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Abstract. Kinetic effects due to wave-particle interactions and suprathermal electrons have been suggested in the literature
as possible solar wind acceleration mechanisms. Ion cyclotron resonant heating, in particular, has been associated with some
qualitative features observed in the solar wind. In terms of solar wind acceleration, however, it is interesting to compare the
kinetic effects of suprathermal electrons with those due to the wave-particle interactions. The combined effects of the two
acceleration mechanisms on the fast solar wind have been studied by Tam & Chang (1999a,b). In this study, we investigate
the role of the suprathermal electron population in the acceleration of the solar wind. Our model follows the global kinetic
evolution of the fast solar wind under the influence of ion cyclotron resonant heating, while taking into account Coulomb
collisions, and the ambipolar electric field that is consistent with the particle distributions themselves. The kinetic effects due
to the suprathermal electrons, which we define to be the tail of the electron distributions, can be included in the model as
an option. By comparing the results with and without the inclusion of the suprathermal electron effects, we determine the
relative importance of suprathermal electrons and wave-particle interactions in driving the solar wind. We find that although
suprathermal electrons enhance the ambipolar electric potential in the solar wind considerably, their overall influence as an
acceleration mechanism is relatively insignificant in a wave-driven solar wind.
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1. Introduction

Since the pioneering work by Belcher & Davis (1971), the
existence of waves has been well established in the research
of the fast solar wind. Wave-particle interactions have been
considered as a possible solar wind heating mechanism, and
their effects have been studied by a number of authors (e.g.
Hollweg & Turner 1978; Dusenbery & Hollweg 1981; Marsch
et al. 1982c; Isenberg 1984; Leer et al. 1992; Hu et al. 1997;
Czechowski et al. 1998; Cranmer et al. 1999b; Hu & Habbal
1999; Li et al. 1999; Tam & Chang 1999a; Isenberg et al.
2000; Cranmer 2001; Gary et al. 2001; Liewer et al. 2001; Tam
& Chang 2001; Tu & Marsch 2001; Vocks & Marsch 2001).
Experimentally, there has been increasing evidence suggesting
that wave-particle interactions play a significant role in the evo-
Iution and acceleration of the solar wind. First, the proton ve-
locity distributions observed by the Helios spacecraft featured
an anisotropy in the core region, where the temperature in the
perpendicular direction was higher than that in the direction
parallel to the magnetic field (Marsch et al. 1982b). Such an
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anisotropy was an indication of the presence of ion perpen-
dicular heating in the solar wind. The observed proton veloc-
ity distributions were also frequently characterized by double
peaks in the field-aligned direction. The formation of these
double peaks has recently been associated with kinetic ion cy-
clotron resonances involving sunward propagating electromag-
netic waves (Tam & Chang 1999a,b).

The differential speeds between the alpha particles and the
protons in the solar wind, which were perhaps the most un-
expected experimental results observed by the Helios space-
craft, may also be highly related to wave-particle interac-
tions. Measurements by the spacecraft revealed that the helium
ions have a higher outflow speed compared with the protons
(Marsch et al. 1982a), especially in the fast solar wind. Indeed,
more recent observations by the WIND and the Ulysses space-
craft have also arrived at a similar conclusion (Steinberg et al.
1996; Feldman et al. 1996). Because the helium ions have a
smaller charge-to-mass ratio compared with the protons, the
observed ion differential speeds were inconsistent with the idea
of the field-aligned ambipolar electric field being the main so-
lar wind acceleration mechanism. A physical mechanism that
has been demonstrated to preferentially accelerate helium ions

Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20021348



http://www.edpsciences.org/
http://www.aanda.org
http://dx.doi.org/10.1051/0004-6361:20021348

1002

rather than protons is kinetic ion resonant heating by electro-
magnetic waves in the ion gyrofrequency range (Tam & Chang
1999a,b). These waves may be produced by the small-scale re-
connections near the coronal region. Recently, Chang (2002)
has suggested that such type of intermittent turbulence may
be associated with the “complexity” generated by the sporadic
localized mergings and interactions of the coherent magnetic
structures near the coronal holes. Measurements of the power
spectra of these waves by the Helios spacecraft indicated that
the wave power decreases with frequency (Bavassano et al.
1982; Denskat & Neubauer 1982). Note that the alpha parti-
cles have a lower gyrofrequency than the protons. Therefore, in
general, more wave power is available to the helium ions than
to the protons, at least in the observed regimes (0.3—1 AU).
Extrapolating the power spectrum to distances close to the
sun, Tam & Chang (1999a) have shown that the kinetic wave-
particle interactions in general transfer more energy to a helium
ion than to a proton. Although the energy is mainly transferred
into the transverse direction, it converts into the field-aligned
direction downstream in the solar wind due to the mirror effect,
leading to a preferential acceleration of the helium ions.

Experimental data from SOHO have provided even more
evidence in support of the significance of wave-particle inter-
actions in the fast solar wind. The observed O°* ions in the ex-
tended corona deviate significantly from those of a thermal dis-
tribution. Their velocity distributions are strongly anisotropic,
with T, > T, and perpendicular kinetic temperature higher
than 108 K (Kohl et al. 1998; Cranmer et al. 1998; 1999a).
It has been pointed out by the investigators who analyzed the
data that this evidence is consistent with ion cyclotron resonant
heating.

Besides wave-particle interactions, other physical mecha-
nisms have also been considered as possible drivers of the so-
lar wind. The proposal of suprathermal electron effects has led
to theory-data agreement in the ionospheric polar wind, which,
like the solar wind, is an outflow of space plasmas along open
magnetic field lines. The reason why suprathermal electrons
may drive an outflowing plasma, such as the solar wind, is
the following. Without taking wave-particle interactions into
consideration, Scudder & Olbert (1979) argued that due to the
velocity-dependence of the Coulomb collisional depth and the
global kinetic nature of the solar wind outflow, suprathermal
tails could be formed in the electron distributions. To demon-
strate this “velocity filtration effect”, these authors used a sim-
plified collisional operator to determine the evolution of an
electron distribution along the solar wind. They were able to
show that an electron distribution in the form of a Maxwellian
at the corona could evolve into one with a notable tail popula-
tion in the anti-sunward direction near 1 AU. Olbert (1982) fur-
ther suggested that the heat flux contribution by the suprather-
mal electron tail may drive the solar wind. Such an idea has
been applied to the ionospheric polar wind with photoelectrons
playing the role of the suprathermal population (Tam et al.
1995; 1998), and has successfully addressed the various fea-
tures observed by satellites. It has been shown that in the ab-
sence of wave-particle interactions, the suprathermal electron
population can increase the ambipolar electric field, leading
to higher ion outflow speeds in the polar wind. Because the
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ionospheric polar wind and the solar wind are analogous phe-
nomena — both are outflow of space plasmas along open mag-
netic field lines — it is reasonable to expect that suprathermal
electron effects may accelerate the ions in the solar wind.

The combined effects of ion cyclotron resonant heating and
the suprathermal electron population have been considered in a
solar wind study by Tam & Chang (1999a). The study was the
first to describe the global kinetic evolution and acceleration of
the fast solar wind under the influence of the wave-particle in-
teractions, Coulomb collisions, and an ambipolar electric field
that was consistent with the particle distributions themselves.
Results of the investigation associated the wave-particle inter-
actions with some of the solar wind observations discussed ear-
lier, including the differential speed between the helium ions
and the protons, and the double-peaked proton velocity distri-
butions. The bulk acceleration of the solar wind demonstrated
in the study, however, consisted of contributions due to both
the ion resonances and the suprathermal electron effects. It was
therefore unclear to what extent each of the two acceleration
mechanisms contributes to the driving of the solar wind. Our
goal in this study is to compare the relative importance of the
kinetic effects due to suprathermal electrons and ion cyclotron
resonances, and to determine which of the acceleration mecha-
nisms is mostly responsible for the driving of the solar wind.

This paper is structured as follows: in Sect. 2, we shall de-
scribe our model and the technique we use to take into account
the global kinetic effects of wave-particle interactions, as well
as those of the suprathermal electron population. The influence
on the solar wind due to these two physical mechanisms will be
compared in Sect. 3. The comparison will enable us to deter-
mine the contribution by the velocity filtration effect in driving
the solar wind. In Sect. 4, we shall consider the kinetic effects
of suprathermal electrons from a more general perspective, not
only limited to the velocity filtration effect. Finally, important
points discussed in this article will be summarized in Sect. 5.

2. Model

Our model in this study is based on a self-consistent hybrid
technique originally developed to describe the ionospheric po-
lar wind (Tam et al. 1995, 1998). Because the polar wind (as
termed in analogy with the solar wind (Axford 1968; Banks &
Holzer 1968) is also an example of plasma outflow along open
magnetic field lines, our present model retains the general fea-
tures of the self-consistent hybrid model: it is based on an it-
erative scheme between fluid and kinetic calculations. In the
fluid calculations, a set of equations determines the ambipolar
electric field and the properties of the bulk thermal electrons,
whose distributions are assumed to be in a drifting Maxwellian.
To solve the fluid equations, we impose the quasi-neutrality and
current-free constraints for the solar wind, and make use of the
results from the kinetic calculations in the model. The kinetic
part of the model consists of multiple components, each de-
scribing the evolution of a particle component along the so-
lar wind. In the basic version of the model, the kinetic ap-
proach is applied only to two particle components: proton and
alpha particle, the two major ion species in the solar wind.
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The distributions of these ions evolve under the influence of
Coulomb collisions, an ambipolar electric field, and wave-
particle interactions. Results based on the global evolution of
these distributions are coupled into the fluid calculations. This
coupling ensures the consistency of the ambipolar electric field
with the particle distributions when an iteration between the
fluid and kinetic parts of the model converges. In addition, a
convergence of the results enables our kinetic calculations to
correctly take into account the Coulomb collisions for the ions,
including those among the same ion species.

Effects of kinetic ion resonant heating are incorporated into
the model with a Monte Carlo technique. This technique was
originally developed to model ion resonant heating in the au-
roral region, and has successfully addressed the existence of
ion conics (Retterer et al. 1983). By including this technique
into the model, we are able to incorporate the resonant effect of
a given wave spectrum into an otherwise self-consistent solar
wind description.

To be more quantitative on the description of our kinetic
calculations, we solve the following steady-state collisional ki-
netic equations for the protons and the helium ions, the particle
components that resonate with the waves:

0 q 0 ) B 0 ] 0
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where s is the distance along the radial magnetic field line, v
and v, denote velocities in the spacecraft frame, f;(s,v),v.)
is the distribution function for the particle species j, ¢ and m
are the electric charge and mass of the species respectively, E|
is the field-aligned ambipolar electric field, g is the gravita-
tional acceleration, B is the magnetic field, B’ = dB/ds, C;is a
Coulomb collisional operator for the species j, and
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is an operator that describes resonant heating, with D and D,
being quasilinear diffusion coefficients that represent heating
in the parallel and perpendicular directions respectively. The
expressions for Dj and Dj;,, in general, depend on a number
of factors, including the kind of wave-particle interactions, the
conditions for resonances, the power of the waves, etc. Below,
we discuss in detail the conditions that determine the diffusion
coefficients in the study.

@)

2.1. lon cyclotron resonant heating

The wave-particle interactions to be described in Egs. (1)
and (2) are kinetic ion cyclotron resonances, which have been
demonstrated to preferentially accelerate the helium ions over
the protons (Tam & Chang 1999a,b). The resonances that
we consider involve electromagnetic waves whose wavevec-
tor component k;, < kj = k. Because the thermal speeds of
the ions are much smaller than the local Alfvén speed near the
corona, where the majority of the resonant heating occurs, the
properties of the waves can be approximated by a cold plasma
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dispersion relation. Moreover, due to the relatively low ther-
mal speeds, few ions are able to resonate with right-hand po-
larized waves. Therefore, the only waves that we consider in
this study are left-hand polarized, and are in the Alfvén/ion
cyclotron branch, which in fact consists of two sub-branches
for the two-ion (proton and helium) plasma in our model. In
the solar wind frame, the lower sub-branch covers all frequen-
cies up to the helium gyrofrequency, Q,. The upper sub-branch
plateaus at the proton gyrofrequency Q, for large k, and its
frequency limit at infinite wavelength is above Q,, leaving a
gap between the two sub-branches. For an ion (proton or al-
pha particle) with parallel velocity v’ in the solar wind frame
to resonate with the left-hand polarized waves, the following
condition has to be satisfied:

a)’ - kl),” = Q, (3)

where w’ is the wave frequency in the solar wind frame, and Q
is the gyrofrequency of the ion. The wave frequency observed
by the spacecraft is Doppler-shifted to w, given by:

w=w +kU,

“)

where U is the local solar wind speed. Note that the sign
of k can be positive or negative, representing outward (anti-
sunward) or inward (sunward) propagating waves respectively.

Although the waves in the solar wind propagate predomi-
nantly outward, a statistical analysis of the power spectra mea-
sured by the Helios spacecraft indicated that inward propa-
gating waves constitute a considerable amount of power in
both the fast and slow solar wind (Tu & Marsch 1990). The
study showed that in the fast solar wind, the power of inward
propagating waves (e_) tends to approach its outward coun-
terpart (e,) as the radial distance increases. The results of the
study motivated us to include inward propagating waves in our
model. We assume the following relation for the wave power
ratio in the interplanetary space:

e_Je,=1—e G

&)

where s is the heliocentric distance in AU. Note that with
Eq. (5), we assume that the inward propagating waves consti-
tute only 2.4 x 107° of the total wave power at 1 R, (solar ra-
dius). Even with such a small ratio of e_ /e, near the corona, the
presence of these sunward propagating waves have been shown
to lead to double-peaked proton velocity distributions in the so-
lar wind (Tam & Chang 1999a). The reason for the formation of
the non-thermal feature is as follows. Because w’ < €, for all
the waves in the ion cyclotron branch, it is clear from Eq. (3)
that protons with v’ < 0 can only resonate with the outward
propagating waves, while those with v’ > 0 only interact with
the incoming waves. Note that at any given distance, the anti-
sunward and sunward propagating waves heat two distinct pro-
ton populations in the velocity space. If incoming waves were
absent, pitch-angle diffusion of the protons due to the wave-
particle interactions could only occur at velocity space where
v’y < 0. The presence of sunward propagating waves enables
the proton distributions to undergo two distinct sets of pitch-
angle diffusion, one at v < 0 and the other at v’ > 0. As
the solar wind evolves along the flow, each of these two sets
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of velocity-space diffusion gives rise to a hump in the proton
distributions because of the effect of mirror folding, thereby
forming the observed double-peaked feature. Later, we shall
provide evidence to support the association between double-
peaked proton velocity distributions and sunward propagating
waves when we briefly discuss the effect on the solar wind due
to a different e_/e, ratio.

The power of the waves in the solar wind decreases with
frequency, as indicated by the Helios measurements of the
magnetic field spectra (Bavassano et al. 1982; Denskat &
Neubauer 1982). The dependence of the wave power on fre-
quency can generally be described by a power law. It was also
found that the wave power decreases with radial distance, and
the dependence can also be described by a power law, at least
in the observed regime (Bavassano et al. 1982). In our model,
we assume a magnetic field power spectrum based on these ex-
perimental results. We extend the power-law relation to higher
frequencies. As for the dependence on radial distance, we as-
sume a power-law relation and interpolate to obtain the mag-
netic field power between the two experimental limits (0.29
and 0.87 AU). For radial distances outside the measurement
range, we assume the wave power to be proportional to s™*2.

With the resonance condition and magnetic field power
spectra defined, we are able to determine the frequencies and
power of the waves that are in resonance with the ions. The
two-ion (proton and helium) cold plasma dispersion relation for
the left-hand polarized waves in the solar wind frame, which
we consider to be the frame where both the combined ion pop-
ulations and the total electron population carry zero current,
can be expressed as:

1 - /wy
(1 - /Q)(1 - w/Q)]’

where vy is the Alfvén speed, and

(kva) = o

(6)

wo = Qu(np +4ny)/(np + 2n,)

)

is a frequency that depends on the densities of the protons (n;)
and the helium ions (n,). Note that w, represents the long-
wavelength limit for the upper ion cyclotron sub-branch. One
can see that Eq. (6) does not have any solution for Q, <
W’ < wy, resulting in a frequency gap between the two ion cy-
clotron sub-branches. However, in the limit of a one-ion plasma
(ne — 0), the frequency gap disappears (as wy — €, in
Eq. (7)), and the dispersion relation reduces to a single branch.
Equation (6), together with Eq. (3), determine the wavevectors
and frequencies of the waves that resonate with the individ-
ual ions in the solar wind frame. These resonant frequencies
are then Doppler-shifted to the spacecraft frame according to
Eq. (4). The total wave power at these frequencies are then
determined based on the interpolation/extrapolation scheme of
the magnetic field spectrum described earlier.

The diffusion coefficients in Eq. (2) involve all of the con-
siderations discussed above. Standard expressions for these co-
efficients can be found in, for example, Swanson (1989). But
by taking into account all the considerations above, we arrive
at a modified version of the diffusion coefficients:

2
dw v, 2Py(w/27) 6(w — kuy — Q),

Dy =n-" ®)

ani
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D, =n2 dw (Q/k)? Pg(w/27) 8(w — kvy — Q), )

4m?
where the J-functions reflect our emphasis on the resonance
condition equivalent to Egs. (3), w and k are related through
Egs. (3), (4) and (6), Py is a function for the magnetic field
wave power, which is based on our interpolation/extrapolation
scheme of the Helios measurements, and depends on the sign
of k (direction of the wave propagation) as described earlier,
and lastly,

n=noexp[(l-r)/0.5] (10)
is an efficiency factor that adjusts the available wave power,
and depends on the heliocentric distance r (in the unit of R).
The adjustment of the wave power is mainly for two reasons.
First, the factor 19 in Eq. (10) accounts for the fact that the
left-hand circularly polarized waves constitute only a fraction
of the total observed wave power. Second, the remaining factor
on the right-hand side of the equation approximates the dissi-
pation of the waves as they propagate along the magnetic field
line from the sun. It is chosen based on the study by Cranmer
etal. (1999b), who suggested that most of the waves originating
from the solar surface are dissipated before reaching 1.5 R,.

2.2. Kinetic suprathermal electron effects

Up to this point, we have described the basic constituents of
our model. This model enables us to follow the global evolu-
tion of the ion distributions along the solar wind flow, while
taking into account the influence due to kinetic ion cyclotron
resonant heating, Coulomb collisions, and an ambipolar elec-
tric field that is consistent with the particle distributions them-
selves. The kinetic effects of the ions are also incorporated into
the overall solar wind picture through the coupling of their re-
sults with the fluid calculations. In fact, our modeling technique
can readily incorporate the kinetic effects of another particle
component. To do so, we simply add another kinetic compo-
nent into the model to describe the particle population, and
modify the quasi-neutrality and current-free conditions, as well
as the fluid equations accordingly. This flexibility makes our
model an ideal tool to investigate the global kinetic effects of
suprathermal electrons on the solar wind.

To take into account the global kinetic effects of the
suprathermal electrons, we solve a steady-state collisional ki-
netic equation for the population that comprises the tail portion
of the electron Maxwellian distribution at the lower boundary
of our model. The equation is similar to Eq. (1), but with-
out the term that represents wave-particle interactions. In ad-
dition, the operator that describes the Coulomb collisions for
the suprathermal electrons is simplified. The collisional oper-
ator in Eq. (1), such as the Fokker-Planck collisional operator,
should have the following expression in its complete form (see,
e.g., Ichimaru 1973; Book 1989):

Cifi® ==Y VoI, (11
b
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where the subscript b represents the background species with
which the particles of species j interact, and

W -v)’ - -v)V —v)

o' — o

2.2
Jjb(v) = 27TAjbq nq: fd3v’

-[if,-vvffbw') -~ KOOV, (12)
mp m

where A j, is the Coulomb logarithm, and I is the unit dyad. In
the full collisional description, such as that for the ions, the
background includes the thermal electrons and the two ma-
jor ion species. But for the suprathermal electrons, we take
into account their Coulomb interaction only with the thermal
electrons. The interaction among the suprathermal electrons
themselves are not considered due to their low relative density.
With these approximations, and the assumption that the back-
ground thermal electron distribution is in the form of a drifting
Maxwellian,

3/2 2
o) = H(L) exp [_M]

13
2T, 2T, (3)

the collisional term in the kinetic equation for the suprathermal
electrons becomes:

Csfs ==V, (acoll,sfs) +V,- (Dcoll,s - Vo fs), (14)
where
Acolls = —(ms/me) vo ¢ 'P(xe), (15)
¥
D o5 = ? cc (xe)
Xe
Y0 2 1 ’
+—(cI—co)ll - — | P(xe) + V'(xe) | (16)
2 2x,
with
c=0v-u, 17
Yo = 4ﬂAseneQSZQe2/ms2C3s (18)
Xe = mec? /2T, (19)
2 * \/—
W(x) = — f drvie™, (20)
vV Jo

Y (x) = d¥/dx, and the subscripts “s” and “e” stand for the
suprathermal and thermal electrons respectively (thus, g5 = ge
and my = m,). Equation (14) indicates that the Coulomb col-
lisions have two effects on the suprathermal electrons: to pro-
vide a deceleration and a diffusion. The expression for @
in Eq. (15) suggests that the collisions act as a friction be-
tween the thermal electrons and the individual suprathermal
electrons. The Coulomb interaction also leads to a diffusion of
the suprathermal electrons in the velocity space, characterized
by the tensor D, 5. Note that mathematically, Do plays a
similar role as D and D;, of Egs. (2) in the governing kinetic
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equation. Therefore, the Monte Carlo technique in our model
can also describe the diffusion due to the Coulomb collisions.
According to Eqgs. (15) and (16), both the diffusion and the fric-
tion are characterized by a collisional frequency vy. Because
Vo is proportional to 1/¢> (see Eq. (18)), the more energetic
suprathermal electrons are less collisional. Because of this re-
lationship, Coulomb collisions are expected to enhance the tail
portion of the total electron distribution as the particles travel
downstream along the solar wind flow. In our model, the elec-
trons at the tail portion of the distribution have to satisfy two
criteria at 1 Ry, the lower boundary in the calculations, in order
to be considered suprathermal: (1/2)mev? > 8Ty and v > 0,
where T is the thermal electron temperature at 1 R.

With the kinetic effects of suprathermal electrons being
considered, the total electron distributions can no longer be
in the form of a drifting Maxwellian. The distributions are
now formed by the combination of a drifting Maxwellian for
the thermal electrons, and the results from the kinetic calcula-
tions for the suprathermal electrons. As in the basic version of
the model, the various parameters that constitute the drifting
Maxwellian distributions for the thermal electrons — as well as
the ambipolar electric field — are determined in the fluid calcu-
lations.

The density and drift velocity of the thermal electrons
are determined from the quasi-neutrality and current-free con-
straints that characterize the solar wind, with input of densities
and flow velocities of the other particle components (proton,
helium, and suprathermal electron) obtained from the kinetic
part of the model. In particular, the current-free condition is:

Nelle + Nglts = Npllp + 2141, 21

where the subscripts “p” and « stand for the protons and the
alpha particles respectively. The density and drift velocity pro-
files of the thermal electrons (and in fact, of every plasma com-
ponent) should also satisfy the continuity equation:

0 (nu

as ( B ) =0
However, note that both Eqgs. (21) and (22) involve the number
flux of the particle species. Because the profiles of the parti-
cle components obtained from the kinetic part of the model
have already satisfied Eq. (22), the imposition of the current-
free constraint throughout the whole simulation range renders
thermal electron density and velocity profiles that would also
satisfy Eq. (22).

The thermal electron temperature, together with the am-
bipolar electric field, are obtained from the moment equations
of the next two higher orders, i.e. the momentum and energy
transfer equations for the whole electron population:

(22)

B 8 [neTe + nemete? + ngTy + NgMelts>
os B
(e +ny) 0D¢ 0Dg
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where e is the elementary charge, @ is the gravitational poten-
tial, @g is the potential for the field-aligned ambipolar electric
field, Qy s is the energy flux of the suprathermal electron popu-
lation, obtained from the kinetic calculations, and M. /ot and
O0E. /0t represent the rates of momentum and energy transfers
to the thermal and suprathermal electrons due to Coulomb col-
lisions. Unlike the standard moment method (Schunk 1977),
where the collisional transfer values are completely based on
assumed distribution functions, such as a Maxwellian, the rates
of momentum and energy transfers in Egs. (23) and (24) are de-
termined based on the results of the kinetic components of our
model. By calculating the momentum and energy transferred to
the ions from the electrons in our kinetic simulations, we find
these collisional transfer values with momentum and energy
conservation, which results from the anti-symmetries of the
Coulomb collisional operator in Eq. (12). However, we should
note that the suprathermal electrons are not included in the
collisional background for the ions. Nor are the ions included
in the collisional background for the suprathermal electrons.
These collisional values, therefore, do not take into account
the transfer between the ions and the suprathermal electrons.
Fichtner et al. (1996) studied the collisional transfers based
on a number of distribution functions. Their results indicated
that the transfer values for some non-Maxwellian distributions
could be significantly different from those for a Maxwellian.
However, they also noted that for distributions whose core re-
gions do not deviate significantly from a Maxwellian, their col-
lisional transfer values are similar to the Maxwellian case. As
we shall show, the suprathermal electrons in our calculations
do not significantly affect the core of the total electron distri-
butions. Therefore, we believe that the transfer values due to
collisions between the suprathermal electrons and the ions are
negligible.

‘We note that the formulation of the fluid calculations is sim-
pler when the kinetic effects of suprathermal electrons are not
considered. In that case, the total electron distributions consist
only of the thermal electrons, and, by assumption, are in the
form of a drifting Maxwellian. One may then drop all the terms
with subscript “s” in Egs. (21), (23) and (24) to recover the fluid
equations. However, whether suprathermal electron effects are
considered or not, when the results of both the fluid and kinetic
parts of our model converge, not only the collisional operators
in the kinetic calculations provide a self-consistent background
for the Coulomb interactions of the ions, but the ambipolar
electric field is also consistent with the particle distributions
themselves. Convergence of the results thus renders physically
meaningful solutions for our solar wind model.
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3. Comparison of solar wind driving mechanisms
3.1. Strong wave-driven case

As discussed, we can incorporate the suprathermal electron
effects into our solar wind model by including the optional
kinetic component described in Sect. 2.2. Because interactions
between the electrons and the waves are not considered, the
kinetic suprathermal electron effects in our calculations are es-
sentially the velocity filtration effect proposed by Scudder &
Olbert (1979). Thus, by comparing solutions generated with
and without the optional suprathermal electron component be-
ing included, we can identify the contribution by the velocity
filtration effect in driving the solar wind.

We have generated two such solar wind solutions for the
range between 1 Ry and 1 AU with identical parameters and
boundary conditions. The interplanetary magnetic field that we
use is based on a dipole + quadrupole + current sheet model
(Banaszkiewicz et al. 1998):

2 4.5
3 + 5
(r/Ro) (r/Ro)
N 1
1.538(r/Ro + 1.538)2

B(r) =221

Gauss.

(25)

Boundary and initial conditions are imposed at the lower end of
the calculations: a thermal electron temperature of 100 eV is as-
sumed. Initial velocity distributions for the protons and helium
ions are the upper halves of Maxwellian distributions, whose
temperatures are also 100 eV. The proton and helium ion den-
sities are respectively 4.2 x 107 and 4.0 x 10° cm™>. The pa-
rameter 7 that characterizes the strength of the available wave
power is 0.016. As we shall discuss below, such a value for 779
corresponds to the case of a strong wave-driven solar wind.

Comparing the two solar wind solutions, we find that the
most noticeably different results are the shape of the total elec-
tron distributions. Although in both cases we begin with a to-
tal electron distribution in the form of a Maxwellian at 1 R,
we find that the distributions become different downstream in
the flow. Figure 1 shows the total electron distributions at two
different locations. At 0.1 AU, in the solution where global
kinetic effects are considered for the suprathermal electrons, a
significant tail in the outward portion of the total electron dis-
tribution has already been developed. Downstream in the solar
wind, even though the temperature of the thermal electrons is
reduced, the tail remains as strong (middle panel of Fig. 1).
Thus, relative to the thermal core, the tail portion of the elec-
tron distribution is more enhanced downstream. The formation
and enhancement of this non-thermal feature verify Scudder &
Olbert’s (1979) idea of the velocity filtration effect.

The deviation of the total electron distribution from the
Maxwellian approximation can be seen more clearly in the bot-
tom panel of Fig. 1, where the reduced distributions in the par-
allel direction for the two solutions are shown. It is evident
that while the suprathermal electrons have a very significant
contribution in the tail portion of the distribution, they do not
really affect the core region. In fact, by comparing the over-
all electron temperature in the two solutions, we find that the
suprathermal electrons do not affect the results by a significant
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Fig. 1. Top and middle panels: contour plots for the total electron dis-
tributions at 0.1 AU (top) and 0.4 AU (middle) for the case that in-
cludes suprathermal electrons. Bottom panel: reduced electron distri-
butions in the parallel direction at 0.4 AU. Solid line is the distribution
for the case where global kinetic effects of the suprathermal electrons
are included. Dashed line is the result with a Maxwellian approxima-
tion for the entire electron population.
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amount (Fig. 2). Therefore, our test-particle approximation for
the suprathermal electrons regarding their Coulomb collisions
seems reasonable.

The formation of the suprathermal tail in the electron distri-
butions leads to an outward total electron heat flux throughout
the solar wind, as opposed to a zero heat flux with a Maxwellian
approximation. As shown in Fig. 3, the profile of this outward
electron heat flux essentially follows a power law from beyond
10 Ry (=0.05 AU). Although the heat flux profile has a power-
law index of —2.06, which seems to agree with the estimates
based on a number of fast solar wind events observed by the
Helios spacecraft (Pilipp et al. 1990), its value at 1 AU, like the
electron temperature, is about an order of magnitude too low
compared with the observations (see Figs. 2 and 3). However,
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Fig. 2. Solid (dotted) line: parallel (perpendicular) temperature of the
total electron population for the case where global kinetic effects of
the suprathermal electrons are included. Dashed line: electron temper-
ature for the Maxwellian approximation. The thick line segment and
the cross (X) at the right of the plot correspond to the core electron
temperatures observed by the Helios (Pilipp et al. 1990) and Ulysses
(Scime et al. 1994) spacecraft respectively.
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Fig.3. Profile of the total electron heat flux from 1 Ry to 1 AU in
the case where the kinetic effects of the suprathermal electrons are
included. The meaning of the thick line segment and the cross (X) is
similar to that in Fig. 2.

it has been shown that kinetic wave-particle interactions involv-
ing the solar wind electrons can increase the temperature and
the heat flux of the species remarkably (Tam & Chang 2001).
In the present study, we exclude the electron heating so as to
present a clearer picture of the impact by the velocity filtration
effect.

The suprathermal electron population influences the ion
species mainly through the ambipolar electric field. The am-
bipolar electric potential profiles for the two solar wind solu-
tions are shown in Fig. 4. With a Maxwellian approximation
for the entire electron population, the overall electric potential
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Fig.4. Ambipolar electric potential profiles. Solid line: ki-
netic suprathermal electron effects included; dashed line: with a
Maxwellian approximation for the entire electron distribution.
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Fig. 5. & for protons and helium ions. Solid lines: kinetic suprathermal
electron effects included; dashed lines: with a Maxwellian approxima-
tion for the entire electron distributions.

drop is about 700 V from 1 Ry to 1 AU. The potential differ-
ence increases by about 70 V when kinetic suprathermal elec-
tron effects are taken into account. Such an increase suggests
that the velocity filtration effect can accelerate the ions in the
solar wind.

To evaluate the significance of the velocity filtration effect
as a solar wind driving mechanism, we shall compare its con-
tribution with those from other physical mechanisms in terms
of energy input to the ion populations. Besides the kinetic ef-
fect that associates with the suprathermal electrons, there are
several physical processes affecting the ion energy in the so-
lar wind. First, ion cyclotron resonant heating provides a direct
source of energy input for both the protons and helium ions. In
addition, Coulomb collisions allow energy exchange between
different species in the solar wind. The energies of the ions
are affected by these two physical processes not only directly,
but also indirectly through the influence of these mechanisms
on the ambipolar electric field. As the ions travel downstream
along the solar wind flow, their kinetic energy increases due
to the sunward gradient of the ambipolar electric potential (see
Fig. 4), but at the same time, some of the kinetic energy is con-
verted into gravitational potential energy. Whether an ion can
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Fig. 6. Ion temperature profiles. Solid lines: kinetic suprathermal elec-
tron effects included; dashed lines: with a Maxwellian approximation
for the entire electron distributions.

reach large radial distances in the solar wind depends whether
the kinetic energy it gains is high enough to overcome the grav-
itational potential. Therefore, we evaluate the significance of a
physical mechanism in driving the solar wind by comparing its
contribution to the energy input for the ions with the contribu-
tions from all the physical processes combined. Because we are
interested in comparing only the processes that may drive the
solar wind, we shall exclude the gravitational force in our en-
ergy consideration. After all, the gravitational potential profile
is invariant under all solar wind conditions, and is independent
of the presence of other physical processes. Hence, we define
the following quantity for each ion species for our purpose of
energy comparison:

& = average kinetic energy
+gravitation potential energy per ion.

For a given ion species in our model, its increase in & along
the solar wind flow is due to a combination of energy input
from the ambipolar electric field, wave-particle interactions,
and Coulomb collisions with other species. In particular, the
ambipolar electric field also reflects the influence due to wave-
particle interactions, and Coulomb collisions, and, in the case
where the kinetic suprathermal electron effects are included,
the velocity filtration effect as well. The profiles of & for the
protons and helium ions in our two solar wind solutions are
shown in Fig. 5. It appears from the figure that the difference
in & is very small between the two solutions. Indeed, we find
that with the kinetic effects of the suprathermal electrons taken
into account, the increase in & for the protons from 1 Ry to
1 AU is only 1.5% larger than in the case of a Maxwellian
approximation. For the helium ions, the corresponding differ-
ence is 2.4%.

Because the quantity & characterizes the average kinetic en-
ergy, it is related to both the temperature and average outflow
speed of the species. The temperature profiles of the ions in the
two solar wind solutions are compared in Fig. 6. One can see
from the figure that the influence on the proton and helium ion
temperatures due to the velocity filtration effect is negligible.
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Fig. 8. Cuts of normalized proton velocity distributions at the v, = 0
plane at 0.2 AU. The crosses (X) corresponds to the solution based on
a Maxwellian approximation for the total electron population. Open
circles (o) are for the solution that includes kinetic suprathermal elec-
tron effects. The ratio e_ /e, is given by Eq. (5) for both of these cases.
Filled circles (o) are for e_/e, given by Eq. (26), with suprathermal
electron effects considered. For clarity, the distributions are normal-
ized differently so that their peak values are exactly one order of mag-
nitude apart. The straight solid lines at the tail of the distributions are
parallel and also exactly one order of magnitude apart.

The influence by the kinetic suprathermal electron effects
on the ion outflow speeds can be seen in Fig. 7. The differ-
ence due to the velocity filtration effect is minimal, considering
that the kinetic effect only lead to a 1.5% increase in the pro-
ton speed and a 2.3% increase in the helium ion speed at 1 AU.
Note that even under a Maxwellian approximation for the over-
all electron distributions, the solar wind speed at 1 AU is as
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Fig. 9. The ratio of sunward to anti-sunward propagating wave power.
Open circles: based on Eq. (5); filled circles: based on Eq. (26).

high as 650 km s~! in the solution. Thus, the available wave
power alone in these calculations seems to be able to drive the
solar wind velocity to the high-speed range. Because of that,
these solutions correspond to the case of a strong wave-driven
solar wind.

As the ions in the two solar wind solutions have similar en-
ergies, outflow speeds, and temperatures, their velocity distri-
butions are also similar. Figure 8 shows the cuts of the normal-
ized proton velocity distributions at the v; = 0 plane of these
strong wave-driven solutions. We can see that the distributions
of the two solutions do not show a significant difference (open
circles and crosses in Fig. 8). For these solutions, there are no
clear indications of a secondary peak. We have generated a dif-
ferent strong wave-driven solution with kinetic suprathermal
electron effects considered. The parameters of this solution are
identical to the cases discussed above, except that the ratio of
sunward to anti-sunward propagating wave power, instead of
Eq. (5), is replaced by the following expression:

eJe,=1-¢e" . (26)

As shown in Fig. 9, e_/e, is larger by about an order of mag-
nitude with Eq. (26) replacing Eq. (5). The increase in the sun-
ward propagating wave power does not seem to affect the core
region of the proton velocity distributions by much, as indi-
cated in Fig. 8. However, it has a stronger effect on the tail of
the distributions. With the increase e_/e, ratio, indications of
the formation of a secondary peak at the tail are much stronger
(filled circles in Fig. 8). This result supports the association be-
tween double-peaked proton velocity distributions and sunward
propagating waves that was discussed earlier.

Overall, it is clear from our comparison of the ion ener-
gies, outflow speeds, temperatures, and distributions that when
strong wave-particle interactions are present, the velocity fil-
tration effect plays an insignificant role in the driving and
acceleration of the solar wind. Recently, Vocks & Marsch
(2001, 2002) have introduced a semi-kinetic model for the so-
lar wind to describe the effects of strong ion cyclotron reso-
nant heating. Like this study, their model describes the wave-
particle interactions in the framework of quasilinear theory.



1010

However, the treatment of the particles is different in the two
models. Their model is based on reduced ion distributions,
massless electron fluid, and an assumed electron temperature
profile. With the approximations on the electrons, the model
does not take into account the kinetic effects associated with
the suprathermal electrons. However, as we have shown that the
velocity filtration effect associated with the suprathermal elec-
trons is negligible when strong ion resonant heating is present,
Vocks & Marsch’s assumptions regarding the electrons seem to
be reasonable approximations.

3.2. Weak wave-driven case

Kinetic suprathermal electron effects were proposed to be
a solar wind acceleration mechanism under the assumption
that no wave-particle interactions were present (Olbert 1982).
Therefore, it is worthwhile for us to investigate the velocity fil-
tration effect in the scenario of a weak wave-driven solar wind.
In this scenario, we assume that the available wave power for
ion resonances is not sufficient to drive the outflow to the veloc-
ity range of the fast solar wind. We are interested in finding out
whether the velocity filtration effect can make a considerable
contribution in driving the solar wind in this situation.

Using a similar approach as in Sect. 3.1, we compare two
solar wind solutions for the weak wave-driven case, one with
the kinetic effects associated with the suprathermal electrons
taken into account, and the other with a Maxwellian approxi-
mation for the entire electron distribution. These calculations
essentially share the same boundary conditions as those in the
previous section, but with two exceptions. First, 779 is reduced to
0.0075 to characterize the weak wave-driven scenario. Second,
as indicated in Fig. 5, the profiles for & have plateaued long
before the distance reaches 1 AU. Therefore, for the present
purpose, it is sufficient for us to set the upper boundary of the
calculations to 0.1 AU (=21.5 Ry).

With the reduced level of available wave power, and with-
out the suprathermal electron effects, we find that both the pro-
ton and helium ion speeds are only about 390 kms~! at 0.1 AU
(Fig. 10). The inclusion of kinetic suprathermal electron effects
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Fig. 10. Profiles of the proton and helium ion outflow speeds for the
weak wave-driven solar wind case. Solid lines: kinetic suprathermal
electron effects included; dashed lines: with a Maxwellian approxi-
mation for the entire electron distributions.

S. W.'Y. Tam and T. Chang: Comparing solar wind driving mechanisms: waves versus suprathermal electrons

1085xxxxxxx{xwxx{wxxx E
S z
8 |
5 107

)

©

<

(0]

Q.

% 10°

E‘

a

ke L

10°

) 10 15
Heliocentric Distance (R,)
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Fig.12. & for protons and helium ions in the weak wave-driven solar
wind scenario. Solid lines: kinetic suprathermal electron effects in-
cluded; dashed lines: with a Maxwellian approximation for the entire
electron distributions.

increases these speeds only by 2.5% for the protons and 2.8%
for the helium ions.

With the reduced wave power, the ion parallel temperatures,
as shown in Fig. 11, are smaller by about half compared with
the corresponding values in the strong wave-driven solar wind
case (Fig. 6). However, as in the previous case, the velocity
filtration effect does not seem to affect the ion temperature in
the present scenario.

As for the energy quantity &, comparison between Figs. 5
and 12 indicates that the values for both ion species reduce by
about one-thirds due to the weaker wave power. By comparing
the two solutions in Fig. 12, one can see that with the reduced
wave power, the velocity filtration effect is still only responsi-
ble for a small portion of the total energy input to the ions. For
both ion species, inclusion of the kinetic effect leads to an in-
crease of less than 2% in the total energy input from 1 R to
0.1 AU. Therefore, even in a weak wave-driven scenario, the
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velocity filtration effect is negligible in terms of driving and
accelerating the solar wind.

4. Discussion

Our results have shown that ion cyclotron resonant heating
is a much more efficient solar wind driving and acceleration
mechanism compared with the velocity filtration effect that
associates with the suprathermal electrons. Nevertheless, ki-
netic suprathermal electron effects, in general, may not al-
ways be negligible. In situations where there are physical pro-
cesses which affect the suprathermal electron population more
strongly than Coulomb collisions, kinetic suprathermal elec-
tron effects may contribute to the solar wind acceleration con-
siderably. In fact, the strength of these kinetic effects depends
on the electron distribution. We note that the suprathermal elec-
trons considered in this study come from the tail portion of a
Maxwellian distribution, whose temperature is 100 eV. Based
on our experience, a higher electron temperature, due to the
kinetic effects of the suprathermal electrons, would translate
into a larger total electron heat flux. That would lead to a
larger ambipolar electric field, and consequently, higher ion
outflow speeds. Such a dependence between the electron tem-
perature and the solar wind flow speed has been demonstrated
by Maksimovic et al. (1997). But perhaps more importantly,
an electron distribution that deviates from the Maxwellian by
having an enhanced suprathermal tail may affect the solar
wind speed even more strongly. Maksimovic et al. (1997) and
Pierrard et al. (1999) studied the effects of electron Kappa dis-
tributions on the solar wind from a few Ry to 1 AU. They
showed that in cases where the electron distributions had a
very enhanced suprathermal tail, the solar wind velocities could
approach the observed high-speed range. Although no physi-
cal processes were related to the possible formation of such
highly non-thermal electron distributions, these authors pointed
out the association between a Kappa-like distribution near the
corona and the observed electron distributions at 1 AU.

A physical mechanism that can significantly enhance the
tail portion of the solar wind electron distributions, and in-
crease the electron temperature and heat flux is wave-particle
interactions. Chashei & Fahr (2000) suggested that electron
heating due to, for example, preexisting whistler waves in the
solar wind, is required to produce the electron heat flux ob-
served by the Ulysses spacecraft. More recently, one of our
studies (Tam & Chang 2001) investigated the effects of elec-
tron cyclotron resonant heating in the solar wind. We showed
that the electron heating by the right-hand polarized waves near
the corona could raise the electron heat flux and temperature
by an order of magnitude, and lead to a much larger ambipo-
lar electric field due to the associated kinetic effects. The en-
hanced electric field resulted in a 16% increase in the proton
outflow speed at 1 AU for the strong wave-driven case. Thus,
even though ion resonant heating appears to be the dominant
solar wind driving mechanism, the kinetic effects associated
with the suprathermal electrons can sometimes make a consid-
erable contribution to the acceleration of the solar wind.
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5. Conclusions

In this study, we have compared the effects of two solar
wind acceleration mechanisms: wave-particle interactions and
the kinetic effects of the suprathermal electrons. Because the
suprathermal electron population in our calculations corre-
sponds to the tail portion of a Maxwellian distribution, it has
been implicitly assumed that these suprathermal electrons have
not undergone any heating, such as that involving electron cy-
clotron resonances. In addition, besides Coulomb collisions,
we do not consider any physical process which may strongly
affect the shape of the electron distributions. Therefore, the ki-
netic suprathermal electron effects that we consider are essen-
tially the velocity filtration effect, which arises due to Coulomb
collisions and the global kinetic nature of the solar wind flow.
Our results have shown that in the presence of ion cyclotron
resonant heating, the contribution by the velocity filtration ef-
fect in the driving and acceleration of the solar wind is rel-
atively insignificant. However, when there are other physical
processes, such as electron cyclotron resonances, that strongly
affect the suprathermal electrons, kinetic suprathermal electron
effects may no longer be negligible.
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