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%'e present a unified interpretation of observations of interplanetary fluctuations in terms of nearly in-

compressible magnetohydrodynamics. Incompressive eAects explain the rapid evolution of turbulence in

slow wind containing the heliospheric current sheet. The relative constancy of the spectrum of "inward
propagating" fluctuations compared to the rapid decline in "outward" fluctuations results from in-

compressive spectral transfer combined with strong dissipation of the outward Auctuations. Secondary

compressive eAects account for nearly pressure-balanced structures and the density fluctuation levels.

PACS numbers: 96.60.Vg, 52.30.—q, 52.65.+z, 96.50.Bh

Observations of the solar wind have suggested that the
dynamical evolution of the interplanetary magnetic field

and plasma might be viewed as largely passive wave fields
convecting from solar sources [1] or alternatively as ac-
tively evolving turbulence [2]. Recently [3], it has be-
come clear that the latter interpretation generally holds,
although significant questions remain concerning whether
the dynamics can be successfully explained in the lan-

guage of nearly incompressible magnetohydrodynamic
(MHD) turbulence or whether strong compressive
CAects, arising from fully compressible turbulence or
from convected compressive structures of solar origin,
play an essential role. A number of recent observational
papers [4-8] present evidence for the latter point of view;

here we present simulations that provide a unified ex-
planation for these observations entirely from the nearly
incompressible M HD viewpoint.

The dynamical evolution of the magnetic and velocity
Auctuations in the solar wind provides a unique opportun-
ity for the study of MHD turbulence. The large spatial
and temporal scales in the solar wind, combined with the
highly super-Alfvenic speed of the How, make possible ob-
servations of large, energy-containing structures on scales
of fractions of an astronomical unit (AU) down to the
dissipation range. Observations of the wind at difterent
heliocentric distances give a time history of the tur-
bulence. Power spectra of the fields, anisotropies in these
spectra, and correlations between the variables evolve as
the How moves outward, and these changes are consistent
with the evolution of the solar wind through a turbulent
cascade [3].

Belcher and Davis [1] found that the Auctuations in the
magnetic and velocity fields in thc tl ailing cdgcs of high-

speed solar-wind streams could be interpreted as outward
traveling Alfven waves; elsewhere the Auctuations were
less Alfvenic. More recently, Marsch et al. [9] showed
that slow wind could also be highly Alfvcnic, and Roberts

al. [10] showed that this was commonly the case far
from solar minirnurn. We suggest here that the feature
leading to these diAerences is that the slow wind at solar
minimum contains the heliospheric current sheet; the lack
of a magnetic-field component parallel to the velocity,
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especially when near strong shear layers, allows the tur-
bulent evolution to proceed rapidly. The incompressible
M H 0 simulations described below also exh ibit other
characteristics of the spacecraft data [4-61 including the
existence of a "background" spectrum [7], the rapid evo-
lution of the initially outward propagating Alfvenic Auc-
tuations toward this spectrum [8], and the seemingly
"dissipationless" evolution [11] of the amplitude of the

spectrum at higher wave numbers in the outer helio-
sphere. Compressible MHD simulations with the same
initial conditions show very similar evolution but also in-
clude the development of nearly pressure-balanced struc-
tures and enhanced density fluctuations associated with
the rapid evolution near current sheets, which are also
features of the observations. While these simulations
were carried out in two dimensions (2D), we believe that
the mechanisms suggested here are likely to be operative
in 3D [12]. These simulations thus oAer a simple ex-
planation of the observed radial evolution and stream
structure of solar-wind Auctuations.

The incompressible spectral method code [13] and
compressible pseudospectral code [14] used here resolve
structures near the grid scale awhile still preserving ideal
global invariants. The present results were obtained with
fairly low resolution runs (64x 64 modes) and mechanical
and magnetic Reynolds numbers of 200. Higher resolu-
tion is only needed to determine details such as precise
spectral slopes [15].

Among the conserved invariants are the total energy
(per unit mass) E = —, fd x(v +b ) and the cross helici-
ty 0, = —; fd xv b for a velocity v and magnetic field b
in units of the Alfven speed. In the compressible case,
the conserved energy includes an internal energy term.
We carry out much of the analysis using Elsasser vari-
ables, z —=v+ b, which distinguish "outward (inward)
traveling Alfven waves" z+ (z ). The quotes indicate
that what is primarily implied is the correlation between
the magnetic and velocity fields; when a state which is
ncithci purely z riol z occurs, it could consist, of mix-
tures of Alfvcnic and non-Alfvcnic Auctuations, and even
with no mean field the correlations may still exist. al-
though they do not imply propagation. The degree of
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Alfvenicity can be represented by the "reduced cross heli-
city" cr, =2H„/E so that purely outward propagating
waves have o, = + 1.

The initial conditions consisted in the first case of a rel-
atively narrow "low-speed stream (LSS)"—a change
of frame makes it "fast"—surrounded by high-speed
streams (HSS) on either side (all in the x direction) with
a current sheet embedded in the middle of the slow wind.
The zero-momentum frame is used and we neglect the
effects of weak spatial inhomogeneities at the scale of the
simulation box. The magnetic and velocity shear layers
are determined by the six lowest Fourier modes for the
expansion of a square wave, and thus there are oscilla-
tions away from the major shears; these are physically
reasonable and represent the irregularities always present
within streams [16]. In incompressible 2D MHD a mag-
netic field transverse to the simulation plane has no effect
on the dynamics and thus the observed fact that the mag-
nitude of the magnetic field across the interplanetary
current sheet is roughly constant can be maintained.
Another simulation had the same stream structure as the
first but contained a uniform applied magnetic field
throughout the box, with no current sheets. In both cases
a population of purely Alfvenic fluctuations with a fairly
flat spectrum (modal spectral index —1) was added at
wave numbers above those defining the shear layers, and
a small random fluctuation (about 1% of the total ener-

gy) was added isotopically to modes with ~k~ ~ 6 to ini-
tiate nonlinear couplings. The Alfvenic population mod-
els the observed fluctuations, but we assume that both
slow and fast wind started out Alfvenic due to the condi-
tion of outward propagation at the critical point where
the flow speed equals the Alfven speed near 20Rs ( = 0. 1

AU). We show that departures from this "pure" state
observed by spacecraft near and beyond 0.3 AU are con-
sistent with dynamical evolution and do not require that
static, low-cross-helicity structures convect from the Sun
[4,7, 17].

Figure 1 presents 1D energy spectra in terms of
Elsasser variables in the incompressible case. The top
panel shows that the dominant outward propagating fluc-
tuations initially relax rapidly toward a steeper spectrum
and then evolve more slowly (cf. the model of Tu [18]).
We associate the time evolution in the simulation with ra-
dial evolution of the wind: T=3 is roughly equivalent to
1 AU. Initially the low-k fluctuations are non-Alfvenic,
but the high-k fluctuations are purely Alfvenic as seen by
the lack of z power at T=0. While the small-scale z+
variations are rapidly dissipated, the z establishes and
maintains a steady state. Shear-driven turbulence has
nearly equal large-scale inputs to the cascade of both z+
and z energies [15,19]. The z energy attains a steady
state matched by dissipation, whereas the z+ dissipation
is greatly enhanced by the high po~er levels. at high k.
This behavior is observed in the inner heliosphere [7] with
a background spectrum of z that is approached in time
by z+. Subsequently, in the outer heliosphere, the spec-
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FIG. 1. Time evolution of the power spectra of the Elsasser
variables z + and z for the incompressible run containing
current sheets.

tra gradually evolve toward [10] each other, presumably
with a slow cascade matched by slow dissipation, and this
quasisteady state leads to an evolution of the amplitudes
that is nearly that of dissipationless Alfvenic turbulence
[11].

The background spectrum of z is observed to vary,
and in particular there are increases in its level associated
(at solar minimum) with low-speed wind. Figure 2 shows
Elsasser spectra for a typical cut in x in the middle of the
HSS of the simulation, and for a cut near the current
sheet LSS. These spectra are one-dimensional power per
wave number, similar to what would be found from
spacecraft data. We see the characteristic "breathing"
that was originally pointed out by Grappin, Mangeney,
and Marsch [5], although the z increases somewhat
more here than is observed. Spectra for a cut near the
current sheet at the edge of the box, in the middle of the
HSS, look like the LSS spectra shown here, indicating
that proximity to the current sheet is the critical factor
and not the speed of the wind or even the proximity of
large shear layers.

The spatial structure of the fluctuations can be ana-
lyzed by filtering out all power with )k, ~

or ~k~~ ( 8, and
then inverse transforming the resulting coe%cients. At
T=l for the case with current sheets, o;. derived from
such a procedure deviates significantly from +1 at the lo-
cation of the current sheets rather than where the vortici-
ty is large. By contrast, without current sheets the strong
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FIG. 2. Elsasser spectra for high- and low-speed streams tak-
en from cuts along x in the simulation box.
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shear layers are the dominant source of the evolution
[15]. Figure 3 shows the spatial evolution of B„, V„cr„
and co for the incompressible case with current sheets us-

ing plots as a function of y averaged over x. The top
panel of the figure shows that the field and vorticity struc-
ture have been maintained on average, but that o., at high
k (originally +1 everywhere) has been significantly de-
creased in the region of the current sheets near the edge
and the middle of the box and especially so when the
current sheet is near the strong velocity shear layers.
This eA'ect is observed in the solar wind. Even the low o,
values in high-speed regions near points with no radial
magnetic field are evident in Fig. 1 of Ref. [15]. By T=4
the cross helicity is low everywhere, on average, although
a 2D spatial plot shows that there are both positive and
negative regions that contribute. There has been no

significant spreading of the current sheet region, con-
sidered as bounded by the vorticity layers, as would have
been expected in a "spreading turbulent wake" picture
[6].

The compressible simulation of the situation with the
current sheet, with an initial turbulent sonic Mach num-

ber of 0.3 (typical of solar-wind values) and y= —', , yields

nearly identical evolution of the "incompressive" quanti-
ties (rz„, V„B ), as shown in Fig. 4 for T=2. The new

features are a persistent anticorrelation between the
magnetic-field magnitude and the density (rz ~), sugges-
tive of nearly pressure-balanced "pseudosound, " and a
density fluctuation that correlates well with the fluctua-
tions in z . This correlation has been pointed out previ-
ously [4,5], associated with arguments that the appear-
ance of high compression (measured, for example, by
high 8p/p, here approximately equal to Bp because p = 1)
indicated the essential role of compression in understand-
ing the plasma evolution. The present simulations indi-
cate that the larger density fluctuations are probably pri-
marily a by-product of the incompressive evolution [20].

The simulations also show essentially the correct be-
havior of the "Alfven ratio" r~ between fluctuating kinet-
ic and magnetic energy. The values of rz remain near 1,
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FIG. 3. Quantities averaged over x at T=2 and T=4 for the

incompressible run with current sheets.

and although the mean value is in fact very close to 1 at
T=2 (somewhat higher than the observed 0.5), the dis-
tribution of rz values is strongly peaked near 0.5, and
there are regions of lower rq associated with low-cross-
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FIG. 4. Quantities averaged over x at T=2 for the compres-
sible run with current sheets. The density and z Auctuations
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helicity regions such as were recently reported by Tu. and
Marsch [17]. While there is no simple association be-
tween I.~ and o, in either the simulations or the observa-
tions, both quantities tend to have their lowest values in

regions that are more strongly developed, and both tend
to be near +1 in more purelly Alfvenic regions, as expect-
ed.

We conclude that much of the evolution of interplane-
tary held fluctuations is accounted for by nonlinear in-

compressive M H 0 processes. The shear in the velocity
field produced near the Sun leads to approximately equal
injection of power in z and z at large scales. Because
z is initially small at high wave numbers, this injection
leads to a spectrum that grows until it is balanced by dis-
sipation; both injection and dissipation then remain at a
relatively low, nearly constant level. The z spectrum
thus is well developed, or "old" [6], very near the Sun.
'Ihe injection of z+ is inadequate to balance the rapid
dissipation of the large high-k fluctuations, and thus the
z spectrum initially decreases rapidly. When the z+
level is nearly equal to the z level the two spectra con-
tinue to evolve slowly toward each other with their overall
amplitudes decreasing at nearly the rate they would if no

spectral transfer were occurring.
This process is accelerated in the regions where the lo-

cal mean held has a small component along the shear lay-

er and especially, as for the heliospheric current sheet at
solar minimum, when this occurs near strong shear lay-
ers. In the latter regions the rapid dissipation of the Aat
z+ spectrum has already occurred by the time it is ob-
served at 0.3 AU; thus the turbulence is "older" and the
observed temperature evolution is nearly adiabatic [21].
By contrast, Iegions expei ieflcing the rapid z decay out-
side 0.3 AU have a slower than adiabatic temperature de-

crease because the dissipation heats the plasma, Broad
slow-speed regions that do not contain a current sheet
have properties similar to high-speed streams at solar
minimum. Compressive eA'ects are largely a result of the
incompressive dynamics, as is to be expected in flows with

low turbulent sonic Mach numbers.
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