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Abstract. Solar wind electrons are often observed to consist of two distinguishable com-
ponents, a thermal, more dense core and a suprathermal, less dense halo. In this core/halo
model linear Vlasov theory for the whistler heat flux instability predicts dimensionless
heat flux thresholds which decrease as the electron core beta, 3|, increases. It has been
proposed that this theoretical threshold corresponds to an observable upper bound on

the electron heat flux. Linear theory also predicts that there is a critical value of ﬁ”c
below which the whistler heat flux instability does not have appreciable growth in the
solar wind; there is another suggestion that this corresponds to an observable lower bound
on ﬁ"c. These two proposals are examined by comparison of linear theory and data from
the initial in-ecliptic phase of the Ulysses mission. The instability threshold does pro-
vide a statistical constraint on observed solar wind heat fluxes, and the critical B“c of
theory is not inconsistent with a statistical lower bound on the observations of that pa-

rameter.

1. Introduction

A primary goal of space plasma physics theory should be
to provide descriptions of fundamental small-scale plasma,
processes that not only explain existing observations, but
also predict the results of future measurements. These de-
scriptions should be both quantitative and concise, not only
to facilitate their comparisons against observations but also
to enable their use in large-scale models of space and astro-
physical plasmas. The research described here is directed
toward this goal, addressing basic issues of electron heating
and thermal transport in the solar wind and providing sim-
ple, quantitative expressions for constraints on electron tem-
peratures and heat fluxes imposed by small-scale enhanced
field fluctuations from the whistler heat flux instability.

Solar wind electron velocity distributions are often ob-
served to consist of two distinguishable components, a
thermal, more dense core (denoted by subscript c) and a
suprathermal, less dense halo (subscript h) [Feldman et al.,
1975; Marsch, 1991]. The relative drift of these two com-
ponents corresponds to an electron heat flux q. directed
along the local background magnetic field B,. This q, is
a fundamental property of the solar wind, constituting an
important channel of energy flow from the hot solar source
to the cold outer heliosphere [Feldman et al., 1998)].

However, this energy flow, and the associated issue of
electron core heating, are not well understood. There are
several analyses of global scaling of average electron prop-
erties with R, the distance from the Sun in astronomical
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units. Observations from both the Helios spacecraft for low-
speed streams and sector boundaries between 0.3 and 1 AU
[Pilipp et al., 1990] and from the Ulysses spacecraft in the
ecliptic plane between 1 and 5 AU [Scime et al., 1994b)
show g. ~ R™3. In contrast free expansion along the local
magnetic field predicts go ~ R~2 at small R and ~ R™!
for large R [Scime et al., 1994b]. Furthermore, the average
electron core temperature in the ecliptic plane is observed
from Ulysses to decrease as R0 [Scime et al., 1994b;
Phillips et al., 1995] and even more slowly from Helios
(T, ~ R™%<, where o, ranges from 0.48 to 0.84 [Pilipp et
al., 1990]), in contrast to the R~*/3 scaling predicted by
adiabatic fluid theory as well as by some kinetic models of
solar wind electrons [Meyer-Vernet and Issautier, 1998].
Analysis of local, statistical data sets also has yielded unex-
plained results, including the Newbury et al. [1998] obser-
vation that the solar wind electron temperature has a lower
bound which is a function of the proton temperature.

The strong decrease of g, with R, representing a heat
flux reduction beyond the free streaming model, may or may
not be related to the relatively weak decrease with R of T,
which implies electron core heating in addition to adiabatic
cooling. Heat flux instabilities have the potential to con-
tribute to both nonideal processes. In particular there is
both local [Feldman et al., 1976a, 1976b] and global [Gary
et al., 1994; Scime et al., 1994b] evidence that the whistler
heat flux instability plays a role in the reduction of ¢, in
the solar wind. Core electrons, however, are weakly reso-
nant with the whistler heat flux instability and may not be
strongly heated by enhanced fluctuations from this growing
mode. Other growing modes, such as the Alfvén heat flux
instability, have stronger core resonances and may provide
the necessary heating, although their role in limiting the
heat flux is less clear. _

If the anisotropy of a species velocity distribution be-
comes sufficiently large in a relatively collisionless, relatively
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homogeneous plasma, one or more instabilities will be ex-
cited. The enhanced field fluctuations which arise lead to
wave-particle interactions which reduce the anisotropy, con-
straining it from exceeding some value which may corre-
spond to an instability threshold condition predicted by lin-
ear Vlasov theory. A well-established example of such a
constraint is the upper bound imposed upon the hot pro-
ton temperature anisotropy by the electromagnetic proton

anisotropy instability in a plasma with a bi-Maxwellian hot"

proton distribution and T’ »/T)p, > 1. (See the appendix
for the definitions of these and other symbols used here.)
For this instability, there is good agreement among linear
theory, which predicts a threshold condition, hybrid simula-
tions, which demonstrate that this threshold corresponds
to an anisotropy constraint, and spacecraft observations,
which confirm that this bound applies statistically in both
the outer magnetosphere [Gary et al., 1995] and the mag-
netosheath [Gary et al., 1997, and references therein).

In the analogous case of a single bi-Maxwellian electron
distribution with Ty ¢ /T}je > 1, the whistler anisotropy in-
stability is excited with linear theory properties as summa-
rized by Gary and Wang [1996]. The linear theory thresh-
old of this instability takes the form

TJ.e Se
Ty

where S, and a, are fitting parameters and a, ~ 0.5. Gary
and Wang [1996] used computer simulations to show that
the electron temperature anisotropy is indeed constrained
by this condition. However, unlike the proton tempera-
ture anisotropy case, the electron temperature anisotropy
upper bound has not yet been verified by observations. So-
lar wind conditions are not appropriate to test this con-
straint because the typical electron component anisotropy
is Ty < T)|. However, there is another electron anisotropy
which is more likely to drive instabilities and may be used
for an observational test of the general concept of anisotropy
constraints in the solar wind. That anisotropy is the elec-
tron heat flux.

In the low latitude, low-speed wind at Vs < 500 km/s,
the velocity distributions of both halo and core may approx-
imately be represented as bi-Maxwellians with relative drift
velocity v, parallel to B, [Feldman et al., 1975; Mak-
simovic et al., 1997]. For our theory we assume such a
model and further assume the conditions of quasineutrality
(X,ejn; = 0) and zero current (Xje;n;Vv,; = 0) where the
summation is over all plasma species. Also assuming that
the solar wind ions consist only of a single Maxwellian pro-
ton component, then the properties of instabilities driven
by electron anisotropies are determined by the following di-
mensionless parameters: np /T, Vo/vA, Tyn/Tjjc, T1c/Te,

Tin/Tyh, Tjc/Tp, and Bj. (The halo/core relative drift
may also be characterized in terms of the dimensionless heat
flux ge/gmax.) The parameter v4/c is always much less
than unity in the solar wind and its variations do not signif-
icantly change the properties of the instabilities considered
here.

For a broad range of parameters in this solar wind elec-
tron model, the core/halo instability of lowest threshold
is the whistler heat flux instability [Gary et al., 1975a,
b; Abraham-Shrauner and Feldman, 1977; Gary, 1978,

_1=——&-, ) 1 ‘
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and indeed there is substantial observational evidence of en-
hanced whistler-like fluctuations in the solar wind [Lengyel-
Frey et al., 1996; Lin et al., 1998]. Gary et al. [1994]
showed that, if T o/T). = TLp/T)p = 1, this instability
threshold assumes the form

ge Sq

= 2
@max ,3" ( )

where S; and o are fitting parameters and @, ~ 0.85

on the domain 0.25 < B, < 4.0. If the core and halo
bear temperature anisotropies, this threshold condition in-
volves additional terms proportional to T ./Tj. — 1 and
Tin/Tyn — 1. Further, Gary et al. [1994] proposed that
the whistler instability threshold should correspond to an
observable upper bound on the solar wind heat flux and
presented some evidence in support of this.

Gary et al. [1998] showed that the whistler heat flux
instability does not have appreciable growth below some
limiting value of 8. < 1. Other modes, such as the Alfvén

heat flux instability, can grow at lower values of ,3 lles as il-
lustrated, for example, in Figure 3 of Gary et al. [1998].

Thus there is a critical value of this parameter which sepa-
rates the parametric domain on which the whistler instabil-
ity is most likely to grow from the domain on which other
heat flux instabilities are likely to dominate. Furthermore,
Gary et al. [1998] hypothesized that the whistler instability
does not heat the core, but that other heat flux instabilities
may heat core electrons, implying that the critical value of
ﬁ“c corresponds to a lower bound on that parameter. This
constraint is fundamentally different from the anisotropy
bounds represented by the above equations; it concerns a
parameter which does not correspond to an anisotropy, and
it is derived from the transition from one unstable mode to
another, rather than from the transition from stability to
instability of a single mode.

There are three major parts to this manuscript. In the
first part, consisting of Sections 2 and 3, we present results
of statistical analyses of electron dimensionless parameters
observed from the in-ecliptic phase of the Ulysses mission
as functions of ﬂnc. This extends previous such work which
derived scaling relations for the average values of solar wind
dimensionless parameters only as functions of R. In the
second part of the manuscript, Section 4, these scalings are
used in linear Vlasov theory to derive average threshold con-
ditions for the whistler heat flux instability as a function-
of ,3“0, and to obtain a theoretical scaling for the critical

value of ﬂ”c as a function of R. Finally, in Section 5 these
theoretical results are compared against Ulysses data to test
whether they constitute observable statistical constraints on
solar wind electron parameters.

2. Data Analysis: Recent Ulysses Results

Our data analysis used Ulysses observations made with
the Los Alamos solar wind ion and electron Solar Wind Ob-
servations Over the Poles of the Sun (SWOOPS) spectrom-
eters [Bame et al., 1992]. We used parameters obtained
from the most recent data reduction procedures, includ-
ing an improved technique for taking account of spacecraft
charging effects [Scime et al., 1994a] and an April 1999 cor-
rection to a minor error in the algorithm which computes
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electron temperature anisotropies. Scime et al. [1994b]
examined scalings of SWOOPS observations in the eclip-
tic plane from 1.2 to 5.4 AU; they found n, = 5.2R~2:0
em™3, T, = 1.3 x 10°R™985 K, T}, = 9.2 x 105R~0-38
K, and g. = 10.5R™3%4W/m?. In addition, the R de-
pendences of several dimensionless parameters reported by
Gary et al. [1994] are stated in the middle column of Table
1. Phillips et al. [1995] presented results from the initial
out-of-ecliptic phase of the Ulysses mission from February
1992 through December 1993; they found little change with
heliographic latitude in the means of either the core tem-
perature (at T, ~ 3.0 x 10¢ K) or the core anisotropy (at
TJ_C/T"c ~ 0.82).

3. Data Analysis: Scaling Relations

This section describes our statistical analysis of Ulysses
electron data. Our concern, which has not been addressed
previously, is the variation of dimensionless electron param-
eters with B"C within relatively narrow domains of R. The

,B”c is one of the most fundamental parameters determin-
ing electromagnetic instability properties in both linear the-
ory [Gary et al., 1994] and simulations [Gary and Wang,
1996]. This parameter can vary by two orders of magnitude
in a solar wind domain, so it is important to determine
how other dimensionless parameters vary with ﬁ"c as well
as with R in order to more fully understand how plasma
instabilities respond to changes in solar wind conditions.
We used Ulysses data from the high resolution electron
database described by Scime et al. [1994b]. From the
initial in-ecliptic phase of the mission we analyzed core
and halo moments derived by integration of the three-
dimensional measurements which have been rotated into a
coordinate system with one axis parallel to B,. We sorted
data into nine radial bins, corresponding to 1.6 < R <
20,20 < R <24, .. 48 < R < 5.2. We considered
only data from the low-speed wind (v < 500 km/s); in
the high-speed wind electron “strahl” are more frequently
present [Marsch, 1991; Fitzenreiter et al., 1998] and the
suprathermal electrons are not well represented as a bi-
Maxwellian halo. In addition, we considered only data
“which met the following conditions: (1) |n — n;| < 0.5n;
where n; = np + 2nq and ne = n + N4, (2) np < 0.30n;,
and (3) the values of log(np/n;) and log(f).) fell within
30 of the mean values in each bin. Each of these three con-
ditions was imposed to exclude unphysical outlier points in

Table 1. Scalings for Dimensionless Parameters:
Ulysses Observations

Scime et al. [1994b] and

This Work:
Parameter ~ Gary et al. [1994] Medians
/e 0.06R~0-2
n /i 0.067R—0-24
Tic/Tye 0.83 1.01R=9-10
Tin/Tyn  0.74 0.75R 0045
Tyn/Tje  T5RO% 79R 0%
ge/Gmax 0.46R~0-19 0.61R—0-023
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the electron data set which are relatively rare yet which can
cause severe skewing of average values. We also excluded
data when the analysis algorithm failed to properly com-
pute a core, halo, or total ion density. On the other hand,
we did not exclude data associated with coronal mass ejec-
tions or shocks.

Figure 1 illustrates five dimensionless variables as func-
tions of (. for Ulysses observations at 2.0 < R < 24,

along with the least squares fits to the form Sy / ,Bl‘l"c“’ . The
results here are characteristic of most radial bins; the ay
for the core and halo temperature anisotropies as well as for
Tyn/ T are typically close to zero so that the average val-
ues of these three dimensionless quantities are usually weak
functions of ,BHC. The parameter with the strongest ,3“0 de-
pendence is g / Qmax With a mean value which in this radial
bin varies as ,3_00'34.

By fitting the median values of the dimensionless param-
eters in successive radial bins as power laws with distance
from the Sun, we obtain expressions for these quantities
which are functions of R alone. These results are stated
in the right column of Table 1 and for the most part agree
with the R dependences reported by Gary et al. [1994]. In
contrast to some dimensional parameters such as the den-
sity and the heat flux which decrease rapidly with distance
from the Sun, all the dimensionless parameters described
here are comparatively weak functions of R.

4. Linear Theory: Threshold Conditions

In this section we present results from linear Vlasov dis-
persion theory analyses of the whistler heat flux instability.
This mode has maximum growth rate at k x B, = 0, so we
used the dispersion equation corresponding to that condi-
tion and dimensionless parameters from Table 1. The linear
theory properties of this mode are independent of T /T
for a broad domain of solar wind conditions and ,3”0 S
2.5, so the choice of Tj./T}, (which we here take to be 2.0)
does not significantly affect the thresholds computed here
for most values of §).

To determine the local (that is, the B”C-dependent) aver-
age threshold conditions for the whistler heat flux instabil-
ity, we used the ﬂ”c—dependent expressions for the mean val-
ues of Tic/Te, TLn/T\n, Tyn/Tjc, and np/n; for each of
the nine radial bins. We then varied v,/v4 (or equivalently
e /Qmax) to calculate the v, /Q, = 0.01 average threshold
condition for the whistler heat flux instability in each bin
over 0.10 < ﬂ”c < 5.0, obtaining a threshold condition of
the form of (2). (A sample computation confirmed the in-
dication of Figure 2 of Gary et al. [1998] that there is no
significant change in the instability threshold at v, /Q, <
0.01.) Although neither fitting parameter showed a clear
trend with R, the median values yielded

S, =10, ag =08 3)

over 0.10 < ﬂ”C < 5.0. This empirical result is similar to
those from two different theoretical determinations: the lin-
ear theory threshold calculations of the whistler heat flux
instability of Gary et al. [1994] and the quasilinear deter-
mination of a heat flux inhibition due to this same instabil-
ity by Pistinner and Eichler [1998). It is also in relatively



0.083

0.2 L L
0.1 1 10

Ellc

good agreement with the empirical upper bound of (2) with
Sy = 0.85 and oy = 0.82 obtained by Gary et al. [1999]

from Ulysses observations during February and March 1995.’

We next examined the critical value of ,Bnc which we de-
fine as the value below which the whistler heat flux instabil-
ity can grow no faster than a certain 7y, /Q2,. To determine
how this critical value scales with R, we once again used the
,B”c-dependent expressions for the mean values of T . /T,
T11/Tyns Tyn/T)c, and np/n; for each of the nine radial
bins as the basis of our calculations. We then varied v, /v4
and B“c to construct families of curves at 7,/ 2, = 0.10
similar to the whistler curve of Figure 3 of Gary et al.
[1998]. Each curve corresponding to a different radial bin
yields a corresponding critical value of B"c, fitting the re-
sults to a power law in R, we obtained

> 040
Bic ~ gis 4)

Figure 1. Electron dimensionless parameters derived from
the three-dimensional integrated and rotated Ulysses data
set for 2.0 < R < 2.4 represented as individual dots. Shown
are (a) na/ni, (0) Tic/Tjer (€) Tin/Tin, (d) Tyn/Te,
and (e) ge/gmax, as functions of Bjc- The dashed lines
represent least squares fits to the data using power laws
of ,8”0. The solid line in Figure le represents the average
threshold condition for the whistler heat flux instability at
¥m/Sp = 0.01 expressed as equation (2) with the fitting
parameters of equation (3).

over the domain 1.8 < R < 5.0. In the next section we.
return to the analysis of Ulysses electron data and compare
the constraints derived above against observations.

5. Applications: Parametric Constraints

Figure le illustrates a comparison of observations and lin-
ear theory. Here the solid line is the average threshold of
the whistler heat flux instability (equation (2) with fitting
parameters from equation (3)). In this figure less than 9%
of the data (94 points out of 1139 total) lie above the line.
In contrast, a larger number of the points cluster relatively
close to, but below, the average threshold, indicating that
this condition represents an upper bound on the dimension-
less heat flux. Plots of the same quantities for the eight
other radial bins show qualitatively similar results. Figures
2a and 2b illustrate this for two other radial bins; in each
case less than 2% of the data lie above the threshold line and
a much larger number of points cluster just below this line
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Figure 2. Dimensionless electron heat fluxes as a func-
tion of ﬁnc from the three-dimensional integrated and ro-
tated Ulysses data set represented as individual dots. Here
Qe /Qmax is shown over (a) 1.6 < R <2.0and (b) 3.6 < R <
4.0. The dashed lines represent least squares fits to the data
using power laws of ﬂ" ¢- The solid lines represents the aver-
age threshold condition for the whistler heat flux instability
at Ym /Slp = 0.01 expressed as equation (2) with the fitting
parameters of equation (3).

with an effective slope similar to that of the threshold. Thus
we conclude that this average threshold condition provides a
statistical upper bound for the observed dimensionless heat
flux.,

Although there are a significant number of dimensionless
heat flux values clustered just below the threshold condi-
tion in Figures le, 2a, and 2b, there are a larger number of
points distributed well below the solid lines in these same
figures. Our interpretation of this result, which is observed
for the other six radial bins considered here as well as for
the ge/gmax versus 3| plot near R = 1.4 of Gary et al.
[1999], is that under nominal conditions the solar wind is
stable to the whistler heat flux instability. Changes in the
large scale conditions of the medium induce sporadic, com-
paratively brief enhancements of the heat flux up to the
value at which the instability is excited. At this point wave-
particle scattering is enhanced, and the upper bound on
e/ Qmax is imposed, leading to a clustering of dimensionless
heat flux values at or just below the instability threshold
condition. Subsequent scattering by the weaker field fluc-
tuations during nominal conditions will slowly reduce the
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heat flux to values well below the threshold until the next
sporadic increase in g,. This picture, which qualitatively ac-
counts for the observations of relatively broad distributions
of ge / Qmax, is also consistent with time series observations
in the solar wind which show sporadic bursts of enhanced
ge [Scime et al., 1994b), which are often correlated with
bursts of enhanced whistler-like magnetic field fluctuations
[Lin et al., 1998].

It is more difficult to interpret the relatively few points

it O MLerpret the

which lie well above the threshold condition in the g /gmax

versus ). plots. They may represent single-point fluctu-
ations in either the solar wind or the measurement pro-

cess, in which case they are not statistically significant.

On the other hand, there is a weak correlation between
the most outlying of these points and high halo tempera-
tures (T} / T} > 30), suggesting that they may represent a
non-Maxwellian property of the halo (such as an enhanced
strahl) which violates the assumptions of our theory and
thereby permits heat fluxes which exceed our predicted up-
per bound. This is certainly a subject worthy of study but
is beyond the purview of the present manuscript.

Gary et al. [1998] hypothesized that the critical value
of ,3” ¢ for the whistler heat flux instability corresponds to a
lower bound on this parameter. To test this hypothesis, we
plotted histograms of the observed values of log().) in each
radial bin, calculated the mean and the standard deviation
o in each bin, and then determined the (). corresponding
to 20 below the mean of each distributi0n~. The results,
which are an approximate lower bound for ﬂ”c in each bin,
are plotted as dots in Figure 3. The error bars represent
values of fj. corresponding to o and 30 on the log(f).)
distributions. The dashed line in this figure represents the
linear theory result of (4) for comparison. The scatter in the
data is too large to draw quantitative conclusions; however,
we can say that observations and theory are not inconsis-
tent. Further tests of this hypothesis, with better statistics
for the data, are necessary.

6. Conclusions

Linear theory predicts that the threshold condition for
the whistler heat flux instability may assume the form of

0.4
B llc
0.1 |- T~o -
0.06 | 3 Tl
0.40/R'3
0.02 ‘ ‘
2 3 4 5
R (AU)

Figure 3. Comparison of Ulysses observations and linear
theory. The dots and error bars represent the experimental
determination of the lower bound on ) as described in
the text. The dashed line represents the critical ﬁ"c value

of the whistler heat flux instability at vm/Qp = 0.10 as
determined from linear theory, equation (4).
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(2). Gary et al. [1994] proposed that this threshold should
correspond to an observable upper bound on the electron
heat flux in the solar wind. To test this proposal, we carried
out statistical analyses of dimensionless electron parameters
observed from the initial in-ecliptic phase of the Ulysses mis-
sion. We used these observational results to cast the average
threshold condition of the whistler instability as a concise
function of B" ¢~ Our comparison of theory and observations
shows that solar wind heat flux observations are statisti-
cally constrained by this condition, thereby substantiating
the proposal of Gary et al. [1994].

This result, derived from local considerations, is consis-
tent with the conclusion which Scime et al. [1994b] reached
from a global analysis; that is, the whistler heat flux in-
stability makes a significant contribution to the observed
reduction in the solar wind heat flux. Therefore we recom-
mend that an upper bound of the form of (2) with fitting
parameters given by (3) should be applied on the domain
0.10 < [‘7“6 < 5.0 to all models of the collisionless solar
wind which include electron thermal transport [Scime et
al., 1994b; Mikié et al., 1999]. We hypothesize that this ex-
pression also may describe the electron heat flux constraint
in many stellar winds and other collisionless astrophysical
plasmas with the same domain of 3, [Pistinner and Eich-
ler, 1998).

Linear theory also predicts that there is a critical value
of B[[c below which the whistler heat flux instability does
not have appreciable growth. Gary et al. [1998] hypothe-
sized that this critical value corresponds to a lower bound
on the values of this parameter observed in the solar wind.
Our comparison of linear theory and observations yields re-
sults which are not inconsistent with this hypothesis, but a
stronger test of this idea will require a data set with better
statistics.

Further tests of these two proposals should involve not
only more extensive data analysis but also computer sim-
ulations. It is simulations which have the potential to tie
together linear theory and observations into a consistent
picture for electron heat flux dissipation and core heating
in the solar wind.

Appendix: Definitions

We use subscripts || and L to denote directions relative
to B,, the background magnetic field. The subscript p de-
notes protons, e corresponds to quantities representing over-
all electron properties, for example, n, = n, + np, and n;
represents the total ion density, i.e., n; = np+2n,. A useful
dimensionless measure of the temperature of the jth compo-
nent is ,3” j = 8mnykpT);/ B2. We also define the cyclotron
frequency of the jth species, Q; = e;B,/mjc, the thermal
speed of the jth species or component, bj =4 /kBTn j / mj,
and the Alfvén speed v4 = B,/ /4mnmy. ~

The average drift velocity of the jth component parallel
to B, is denoted by V,;, and the relative core/halo average
drift velocity is Vo = Ve — Vop. If both the halo and core
are described in terms of drifting bi-Maxwellian distribu-
tions, the heat flux is

m T, ;
Qe = _22 nj'voj [(3 + 2-1—,,—]) ’UJ2~ + ’Ugj]
j=c,h Il
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We define the heat flux normalization factor as Qmax =
3men;vd /2.
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