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ABSTRACT

The question of what controls the electron properties in the solar wind has been the subject of several
extensive analyses over the past 20 years. We analyze here the electron properties of the solar wind observed
by the Wind satellite at 1 AU in the ecliptic plane, during 50 days close to the last minimum of solar activity.
The electron temperature anisotropy 7/ T,., which seems to depend on the wind speed Vsy, the density N,
the heliomagnetic latitude )\, or the time, actually depends mainly on the Coulomb collisions. The collisional
age A, is the number of transverse collisions suffered by a thermal electron during the expansion of the wind
over the scale of the density gradient. The 4. depends on Vi, on N, and thus on \,,; it also depends on the
time because it changes strongly at the crossing of a stream interface. We show that T, /T, is strongly corre-
lated with 1/A4,. The effect of Coulomb collisions on the electron heat flux are also investigated. We find that
the total electron heat flux Q, displays an upper bound that is inversely proportional to the collisional age, in
favor of a regulation of the heat flux by Coulomb collisions. The observed heat flux is then compared to the
collisional heat flux of the classical Spitzer-Harm (SH) theory. Although earlier observations have shown
that the electron heat flux in the solar wind at 1 AU is well below the values given by the SH theory, we find
that the observed heat flux reaches the SH limit for the lowest values of the electron mean free paths. The

Coulomb collisions thus seem to play a part in the regulation of the electron heat flux in the solar wind.
Subject headings: methods: data analysis — plasmas — solar wind

1. INTRODUCTION

One of the major issues of solar wind physics that is still
not fully understood concerns the radial evolution of solar
wind internal energy. This fundamental issue is related to
the more general problem of the transport of heat through a
weakly collisional plasma, beyond the framework of helio-
spheric physics. Because of their low mass, the electrons
play an important role in the solar wind expansion and the
associated energy transport since they are the dominant car-
riers of the total heat flux. Indeed, the electron heat flux is
believed to be one of the energy sources that drives the
expansion of the solar corona (Hundhausen 1972; Feldman
et al. 1975; Marsch 1991). As a result of low collision rates
in the solar wind, the electrons develop temperature aniso-
tropies and their velocity distribution functions (VDFs)
become skewed and develop tails and heat fluxes along the
local magnetic field direction. However, these nonthermal
characteristic of the VDFs are not as strong as predicted by
collisionless (or exospheric) models (Jockers 1970; Lemaire
& Scherer 1971), implying that some microphysical proc-
esses (Coulomb collisions and/or wave-particle inter
actions) must act locally to control or regulate these
anisotropies.

This fundamental problem has motivated more than 20
years of studies of the properties of electrons in the solar
wind, and the solar wind parameters on which these proper-
ties depend, at a given distance from the Sun. First, we sum-
marize the main results from previous observations. These
observations concern essentially the electron temperature
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T,, the temperature anisotropy 7|/ Te., the heat flux, and
the solar wind parameters that control them. Here 7, /T,
is the ratio of the electron temperature, in a direction paral-
lel to the background magnetic field B, over the temperature
perpendicular to B. We consider only the global electron
properties, without distinguishing between the core, the
halo, and the strahl of the velocity distribution function.

Using Interplanetary Monitoring Platform 6, 7, and 8
data, Feldman et al. (1975) showed that in the ecliptic plane,
T, /T,y is larger in the fast wind than in the slow wind.
With ISEE 3 data, Phillips et al. (1989) found that 7, /T,
increases when the wind speed Vs, increases and when the
proton density N, decreases; this dependence on the speed
and on the density indicated that the Coulomb collisions
play a part in the solar wind. Helios observations, still in the
ecliptic plane (Pilipp et al. 1987c, 1990), showed the follow-
ing (1) The electron temperature 7, is minimum and iso-
tropic at the boundary between the magnetic sectors, the
heliospheric current sheet (HCS); T, is stronger and aniso-
tropic before and after the HCS crossings; and it is weaker
and more anisotropic far from the HCS, in the fast wind. (2)
The heat flux Q, is often minimum at the HCS and maxi-
mum in the compression regions; the normalized heat flux is
minimum at the HCS, maximum far from the HCS. (3) The
strahl (beam of electrons with an energy larger than about
100 eV) is measured within a narrow angle around the B
direction in the fast wind; this angle is broader near the
HCS; and there is no strahl at the HCS. Pilipp et al. (1987c)
concluded that the electron properties depend on the
distance from the HCS more than on the wind speed.

This conclusion was only partly confirmed by the Ulysses
observations out of the ecliptic. Phillips et al. (1995) found
that 7, tends to decrease poleward and that T, /T..
increases slightly with the heliographic latitude A\, (and thus
probably with the heliomagnetic latitude )\, which is the
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latitude with respect to the HCS). However, Scime et al.
(1995, 2001) and Scime, Badeau, & Littleton (1999) did not
find a significant variation of Q. with A,. Hammond et al.
(1996) concluded that neither Q, nor the strahl depends on
Ay. Furthermore, Scime et al. (2001) did not find a signifi-
cant correlation between the magnitude of the electron heat
flux and the solar wind speed, during both solar minimum
and solar maximum.

In the ecliptic plane, Fitzenreiter et al. (1998) observed on
Wind that the flux of the strahl is more intense, and the
strahl angle more narrow, in the fastest wind. As did Feld-
man et al. (1975), Fitzenreiter et al. (1998) thus found that
the wind speed is the main parameter that controls the elec-
tron anisotropy and the strahl properties. Ogilvie et al.
(1999) observed the strahl properties before and after the
crossing of the stream interface (SI) between the slow wind
and the fast wind. At the SI, the wind speed Vs, and the pro-
ton temperature 7), increase and N, decreases; generally, a
spacecraft at 1 AU crosses an SI after the HCS (Gosling et
al. 1978). Ogilvie et al. (1999) found that the flux of the
strahl was minimum before the ST and maximum after.

Following these observations, the parameters controlling
the electron temperature 7,, the temperature anisotropy
T, /T,., and the heat flux Q. can thus be the wind speed
Vsw, the density N, (and thus the Coulomb collision fre-
quency), the heliomagnetic latitude A,,, or even the time
(before or after the SI). These dependences give some clues
as to the relative importance of the processes that play roles
in determining solar wind electron dynamics, such as
Coulomb collisions or wave-particle interactions, but also
the large-scale interplanetary electrostatic potential and
magnetic field (Marsch 1991). However, to date, our under-
standing of what controls the solar wind electron properties
is still far from being complete.

In this paper, we investigate the above dependences using
data from the Wind spacecraft. First, we consider how
TeH/TE 1 depends on V, N, A\, or the time (before and
after an SI), parameters that are not independent. We con-
firm qualitatively the dominant role of the collision number
in controlling the temperature anisotropies. The effect of
Coulomb collisions on the electron heat flux Q, is also inves-
tigated. It is well known (see Scime et al. 1994a) that the heat
flux Q. observed in the solar wind is weaker than the colli-
sional heat flux due to the thermal conductivity calculated
by Spitzer & Hiarm (1953). Thus, based on this fact, the role
of the collisions in controlling the electron heat flux has
always been argued to be negligible. However, to illustrate
that collisions may play at least a small part in the regula-
tion of the heat flux, we show that the upper bound of the
total electron heat flux is inversely proportional to the colli-
sion frequency. Moreover, the observed heat flux appears to
reach the Spitzer-Harm limit for the smallest values of the
collisional mean free path in the solar wind.

Before analyzing the parameters that control the electron
properties, let us recall what controls the proton properties
in the solar wind: (1) The speed Vi, the temperature 7T,
and the density NV, mainly depend on the heliomagnetic lati-
tude A, (Bruno et al. 1986; Lacombe et al. 2000). This
implies that the protons at 1 AU remember the initial condi-
tions close to the Sun, which themselves depend on the lati-
tude, as in the model of Pizzo (1994). (2) The total pressure
P (magnetic plus thermal) in the solar wind is an important
parameter for the proton properties: the latitudinal depend-
ences of Vi, T, and | B| are not the same in the low-pressure
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wind (P <5 x 107! Pa) and in the high-pressure wind
(Lacombe et al. 2000). (3) The proton properties are time
dependent: at the same latitude )\, they are not the same
before and after the HCS crossing (Borrini et al. 1981;
Lacombe et al. 2000). These two last dependences show the
part played by the dynamical interactions, between the Sun
and 1 AU, which reduce the effects of the initial conditions
on the proton properties. In our study, we sometimes con-
sider separately the low-pressure wind, in which there are
fewer local and temporal variations masking the overall
dependences of the electron properties on the solar wind
expansion.

2. INSTRUMENTS AND DATA

The Wind spacecraft, launched on 1994 November 1, was
designed to observe the solar wind approaching Earth from
a position near Lagrange point L1. Wind is equipped with
state-of-the-art instruments to measure three-dimensional
electron and ion distribution functions, and plasma waves,
as well as magnetic field. We use data from the Three-
Dimensional Particle (3DP; Lin et al. 1995) and Waves
(Bougeret et al. 1995) experiments, as well as spin resolution
(3 s) magnetic field data from the Magnetic Field Investiga-
tion (MFT) experiment (Lepping et al. 1995), all on the Wind
spacecraft.

The 3DP experiment is designed to make measurements
of the full three-dimensional distributions of electrons and
protons from energies of the order of those of the thermal
solar wind plasma to those of low-energy cosmic rays, with
a high-sensitivity, wide dynamic range, good energy and
angular resolution, and high time resolution. The solar wind
energy range for both electrons and protons is well covered
by EESA-L and PESA-L, respectively, one of the pairs of
electron and proton electrostatic analyzers (EESAs and
PESAs). In normal modes of operation, the EESA-L ana-
lyzer measures the electron velocity distribution functions
(VDFs) from a few eV to 1.1 keV (energy resolution of
~20%) with 15 logarithmically spaced energy steps and full
47 angular coverage in one spacecraft rotation (~3 s).
Because of the allowed telemetry rate, the full three-dimen-
sional VDFs are transmitted only every ~99 s (for the time
period considered in this paper). However, onboard com-
puted moments of the VDFs (density, velocity, pressure,
temperature, and heat flux) are transmitted routinely every
3s.

It is important to emphasize here the relative difficulty in
measuring electron VDFs in the solar wind, where such
measurements are in general drastically affected by space-
craft charging effects. The spacecraft charging effects
severely pollute and distort the electron VDFs at low ener-
gies (in the thermal range) by modifying both the energies
and direction of motion of the solar wind electrons incident
on the detector (e.g., Scime, Phillips, & Bame 1994b; Salem
et al. 2001). These effects generally combine with other
instrumental effects such as the incomplete sampling of the
VDFs due to a nonzero low-energy threshold of the energy
sweeping in the electron spectrometer (Song, Zhang, &
Paschmann 1997; Salem et al. 2001). Consequently, all the
moments of the VDFs are severely affected as well (see
Salem et al. 2001 and references therein). Accurate measure-
ments of the solar wind electron parameters require there-
fore a full correction of these effects. This correction is
generally not quite straightforward to carry out since the
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spacecraft electric potential is often an unknown parameter
that depends on the electron density and temperature that
one wishes to measure.

The question of the accuracy of the electron measure-
ments on the Wind spacecraft has recently been addressed
by Salem et al. (2001). They developed a new method to
determine accurate solar wind electron density and temper-
ature using the data of a particle detector and a plasma wave
receiver. Through a simple scalar correction model, they
established the correction equations for the electron density
and temperature approximating the actual solar wind elec-
tron VDF by an isotropic Maxwellian. The electron density
data determined from the wave receiver Thermal Noise
Receiver (TNR) of the Waves experiment, taken as a refer-
ence, is used as an alternative to the use of approximate val-
ues for the spacecraft potential. This determination of the
electron density relies on the identification of the * plasma
line  at the local electron plasma frequency in the spectrum
of the thermal noise (Salem 2000; Salem et al. 2001) and is
quite immune to the spacecraft charging effects (Meyer-
Vernet et al. 1998; Issautier et al. 1999).

In this study, we use the TNR electron density N,
determined at a resolution of 4.5 s, and the 3DP solar wind
velocity Vy, and proton temperature 7), calculated on board
from the PESA-L ion electrostatic analyzer every 3 s. We
use Salem’s model to calculate the electron temperature
from the raw 3DP electron temperature calculated on board
ataresolution of 3 s (using eq. [24] in Salem et al. 2001). This
corrected 3DP electron temperature is on average 4 eV
lower than the raw temperature, their relative difference
being 35% on average. The determination of any parameter
that depends on the electron temperature can be biased by
such a difference, and thus the interpretation of the results.
On average, the corrected 3DP electron temperature is
found to lie around 12.1 + 3.1 ¢V, which is in very good
agreement with earlier results near 1 AU (see Feldman et al.
1975; Newbury et al. 1998). We also use the detailed electron
distribution functions measured by the 3DP from the energy
threshold E;, = 9.65 eV up to about 1.1 keV. We inte-
grated these electron distribution functions to calculate the
ratio T,/ T,. (using the magnetic field data from the MFI
experiment) and the electron heat flux vector every 1.5
minutes. We assume here that the effect of the spacecraft
potential is isotropic so that, as a first order, the ratio
T, /T, is not affected. The electron heat flux, the third
moment of the electron velocity distribution function, has
been calculated by replacing the bulk electron velocity by
the bulk proton velocity: as shown by Salem et al. (2001),
the heat flux vector is then found statistically aligned with
the magnetic field, while it was found 20° eastward when
calculated in the electron frame.

The data presented in this paper are taken from the first
Wind apogee pass near L1, in 1995, where the spacecraft
spent several months following a series of phasing orbits.
The chosen time interval is close to the last solar cycle mini-
mum. It extends from 1995 May 15 to July 3, i.e., from
135.0 to 185.0 decimal days of the year. Until July 3, Wind
was around the Lagrange point, at 200 Earth radii (Rs) or
more from the Earth. This interval was selected because no
transient magnetic cloud or strong interplanetary shock was
observed during these 50 days (Sanderson et al. 1998), so
the analyzed properties are those of the ambient solar wind.
All the data sets and the calculated quantities have been
smoothed and resampled to give only 125 points per day
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(averages over about 10 minutes). From day 157.6 to 161.6,
there are frequent and large data gaps in the electron distri-
bution functions, so the calculated averages of the electron
heat flux can be biased.

To determine the heliomagnetic latitude )\, of Wind, we
have to make hypotheses about the position of the HCS
during the considered interval. The position of the HCS has
been deduced from the classic model of Hoeksema, Wilcox,
& Scherrer (1983; available on line) and improved by the
Wind observations of the current sheet crossings and of the
direction of the total electron heat flux (Lacombe et al.
2000).

The thin line in Figure 1a is a plot of \,, as a function of
time in days; )\, = 0 corresponds to the HCS crossings.
Because the solar wind proton properties depend not only
on |\,| but also on the time (before or after the HCS cross-
ings), we have also considered a superposed epoch latitude
A (Lacombe et al. 2000), which has the same modulus
| Ase| = |\m| but is taken as negative before the closest HCS
crossing and positive after. This definition of Ay is illus-
trated in Figure 2, and Ay is shown as the thick line in
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Vg, (km/s)

140 150 160 170 180

140 150 160 170 180

(d

R

140 150 160 170 180

140 150 160 170 180
day of year 1995

Fic. 1.—Fifty consecutive days of data in 1995 (from May 15 to July 3).
(a) Latitude of Wind with respect to the magnetic sector boundary or HCS:
Am (thin line) is Hoeksema’s estimation, adjusted with HCS crossings
observed on Wind (§ 2), and A is the superposed epoch latitude defined in
Fig. 2. (b) Wind speed in km s~!. (¢) Electron temperature anisotropy. (d)
Total electron heat flux in uW m~2. (e) Electron collisional age (eq. [6] in
§ 4). The plus signs at the top of (b) and (d) indicate the crossings of four
weak reverse interplanetary shocks, and the diamonds on (b) and (e) indi-
cate the crossings of six Sls.
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FiG. 2.—Schematic definition of the superposed epoch latitude Ay in comparison to the heliomagnetic latitude \,,

Figure la. The solar wind speed is displayed in Figure 15.
The temperature anisotropy 7, /7., is given in Figure lc,
and the modulus Q, of the electron heat flux vector in Figure
1d. The plus signs at the top of Figures 15 and 1d indicate
the crossings of four weak reverse interplanetary shocks; the
diamonds in Figures 15 and le indicate the crossings of six
regions that are probably SIs. Figure le will be discussed
in§4.

3. ROLE OF THE LATITUDE

As explained in the introduction, the heliomagnetic lati-
tude has long been considered to be the parameter that best
organizes the solar wind electron properties (Pilipp et al.
1987a, 1987c¢), as is actually the case for the proton proper-
ties (Bruno et al. 1986; Lacombe et al. 2000). In Figure 3, we
display the electron properties (namely, the electron temper-
ature T, the electron temperature anisotropies T,/ 7., the
total electron heat flux Q,, and the normalized heat flux Q,)
as functions of the superposed epoch heliomagnetic latitude
Ase, for the low-pressure solar wind (P < P,; left panels of
Fig. 3) and the high-pressure wind (P > P.; right panels
of Fig. 3). The considered pressure is the total pressure
(thermal + magnetic),

2

P=Nkg(T,+ T, +—,
( 17) 2'“0

(1)

and the critical value is P. ~ 6.4 x 10-!! Pa. The normal-
ized heat flux is defined by

Qn = Qe/ QO ) (2)
where Qy, given by

QO = %NekB Tevthe ; (3)

is the free-streaming heat flux, which is a ““ saturation ” level
for the heat flux (Hundhausen 1972), defined as the heat flux
obtained if the internal energy of the distribution, %NekB T,
were convected at the thermal speed of the electrons vy,

2kgT,
Uthe = 5 : (4)

mMe

This normalization by the free-streaming heat flux is widely

used in the literature (see for instance Hundhausen 1972;
Feldman et al. 1975; Pilipp et al. 1987a; Gary et al. 1994,
1999). It is justified by the fact that internal energy cannot
be transported by thermal motions at a rate greater than (or
probably even as large as) Qy (Parker 1964). O, can also be
seen as a measure for the skewing of the distribution func-
tions (Pilipp et al. 1987a).

Following Figure 3, some of the observations of Pilipp et
al. (1987c, 1990) are confirmed; other observations are not
confirmed. For instance, we confirm that 7, is larger, on
average, at |A\e| >~ 15° than at |\| =~ 25°; but this is true
only in the low-pressure wind (see Figs. 3a and 3b). We con-
firm that the weakest values of T, (<8 eV) are observed at
the HCS, whatever the pressure is; but 7, can also reach 15—
20 eV at the HCS. We confirm that 7, /7, is weaker, on
average, at low latitudes. However, Figures 3¢ and 3d
mainly show that the distribution of T, /T, is different
before the crossing of the HCS ()¢ < 0) and after the HCS
(Ase > 0). Because the SI generally occurs just after the
HCS, this asymmetry can be compared with the asymmetry
observed by Ogilvie et al. (1999) for the strahl, before and
after the SI. As for the heat flux, we confirm that the total
heat flux Q. is maximum in the compression regions (see
Fig. 3/) but does not depend on the latitude (Fig. 3¢). The
normalized heat flux Q, is weaker, on average, at low lati-
tudes, especially in the compressed regions (see Fig. 3/), but
this is less clear for the low pressures (Fig. 3g), where a peak
of Q,, is observed.

From Figure 3, we can conclude that the correlation
between the electron properties and the angular distance
|Ase| = |Am| from the HCS is not so strong. We have to
look for correlations of T, /T,. with other solar wind
parameters.

4. ROLE OF THE COLLISIONS

In this section, we focus our analysis on the temperature
anisotropy T, /T... Figures d4a—4d display T,/T.. as a
function of |\, Vsw, N,, and T,. We can see that the corre-
lation with V, is better than the correlation with |\, |, and
the best correlation is with 1/N,. These good correlations,
already observed by Phillips et al. (1989), have shown the
importance of the Coulomb collisions suffered by the
thermal electrons.
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Fic. 3.—Fifty consecutive days. Scatter plots of 11 minute averages (125 points day~!) of the electron temperature 7%, the electron temperature anisotropy
T,/ Ty, the total electron heat flux Q,, and the normalized heat flux Q, (eq. [2]), in a low-pressure wind (/eft panels) and in a compressed wind (right panels) as
a function of )\,,. The critical pressure separating both wind regimes is P. = Prnyp = 6.4 x 10-11 Pa.

How do we calculate the collision number? Let us con-
sider the e-e collisions between thermal electrons, which
produce a transverse diffusion. The collision frequency is

Voo = T.7107°N, T3 In A, (5)

where 7, is in eV and N, in cm 3, and the so-called Cou-
lomb logarithm In A ~ 25.5 (see Spitzer 1956; Huda 2000).
Following Phillips & Gosling (1990), if we add to the e-e
collisions the e-p and e-a collisions with protons and
a-particles, the total transverse collision frequency for a
thermal electron in the solar wind is ~2.55v,,. Then, we
integrate the number of collisions suffered by a thermal elec-

tron during the time of expansion of the solar wind over the
scale of the density gradient, i.e., fromr = 0.5 AU tor =1
AU. We assume that Vy, is constant and that N, and 7,
vary with the distance as r~2 and r—©, respectively. This
integral is then

R 21—15(}_1
Ao =255 — (=), 6
“sz(l—Lsa) (6)

where R = 1 AU is in kilometers and Vi, in kilometers per
second.

The value of a depends on the electron population (core
or halo) and also on the wind regime (slow or fast wind). In
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FiG. 4 —Fifty consecutive days. Scatter plots of 11 minute averages of the electron temperature anisotropy as a function of («) heliomagnetic latitude |\,,|,
(b) wind speed Vi, (¢) inverse of the electron density, 1/N,, (d) electron temperature, 7., and (e) the inverse of the collisional age, 1/4,. (f) Electron

temperature as a function of the inverse of the collisional age.

the fast wind, Ulysses observations have shown that o ~ 0.6
for the core electrons (Issautier et al. 1998) and « ~ 0.3 for
the halo electrons (Maksimovic, Gary, & Skoug 2000), so
the total temperature T, varies as ~r~ 3. As for the slow
wind, T, in the coronal streamers (sources of the slow wind)
is known to be comparable to T, in the coronal holes (sour-
ces of the fast wind), while T, at 1 AU is considered to be
higher in the slow wind than in the fast wind: 7, can then be
considered to vary as ~r~%4 in the slow wind (David et al.
1998; Fludra et al. 1999; Gibson et al. 1999). Since the time
interval considered in this study mixes slow and fast winds,
we decide to take an intermediate value for a, o ~ 0.45.

The collisional age A, (for a = 0.45) as a function of time
is displayed in Figure le and varies between 2 and 250 colli-

sions; we see that 4, drops at the SI crossings indicated by
diamonds.

Figure 4e shows that the correlation between 7| ym
and 1/4, is good: the anisotropy is weak for collisionally old
plasmas (with large values of A4.) and stronger for collision-
ally young plasmas (with small values of 4,.). There is an
anticorrelation between A4, and |\, |: this is the reason why
the part played by |\, | was considered as dominant. Figure
4e thus shows qualitatively the control of 7, /T, by the
collisions.

The value of 7, is not correlated to 1/4, (Fig. 4f): even if
the lowest values of 7, (<8 eV) are found in a collisionally
old plasma (4, > 20), the same old plasma can have
T, ~ 16 ¢V. This shows that the electron temperature 7, in
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the slow solar wind displays a higher variability than in the
fast wind, which is collisionally younger. Phillips & Gosling
(1990) proposed a model in which T, and 7., evolve adia-
batically in a collisional plasma with a spiral magnetic field.
This model predicts a ratio T,/ T, that is larger in the fast
wind, as observed in our data (see Fig. 4b). It also predicts
that the lowest values of 7, will be observed for the smallest
ratios T /T,, because, in a marginally collisional plasma,
the expansive cooling rate is smaller if temperature anisotro-
pies are allowed to develop; this relation is also observed in
our data (see Fig. 4d). However, some of the predictions of
the model of Phillips & Gosling (1990), at large distance and
large \,, have not been confirmed by the Ulysses observa-
tions. The model of Phillips & Gosling (1990) does not take
into account the electron heat flux, which is observed in the
solar wind, and the interplanetary electrostatic field, for
which there is some observational evidence (Mangeney et
al. 1999; Lacombe et al. 2002).

5. THE ELECTRON HEAT FLUX

A complete theory of the solar wind requires a thorough
understanding of how Q, evolves and how it is regulated
during the solar wind expansion. We look here for relations
between the solar wind properties and the electron heat flux
Q. and/or the normalized heat flux Q, (eq. [2]).

5.1. Low- and High-Pressure Wind Regimes

We have shown in § 3 that there is no dependence of the
electron heat flux on heliomagnetic latitude. This is in good
agreement with Ulysses observations (Scime et al. 1995).
However, the properties of the heat flux in the compressed
regions are different from those in the ambient solar wind.
This can be seen in Figure 5, which displays the total heat
flux as a function of the total pressure (magnetic + kinetic).
This scatter plot clearly shows two different branches for the
heat flux: a narrow one for P < P,, characterizing the low-
pressure wind regime, and a more scattered one for P > P,,
characterizing the compressed regions, P. = 6.4 x 10~-!! Pa
being the critical pressure separating both regimes (see § 3).
Therefore, it is important to distinguish between both
regimes when analyzing the properties of the electron heat

40 LA LI
P. = 6.4 107" Pa

30

20

10

Electron heat flux, 1Q.| (uW/m?)

ob? ' P S I B R R
0 10 20 30
Total Pressure, Py, (107" Pa)

N
o

Fic. 5.—Fifty consecutive days. Scatter plot of 11 minute averages of the
total electron heat flux Q, as a function of the total pressure Py (eq [1D).
The vertical dashed line indicates the critical pressure P, = 6.4 x 10~!1
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flux. Hereafter, we consider only the low-pressure wind,
unless stated, since we look for general trends in the regula-
tion of the electron heat flux in the ambient solar wind.

The determination of the electron heat flux in the ambient
solar wind can also be biased by the presence on some occa-
sions of double-strahl electron distributions (see for
instance Pilipp et al. 1987b) due to backstreaming supra-
thermal electrons. This can happen near 1 AU when the
spacecraft is in the foreshock of the Earth’s bow shock. We
have thus systematically withdrawn the time intervals dur-
ing which Wind is in the foreshock, i.e., downstream of a
field line tangent to the bow shock, or during which Wind is
upstream of this field line but at less than 50 R (along the
geocentric solar ecliptic x-axis) of the foreshock boundary.
Only 5% of our data set has thus been removed, correspond-
ing to a geometry in which the interplanetary magnetic field
is nearly radial because Wind was close to Lagrange point
L1, at more than 200 R, from the Earth.

5.2. Relation between Heat Flux and Solar Wind Parameters

In Figure 6, we display the electron heat flux Q, (Fig. 6a)
and the normalized heat flux Q, (Fig. 6b) as functions of the
wind speed Vi, in the low-pressure and “ free ”” solar wind
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Fic. 6.—Fifty consecutive days. Scatter plots of 11 minute averages of
(a) the total electron heat flux Q, and (b) the normalized heat flux Q, (eq.
[2]) as functions of the solar wind speed Vi, in the low-pressure and free
solar wind (i.e., not connected to the Earth’s bow shock).
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(not connected to the Earth’s bow shock). From this figure,
we can conclude that there is no clear relation between Q,
(or Q) and the wind speed Vgy,; this was also shown by
Figure 3a of Scime et al. (2001), with a large data sample
(over a whole solar cycle) from the Ulysses spacecraft. As
pointed out by Scime et al. (2001), such a relation is pre-
dicted by models of a regulation of the solar wind electron
heat flux by the interplanctary electrostatic potential
(Hollweg 1974; Scudder & Olbert 1979a, 1979b). Some of
these models predict that Vg, should be locally anticorre-
lated to Q. (Scudder & Olbert 1979a, 1979b). On the other
hand, other models suggest that both parameters should be
correlated, since the presence of suprathermal tail in the
electron distributions is expected to increase the solar wind
speed (Maksimovic, Pierrard, & Lemaire 1997; Meyer-
Vernet 1999): the more significant the tail (so the greater the
heat flux), the larger the ambipolar electric field that then
drives higher solar wind speeds. In any case, the absence of
a relationship between the electron heat flux and the solar
wind speed is an important piece of information, which sug-
gests that the interplanetary potential is unlikely to play a
significant role in the heat flux regulation as well as in the
value of the solar wind velocity at 1 AU.

On the other hand, the electron heat flux appears to be
related to the collision frequency. In Figure 7, we display
the total electron heat flux Q, as a function of the collisional
age A4, (see §4). It can be clearly seen from Figure 7b that in
the low-pressure and free solar wind, the electron heat flux
shows a net upper bound that decreases for an increasing
collisional age. However, no significant correlation between
Q. and A, can be observed (see Fig. 7a) when different wind
regimes are mixed together. The existence of an upper
bound of Q, as a function of A4, can be hidden by the proper-
ties of the compressed regions of the solar wind, character-
ized by both high heat fluxes and high densities (and thus a
high collisional age). Thus, in the ambient solar wind, the
maximum observable value of the heat flux decreases when
the number of collisions increases. This property strongly
suggests that Coulomb collisions play a role in limiting the
electron heat flux in the solar wind.

5.3. Comparison with Spitzer-Hdrm Prediction

Since the properties of the electron heat flux in the solar
wind seem to be partly related to Coulomb collisions
between electrons, it is important to understand how the
observed heat flux is compared to the classical collisional
heat flux of the Spitzer-Harm (SH) theory (Spitzer & Harm
1953). The latter is given by the conventional thermal con-
ductivity equation

Qesn = —K| VT., (7)

where k) is the classical electron thermal conductivity and
V| T, is the temperature gradient, both along the magnetic
field. The electron thermal conductivity | calculated by
Spitzer & Harm (1953), taking into account the electron-
electron and the electron-proton collisions, is given in MKS
units by

NAET,
K| = 3.27‘3 s (8)

MeVee

where v,, is here the basic collisional frequency for transport
phenomena (see Spitzer 1956; Huda 2000).
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Fic. 7.—Fifty consecutive days. Scatter plots of 11 minute averages of
the total electron heat flux Q, as a function of the collisional age A4, for (a)
the entire sample in the free solar wind and (b) the low-pressure and free
solar wind.

Given the temperature variation with distance, 7, o< r=@,
the Spitzer-Harm heat flux at 1 AU can simply be written as

0-6 aT?N,

ee

Q.su =0.6x 1 uW m=2 9)

where T, isin eV, and N, in cm 3. In the same units, v,, can
be expressed as (Huda 2000)

Vee ~ 2.9 x 107N, 7. *In A, (10)

where In A ~ 25.5 (see § 4).

In the previous sections, the collisional properties of the
solar wind plasma at 1 AU have been estimated by the colli-
sional age A, for transverse diffusion (eq. [6]). They can be
also estimated by the ratio L, /L7 between the mean free
path Ly, of the thermal electrons for transport phenomena
and the scale L7 of the temperature gradient. The mean free
path Ly, of the thermal electrons is conventionally defined
as

pr = Uthe/Vee ) (11)

where vy, 1s the electron thermal velocity given by equation
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(4) and v,, is given by equation (10). Using the power law
T, < r=@, the scale Ly of the temperature gradient can be

expressed as
P -1
Ly = (Eln Te> = (12)

at the distance of R = 1 AU. The smaller the ratio Lg,/Lr,
the higher the collision rate. The advantage of using this
parameter instead of the collisional age A, is that it allows a
direct comparison between the observed heat flux and the
heat flux predicted by the SH theory. To be exact, we com-
pare here the normalized heat flux Q, (eq.[2]) and a normal-
ized SH heat flux, O, sn, i.e., the SH heat flux O, sy (eq. [7])
normalized to the free-streaming heat flux Qp (eq. [3]) as
well. This normalized SH heat flux can then be expressed as
a linear function of the ratio Lg, /L7,

Destt _ | gLt
Qo Lr

The comparison is shown in Figure 8. Figure 8« displays a
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Fic. 8.—Fifty consecutive days. Eleven minute averages of the normal-
ized heat flux Q, (eq. [2]) in the low-pressure and free (i.e., not connected to
the Earth’s bow shock) solar wind as a function of the ratio between the
electron mean free path Lg, (eq. [11]) and the scale of the temperature gra-
dient Lz (eq. [12]). (a) Scatter plot. (b) Average m (solid line) and standard
deviation o (m + o; dashed lines) in equal bins of L, /L7. The solid line SH
in both panels is the normalized heat flux predicted by the classical Spitzer-
Harm collisional theory (eq. [13]).
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scatter plot of O, as a function of Lg, /Ly for the low-pres-
sure and free solar wind (not compressed and not connected
to the Earth’s bow shock). Figure 8b gives the average value
m and the standard deviation o of the same quantity, in
equal bins of Lg,/L7: the solid line represents the average m,
and the dashed lines represent m + o, respectively. The solid
line labeled SH in both panels represents the normalized SH
heat flux of equation (13). There is a tendency for Q, to be
larger when Ly, /Ly is large (Fig. 8b). Thus, Q, tends to be
larger when there are fewer collisions. This property is
another indication that Coulomb collisions play a role in
regulating the heat flux.

Furthermore, Figure 8 shows another interesting prop-
erty of the observed heat flux. Although the collisional SH
heat flux represents indeed an upper limit to the observed
heat flux, it appears that the electron heat flux in the solar
wind reaches the SH limit for small values of the ratio
Lg, /Ly, say Lg /Ly < 0.2. In contrast, for Lg,/Ly > 0.2,
the observed heat flux is smaller than the SH prediction, as
has always been argued (see Scime et al. 1994a). This dis-
crepancy grows stronger as Lg, / Ly increases. It is important
to note in this respect the differences between the slow and
the fast wind, still within the ambient low-pressure solar
wind. This can be seen in Figure 9, which displays Q, as a
function of Ly, /Ly for a slow solar wind (¥, < 400 km s~
Fig. 9a) and for a fast wind (Vg > 650 km s—!; Fig. 9b).
Figure 96 shows that the SH limit is not reached within the
fast wind where Ly, /Ly is usually larger than in the slow
wind. In this case, the observed heat flux is nearly 1 order of
magnitude below the SH limit.

6. CONCLUSIONS

In this study, we have investigated the properties of solar
wind electrons at 1 AU using data from the Wind spacecraft,
the aim being to determine what physical processes control
the electron properties in the solar wind. We examined in
particular the nonthermal features of the electron distribu-
tion functions, such as temperature anisotropy and heat
flux. The question addressed here concerns essentially the
role of Coulomb collisions in regulating these nonthermal
characteristics. According to different authors, the electron
temperature anisotropy 7, /T.. in the solar wind mainly
appears to depend on the wind speed Vg, on the density N,
on the heliomagnetic latitude \,,, or on the time. We have
shown that T, /T, actually depends on the collisonal age
A, of the solar wind plasma, i.e., the number of transverse
Coulomb collisions suffered by a thermal electron during its
travel over the scale (0.5 AU) of the density gradient. A4,
depends on Vy, and N,, and thus on )\,,; it depends also on
the time, before or after the crossing of the heliospheric cur-
rent sheet or the SI. The collisional age A, is thus the physi-
cal parameter that controls the temperature anisotropy
T,/ T.. in the solar wind, but it does not control the elec-
tron temperature itself because the energy exchanges due to
collisions are much weaker than the momentum exchanges.
No correlation has been found between the electron temper-
ature and other solar wind parameters (see also Newbury et
al. 1998). The basic mechanisms that regulate the electron
temperature in the solar wind are still not understood.

Another indication of the part played by the Coulomb
collisions in the solar wind is the value Q, of the observed
heat flux. We have shown the importance of distinguishing
between two different wind regimes: the high-pressure
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Fic. 9.—Fifty consecutive days. Eleven minute averages of the normal-
ized heat flux Q, (eq. [2]) as a function of the ratio Lg, /Ly, in the low-
pressure and free solar wind, for (a) a low-speed wind, Vg, < 400 km s,
and (b) a high-speed wind, Vg, > 650 kms~!.

compressed wind and the low-pressure ambient wind. These
two regions clearly have physical characteristics that are
quite different from one another. Using a pressure criterion
(see Lacombe et al. 2000), we have selected periods of low-
pressure solar wind in order to analyze the properties of the
heat flux in the ambient solar wind. We have found that the
magnitude of the total heat flux Q,, in the ambient solar
wind, displays an upper bound that tends to decrease with
increasing collisional age A4,. Early observations near 1 AU
(Montgomery, Bame, & Hundhausen 1968; Hundhausen
1969; Hollweg 1974; Feldman et al. 1975, 1976a, 1976b) and
in the inner heliosphere between 0.3 and 1 AU (Pilipp et al.
1987c, 1990) have shown that the electron heat flux is signifi-
cantly smaller than expected from models of coronal expan-
sion that include a collisional heat flux given by the classical
Spitzer-Harm theory (Spitzer & Harm 1953). These obser-
vations, as well as more recent observations in and out of
ecliptic from Ulysses (Scime et al. 1994a, 1999, 2001), led to
the conclusion that the electron heat flux must be reduced
during the solar wind expansion by an active process other
than collisions. However, the relation between the upper
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bound of the observed heat flux and the number of colli-
sions A, strongly suggests that the role of Coulomb
collisions in regulating the electron heat flux is not as negli-
gible as has always been suggested. We can see here a very
good correlation between the electron measurements in the
solar wind and what we know about the role of collisions:
the more collisions there are, the more the distribution func-
tion is isotropized and the smaller is the heat flux. Still, the
heat flux due to the Spitzer-Harm electron thermal conduc-
tivity represents an upper limit to the observed heat flux, but
we have shown that this limit is reached for electron mean
free paths Lg, normalized to the scale of the temperature
gradient Ly, Ly, /Ly of about 0.06-0.15. For Lg,/Ly > 0.2,
the deviation of the observations from the SH prediction
grows with the parameter Ly, /L. This deviation is highest
in the high-speed solar wind streams characterized by larger
mean free paths. Actually, the approximate solution of the
Fokker-Planck equation used by Spitzer & Hdrm (1953) in
their calculation of the heat flux is based on a model with a
heat flux carried by a small perturbation to a local Maxwel-
lian particle distribution function. This implies a collisional
mean free path Lg, much smaller than the scale Ly of the
temperature gradient. According to Bell, Evans, & Nicholas
(1981) and/or Campbell (1984), this determination of the
heat flux is not valid for Lg, /Ly > 1073; meanwhile, in the
solar wind at 1 AU, Lg, /Ly is found to lie between 0.04 and
1. Another model of the classical collisional heat flux,
extending Spitzer’s calculation to large temperature gra-
dients, could provide predictions closer to the observed val-
ues. A different class of solutions to the Fokker-Planck
equation are required to determine the thermal conductivity
where the plasma is far from local thermodynamic
equilibrium.

In other interpretations (see Scime et al. 1994a; Gary et
al. 1994, 1999), the heat flux is not regulated by collisions
but by wave-particle interactions. Such wave-particle inter-
actions, due to some instability growth, thermalize the elec-
trons carrying the bulk of the electron heat flux by
scattering them in the core electron population. In these
interpretations, the upper bound of the observed heat flux is
related to the threshold of a heat flux instability. As argued
by Marsch (1991), both processes, Coulomb collisions and
wave-particle interactions, are most likely to play roles in
determining solar wind electron dynamics. Therefore, it is
necessary to understand their individual contributions to
thermal conduction in the solar wind. New Wind observa-
tions with respect to the possibility of a heat flux regulation
by wave-particle interactions will be presented in a forth-
coming paper.

The 3D Plasma experiment (PI: R. P. Lin) on Wind is
a joint effort of the Space Sciences Laboratory (Berkeley),
the University of Washington, the CESR (Toulouse,
France), ESTEC (the Netherlands), and the Max-Planck-
Institut (Germany). The Waves instrument (whose PI is
now M. L. Kaiser) was built by teams at the Paris-
Meudon Observatory, the University of Minnesota, the
University of Towa, and the Goddard Space Flight Cen-
ter. Use of the Wind spin resolution MFI data and SWE
data is courtesy of the teams of the Magnetic Field Inves-
tigation experiment (PI: R. P. Lepping). Work at UC
Berkeley is supported by NASA grant FDNAGS5-11804
to the University of California.
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