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Turbulence, Spatial Transport, and Heating of the Solar Wind
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A phenomenological theory describes radial evolution of plasma turbulence in the solar wind
from 1 to 50 astronomical units. The theory includes a simple closure for local anisotropic
magnetohydrodynamic turbulence, spatial transport, and driving by large-scale shear and pickup ions.
Results compare well to plasma and magnetic field data from the Voyager 2 spacecraft, providing
a basis for a concise, tractable description of turbulent energy transport in a variety of astrophysical
plasmas. [S0031-9007(99)08959-0]
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Low-frequency fluctuations in the solar wind plasmaFigs. 1—3, which portray magnetic field variance (energy
represent perhaps the most extensively studied type afensity in the turbulent magnetic field), correlation length,
magnetohydrodynamic (MHD) turbulence, having beerand proton temperature, from 1 AU to beyond 30 AU. To
observed by spacecraft instruments for more than thirtgimultaneously explain these three data sets is a significant
years [1-3]. The observed turbulence displays properehallenge. The main objective of this Letter is to provide
ties expected of both hydrodynamic and MHD theoriessuch an explanation based upon turbulence theory.
including distinctive spectra and correlations [3,4]. So- Observed properties of solar wind MHD fluctuations are
lar wind turbulence is a crucial element in coupling theinterpreted in two distinct ways. A distinctive velocity-
lower corona plasma and the earth’s magnetosphere, amdagnetic field correlation is observed frequently and is
in the transport of energetic charged particles throughoutuggestive of large amplitude noninteracting Alfvén waves
the solar-terrestrial environment. It is also a prototype fo3]. Conversely, the wave numbék) spectrum of fluc-
understanding stellar and galactic winds and astrophysicaliations, having typically & ~5/3> Kolmogorov form, in-
plasma flows in general. There has been notable progresiécates quasisteady spectral transfer and strong nonlinear
in understanding the cascade process [5—12] that accomeuplings. This dichotomy persists when noting that the
panies solar wind turbulence. So far, however, no singleadial variation of the fluctuation energy from 1-10 AU
quantitative model has explained how turbulent energyollows the WKB r 3 scaling rather closely (Fig. 1), sug-
flows from the largest interacting structures to the smallesgesting again noninteracting waves [13]. However, the ra-
dissipative scales where it is deposited as heat. In this Letial evolution of the correlation scale is inconsistent with
ter we present such a theory, based upon the dynamics afWKB expansion (Fig. 2). A purely wave picture also
large-scale “eddies,” which, controlled by a single similar-
ity scale, drives a cascade that supplies thermal energy to 0
the fluid plasma. The theoretical results compare well with 107 F=
measurements by the Voyager 2 spacecraft at heliocentric RN
radial distances from 1 astronomical units (AU) to be- 107 3"~¢,jj° ®

yond 30 AU. This motivates the development of similar = 102f— R < o0 i
phenomenological turbulence theories for nonlinear MHD = ¢ o oo
flows in a variety of astrophysical plasmas. 2 o8l o ;’; o ]
From the Helios and Mariner missions reaching inside $ N
0.3 AU, to the Voyager and Pioneer explorations beyond N§ 1041 “‘z@g i
o SN

50 AU, spacecraft instruments have returned magnetic s

field data and plasma data (proton temperature, velocity, 4950 ° o _
and density) that reveal the organized large-scale structure F E
of the heliospheric plasma, along with transient mesoscale  106( A ‘

1 10 100

features such as coronal mass ejections and an ubiquitou  [AU]
but nonuniform admixture of fluctuations. Substantial _ _
fluctuation energy resides in an inferred range of spatiaf!G. 1. Energy density of turbulence (per unit volume)

scales between the ion inertial scatel(® cm at 1 AU) estimated from 1 hour of Voyager 2 magnetic field data

; T 1 (symbols), from 1 AU to about 30 AU. Theoretical solutions
and the observed correlation scalg(~6 X 107" cm at shown for shear driving only (solid line) and for shear plus

1 AU). The radial dependence of fluctuations in the lowpickup ion driving (dashed line). The dotted line is the WKB
latitude solar wind is illustrated using Voyager 2 data inresult~r 3.
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101 ; . denotes the large-scale flow speedthe rms turbulent

5 1 velocity). To a first approximation, transport of turbulent
fluctuations involves convection and propagation in
prescribed large-scale plasma flow and magnetic fields.
MHD turbulence transport equations are derived using an
assumption of scale separatioryr < 1), providing gen-
E eralizations of WKB theory [7,23,24]. Itis straightforward
] to derive equations for various correlation functions [7,8]
] involving the Elsasser variableg- = v = b/\/47p.
Herev is the turbulent plasma velocity abdl /47 p is the

A(r) [m]

: ii':gk:;?on fluctuating component of the magnetic field, normalized

10° . 9 . . to Alfvén speed units is the mass density).
1 10 100 The present formalism does not require the full cor-
ravl relation functions and associated spectra. The Taylor—

FIG. 2. Correlation scale of the normal component of mag-Karman approach [25,26] describing the evolution of
netic field fluctuations for the same data as in Fig. 1, computindhydrodynamic turbulence from the perspective of the
using both the integral anetfolding definitions (see Ref. [22]). “energy-containing eddies” requires only an enengy
™ind an associated similarity length scale Here we
adopt such a model, based upon the self-preservation
hypothesis [25,26], with adaptations appropriate to MHD
cannot explain the observed (Fig. 3) highly nonadiabati¢27-31]. A distinguishing feature of the MHD case,
proton temperature profile [14—16]. An actively turbulentwith a locally uniform mean magnetic fiel®, is the
interplanetary plasma might heat the plasma and mainappearance of anisotropy [32—36] associated with sup-
tain a power-law inertial range, while the span of the in-pressed spectral transfer in the direction paralleBto
ertial range migrates in time towards lower frequenciessor simplicity, we postulate that spectral transfer is of
[17,18]. This corresponds, through the frozen-in flow conthe quasi-2D or nearly “zero frequency” type, usually
dition [19], to an increasing correlation scale (Fig. 2), usu-described by reduced MHD [21,36—38]. Accordingly,
ally attributed [20] to communication of turbulent eddiesfor low cross helicity ¢ and b uncorrelated) the decay
to steadily increasing scales. of incompressible turbulence energy, designated by the
To develop a tractable model for the radial evolution ofElsasser varianc&? = (v + b?/4mp), takes on the
MHD-scale solar wind turbulence, we view the fluctuationshydrodynamic form
locally as nearly incompressible [21], strongly nonlinear, 472 73
homogeneous MHD turbulence [5,7]. Treatment of strong Y + S, 1)
local turbulence on the same footing as spatial transport , o
is mandated [5,20,22] by the similar magnitude of the exWhere the perpendicular similarity scale may be asso-

pansion time~r/U and the eddy-turnover time A/u (U ciated, for example, with a correlation scale transverse to
the mean magnetic field. Corrections to the leading order

perpendicular spectral transfer implied by Eq. (1) would

108 . . involve parallel spectral transfer at ordefB, [35,37,38].

] Sources of turbulent energy are represented byFrom
1 AU to about 10 AU we expect that the principle source
of replenishment for small-scale turbulence is instability
associated with stream shear [2,39] between regions of
fast~700 km/s wind and slow~300 km/s wind. Equa-
tion (1) is expected to remain valid for weakly compress-
ible MHD [21] when the turbulent Mach number, density
fluctuations, and propagating compressive fluctuation are
small. These conditions are reasonably well satisfied in
the solar wind [40,41].

similarity scale (curve styles as in Fig. 1).

108 . In the outer heliospherg: > 1 AU), low cross helicity
1 10 100 [3,40] and low Alfvén speelt, <« U lead to considerable
rIAUl reduction in the complexity of the transport equations

FIG. 3. Proton temperature data from the Voyager 2 plasm4l10,11]. Combining local turbulence and spatial transport

instrument, from 1 AU to about 50 AU, indicating highly non- effects, the energy density evolves according to
adiabatic behavior. Also shown is temperature from the theo- 072 U

retical model in which turbulent dissipation supplies internal 2= 4 y . vz2 + 72v - <_> + MD =Nz, (2)
energy (curve styles as in Fig. 1). at 2
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where Nz represents the right-hand side of Eq. (1). Thefor two instructive cases. In each the boundary data at
quantity M depends upon the geometry of the large-scald AU areZ? = 250 km?/s?, A = 0.04 AU, andT = 7 X
fields and includes large-scale compressions and shedi0* K, with the constants chosens= 0.9, B = 0.7, and
D = (v? — b%/4mp) is the “energy difference” of flud o = g = 1[10,11].
and magnetic fluctuation contributions. A convenient In the first case the turbulence is shear driven with
closure is to assume th@ = o, Z? for some constant Cg, = Cy, = 2, shown using solid lines in Figs. 1-3.
op. Inthe solar wind, typicallyp = % [4,41]. The shear driven model makes a reasonable prediction for
We identify the Karman—Howarth similarity scale with the profile of turbulent energy to 20 AU or more [11].
the local correlation length (departing in this regard fromFocusing on Fig. 2, the upward trend of the measured
earlier efforts [5,6]), employing the standard definition [42] correlation scale is reasonably well accounted for by the
ff;R(r’,O, 0)dr' = L = AZ?> whereR(r') is a correlation theoretical behavior of the similarity scale Finally, the
function. We can form an equation fér by integration theoretically predicted temperature follows the Voyager
of the appropriate correlation function transport equatiorproton temperatures to about 20 AU, but underestimates
[10,11,24] over all values of spatial separation. After somehe larger (=20 AU) observations.
manipulation [10,11], this gives The second case includes energy input due to wave ex-
citation by pickup ions [43], a process that becomes im-
oL U . . . -
Z L U-VL + (V . _>(1 — op)L =N,. (3) Portantinthe outer heliosphere. The pickup energy input
at 2 scales afip; ~ fpvaUnpy/Tion, Whereny is the density
of interstellar neutrals and,, is their ionization time. The
theoretical result including shear and pickup ion driving is
ZA = const, orZ?A = L = const. The former of these depicted in F_ig;. 1_?? by dashed lines. .From 1 10 about
corresponds, for homogeneous turbulence dtg/dr = 20 AU there is little difference from the first case. I—!ow-
BZ with 8 = a. The latter corresponds = «/2[10].  EVer forr = 20 AU there are notable effects associated

For solar wind solutions to Egs. (2) and (3), we assum i.th pickup i(_)ns. The turb_ulence level is slightly higher
U = #U, with constant/ = 400 km/s. The steady state Fig. 1), and in somewhat improved accord with the data,

equations for the energy and correlation (similarity) scal¢/Nile the predicted similarity scale begins to decrease, an
become effect not seen in the Voyager data. (We suspect this

. artifact may be eliminated by generalizing the model to in-
d_Zz _ _A_'Zz o« Z: Epr @) clude two components—quasi-2D fluctuations and paral-
dr r U A U lel propagating waves—but we defer this to future work.)
On the other hand, the temperature prediction from the
ar _ _c A+ ﬁz _ B A (5) theoretical model with pickup ions appears to account for
dr r U vzt the Voyager proton temperatures very well (Fig. 3).
There are other interesting solutions that start vidth
t 1 AU [41] higher than the50 km?/s> employed above

The nonlinear termV, associated withl is specified
by adopting a local conservation law, typically either

where we have introduced an energy supply fate due
to pickup ions, which will be discussed presently. Thes ; 2,2
are supplemented by a temperature equation in which t 3]. These solutions have’ up to at least000 km?/s?,

heat source is the energy dissipated by turbulence [2,43 .wervalues of the Kar.man constamsa_nd,B and slightly
Thus the temperature is determined by maller 1 AU correlation scales. Sincg and A are

observed to have substantial intrinsic variability at 1 AU,

dr 4 T 2 m, a Z° ©) we defer discussion of the range of relevant solutions to a

dr 3 7 3 kg U A later time. _ _
Remarkably, the simple turbulence model outlined
Various constant parameters appear in Eq.44y= A —  above accounts well for the baseline interplanetary tur-

Cqh, WhereA depends upon the rotational symmetry of thebulence properties observed by the Voyager 2 spacecraft
fluctuations. Energy supply by shear [11] is estimated afrom 1 AU to several tens of AU. For the first time a
Egpear « AUZ?/Ar ~ Cq,U/r for shear amplitudeAU  theory provides a concise explanation for the average be-
and shear layer widtiAr, thus determining the constant havior of key parameters that describe solar wind fluctua-
Cq,. Similarly ¢'=B — A — Cq, With B an 0(1) tions. Evidently the heating of the solar wind observed
geometry dependent constant [10]. Typically= 1 and beyond 20 AU cannot be explained by shear driven tur-
B = % to 1, where these are the Taylor-Karman constantbulence alone. Driving by injection of wave energy as-
associated with the local phenomenology [10,30]. sociated with pickup ions [43] works well at a theoretical
We have found steady solutions of Egs. (4)—(6) forlevel, thus encouraging further searches for the associated
which the radial dependence of the turbulence engrgy waves which have so far remained observationally elu-
similarity length scalex, and the temperaturE compare sive. The present result also provides substantial support
well with the corresponding quantities extracted fromfor two theoretical assertions: (1) The solar wind tur-

Voyager data. Figures 1-3 illustrate this comparisorbulence is dynamically active and not a passive remnant
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