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[1] Solar wind observations show that suprathermal
electrons (70 eV ] Energy ] 1 keV) of the magnetic-
field-aligned ‘‘strahl’’ component have broader pitch-angle
distributions than are predicted by adiabatic theories of solar
wind expansion. Magnetosonic-whistler fluctuations
propagating toward the Sun at k � Bo = 0 (where Bo is
the background magnetic field) have a strong cyclotron
resonance with suprathermal electrons propagating in the
anti-Solar direction along Bo. This resonance enables strong
pitch-angle scattering; thus whistlers are a likely source of
the observed strahl broadening. Particle-in-cell simulations
in a magnetized, homogeneous, collisionless plasma of
electrons and protons are used to study the response of a
strahl-like electron component to whistler fluctuation
spectra. If the whistler anisotropy instability is excited via
the initial application of T?/Tk > 1 to the electron core
component, the resulting electron scattering leads to strahl
pitch-angle distributions which decrease in width as electron
energy increases. In contrast, if a power spectrum of
whistler fluctuations proportional to k�3 is initially applied
to the simulations, the resulting electron scattering leads to
strahl pitch-angle distributions which increase in width as
electron energy increases. Citation: Saito, S., and S. P. Gary

(2007), All whistlers are not created equally: Scattering of strahl

electrons in the solar wind via particle-in-cell simulations,

Geophys. Res. Lett., 34, L01102, doi:10.1029/2006GL028173.

1. Introduction

[2] In the solar wind near Earth, the relatively dense,
relatively cool core electrons are strongly influenced by
particle-particle collisions [Phillips and Gosling, 1990], so
that the velocity distributions of this component are usually
observed to be Maxwellian or bi-Maxwellian-like. Above
about 70 eV, however, Coulomb collisions become so
weak that suprathermal electron distributions can become
distinctly non-Maxwellian.
[3] At energies from above 70 eV to about 1 keV, two

electron components have been identified: the halo and the
strahl. Both components are quite tenuous compared to the
core [Maksimovic et al., 2005], but they are very different in
their velocity-space properties [Gosling et al., 2001]. The
halo is isotropic or nearly so [Feldman et al., 1975],
whereas the strahl is highly anisotropic [Rosenbauer et
al., 1977; Feldman et al., 1978], appearing as a finger in
velocity space pointing along the background magnetic field
Bo away from the Sun. The strahl, which is thought to

consist of hot coronal electrons and is the primary carrier of
the solar wind heat flux, has been scattered so that its pitch-
angle widths are broader than that of the very narrow beam
which is predicted by the adiabatic theory of solar wind
expansion. The halo is usually interpreted as electrons
which have been strongly scattered; the quasi-isotropic
character of the halo requires that the scattering has taken
place not only between the Sun and the Earth, but also at
distances well beyond 1 AU [Gosling et al., 2001]. But the
specific scattering mechanisms of both strahl and halo
remain unidentified [Maksimovic et al., 2005].
[4] Most observations up to several hundred eV show

that the strahl becomes more anisotropic [e.g., Feldman et
al., 1978; Lemons and Feldman, 1983; Pilipp et al., 1987]
or retains the same anisotropy [Hammond et al., 1996] as
electron energy increases. But recent WIND spacecraft
observations up to 1 keV of Pagel et al. [2005] and Vocks
et al. [2005] show strahl pitch-angle distributions in the fast
solar wind which become somewhat broader on average
with increasing electron energy. Furthermore, Pagel et al.
[2007], using observations from the ACE spacecraft showed
that, for 29 events corresponding to strahl with relatively
broad pitch-angle distributions and enhanced magnetic field
fluctuations at frequencies ] 3 Hz, the pitch-angle width of
the strahl increased on average as the electron energy
increased.
[5] Suprathermal electrons have a cyclotron resonance

with whistler fluctuations at k � Bo = 0. In contrast, Alfvén-
cyclotron fluctuations usually have damping which
increases with wave number and do not attain the short
wavelengths required for that resonance. Therefore,
whistlers are the electromagnetic mode most likely to
provide pitch-angle scattering of the suprathermals. Vocks
and Mann [2003] and Vocks et al. [2005] used quasilinear
theory to show that whistlers can strongly pitch-angle
scatter solar wind suprathermals, and that such scattering
leads to an electron velocity distribution which becomes
more isotropic with increasing energy. However, these
calculations assumed a fixed power spectrum of whistler
fluctuations; it is important to show these results also are
present in the more self-consistent calculations represented
by particle-in-cell simulations.
[6] The source of enhanced whistlers determines the

characteristics of their power spectrum, and it is the spectral
properties that determine which electrons undergo wave-
particle interactions, and how strongly they are scattered.
There are at least three such sources: heat flux instabilities,
core anisotropy instabilities, and wave-wave interactions.
The first of these is not a likely contributor to electron
scattering near 1 AU because, as argued by Pagel et al.
[2007], dispersion theory based upon electron observations
predicts no significant growth for whistler heat flux insta-
bilities. On the other hand, processes such as compression
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due to interplanetary shocks may drive T?/Tk > 1 on the
core (where the subscripts correspond to directions rela-
tive to Bo) [Phillips et al., 1989]; this anisotropy can, in
turn, excite the whistler anisotropy instability which may
be the source of the enhanced whistler fluctuations
observed downstream of such shocks [Pierre et al.,
1995; Lengyel-Frey et al., 1996]. Section 2 describes a
particle-in-cell simulation in which such fluctuations
scatter the suprathermals.
[7] Another potential source of enhanced whistlers are

wave-wave interactions which lead, for example, to turbu-
lent cascades and which, in turn, imply broadband power law
magnetic fluctuation spectra in the whistler regime, as has
been observed, for example, by Beinroth and Neubauer
[1981] and Smith et al. [2006]. Section 3 describes a second
simulation in which a broadband spectrum is applied at
t = 0, and the subsequent electron responses are computed.
[8] We used a three-dimensional, fully relativistic, colli-

sionless particle-in-cell electromagnetic simulation code
[Buneman, 1993]. For both computations described below,
the system is essentially one-dimensional, with spatial
dimensions Lx = 4096D, Ly = 3D and Lz = 3D where D
is the grid size. For both simulations, the time step is dt =
0.05/we, the grid spacing isD = 0.10 c/we, jWej/we = 0.1, and
the plasma is homogeneous with periodic boundary
conditions. Here the plasma frequency of the jth species is

wj �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pnje2j =mj

q
, and the cyclotron frequency of the jth

species is Wj � ejBo/mjc. Both simulations begin with three

bi-Maxwellian electron components representing the core
(subscript c), the strahl (s), and halo (h). The number of
superparticles per cell is 85 for the core, 100 for the strahl,
and 100 for the halo.
[9] The subscript e represents overall electron properties,

i.e., ne = nc + ns + nh, vc =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBTkc=me

p
, and voj represents

the magnetic-field-aligned average flow velocity of the jth
component relative to the protons. We choose the following
initial parameters: mp/me = 1836, ~bkc = 8pnekBTkc/Bo

2 = 0.50,
nc/ne = 0.85, ns/ne = 0.05, nh/ne = 0.10, vos/vc =�2.0, voh/vc =
+0.0, voc = �(nsvos + nhvoh)/nc, Tkc/Tkp = 1.0, Tks/Tkc = 3.0,
Tkh/Tkc = 10, T?c/Tkc = 3.0 or 1.0, T?s/Tks = 0.10, and
T?h/Tkh = 1.0. Almost all of these parameters are con-
sistent with typical observations in the solar wind near
1 AU. Untypical parameters include the relatively large
strahl density, chosen to improve the suprathermal statis-
tics, as well as the relatively large core anisotropy chosen
in section 2 and the relatively large initial fluctuation
level used in section 3, chosen to reduce computation
time and to enhance the consequences of the scattering.

2. Simulation: Initially Anisotropic Electron Core

[10] This section describes a simulation of the whistler
anisotropy instability, an electromagnetic mode driven
unstable by the condition T?e/Tke > 1. For a single,
bi-Maxwellian electron velocity distribution, unstable modes
typically arise at wp/c � k < we/c and Wp � wr < jWej [e.g.,
Gary, 1993, Figure 7.7], with maximum growth rate at k �
Bo = 0. The electrons most strongly resonant with this
instability are those with vk greater than the electron
thermal velocity; a major consequence of this resonant
interaction is pitch-angle scattering which reduces the
overall anisotropy of the electron distribution [Gary and
Wang, 1996].
[11] The simulation described in this section begins with

the three component electron distribution described above,
with T?c/Tkc = 3.0. Linear theory predicts that under these
conditions the whistler anisotropy instability grows at
propagation both parallel and anti-parallel to Bo with
maximum growth rates gm/jWej ’ 0.12 (parallel) and 0.14
(antiparallel), at wave number kkc/we ’ 0.8 with phase
speed wr/kkvc ’ 1.2. At maximum growth the cyclotron

Figure 1. Simulation results for the whistler anisotropy
instability run. (top) The normalized magnetic fluctuation
field energy density as a function of time and (bottom) the
power spectrum of the y-component of the fluctuating
magnetic fields at jWejt = 50 as a function of the parallel
wave number.

Figure 2. Simulation results for the whistler anisotropy
instability run. The electron velocity distribution
log[fe(vk, vy)/fe(0, 0)] at t = 0 and at jWejt = 100 where
vk and vy are normalized by vc, the core thermal speed.
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resonance factor of the core zc
+ = (w � kkvoc + We)/

ffiffiffi
2

p
kkvc is

about 0.9, indicating a strong wave-particle resonance. Thus
the whistler anisotropy instability is excited; the fluctuating
fields perpendicular to Bo grow at gm/jWej ’ 0.12 in
approximate agreement with linear theory, and reach satu-
ration as illustrated in Figure 1 (top). Figure 1 (bottom)
shows the fluctuation spectrum at jWejt = 50. The enhanced
fluctuations lie within 0.5 < kc/we ] 1.0, consistent with the
predictions of significant wave growth from linear disper-
sion theory. Spectra at later times, not shown here, show a
gradual shift toward smaller wave numbers; e.g., at jWejt =
100, the enhanced fluctuations lie within 0.4 < kc/we ] 0.9.
[12] Figure 2 illustrates the electron velocity distribution

at both t = 0 and jWejt = 100.0. The instability is driven by
the anisotropic core electrons, and it is those electrons
which are most strongly scattered; the sense of the scatter-
ing, as is typical for such an incoherent process, is down the
gradient of the velocity distribution along a curve of
constant energy in the wave frame. The result is to reduce
the core anisotropy, as shown in the late-time panel. For the
parallel-propagating instability, zs

+ ’ 0.4, indicating that
relatively low-energy strahl electrons are also cyclotron
resonant with and scattered by this mode. But the gradient
on the strahl velocity distribution points from smaller to
larger v? so that, as shown in Figure 2 (right), the low-
energy part of this component has a broadened pitch-angle
distribution at late times.
[13] This effect is shown more clearly in Figure 3, which

illustrates electron pitch-angle distributions for three values
of v at initial and late times. The less energetic electrons are
more strongly resonant with the relatively short-wavelength
enhanced fluctuations and are therefore scattered more
strongly; the consequence is to reduce the anisotropies of
both the core and the strahl. However, the weakening of the
resonance at larger v means that the strahl retains its initial
narrow character with increasing electron energy.

3. Simulation: Initial Broadband Fluctuation
Spectrum

[14] The simulation described in this section begins with
an isotropic core distribution, i.e., T?c /Tkc = 1.0. A broad-
band spectrum of fluctuations is applied at t = 0; the
simulation then follows the subsequent temporal evolution

of the system. The fluctuating magnetic and electric fields
initially imposed upon the system are:

dB x; t ¼ 0ð Þ ¼
Xnmax
n¼1

�ŷ dBn sin �knxþ fnð Þ

þ ẑ dBn cos �knxþ fnð Þ ð1Þ

dE x; t ¼ 0ð Þ ¼
Xnmax
n¼1

ŷ dEn cos �knxþ fnð Þ

þ ẑ dEn sin �knxþ fnð Þ ð2Þ

with dBn as the amplitude of mode n, dEn = (w/kc) dBn, and
wave number k = kk understood. Each mode is a normal
mode of the plasma with dispersion properties as given by
solutions of the electromagnetic dispersion equation at k �
Bo = 0 [Gary, 1993, chapter 6]. Spatially inhomogeneous
velocity perturbations are added to each particle component
at t = 0 to make the particles more nearly self-consistent
with the field fluctuations of equations (1) and (2).
[15] The initial power spectrum is chosen to be

jdB t ¼ 0ð Þj2

B2
o

¼ SB
Xnmax
n¼1

knc=weð Þ�a ð3Þ

Figure 3. Simulation results for the whistler anisotropy
instability run. Electron pitch angle distributions at t = 0
(dashed lines) and at jWejt = 100 (solid lines) for electrons
with v2 = 20vc

2, 30vc
2, and 40vc

2 as labeled.

Figure 4. Simulation results for the run with an initially
imposed spectrum of broadband fluctuations. (top)
The normalized magnetic fluctuation field energy density
as a function of time and (bottom) the power spectrum of
the y-component of the fluctuating magnetic field at t = 0
(solid dots) and at jWejt = 100 (open circles) as a function of
the parallel wave number.
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with nmax = 30 whistler modes which are equally spaced in
wave number. We further chose a = 3 [Smith et al., 2006],
k1c/we = 0.153, k30c/we = 0.598, and jdB(t = 0)j2/Bo

2 = 0.01.
[16] Although these modes are discrete, most have a

nonzero damping decrement. This means that the resonant
velocity factor of each mode [Rj(vk) � Wj/(kkvk � w � Wj)]
has a finite width in vk [Gary and Saito, 2003]; the velocity
overlap of these factors implies that electron scattering by
this discrete fluctuation spectrum should emulate the con-
sequences of scattering by the essentially continuous power
spectrum of magnetic fluctuations in the solar wind.
[17] Figure 4 (top) shows the temporal evolution of the

total fluctuating magnetic field energy for this simulation;
there is a modest decrease in jdBj2/Bo

2 with time,
corresponding to the damping which transfers energy to
the electrons, particularly the cyclotron resonant strahl.
Figure 4 (bottom) illustrates the initial and final power
spectra of the fluctuations; as predicted by linear theory,
the short wavelength modes have the strongest damping.
[18] Figure 5 illustrates the electron velocity distribution

fe(vk, vy) at t = 0 and jWejt = 100. With our choice of
parameters, the initial distribution illustrated in Figure 5
(left) bears a strong resemblance to electron velocity dis-
tributions with isotropic halos measured by ACE in the solar
wind [Gosling et al., 2001]. A comparison of Figure 5 (left
and right) shows evident pitch-angle scattering of the strahl;
furthermore, the figure suggests that this scattering is greater
at larger electron energies.
[19] This suggestion is borne out by Figure 6 which

shows electron pitch-angle distributions from this run at
t = 0 and at jWejt = 100 for three different values of v. At the
start of the simulation, our choice of a bi-Maxwellian
suprathermal velocity distribution corresponds to pitch-
angle distributions which become narrower as jvkj increases.
But at late times, the opposite trend is evident; clearly the
whistlers have induced a broadening in pitch-angle with
increasing electron energy.
[20] Resonant scattering of the suprathermals is sensitive

to the choice of initial parameters of the whistler fluctuation
spectrum. As suggested by Figure 4 (bottom), the
primary dissipation here is due to the relatively short
wavelength modes; similar computations not illustrated
here which remove short-wavelength modes via the

choice of k30c/we = 0.25 yield no discernable decrease
in the total fluctuation energy and much less scattering
of the strahl.

4. Conclusions and Interpretations

[21] We have used particle-in-cell simulations to compute
suprathermal electron responses to electromagnetic
fluctuation spectra from two distinct sources: the whistler
anisotropy instability driven by T?/Tk > 1 on the electron
core component, and a broadband power-law spectrum of
whistler fluctuations imposed upon the system at t = 0. Both
simulations show broadening of strahl pitch-angle distribu-
tions, providing further evidence that enhanced whistlers are
a likely source of scattering for suprathermal electrons in the
solar wind. But the two different whistler sources have
distinctly different consequences.
[22] The instability-driven fluctuations are enhanced at

relatively large wave numbers; such modes mainly scatter
the low energy core electrons. Strahl electrons with veloc-
ities close to those of the core are also scattered and their
pitch-angles are increased, but at higher energies the strahl
retains its initial narrow character. Strahl pitch-angle dis-
tributions are often observed to become more narrow as
electron energy increases (see citations above). Particle-
particle collisions become weaker with increasing electron
energy, and are a plausible source for this narrowing of the
strahl. But Lemons and Feldman [1983] have shown that
collisions are not always sufficient to describe the observed
strahl width, especially at lower energies. Thus, scattering
by enhanced fluctuations from the whistler anisotropy
instability may also contribute to this characteristic strahl
property. Because this instability reduces but does not
necessarily eliminate the driving anisotropy, a residual
T?c/Tkc > 1 may be an observational indication that this
growing mode has contributed to strahl broadening.
[23] The initially-imposed broadband whistlers resonate

with and scatter a broader range of strahl; because longer
wavelength fluctuations have greater energies, they interact
with the faster electrons more strongly, leading to pitch-
angle distributions which are broader with increasing elec-
tron energy. We assume the breakpoint between the inertial
range of solar wind MHD turbulence and the so-called
‘‘dissipation’’ range (or, more accurately, following Stawicki

Figure 5. Simulation results for the run with an initially
imposed spectrum of broadband fluctuations. The electron
velocity distribution log[fe(vk, vy)/fe(0, 0)] at t = 0 and at
jWejt = 100 where vk and vy are normalized by vc, the core
thermal speed.

Figure 6. Simulation results for the run with an initially
imposed spectrum of broadband fluctuations. Electron pitch
angle distributions at t = 0 (dashed lines) and at jWejt = 100
(solid lines) for electrons with v2 = 20vc

2, 30vc
2, and 40vc

2 as
labeled.
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et al. [2001], the ‘‘dispersion’’ range) of whistler turbulence
corresponds to kkc /wp ’ 1. If we further assume that this
breakpoint corresponds to the onset of strong scattering to
electron isotropy, then the corresponding electron energy at
cyclotron resonance is mevk

2/2 ’ (mp/me)
2 (vA/c)

2 (mec
2/2).

For typical solar wind parameters near 1 AU of Bo = 5 nT
and ne = 5 cm�3, this equation predicts that electrons above
about 23 keV should be scattered to isotropy.
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