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In space plasmas, kinetic instabilities are driven by the beaming (drifting) components and/or the
temperature anisotropy of charged particles. The heat-flux instabilities are known in the literature
as electromagnetic modes destabilized by the electron beams (or strahls) aligned to the interplane-
tary magnetic field. A new kinetic approach is proposed here in order to provide a realistic charac-
terization of heat-flux instabilities under the influence of electrons with temperature anisotropy.
Numerical analysis is based on the kinetic Vlasov-Maxwell theory for two electron counter-
streaming (core and beam) populations with temperature anisotropies and stationary, isotropic pro-
tons. The main properties of electromagnetic heat-flux instabilities are found to be markedly
changed by the temperature anisotropy of the electron beam A, = T, /T # 1, leading to stimula-
tion of either the whistler branch if A, > 1 or the firehose branch for A, < 1. For a high tempera-
ture anisotropy, whistlers switch from heat-flux to a standard regime, when their instability is

inhibited by the beam. Published by AIP Publishing. https://doi.org/10.1063/1.5042481

I. INTRODUCTION

Collision-poor plasmas from space are highly suscepti-
ble to the instabilities driven by the kinetic anisotropies of
plasma particles. Thus, the electron strahls, or beaming pop-
ulations, which carry the electron heat-flux in the solar wind,
are often associated with enhanced electromagnetic (EM)
fluctuations (Lacombe er al., 2014; Lengyel-Frey et al.,
1996; and Lin et al., 1998) presumably attributed to the so-
called heat-flux instabilities (Gary et al., 1975). Contrary to a
magnetic focusing predicted by the theory, the observations
show that strahls lose intensity and become wider with helio-
spheric distance (Maksimovic et al., 2005 and Stverdk et al.,
2009). In the absence of collisions between particles only the
self-generated instabilities can be responsible for this degra-
dation (Gary and Saito, 2007; Pagel et al., 2007; Saito and
Gary, 2007; and Vocks et al., 2005). These evidences
explain the increasing interest for the heat-flux instabilities
(Saeed ef al., 2017a,b and Shaaban et al., 2018), and under-
standing their role in this context implies a detailed examina-
tion in conditions specific to solar wind.

The heat-flux instabilities are highly conditioned by the
electron beam, and, depending on the relative beam velocity,
two distinct branches can be destabilized. Whistlers with a
right-handed (RH) circular polarization (in the direction of
the uniform magnetic field) are excited by a less energetic
beam with velocity lower than thermal speed. Growth rates
of the whistler heat flux instability (WHFI) show a non-
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uniform variation, increasing and then decreasing with
increasing the beaming velocity (Gary, 1985 and Shaaban
et al., 2018). In the second branch, the left handed (LH) fire-
hose heat flux instability (FHFI) (Gary, 1985) is excited by a
more energetic beam, with growth rates increasing monoton-
ically with increasing the beam velocity (Gary, 1985; Saeed
et al., 2017b; and Shaaban et al., 2018). Recently, Shaaban
et al. (2018) have derived the beam velocity thresholds for
each of these two instabilities in the absence of temperature
anisotropy and described the intermediary regime of transi-
tion, where both heat-flux instabilities may co-exist and com-
pete to each other. It has also been shown that effective
(counter-) beaming anisotropy is reduced by the suprather-
mal electrons present in space plasmas, which implies stimu-
lation of the unstable whistlers but inhibition of the firehose
instability (FHI).

Beams or counter-beaming populations of electrons are
ubiquitous in space plasmas, e.g., during fast winds and
coronal mass ejections, and their kinetic implications cannot
be isolated from the effects of temperature anisotropies, if
both these two sources of free energy are present (Stverdk
et al., 2008 and Vinas et al., 2010). Here, we indeed show
that all known properties of the heat-flux and temperature
anisotropy-driven instabilities may be significantly altered
by the interplay of beaming electrons and their temperature
anisotropy, i.e., T, # Ty. In fact, in such a complex (but
realistic) scenario, we deal with two distinct triggers of the
same unstable modes. The heat-flux instabilities described
above may interplay with the common whistler instability
(WI) driven by anisotropic electrons with T, > T} (Gary and

Published by AIP Publishing.
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Wang, 1996; Lazar et al., 2018; and Stverak et al., 2008), or
the well-known firehose instability (FHI) excited by the elec-
trons with an opposite anisotropy T\ < T (Lazar et al.,
2018; Paesold and Benz, 1999; and Stverdk er al., 2008).
Recent studies have investigated these regimes for low-beta
(f < 0.4) electrons and found that WI is inhibited by the
beam (growth rates decrease with increasing the beam veloc-
ity), while FHFI is insensitive to a temperature anisotropy
T, > T) of the beam (Saeed ef al., 2017b). In an attempt to
make a reliable distinction between the heat-flux and temper-
ature anisotropy instabilities, our present study provides an
extended comparative analysis, including the solar wind
high-beta (ff > 1) conditions, where kinetic instabilities are
expected to be more operative. Suprathermal populations are
not considered in the present analysis, with the express inten-
tion to isolate and describe only the instabilities resulting
from the cumulative effects of electron beams and tempera-
ture anisotropy.

In Sec. II, we describe the distribution models for the
electrons and protons and derive the general dispersion rela-
tion for the EM modes, which incorporates the instability
cumulative effects of anisotropic electrons. Whistlers are
studied in Sec. III and firehose instability in Sec. IV, and
then in Sec. V we provide a comparative study of the insta-
bility threshold conditions for different regimes, e.g., WHFI,
FHFI, WI, and FHI, as resulting from the interplay of elec-
tron beam and temperature anisotropy. Section VI summa-
rizes the results obtained in this work with discussions and
conclusions.

Il. DISPERSION RELATIONS

We consider a collisionless quasi-neutral electron-pro-
ton plasma with two populations of electrons, namely, the
core (subscript a =c) and the beam (subscript @ =b), coun-
terstreaming in the protons’ frame

Je(vis o))y =nfe(ve,v)) + 0fs(v1L,v)), ey

where = n./n, and 0 = 1 — 5 are the relative number den-
sities satisfying neutrality of charge of the electrons (sub-
script e) and protons (subscript p), n, = n. + n, = n,. Each
component is a drifting bi-Maxwellian

32 (v —Ua)
fa v, = ex -t - ) (2)
( D 03 | | % “iu

where drifting velocities U, are directed along the magnetic
field and satisfy a zero net current condition n .U, + nyUp
= 0. Thermal velocities o, = \/2kgT,/m, and o,
= \/2kpT, | /m, are defined in terms of the anisotropic tem-
perature components, parallel (7)) and perpendicular (7) to
the ambient magnetic field B. If protons are bi-Maxwellian,
the linear dispersion relations describing the parallel electro-
magnetic modes read (Gary, 1985)
272 >
Bt Y Do z(e) + A1+ £2(E)))

a=e,c,b

3)
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where c is the speed of light, w is the wave frequency, £ is the
wave number, @) , = 4nn,e*/m, is the plasma frequency,
= distinguish between the circular right-handed (RH) and left-
handed (LH) polarizations, respectively, A, =A, — 1, in
terms of temperature anisotropy A, =T, 1, /T, ), &0 = (©
—kU,)/(kotg,)), and

. 1 (* exp(—x?)
z(&,) = WL

—_—
00 X—f;

da, S(&)>0 @)

is the plasma dispersion function (Fried and Conte, 1961) of
argument

_ w*Q, — kU,

éa_ kO(a,H

For isotropic protons, we can rewrite (3)

W (=l A, (Ac+1)(~~+uc/€):/\c
kb, ("\/ﬂ_ﬁp e N
WL+ uk (Ap + 1) (0 — upk) FA,

WI]*M},E ~2
XZ|—=———=—|| =k (&)
( VB >]

in terms of the normalized quantities, k = kc/w, ., W = w/
|Q.|, the proton—electron mass ratio u = my,/m,, the plasma
beta for the population of sort a, B, = 8nn.kpT, /B2,
and relative velocities of the beam and core components,
up = Up 0/ (cQ.) and u, = o up/(1 — 0), respectively.
Plasma parameters used in the numerical calculations
are given in Table I, unless otherwise specified. These
parameters are inspired from the solar wind observations
providing electron data from different heliocentric distances.
Relevant are the electron data making distinction between
core and beaming (strahl) components, see the density con-
trasts in Stverak et al. (2009) (Figs. 4 and 8), which suggest
an average (representative) value o = n,/ny = 0.05.
Presuming that strahl and halo electrons comprise the main
source of the heat flux transport in the solar wind, for the
beam-core temperature contrast the observations estimate a
variation between 3 and 13 along the heliocentric distance
with an increasing tendency during the fast winds (Pierrard
et al., 2016; Pilipp et al., 1987; and Vinas et al., 2010). In
this case, we assume T}, /T, = 10. Seeking generalization,
for the temperature anisotropy, which is a key parameter in
this study, we adopt moderate values typically reported in
the solar wind (Phillips et al., 1989; Pierrard et al., 2016;

TABLE 1. Parameters for the j-component of electrons.

Beam electrons (/) Core electrons (¢) Tons (i)
ni/n; 0.05 0.95 1.0
T /T,-7“ 10.0 1.0 1.0
m;/m 1/1836 1/1836 1.0
T /Ty #1.0 #1.0 1.0
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FIG. 1. WHEFI: Effects of the beam anisotropy A, on the growth rates (panel

a) and wave frequencies (panel b). The plasma parameters are mentioned in
each panel velocity.

Pilipp et al., 1987; and Stverdk et al., 2008). For the beam
velocity values are chosen to ensure conditions for both the
WHEFI and FHFI, which may also be relevant for the beam-
ing electrons in space plasmas (Pulupa ez al., 2014).

lll. UNSTABLE WHISTLER MODES

We start the analysis with the dispersive characteristics
of the whistler modes driven unstable by the interplay of the
beam-core counter-streaming electrons and their temperature
anisotropies. These are solutions of the dispersion relation
(3) for the RH modes with ﬁ;. The less energetic beams are
susceptible to the whistler heat flux instability (WHEFI)
(Shaaban et al., 2018), which is examined in Figs. 1 and 2
for the following plasma parameters 6 = 0.05, 8. = 8, = 0.04,
up = 0.6. In Fig. 1, we isolate the effects of the beam anisot-
ropy by considering isotropic core with A. = 1.0 and show
the influence of the beam anisotropy A, = 0.9,0.95,1.0,
1.1, 1.2 on the growth rates (panel a) and wave-frequencies
(panel b) of WHFI. Growth rates are markedly enhanced by
increasing the temperature anisotropy in perpendicular direc-
tion, A, > 1, and are inhibited by an opposite anisotropy in

parallel direction, A, < 1. The corresponding wave-
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FIG. 2. WHEFI: Effects of the core anisotropy A. on the growth rates (panel

a) and wave frequencies (panel b). The plasma parameters are mentioned in
each panel.

frequencies remain unaffected by the variation of the beam
temperature anisotropy. These unstable solutions are derived
for relatively low anisotropies of the beam (0.9 < A, < 1.2),
and a low plasma beta of the core f. = 0.04, to avoid the
whistler or firehose instability effects driven by the tempera-
ture anisotropies. For higher anisotropies of the beam
Ap > 1.2, whistlers exhibit significant growth rates charac-
teristic to the whistler instability (WI) driven by the tempera-
ture anisotropy, and it becomes difficult to distinguish
between the WHF and WI regimes, as discussed later in Fig.
4. In Fig. 2, we assume an isotropic beam (A, = 1) and out-
line the effect of the core anisotropy A, = 0.7,1.0, 1.3,1.6
on the growth rates (panel a) and wave-frequencies (panel b)

of WHFI. The growth rates change only slightly, being

enhanced by the core anisotropy in the perpendicular direc-

tion A, > 1, but inhibited by an opposite anisotropy in paral-

lel direction A, < 1. Clearly, the anisotropic beam has a

higher influence on the instability: for A, = 1.1 maximum
growth rate in Fig. 1 is three times higher than that obtained
for A, = 1.6 in Fig. 2. For reference, the growth rates for iso-
tropic isotropic temperatures A, = A, = | are displayed in
both figures with red solid lines.
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FIG. 3. WI: Effects of the beam velocity u;, on the growth rates of the WI driven either by an anisotropic beam A, = 3.0 (panel a) or by an anisotropic core

A. = 3.0 (panel b). The other plasma parameters are mentioned in each panel.

The temperature anisotropy driven instabilities are usu-
ally studied in the absence of beaming components. Figure 3
shows the effect of beaming velocity u;, on the WI driven by
a higher temperature anisotropy, for 6 =0.05 and
B. = B, =0.04. When WI is driven by anisotropic beam
with A, = 3.0 (panel a), the effective anisotropy diminishes
with increasing the beam speed u, and the instability is
inhibited, reducing growth rates and the intervals of unstable
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wave-numbers. By contrast, growth rates driven by the
anisotropic core with A, = 3.0 (panel b) are enhanced by
increasing u;, and saturate for u, > 0.5, resembling a regime
characteristic to WHFI. The wave frequency (not shown
here) only slightly decreases by increasing u,. WHFI has dis-
persive characteristics similar to WI. Both instabilities are
driven by resonant electrons and display maximum growth
rates in directions parallel to the background magnetic field

(b) 0=0.05, B:=0.04, A,=1.2, A.=1

0.00030

0.00025

0.00020

0.00015

0.00010

Growth rate (y/|Q.[)

0.00005

0.00000

0.4 0.5 0.6 0.7 0.8 0.9

Normalized wave—number (kc/wy,c)

(d) 6=0.05, 5.=0.04, Ap=2.5, A.=1
WI

0.008

0.006 —

)

o

0.004 -

Growth rate (y/| Q)

o

o

S

)
T

WHFI

0.000 L L .
0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

Normalized wave—number (kc/wp )

FIG. 4. Effect of the of the beam velocity u;, on the cumulative whistler instabilities for beam anisotropies A, = 1.0 (panel a), A, = 1.2 (panel b), A, = 1.5
(panel ¢), and A, = 2.5 (panel d). The plasma parameters are mentioned in each panel.
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FIG. 5. FHF: Effect of beam anisotropy A, > 1 on the growth rates (panel
a) and wave frequency (panel b).

(when the modes are right-hand circularly polarized) (Gary,
1993 and Lazar et al., 2018). However, WHFI and WI repre-
sent two distinct regimes of whistler modes, destabilized by,
respectively, the beam u;, and temperature anisotropy
Ap > 1.

Figure 4 presents four distinct regimes of destabilized
whistler modes, assuming ¢ = 0.05, A, = 1.0, and B, = §,
= 0.04. In panel (a), we consider, for reference, the beam
isotropic A, = 1.0 and find growth or damping rates of whis-
tlers varying only under the influence of the beam velocity
uy,: the instability is obtained for higher beaming velocities
up = 0.5, 0.6, and maximum growth rates are obtained for
up = 0.6 (Shaaban et al., 2018). In panel (b), for a relatively
small beam anisotropy A, = 1.2, growth rates are markedly
stimulated by the beam velocity, and maximum growth rates
are obtained for a less energetic beam, i.e., u, = 0.5 (brown
line). Higher anisotropies A, = 1.5,2.5 may drive an insta-
bility with significantly high growth rates (even in the
absence of a beam, u;, = 0), see red lines in panels (c) and
(d). In panel (c), the instability features characteristics of
both the WHFI and WI, cumulating the effects of beam and
temperature anisotropy. Maximum growth rates are obtained
for u, = 0.3. For higher anisotropies A, = 2.5, in panel (d),
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FIG. 6. FHF: The same in Fig. 5 but for A, < 1.0.

we obtain WI-like growth rates (maximum for u;,, = 0) which
decrease as the beam velocity increases. More energetic
beams, e.g., u, = 0.6 (black line), may determine another
transition to WHFI regime.

A series of conclusions can already be drawn, which
enable to distinguish between these two regimes of unstable
whistlers (also see Sec. V of the instability thresholds). Thus,
the beam anisotropy A, > 1.0 stimulates the WHFI, reducing
also the beam velocity required for the instability to display
maximum growth rate. On the other hand, growth rates of
WI are reduced by the beam, and an increase in u;, may trig-
ger a transition to the WHFI.

IV. UNSTABLE ELECTRON FIREHOSE MODES

In this section, we investigate the LH branch of HFIs
represented by the electron firechose heat-flux instability
(FHFI). Conditions of this instability are expected to be
markedly modified under the influence of temperature aniso-
tropies Ay < 1, which are responsible for the excitation of
standard firehose instability (FI). For sufficiently large core
plasma beta f. and high beaming velocity u;, > 2.7, both the
FHFI and FI are expected to develop with similar dispersive
features (Gary, 1993 and Shaaban er al., 2018). First we
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FIG. 7. Effect of the beam velocity u;, on the growth rates (panel (a)) and wave frequency (panel b) of the WI instability driven by beam anisotropy A, = 3.5.

analyze the FHFI under the mutual effects of the electron
beam (u;, # 0) and its temperature anisotropy (A, # 1). The
unstable solutions are obtained by solving numerically the
dispersion relation (5) for LH modes with f; . By contrast to
recent studies of FHFI, which consider only small plasma
beta regimes, i.e., . = 0.04 (Saeed et al., 2017b), here we
assume solar wind high beta conditions, ie., . =8, > 1,
which are more favorable to FHIs.

In Figs. 5 and 6, we assume 6 = 0.05, . =, = 1.2,
A, = 1.0, and more energetic beams u;, = 3.8. Figure 5 shows
the effects of an increasing anisotropy A, = 1.0, 1.2,1.4 on
the FHFI: in panel (a), growth rates decrease and the range of
unstable wave numbers increases, and in panel (b), the wave
frequency exhibits the same monotonous increasing. An oppo-
site anisotropy A, = 1.0,0.7,0.5, assumed in Fig. 6, has a
cumulative effect stimulating the FHFI by increasing the
growth rates and wave-frequencies. The wave frequency
keeps the positive sign w, > 0 in the range of the FHF peaks.
The core anisotropy A, # 1 manifests similar effects on the
FHFI (not shown here).

In Sec. III, we have outlined a transition from WI to
WHEFI, triggered by the increase in the beam speed u,, when
the temperature anisotropy of the beam is relatively small.
Here, in Fig. 7, we show that, provided the anisotropy is high
enough, i.e., A, = 3.5, WI can directly convert to FHFI with
increasing u, = 1.2,2.0,2.8. The WI is driven by the beam

anisotropy A, = 3.5 for the same plasma parameters invoked
in Saeed et al. (2017b) (their Fig. 3): f. = 0.04, f, = 0.36,
0 =10.05, and A. = 1.0. Top panels present the first regime
where the WI instability is dominant and the beaming velocity
up < 2.8 is below but close to the threshold value for the exci-
tation of FHFI (Saeed et al., 2017b and Shaaban et al., 2018).
Increasing the beam velocity has an inhibiting effect leading to
a decrease in both the growth rates and the range of unstable
wave numbers of WI (panel a). The corresponding wave fre-
quencies (panel b) decrease and remain RH polarized (», < 0)
in the range of the WI instability peaks, unless for energetic
beams when the polarization changes to LH (cyan areas) under
the influence of FHFI which exhibit a second distinct peak of
growth rates (red solid line). The double-peak growth rates are
relevant for the transition between the two regimes of FHFI
and WI. FHFI becomes dominant for more energetic beams
(up > 2.8), when the FHF peak is markedly enhanced moving
towards lower wave-numbers (bottom panels ¢ and d). Small
peaks of WI are decoupled and still visible, but remain LH
polarized (green area). Such reversals of the whistler mode
polarizations have been observed by STEREO in the Earth’s
inner plasma-sphere at L < 2 (Breneman et al., 2011).

For a core with a sufficiently large plasma beta, a beam
with an excess of parallel temperature, i.e., A, < 1, may excite
the electron firehose (EFH) instability. Figure 8 shows the effect
of the beam velocity u, on the EFH instability driven by a
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FIG. 8. Effect of the beam velocity u;, on the growth rates (panel a) and
wave frequency (panel b) of the EFHI driven by beam anisotropy A, = 0.2.

temperature anisotropy A, = 0.2 for the following plasma
parameters 6 = 0.05, . = B, = f,/10 = 4.0, A, = 1.0. The
growth rates (panel a) and wave frequencies (panel b) of EFH
instability are significantly stimulated by increasing u, = 0.0,
0.5, 1.0. These effects contrast with the inhibition of WI shown
in Fig. 7.

V. THRESHOLD CONDITIONS

Thresholds offer a concise but more comprehensive pic-
ture of the unstable regimes. Figures 9—11 present the insta-
bility thresholds derived for a small maximum growth rate
P =2 % 107%|Q,|, approaching marginal stability, i.e.,
¥m — 0. These thresholds are derived in terms of the instabil-
ity drivers, i.e., beam velocity u;, or temperature anisotropy
Ay, as a function of the core plasma beta f3.. The other plasma
parameters are kept constant, e.g., 6 = 0.05 and A. = 1.0.
Mathematically, the instability thresholds are fitted to a func-
tion of f. generically expressed by (Shaaban et al., 2016)

A:<1+%>ﬁ%7 )

where
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Fitting parameters a, b, and ¢ are tabulated in Tables II-IV
in the Appendix.

As shown in Fig. 4(a), the WHFI growth rates vary non-
uniformly with increasing the beaming velocity, suggesting,
as also shown recently by Shaaban ef al. (2018), that the
unstable WHF modes are bounded between two thresholds
of the beam velocity. Figure 9 describes the effect of temper-
ature anisotropy A, # 1.0 on the upper and lower thresholds
of WHFI, in panels (a) and (b), respectively. We contrast
thresholds for an isotropic beam (A, = 1, solid-red), with
those for A, = 1.1 (dashed-blue) and A, = 0.9 (dotted-
black). In panel (a), the upper threshold is slightly increased
by the anisotropy in the perpendicular direction, A, = 1.1,
but it is slightly decreased by an opposite anisotropy in the
parallel direction, A, =0.9. Only small variations are
obtained in this case, given that this regime of WHFI is
mainly controlled by relatively high beaming velocities, and
temperature anisotropies are relatively small. However, for
the same anisotropies, in panel (b) the lower WHFI threshold

for temperature anisotropy instabilities
for heatfluxinstabilities.
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undergoes more important changes. This threshold is mark-
edly enhanced for A, = 0.9, and this difference is increased
with increasing the core plasma beta f.., squeezing the unsta-
ble regime of WHFI (upper directed arrow). In an opposite
situation for A, = 1.1, the lower WHFI threshold is mark-
edly reduced to lower beaming velocities u, and with
increasing f5. the WI peak starts to dominate the WHFI peak,
which finally quenches completely. This regime marks the
transition from WHEFI to the most common WI (lower
directed arrow) which becomes exclusively driven by the
temperature anisotropy (for u, =0 and > f. ~ 0.3).
Figure 10(a) describes the effect of temperature anisot-
ropy on the FHFI thresholds, by contrasting thresholds
derived for an isotropic beam (A, = 1, solid-red) with those
for A, > 1.0 (dashed-blue) and A, < 1.0 (dotted-black).
Variations in this case resemble those of the WHFI upper
threshold, but the most unstable FHF modes are situated
above the thresholds, as pointed out by the dashed arrow.
Temperature anisotropy A, = 1.5 has a stimulating effect
on the FHFI threshold, squeezing the unstable regime of the
FHF modes, while for A, = 0.7 the threshold is reduced
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FIG. 11. Effect of the beam velocity u, on WI (panel a) and EFH (panel b)
instability thresholds with maximum growth rates y =2 x 107#|Q,|. The
plasma parameters are mentioned in each panel.

and the FHFI regime is enlarged. These effects are boosted
by increasing f5., confirming the results in Figs. 5 and 6.
For the sake of comparison, in panel (b) we compare the
FHFI and the WHFI thresholds for the same set of plasma
parameters (0 = 0.05, A, = 1.0), and different anisotropies
Ap =0.7,1.0,1.5. As shown in panel (a), the unstable FHF
modes require relatively high beaming velocities u, > 2.7
making the comparison relevant only for the WHFI upper
threshold. For isotropic beams (red lines), the FHFI is dom-
inant at low . < 0.55 and high u;, > 2.7, and also at beam-
ing velocities exceeding the WHFI (upper) threshold, while
the WHFI is dominant for less energetic beams with
up < 2.7. If up > 3.3 and f. > 0.55 are high enough, we
can identify a regime of transition (gray shaded regime)
where the unstable FHF and WHF modes may co-exist and
interplay. The anisotropic beams with A, = 1.5 determine
the interplay regime to move towards higher u;, > 3.45 and
lower limit . > 0.49. For an opposite anisotropy A, > 0.7,
this regime moves towards lower u, > 3.17 and higher limit
p. > 0.78.
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In order to complete the analysis, in Fig. 11, we describe
the effect of the beam velocity on the thresholds of tempera-
ture anisotropy driven instabilities, WI in panel (a) and FI in
panel (b). As expected, the WI threshold is markedly
enhanced by the beam velocity u;, = 1.5, confirming the
inhibiting effect already shown on the growth-rates in Figs. 3
and 7. Here, we can see that this effect is reduced with
increasing f.. Also expected is the effect shown by the EFH
threshold, which is markedly reduced in the presence of
beam, see panel (b), confirming the stimulating effect of
beams on the EFHI growth rates, obtained in Fig. 8.

VI. DISCUSSIONS AND CONCLUSIONS

As shown in the introduction, the heat-flux instabilities
may play a major role in the evolution of electron beams in
the solar wind, but a definitive answer on these issues
requires a detailed examination of these instabilities in con-
ditions specific to space plasmas. The kinetic approach pro-
posed in this paper enables an advanced characterization of
the heat-flux instabilities for complex but realistic condi-
tions, when the electron beams exhibit temperature anisotro-
pies. The new unstable regimes uncovered here are
controlled by two drivers, i.e., beaming velocity 1, and beam
anisotropy A, and by the core plasma beta f., and we have
contrasted with idealized regimes of instabilities driven
either by isotropic beams (Saeed et al., 2017a and Shaaban
et al., 2018) or by non-drifting (core-beam) populations with
temperature anisotropies.

For less energetic beams the WHFI is found to be very
sensitive to the beam anisotropy: growth rates are markedly
increased if A, > 1.0, and are decreased when A, < 1.0
(Fig. 1). Core anisotropy A, # 1.0 shows similar effects on
the WHFI, but it is much less effective than the beam anisot-
ropy, see Fig. 2. The common WI can be excited at low f,
< 1 but for a significant A, > 1.0. The beam has an inhibit-
ing effect on the WI: reducing growth rates and the range of
unstable wave-numbers with increasing the beaming veloc-
ity. But, apparently, the beam may stimulate WI driven by
the core anisotropy is A. > 1.0, see Figure. 3, where growth
rates increase and saturate for higher beaming velocities,
resembling a regime characteristic to WHFIL.

Firehose instabilities are expected to develop for rela-
tively higher u,, or/and higher f., and contrary to whistlers,
differences between FHFI and FI are easier to determine.
FHFI can be excited even for a low f. < 1, provided the
beam velocity is high enough, while FI requires a high
f.>=3.0 and a temperature anisotropy A, < 1.0. For a mod-
erately high . = 1.2, we have found that A, < 1 has a stim-
ulating effect on the FHFI, increasing the growth rates and
the corresponding wave frequencies (Fig. 5). The anisotropy
in the perpendicular direction has an opposite effect, see Fig.
6, where growth rates and wave frequencies of FHFI
decrease with increasing A, > 1. These variations of the
growth rates and wave frequencies with the temperature ani-
sotropies have not been observed in the previous studies
which were restricted to low f. = 0.04 regimes (Saeed
etal.,2017b).
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Figure 7 suggests that, depending on the beaming veloc-
ity u,, the interplay with temperature anisotropy A, > 1.0
can be divided into two distinct regimes. For a beaming
velocity below the threshold of FHFI, i.e., u, < 2.8, domi-
nant is the WI, and, as expected, the beam has an inhibiting
effect, reducing the growth rates and the range of unstable
wave-numbers. In the second regime, more energetic beams
with u;, >2.8 excite the FHFI and the growth rates display a
second distinct peak at low wave-numbers. The beam stimu-
lates the FHFI, but inhibits the WI peak, and wave frequen-
cies may change sign showing an LH polarization even in
the range of the WI peak, under the influence of a dominant
FHFI. Regarding the more common FHI driven by an excess
of parallel temperature (A < 1), the effective free energy is
enhanced in the presence of a beam, and FHI is stimulated
(Fig. 8). Another remark can be made if we calculate the
core drift velocity u, for the same plasma parameters used to
derive the heat-flux unstable modes in Figs. 4(a) and 7(b).
The plasma parameters used for the WHFI, e.g., 6 = 0.05,
. =0.04, and u, =Uy/c®,/|Q.| = 0.6, where w,/|Q,|
=100, imply for the core drift velocity U.= U,/
(1 —6) =3.16 x 107, which is about 1.6 times higher than
Alfvén velocity V4 = 2 x 10~*¢, commonly invoked in sim-
ilar studies. For the FHFI, we assumed 6 = 0.05, f. = 0.04,
and u, = 3.8, implying a higher core drift velocity U,
= 10V4. In the solar wind, U, is comparable to, or larger
(three times larger in a collisionless plasma) than V4 (Pulupa
et al., 2014). Thus, our results strengthen the early predic-
tions (Gary et al., 1975 and Gary and Li, 2000) that whistler
instabilities could be more efficient in regulating the electron
heat flux in the solar wind.

Thresholds displayed in Figs. 9—11 may provide a better
overview on the interplay of these instabilities. In Fig. 9, the
unstable WHF modes are located between two thresholds,
namely, lower and upper thresholds. In terms of the beam
velocity u,, the interval of WHEFI in between these two
thresholds may significantly increase even for a modest tem-
perature anisotropy in the perpendicular direction A, > 1, or
it is markedly reduced by an opposite anisotropy in the paral-
lel direction A, < 1. Situated above these thresholds, the
unstable regime of the FHF modes, see Fig. 10(a), shows
opposite effects, increasing when A, < 1 and diminishing
for A, > 1. All these variations increase with increasing f..
In Fig. 10(b), we have identified unstable regimes condi-
tioned by both the WHFI and FHFI, which move either
towards higher u, and lower f.. if the anisotropy increases in
the perpendicular direction (A, > 1) or towards lower u;, and
higher f. by increasing the anisotropy in the parallel direc-
tion (A, < 1.0). These unstable regimes are considerably
enhanced by increasing f5.. In Fig. 11, we have described the
effects of beam on the temperature anisotropy thresholds.
The WI threshold is increased by increasing the beaming
velocity, confirming the inhibiting effect on the growth rates
in Figs. 3 and 7. On the other hand, the FI threshold is
decreased by increasing the beaming velocity, confirming
the stimulating effect on the growth rates in Fig. 8.

To conclude, we have identified new regimes of the
whistler and firehose unstable modes, which are highly con-
ditioned by the interplay of two sources of free energy, an
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electron beam and its intrinsic temperature anisotropy. This
study is focused on parallel electromagnetic modes, with
intention to facilitate the analysis and differentiate between
different regimes of these instabilities. In the oblique direc-
tions, very efficient may be the aperiodic instabilities, like
electron mirror or electron firehose, but their properties are
known only for regimes triggered by the temperature aniso-
tropies (Maneva et al., 2016 and Shaaban et al., 2018). Our
results should therefore stimulate further investigations to
address the full spectrum of beam-driven electromagnetic
and electrostatic instabilities.
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APPENDIX: FITTING PARAMETERS IN EQ. (6)

We have used Eq. (6) to describe the instability plasma
conditions in terms of the instability thresholds from Figs.
9-11, defined by either the beam velocity or the temperature

TABLE II. Fitting parameters in Fig. 9.

WHEFI (a) WHEFI (b)
Ap 0.9 1.0 1.1 0.9 1.0 1.1
a 0.13 0.03 -1.32 —-0.023 —0.04 -0.01
b 1.0 1.0 -0.29 1.0 1.0 1.0
c 0.30 0.26 0.0 4.72 4.67 4.81
d -0.22 0.18 1.0 -0.52 -0.54 -0.53
TABLE III. Fitting parameters in Fig. 10.

FHFI WHFI

Ap 0.7 1.0 1.5 0.7 1.0 1.5
a —0.003 2.45 2.72 5.82 -0.023 —0.008
b 1.0 0.1 —0.14 1.0 1.0 1.0
¢ 3.21 0.0 0.0 0.55 4.72 5.11
d —-0.03 1.0 1.0 -1.54 -0.52 -0.53
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TABLE IV. Fitting parameters in Fig. 11.

WI FI
up, 0.0 1.5 0.0 2.5
a 0.012 0.018 —4.0 —-1.34
b 1.0 1.0 1.0 1.0
c 1.05 1.32 0.80 0.85
d 0.017 0.072 -0.004 0.006

anisotropy (two distinct drivers), as a function of the core
plasma beta. The fitting parameters a, b, ¢, and d are tabu-
lated in Tables IT and III for the heat flux instabilities (WHFI
and FHFI), and in Table IV for the anisotropy driven insta-
bilities (WI and FI).
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