not con-
sidered here. Similarly, the leading-order (parallel) compo-
nent of the vorticity is indicated by w,.

Velocity and magnetic fluctuation components along the
mean magnetic-field direction are not present in the formu-
lated equations. It is possible however to retain those fluc-
tuations and the equations for them have a passive form.**
By that, we mean that they do not appear in the equations for
the transverse components which evolve independently and
the equations for these parallel components are linear once
the transverse fluctuations are known.

C. Numerical codes

We employ different pseudospectral codes to solve each
set of equations. Triply periodic boundary conditions are as-
sumed in a cube of side 2L (where L~ 1 is the initial cor-
relation length of the fluctuations, defined as the unit length).
In the codes, the Fourier components of the fluctuations are
evolved in time, starting from a specified set of the Fourier
modes (see the following section for the different types of
initial conditions), with given total energy and random
phases. The RMHD code specifies exactly the same initial
fluctuation fields (velocity and magnetic field) as prepared in
the full MHD code, except in cases where parallel compo-
nent fluctuations are included in CMHD3D but are not
present in RMHD.

The same resolution is used in both codes in all three
directions in most of the runs presented here, which have a
moderate resolution of 64° Fourier modes, allowing many
different runs to be done with different initial conditions
and/or mean magnetic field. The kinetic and magnetic Rey-
nolds numbers are defined as R=1/v and R,,=1/u, respec-
tively, based on unit initial rms velocity fluctuation, unit
length, and nondimensional values for the viscosity and dif-
fusivity. Here we considered R=R,,=200 in most of the runs.
A particular CMHD3D run is made also at 128 and Rey-
nolds numbers of R=R,,=400 and compared to a RMHD run
with 128 X 128 X 16 resolution (i.e., fewer modes along the
mean magnetic-field direction).

A second-order Runge-Kutta time integration is per-
formed, the nonlinear terms evaluated using the standard
pseudospectral procedure.20 The runs are freely evolved for
10 or 20 unit times (the initial eddy turnover time defined in
terms of the initial unit rms velocity fluctuation and unit
length). Different values of the magnetic field By=1, 2, 4,
and 8 are considered (in units of the initial rms magnetic
fluctuation value).
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lll. RESULTS AND DISCUSSION
A. Anisotropic initial conditions

The first set of initial conditions we considered in this
study is generated using a two-step process. First, a set of
Fourier modes for both magnetic- and velocity-field fluctua-
tions is produced, with amplitudes such that the (omnidirec-
tional) energy spectrum is a Kolmogorov spectrum propor-
tional to k"3 for 1<k<16 and Gaussian random phases.
Modes outside of this range in k space are set to 0. Second,
an anisotropic filter is applied, so that excited modes for
which 7,,(k) > 7,4(K) are initially set to 0. This is to ensure
that only modes which satisfy the RMHD requirement Eq.
(5) are excited initially.

Taking the Kolmogorov inertial range form v,~k~
into account, this condition becomes

173

k2/3
kj<C—, (10)
Va
0
where C is a O(1) constant. As discussed above, this form is
similar to the critical balance condition for anisotropic MHD
discussed in Ref. 17 (whereas, instead, the approximate
equality holds). Here we view this inequality as one of the
conditions for the validity of the RMHD approximation. For
marginal attainment of the time scale inequality, we consider
runs with C=1 (see, however, some additional cases below).
The condition means that only large, parallel wavelength
modes (low k) are allowed in the initial fluctuations and
becomes increasingly restrictive as the value of the mean
magnetic field (i.e., V, ) is increased.

To complete the specification of the initial conditions,
the fluctuations are normalized so that the initial mean-
square values of the magnetic and velocity fields are both
equal to 1 (unit value). Cross and magnetic helicities are
initialized at very small values (remind that if the normalized
cross helicity is unity, there is no turbulent dynamics). Only
plane-polarized fluctuations are considered in this case, that
is, fluctuations are perpendicular to the mean magnetic field,
e.g., v(x,1=0)=v, (x,0).

The runs performed throughout this paper do not contain
any magnetic or velocity stirring terms, so that the
CMHD3D and RMHD systems freely evolve during several
nonlinear times until #=10. We performed runs for By=1, 2,
and 4. Global quantities for the cases By=4 and By=1, such
as mean-square magnetic-field fluctuations, velocity field, to-
tal current, and total vorticity, are shown as functions of time
in Figs. 1 and 2. The CMHD3D and RMHD solutions are
almost indistinguishable from one another for the By=4 case.
The solutions can be distinguished for the By=1 case, al-
though the RMHD case still tracks reasonably well the be-
havior of the global quantities shown. We want to remark
that the magnetic-field and velocity-field quantities for the
CMHD?3D case include also the parallel fluctuations compo-
nents that may have developed in the system evolution. In
the case of the current and vorticity, transverse components
are also considered for the CMHD3D case (not present in the
leading-order RMHD system).

A more quantitative and detailed way of measuring the
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FIG. 1. (a) Mean-square fluctuating magnetic field, (b) velocity field, (c)
current density, and (d) vorticity as functions of time for the case By=4,
anisotropic initial conditions (k\\<ki/3/ VAo)’ and plane-polarized fluctua-
tions. CMHD3D solution (dark line) and RMHD solution (light line).

distance between the two solutions is to compute the point-
to-point separation between the two solutions (the squared
“distance” between them), defined as

f (bRMHD _ bCMHD3D)2 + (VRMHD _ VCMHDSD)2d3x
E=d*= ,
J (bCMHD3D)2 + (VCMHD3D)2d3x

(1

where the integral can be numerically computed as a sum of
the Fourier modes. It should be noted that this quantity is a
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FIG. 2. (a) Mean-square fluctuating magnetic field, (b) velocity field, (c)
current density, and (d) vorticity as functions of time for the case By=1,
anisotropic initial conditions (k”<k213/ VAo)’ and plane-polarized fluctua-
tions. CMHD3D solution (dark line) and RMHD solution (light line).

very sensitive measurement of the proximity of the two so-
lutions since simple phase differences between the solutions
would be seen as large values for . In this regard, the global
quantities comparison (and energy spectra shown below) is a
more adequate measurement of the statistical proximity of
the two solutions even in cases where the separation, as de-
fined above, is large. We want, however, to compute this
quantity as a high demanding measurement of the proximity
of the two solutions.

The separation is shown as a function of time and for
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FIG. 3. (a) Separation between the RMHD solution and the CMHD3D
solution as a function of time (see text) with anisotropic initial conditions
(as described in Fig. 1), for different values of the mean field: By=4 (con-
tinuous line), By=2 (dashed line), and By=1 (dotted line); (b) Maximum
separation between the RMHD solution and the CMHD3D solution as a
function of 1/B,,.

different values of B, in Fig. 3. The maximum separation is
also plotted for three different values of B, as a function of
1/B,.

The separation remains less than 3% for the case By=4,
10% for the case By=2, and increases to 90% for By=1. As
can be concluded from Figs. 1-3 the results show that if the
appropriate anisotropic set of initial conditions are chosen,
the solution given by RMHD remains very close to the one
given by CMHD3D for the cases where B, is larger than the
fluctuations level (i.e., By>1).

The agreement between the solutions for the case B,
=1 can actually be made to improve considerably if a more
restrictive anisotropic initial condition is applied, and instead
of C=1 we use values C=1/2 and C=1/4 for the constant in
the RMHD condition. The separations between the
CMHD3D and RMHD solutions for these three cases are
shown in Fig. 4(a). Figure 4(b) shows the maximum distance
as a function of C (whose inverse value measures the degree
of the initial anisotropy). These results show that if the mean
magnetic field is fixed (in this case By=1), the agreement
between RMHD and CMHD3D is improved as more aniso-
tropic initial conditions are considered. This is due to the
further reduction of high-frequency modes in lower-k; initial
data.

B. Isotropic, large-scale initial conditions

In this case we consider the initial Fourier modes in a
shell in k space 1 <k=2 at low wave numbers, with constant
amplitudes and random phases. Unlike the previous case, no
initial anisotropic filter is applied here, so the initial condi-
tions are spectrally isotropic. In terms of the linear modes of
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FIG. 4. (a) Separation between the RMHD solution and the CMHD3D
solution as a function of time for the case By=1 and different values of the
constant C in the anisotropic condition k”<Ck213/ V4o C=1 (dotted line),
C=1/2 (dash-dotted line), and C=1/4 (dashed line). (Ob) Maximum separa-
tion between the RMHD solution and the CMHD3D for the previous case as
a function of the constant C in the anisotropic condition.

the system, the Fourier modes with wave-number magnitude
k include contributions with frequencies varying from 0 to
kV,. As above, only plane-polarized fluctuations (transverse
to the mean magnetic field) are included, so these are (low-
to-high-frequency) Alfvén mode fluctuations and not magne-
tosonic modes. We maintain other parameters and initial con-
ditions, such as mean-square values of magnetic and velocity
fluctuations set to 1, low cross helicity, and no magnetic
helicity.

This set of initial conditions represents a more general
situation that may arise in an application, where no initial
spectral anisotropy is imposed (for instance, they could rep-
resent better the effect of isotropic driving). Since only low-
k modes are excited initially, we expect an energy cascade to
develop and populate the large wave-number modes in a few
turbulent times. Strong nonlinear activity is expected.

We perform simulations with By=1, 2, 4, and 8. The
evolution of global quantities is shown in Fig. 5 for the case
By=8. The CMHD3D and RMHD solutions keep remarkably
close throughout. The fast oscillations observed in the mean-
square magnetic- and velocity-field values are consequences
of the Alfvén waves (w:kHVAO) excited during the evolution
of the system. The RMHD solutions track this time behavior
well and similarly for the fluctuations observed in the mean-
square current and vorticity. The evolution of global quanti-
ties for the case By=1 is shown in Fig. 6. Here the agreement
has worsened as compared to the B,=8 case, but the general
behavior is still well tracked.

The separation between the two solutions as function of
time is shown in Fig. 7(a) for different values of B,,. Figure
7(b) shows the maximum separation as a function of 1/B,,.
Although errors are larger than in the anisotropic cases
shown in Sec. III A, the solutions are quite close to each
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FIG. 5. (a) Mean-square fluctuating magnetic field, (b) velocity field, (c)
current density, and (d) vorticity as functions of time for the case B,=8,
isotropic initial conditions, and plane-polarized fluctuations. CMHD3D so-
lution (dark line) and RMHD solution (light line).

other for the large B, cases. For the largest By=8 case the
separation between the solutions remains smaller than 20%
at late times (when the energy of the system is low) and is
smaller than 5% at short times, when the peak of dissipation
occurs (see Fig. 5). The plasma g for the B;=8 case is 8
=c;/V; =0.25 which is the lowest value we achieved in
these runs (other By=1, 2, and 4 cases have 8=16, 4, and 1,
respectively).

In this series of runs, the initial state includes modes that
do not satisfy the RMHD condition, but the RMHD equa-
tions fare somewhat better in comparison to CMHD3D than
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(a)

15 20

FIG. 6. (a) Mean-square fluctuating magnetic field, (b) velocity field, (c)
current density, and (d) vorticity as functions of time for the case By=1,
isotropic initial conditions, and plane-polarized fluctuations. CMHD3D so-
lution (dark line) and RMHD solution (light line).

might have been expected. One reason for this is related to
the dynamical enhancement of spectral anisotropy, caused by
a strong mean magnetic field.”' The energy cascade is stron-
ger in the transverse directions than in the parallel one, and
so there is less energy in large parallel wave-number modes
than in large perpendicular wave-number modes. Develop-
ment of spectral anisotropy in the presence of a strong mean
magnetic field has been observed in numerical simulations of
both incompressible and compressible MHD** (and re-
cently also in supersonic compressible MHD as shown in
Ref. 24). Here we note that the cascade is predominantly in
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FIG. 7. (a) Separation between the RMHD solution and the CMHD3D
solution as a function of time with isotropic initial conditions, for different
values of the mean field: By=8 (continuous line), By=4 (dashed line), B,
=2 (dash-dotted line), and By=1 (dotted line); (b) Maximum separation
between the RMHD solution and the CMHD3D solution as a function of
1/B,.

the direction of higher k, and at nearly constant &, and this
means that as time passes, excitation that is initially outside
the RMHD regime may enter into the RMHD region defined
by Eq. (5). In this way anisotropic spectral transfer helps, in
part, to maintain the conditions needed for validity of
RMHD and thus helps to make it possible for the two solu-
tions to remain close to one another.

We investigate the anisotropy development for the B,
=8 case in more detail and perform a larger resolution 128°
CMHD?3D run, halving the viscosity and resistivity (so the
effective kinetic and magnetic Reynolds numbers are 400).
This is both for verification and to obtain more extended
energy spectra (see below). Furthermore, the RMHD run for
this comparison case has been performed with 128 X 128
X 16 resolution, that is, a smaller number of modes in the
parallel direction. Time histories of several global quantities
are shown in Fig. 8. The RMHD solution tracks the
CMHD3D solution quite well, even in some detailed time
behavior. Again, the observed oscillations in the magnetic
and velocity mean-square values are due to the presence of
the parallel propagating Alfvén waves, captured by both
CMHD3D and RMHD.

Energy spectra for this comparison case are shown in
Fig. 9 at a time t=4, corresponding to the peak of mean-
square current and vorticity (spectra at later times are similar
to the one shown here). Figure 9(a) shows the omnidirec-
tional total- (kinetic plus magnetic) energy spectrum E(k) for
both CMHD3D and RMHD. The spectrum is broadband and
has developed from the initial narrow 1 <k=2 initial state,
as a result of the turbulent cascade. Only at very large k can
the CMHD3D spectrum be distinguished from the RMHD
one. Figure 9(b) shows the perpendicular spectrum E(k ).
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FIG. 8. (a) Mean-square fluctuating magnetic field, (b) velocity field, (c)
current density, and (d) vorticity as a function of time for the case B,=8,
isotropic initial conditions and plane polarized fluctuations. CMHD3D so-
lution at 1283 resolution (dark line) and RMHD solution at 128 X 128 X 16
resolution (light line).

This spectrum seems to be consistent with a Kolmogorov
kf/ 3 law although in a very limited range in k&, due to the
lack of numerical resolution. In Fig. 9(c) we show the paral-
lel energy spectrum E(k;) (in linear-log scale). As expected
from the anisotropy development, the parallel energy spec-
trum remains much smaller than the perpendicular spectrum,
especially at large wave numbers. The spectrum obtained
from RMHD tracks the spectrum obtained from CMHD3D
very well at low wave-numbers. The parallel spectrum in the

Phys. Plasmas 12, 112304 (2005)
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FIG. 9. (a) Omnidirectional energy spectrum (kinetic plus magnetic) E(k)
for the case B,=8, isotropic initial conditions, and at t=4. CMHD3D solu-
tion at 1283 resolution (dark line), RMHD solution at 128 X 128 X 16 reso-
lution (light line). (b) Perpendicular energy spectrum E(k,); a power law
with a slope of 5/3 is indicated with a dotted line. (c) Parallel energy
spectrum E(k;) (in linear-log scale).

RMHD case is truncated due to the smaller number of modes
we used in the parallel direction for this particular run.

A visual comparison of structures is made in Fig. 10.
This is a cube of three cross sections of the simulation box,
showing the spatial structure of the parallel current j.(x,y,z)
(along the mean magnetic-field direction) at a particular in-
stant t=4. The light tones correspond to upward currents,
while the dark tones correspond to downward currents. The
same tone scheme is used in both plots from the CMHD3D
and the RMHD runs. The anisotropy of the current distribu-
tion is evident in this figure, which shows elongated current
structures along the mean magnetic-field directions, while
variations are strong in the transverse directions. There are
only very subtle differences observed in the two figures. At
this particular instant of time, the separation between the two
solutions is less than 5%. For comparison we show in Fig. 11
the results for the By=1 case. The top cube [Fig. 11(a)]
shows the CMHD3D case at 1283 resolution, the middle
cube [Fig. 11(b)] shows the RMHD case at 128° resolution,
and the bottom cube [Fig. 11(c)] shows the RMHD case at
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FIG. 10. Cross sections of the parallel current density j.(x,y,z) for the B,
=8 case, isotropic initial conditions, and at r=4; light tones indicate upward
currents while dark tones indicate downward currents for the (a) CMHD3D
case at 128 resolution and (b) RMHD case at 128 X 128 X 16 resolution.

128 X 128 X 16 resolution. Here the separation between the
solutions is about 20% and more differences can be ob-
served. The RMHD results with fewer modes in the parallel
direction appear more different. There is still anisotropy in
the current distribution but less developed than in the large
By=8 case. Recall that the case shown in Fig. 11 is not the
one for which RMHD would be expected to be extremely
accurate, and what similarities the current densities show in
Figs. 11(a) and 11(c) are somewhat remarkable.

C. Initial conditions with parallel fluctuations

Here we consider a set of initial conditions exactly as
described in Sec. III B (that is, isotropic, large-scale modes),

Direct comparisons of compressible magnetohydrodynamics...

Phys. Plasmas 12, 112304 (2005)

FIG. 11. Cross sections of the parallel current density j.(x,y,z) for the B,
=1 case, isotropic initial conditions, and at t=4; light tones indicate upward
currents while dark tones indicate downward currents for the (a) CMHD3D
case at 1283 resolution, (b) RMHD case at 128 resolution, and (c) RMHD
case at 128 X 128 X 16 resolution.
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(a)

FIG. 12. (a) Mean-square fluctuating magnetic field, (b) velocity field, (c)
current density, and (d) vorticity as functions of time for the case B,=8,
isotropic initial conditions, and plane-polarized fluctuations with 50% addi-
tional initial energy in parallel component fluctuations. CMHD3D solution
(dark line) and RMHD solution (light line).

but now parallel fluctuations components to the mean mag-
netic field are also excited in the CMHD3D case (they are
excluded in the RMHD system).

We added 10% of the total energy in one case and 50%
of the total energy in another case to parallel fluctuation
components in the CMHD3D runs. This energy addition is
made equipartitioned among magnetic and velocity fluctua-
tions. The global quantities for the case of 50%-added paral-
lel fluctuations are shown in Fig. 12. The results are com-
pared to the RMHD run which have exclusively

Phys. Plasmas 12, 112304 (2005)
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FIG. 13. Distance between the RMHD solution and the CMHD3D solution
as a function of time for the case By=8 and different percentages of addi-
tional energy in parallel component fluctuations; 0% (continuous line), 10%
(dashed line), and 50% (dotted line).

perpendicular fluctuations components (and hence less initial
energy). The point-to-point separation between the two solu-
tions is shown in Fig. 13. It is clear that the distance in-
creases as more parallel fluctuations are included initially.
An interesting result is to track the ratio of parallel to
perpendicular components for these type of CMHD3D runs.
This is shown in Fig. 14. The case without initial parallel
fluctuations (corresponding to the case shown in Sec. II B)
maintains a low level of parallel fluctuations as the system
evolves. The case with initially large parallel fluctuations
show, on the other hand, that the ratio increases toward more
or less isotropy (recall that the transverse values includes the
sum of x and y components). We can conclude from these
results that in order for RMHD to keep close to CMHD3D,
the amount of initial energy in parallel fluctuations has to be
small as compared to the total initial energy. The reason is
that parallel fluctuations induce compressive modes (fast and
slow magnetosonic modes) in CMHD3D which cannot be
tracked with RMHD, where those high-frequency modes are
excluded in the approximation. In addition, as we discussed
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FIG. 14. Energy fraction between parallel and perpendicular component
fluctuations for the CMHD3D run with By=8 and different percentages of
additional initial energy in parallel component fluctuations: 0% (continuous
line), 10% (dashed), and 50% (dotted); (a) magnetic-field fluctuations and
(b) velocity-field fluctuations.
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above, only a limited amount of magnetosonic mode activity
is consistent with attaining a nearly incompressible solution,”*
which is an essential feature if RMHD is to be the leading-
order description.

IV. CONCLUSIONS

We have shown direct numerical comparisons of low
Mach number compressible MHD turbulence simulations
and reduced MHD simulations. The results can be subdi-
vided into three categories: (a) When initial conditions are
constructed to satisfy the RMHD conditions, namely, aniso-
tropic initial conditions and large or moderate mean mag-
netic fields (which imply that modal nonlinear times are
smaller than the modal Alfven times), together with plane-
polarized component fluctuations, the results show excellent
agreement between RMHD and CMHD3D, during evolution
over many nonlinear times. (b) If spectrally isotropic initial
conditions are instead employed, while maintaining the
transverse variance anisotropy associated with the Alfvén
mode, the well-known anisotropic MHD cascade induced by
a strong mean magnetic field helps to achieve the RMHD
conditions as the system evolves in time, and again very
good agreement between RMHD and CMHD3D is obtained.
(c) When parallel component fluctuations are included in the
initial conditions, the agreement between RMHD and
CMHD3D worsens, as the amount of energy in parallel com-
ponent fluctuations is increased, and accordingly the level of
magnetoacoustic activity increases.

The main conclusion that can be extracted from these
results is that the RMHD approximation remains in very
good standing (in the sense that the full MHD solution keeps
numerically close to the RMHD solution) when the math-
ematical conditions assumed for its derivation are satisfied
and even in cases in which some of these conditions are not
immediately satisfied (spectrally isotropic initial conditions).

Cases where RMHD has been applied include, as men-
tioned, plasma fusion studies and models of the solar corona.
In this last application, for instance, the mean magnetic-field
can be very strong, and a large aspect ratio of the geometry is
encountered (in a coronal loop or in a coronal hole, varia-
tions of the fields along the mean magnetic-field direction are
much smaller than variations in the transverse directions).
For this situation we can expect that RMHD and CMHD3D
solutions will not differ much from each other. This will be
especially certain if this type of system is excited by trans-
verse fluctuations (through quasistatic velocity shear driving
at the base or by direct injection of shear Alfven waves). It is
interesting to note that the results shown in Sec. III C about
the addition of parallel fluctuations would suggest that
RMHD could still provide a useful base line description in

Direct comparisons of compressible magnetohydrodynamics...
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. . 2528 .
solar wind turbulence, whereas observational results 328 in-

dicate that the ratio of parallel to perpendicular fluctuation
energies (power in parallel fluctuations versus total power in
perpendicular fluctuations) is approximately 1:10.

Here we have explored a limited range of parameters
and initial conditions, but the ones that we believe are the
relevant ones for the physical assumptions in RMHD and for
the applications encountered in the literature. Although we
considered here a basic MHD problem (for instance, it would
be interesting to study different types of boundary condi-
tions), the results clearly support the use of RMHD in those
applications.
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