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Abstract Whistler heat flux and electron temperature anisotropy instabilities are spontaneously
generated in the expanding solar wind. The present study investigates the interplay between the two
unstable modes and how each contributes to the dynamical evolution of macroscopic quantities. Whistler
heat flux instability is excited in the forward direction along the heat flow, whereas anisotropy instability
propagates in both backward and forward directions. Velocity moment-based quasi-linear theory is
employed in order to investigate the saturation behavior of these instabilities, and it is shown that under
certain conditions, the forward propagating whistler heat flux instability dominates, while for other
conditions, especially when the temperature anisotropies are sufficiently high, it is shown that the
backward mode may also contribute to the dynamical process, and even dominate. These saturation
behaviors cannot be predicted by linear growth rate alone and that they imply that in the global-kinetic
models of the solar wind, bidirectional nature of these instabilities must be carefully taken into account.

1. Introduction

In situ measurements show that solar wind electrons can be modeled with several distinct components
(Maksimovic et al., 2005; Stverik et al., 2008), the dominant component being the relatively cooler core
electrons. The so-called halo electrons are less dense in comparison with the core electrons, but are hot,
that is, T, > T, where T}, and T, denote halo and core electron temperatures, respectively. The solar wind
electrons can also contain highly field-aligned strahl component, especially for fast winds, but in the present
paper we consider the strahl as part of the halo, which is a reasonable approximation for slow winds in
particular. Observations also reveal the presence of relative drift between the core and halo electrons, which
is particularly true if we treat the strahl as part of the halo. The relative streaming motion of the core and
halo electrons (in the proton rest frame) implies that the solar wind electrons carry a net heat flux (Tong
et al., 2019). The instability associated with the drift motion regulate the heat flux (Gary, 1985), which is
important for the solar wind (Parker, 1964; Pontieu et al., 2011) and for astrophysical situations (Cowie &
McKee, 1977).

Observations indicate that physical conditions that constrain the upper limit of total heat flux depend mainly
on local parameters, which provide the motivation to explore the effects of local relaxation processes as a
function of heliocentric distances—see the discussions by Gary et al. (1999), Gary and Li (2000), Tong et al.
(2018), and Tong et al. (2019). The heat flux carried by the energetic electrons resides mostly along the
magnetic field. A series of studies, which includes linear analysis by Gary et al. (1975), Gary et al. (1994),
and Gary and Li (2000), and quasi-linear stability analysis by Gary and Feldman (1977) and Pistinner and
Eichler (1998), along with numerical simulations (Komarov et al., 2018) suggest the inhibition of heat flux
by pitch angle scattering of halo electrons as a result of whistler wave instability excitation.

Relative drifts higher than threshold values can excite whistler heat flux (WHF) and beaming fire hose
heat flux electromagnetic instabilities for right-hand and left-hand circular polarizations, respectively. In
the case of parallel propagation (k x B, = 0, k being the wave vector and B, denoting the ambient magnetic
field vector) and single electron plasmas, Gary (1985) carried out a detailed dispersion analysis of WHF
instability and electron beam fire hose heat flux instability generated by a relatively hot and isotropic beam
in its own frame. Later, Gary et al. (1994) studied the heat flux (HF) instability for isotropic core-halo electron
components and deduced the threshold conditions of this unstable mode for local and global models as well.
A series of recent observations of the temperature distribution of a hot gas in galaxy clusters (Bertschinger &
Meiksin, 1986; Fabian, 1994; Fang et al., 2018; Wagh et al., 2014; Zakamska & Narayan, 2003) highlighted the
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contribution of these instabilities in the heat flux suppression below the collisional value. Further, assuming
the isotropic core/halo electron components model, Gary and Li (2000) investigated the solar wind and other
astrophysical environments that are characterized by high plasma beta, p|, = 8zn,T}, /B2. Here, T, is the
temperature of species along the external magnetic field, and n, is the total number density of the species
labeled a.

Saeed et al. (2017) clarified the matter associated with polarization of HF instability and reported the con-
tributions of thermal effects to stabilize the secondary and tertiary instabilities. In the companion paper,
Saeed et al. (2017) highlighted a comparison between the characteristics of HF instability and electromag-
netic electron cyclotron (EMEC) instability generated by different mechanisms. Recently, Shaaban et al.
(2018) studied the role of interplay between initial temperature anisotropies and relative streaming among
core and beaming components to excite the beaming (or heat flux) instabilities. The interplay between the
two energy sources in the forms of thermal anisotropies and relative drifts of core/halo electrons has shown
to have a significant influence on the dispersion characteristics of the unstable modes (Shaaban, Lazar, &
Poedts, 2018; Tong et al., 2019; Vasko et al., 2019). Further, Shaaban, Lazar, Yoon, et al. (2018) refined the
analysis with the inclusion of nonthermal particles which are ubiquitous in space and or in solar wind.

In the present study, we revisit the problem of combined effects of heat flux-induced and anisotropy-driven
whistler instability, with the aim of highlighting the role of asymmetric or bidirectional whistler wave exci-
tation. In the absence of temperature anisotropy, only forward propagating whistler waves are excited by the
heat flux-carrying electrons. On the other hand, in the absence of the relative drift but with only tempera-
ture anisotropy, whistler wave excitation is symmetric in both forward and backward directions. When both
free energy sources are available, however, the whistler wave excitation can be asymmetric such that the
final state of instability development may not be so easily predicted solely within the context of linear theory
alone. It turns out that high growth rate associated with either forward or backward mode does not necessar-
ily translate into similarly high saturation amplitude, as we will see. In the present study we thus implement
the quasi-linear kinetic theory under the assumption of drifting bi-Maxwellian models for the electron (and
proton) velocity distribution functions and taking the velocity moments of the governing kinetic equations
so as to investigate the dynamical progression of the moments, that is, average field-aligned drift speeds and
temperatures, as well as the wave energy densities for the forward and backward propagating whistler waves.

We consider physical parameters guided by observation for slow solar wind conditions. The velocity
moment-based quasi-linear technique was recently employed by Shaaban et al. (2019a) and Shaaban et al.
(2019b) in the context of the whistler heat flux instability, but in their analyses, asymmetric or bidirec-
tional excitation of whistler waves is not considered. Instead, they only considered the forward propagating
waves. As we will see, for weak anisotropies, their approximation can be justified. However, for sufficiently
high-temperature anisotropy combined with the finite heat flux, sometimes the backward whistler waves
cannot be ignored. In this regard, the present analysis provides a more rigorous and comprehensive analysis.
The present study constitutes a further contribution along the line of linear (Michno et al., 2014), (Maneva
et al.,, 2016), (Shaaban et al., 2017) and quasi-linear (Sarfraz et al., 2016), (Sarfraz, 2018), (Sarfraz & Yoon,
2019), (Shaaban et al., 2019a), (Shaaban et al., 2019b) kinetic models of the solar wind, and thus the findings
from the present study may be useful for comprehensive analysis of solar wind evolution.

The present paper is organized as follows: In section 2, we briefly discuss the linear and quasi-linear theory
of whistler heat flux instability. Numerical solutions are presented in section 3. In section 4, we summarize
the findings of the present paper.

2. Macroscopic Kinetic Model of the Solar Wind Bulk Parameters

We start our mathematical model by taking the protlon velocity distribution function to be given by a
bi-Maxwellian form, f,(v,v,,t) = [x-”f Zaip(t)alu,(t)] exp [—vi / aip(t) - vﬁ / aﬁp(t)]. Here, perpendicular
and parallel components of the velocity defined with respect to the ambient magnetic field are represented
by v, and v, respectively. Further, the quantities «,, and ), stand for perpendicular and parallel ther-
mal speeds of protons, defined in terms of temperatures, respectively, via T () = m, / dv(viﬂ) fr =
mpaip(t)/ 2and T, ,(t) = m, / dvvﬁ fo= mpaﬁp(t) /2, where m,, is the proton mass. Here, the customary Boltz-
mann constant is omitted in the definition for temperatures, as they are defined in the unit of energy. While
the proton temperatures are fully solved in the present quasi-linear calculation, their dynamical change is
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quite minimal; hence, in the subsequent presentation of numerical results, we choose not to display the
proton quantities.

The core and halo electron components constitute the total electron distribution function,

fev vt = (n./ng) fevpv, 0 + (n,/ng) Sa(y,v5,0), in which core/halo electrons are modeled by
drifting bi-Maxwellians forms,

2 U 2
fayvpt) = : exp(— L ) (€))

a3/ 2.gtiﬂ(t) aj, o) a’iﬂ(t) a"a (t)

where label a = ¢, h is for core/halo electrons, and n, represents the fractional number density for each
species, ny = },_. 1, being the total density. Here, U, is parallel drift speed, satisfying the current neutrality
condition, },_. ,n,U, = 0. Perpendicular and parallel thermal speeds for the electrons are denoted by a,,(f)
and a, 4(f), respectively. Further, the temperatures for each electron species, T 4(f) and T}4(t), are defined in
a similar way as those of the protons discussed above.

Note that the bi-Maxwellian model for halo electrons is not necessarily the most accurate form. As discussed
by Shaaban, Lazar, Yoon, et al. (2018), non-Maxwellian features associated with the halo electrons, typically
modeled by bi-Kappa distribution, are important. Nevertheless, in the present study, we adopt the simpler
bi-Maxwellian model. Bi-Kappa modeling of the halo electrons in the context of quasi-linear analysis may
be considered in the future.

Model drifting bi-Maxwellian distributions are assumed to maintain their mathematical form for all time,
except that their bulk parameters, a Lya® and U,(t) evolve in time. This is obviously an approximation,
as more rigorous simulations such as those by Gary et al. (1996), Matteini et al. (2006), Hellinger et al.
(2014), etc., depict some deviations of the particle distributions in the nonlinear stage of instability pro-
gression. Nevertheless, we make the above-stated assumptions for the sake of simplicity. It should be noted
that such an approach is proven to provide adequate if not perfect description of the various tempera-
ture anisotropy-driven instabilities. In particular, such an approach successfully predicts the instability
thresholds (Seough & Yoon, 2012), (Yoon & Seough, 2012), (Seough et al., 2013), (Sarfraz et al., 2016),
(Sarfraz, 2018), (Shaaban et al., 2019b). Moreover, comparative studies between the velocity moment-based
quasi-linear theory and particle-in-cell (PIC) simulations demonstrated reasonable agreement between the
two methods (Seough et al., 2014), (Yoon et al., 2015), (Seough et al., 2015), (Yoon et al., 2017), (Lee et al.,
2019). In particular, in a recent PIC simulation study based upon the implicit numerical scheme, Lépez
etal., 2019 analyzed the dynamical evolution of the whistler heat flux instability, and they observed that the
time evolution of various velocity moments and wave magnetic field energy density behaved in accordance
with quasi-linear moment calculations by Shaaban et al. (2019a) and Shaaban et al. (2019b). This pro-
vides the justification for the present simplified quasi-linear method based upon the assumption of drifting
bi-Maxwellian distributions for the particles.

The parallel heat flux carried by the electrons in the proton rest frame is given by,
m
g= 7"’ / dv v? £, (2)

We investigate the influence of transverse modes propagating strictly parallel or antiparallel to the ambient
magnetic field on the solar wind plasma dynamics. Under this assumption, the transverse modes decouple
from electrostatic oscillations. The general (nonrelativistic) dispersion relation for homogeneous and dilute
(noncollisional) space plasmas is given by (Gary, 1993; Schilckeiser, 2002)

F_ wkuﬂ

af, df,
((w %, le a"u)

a:p,c h

where @ and k are, respectively, angular frequency and wave number of the mode; @, = (4znge’/my)"/? is
the plasma frequency; Q, = e, B,/m,c represents the cyclotron frequency of species labeled a; m, is the mass
of species labeled a; e, = e for protons and e, = —e for electrons; e is the unit electric charge; c represents the
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speed of light in vacuum; n,, stands for total number density; B, is the intensity of ambient magnetic field;
upper and lower signs denote the right-hand versus left-hand circularly polarized electromagnetic modes,
respectively. Here, the sense of left- versus right-handed circularity is defined for positive @ and k. If k is
negative, then the handedness of the normal mode may flip, which we will discuss later.

Making an allowance for bi-Maxwellian distribution function defined for protons, and drifting
bi-Maxwellian distribution functions for core-halo electron components (1), we obtain the dispersion rela-
tion for left- or right-hand circularly polarized mode in terms of transcendental plasma dispersion function
Z({) (Fried & Conte, 1961)

2 T T T @y FQ
e e () (22
> Tip Tn Ty ) %
T Y { 14|22 (- k) (Tl“ 1)9] @
L/R — - e
azen Mo Me T T Ty

@ Q —kU
<1 7 ( /R F52, a ) } ,
ka"ﬂ ka“ﬂ

where, upper/lower sign corresponds to left/right-hand or L/R mode. We have ignored the displacement
current in (4), as we are not interested in fast waves (that is, we assume ck/@ > 1 here).

The total heat flux (2) under model electron core-halo distribution (1) in the proton rest frame is given by

2
_ R, meUa la 3 2
q‘EET[(az +5) ||a+U] ©)

a=ch lla

Quasi-linear analysis makes use of particle and wave kinetic equations to track the evolution of velocity
distributions and wave spectral intensities. Specifically, for the parallel waves and instabilities, the particle
kinetic equation in the diffusion approximation, taking into account the right-hand and left-hand circularly
polarized modes, is given by

ofs ie? 1 / ( )
= + kv, —
Ot amidv, =, 1 o) 55 avl tov,

v. B} p(k) A of,
o T, 20, ( o= kv ) === )

(6)

where a = p, ¢, h, ® = @ + iy, is the complex root of equation (4), and B%(k) and Bi(k) are the spectral wave
energy densities associated with the left- versus right-hand circular polarization.

In what follows, in order to reduce the theory into macroscopic quasi-linear approach, we take the various
velocity moments of particle kinetic equation (6). Time evolution of the velocity moments of interest are
defined by

dU. 3
d[a — E/.dv ‘IJ"fa,

dT,, o mavi
- vV — 7
dt dat d 2 Ja: )

dt a9t
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These moment equations under the application of assumed distribution functions combined with the
particle kinetic equation (6) lead to the governing equations of the form

—a___ & 32 (k) Im | PY/" + (PR
dt 2m2ciay, ER‘ 0 k2 L/R [ ) ]
iyt
dTy, e’ ® dk 2T, L/R 2y + 4,
= ey ) 2-1)y/" +Im ——— GL/R| |
dt mef.'z g 0 k2 L/R T||Cl a"g a
dT o @y p + Q, + kU,
Jla 26 a L/R L/R T 3% a /R
— k I - G t]
it~ me g /0 = B [T e T a ®)
dr w 2T, 2iy/* —Q
e [ ()]
de myc® {3 Jo Tip ke
dT, 2 © wpp—Q
T g e[ 2]
£ me {3 Jo Typ %
with a = ¢, h for core/halo electrons and other functions are defined by
[T T 1 (o, +Q,-kU,
il TN Pty A ( M—I)Q-e Z(!—)
/R~ ,
A ™ Ty . kayq
. [T T 1* @y +Q, + kU, \1"
(PR = |22 (wgyp + kUL + (=2 1) @ [2( L——)] .
Ta Ty kayq
N : &)
[T T ] wpp £ Q, +kU,
GHR = | 22 (p/p + KU, }+( l“—1)9 z(—
/R * ,
. T ¢ Tja ‘) kayq
En T, @ FQ
- s ()= (22),
/R
P Ty Typ g kea
The wave-energy density equation associated with growth rate is given by
B2 (k)
L/R L;R 2
= = =2y, BL!R(k). (10)
We choose to work in positive k space, so we need to rewrite the k integral over half space, 0 < k < . In
doing so, we invoke the symmetry properties,
wp(-k) = o' + iyt = —of + iy} = —wt k),
ap(=k) = of + iy = —of + iy = -0} (k), an
Bl(-k)=By(k),  By(—k) =B}k,
Z(¢") = —[Z(=O)1".
Under this treatise, R mode with positive real frequency defined over positive k space corresponds to the
forward propagating whistler wave, while L mode with negative real frequency defined over positive k space
corresponds to the backward propagating whistler wave. This is because the negative frequency L mode
(with positive k), after implementing the symmetry relationship, becomes the positive-frequency R mode
with negative k space, thus, having negative group and phase speeds. In short, the major contribution from
the present study is to solve for both positive and negative real frequency solutions and adding both contri-
butions to the evolution equations for bulk plasma parameters. Here we should note that if parallel pressure
is sufficiently high, then the electron fire hose instability may be excited, which is a left-hand mode for pos-
itive k. We are not interested in the parameter regime where L mode in the positive k regime such as the
electron fire hose instability is excited. As a consequence, we omit L mode for k > 0 at the outset.
SARFRAZ AND YOON 50f 14
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3. Numerical Analysis

For numerical analysis we adopt the following dimensionless (normalized) variables and quantities:

m n n
T=Qrt, 7= =, q:i‘ ==L s=-h L£_1_5
Q, @y m, n, n
" - 1 ﬂ " = Suh _ SIHOTLP ﬁ _ anﬂTﬂp
M2y, T 11— TR B e = B
_ 8an,T,, _ 8anyTy, _ 8anyTy, _ 8any Ty,
= Ppe=— Pn=—7F— bPbp=—7—:
B B B B
T T T
Ap:i_l, A= 21, Ahzﬂ—l,
Typ Tye Ty
L/R _ (AP + I)ZLKR “_LA.D L/R _ LR+ 1
r 1/2 ’ P 1/2 °
Py Py
,IL,’R MUZ [(A + 1)(ZL,/R + M fzquc) +MA ]
’ ap,* (12)
L + M+ M qu,
q(Mp )2 ’
M2 [+ Daryn = M qu) £ MAY
L/R _ L/R h h
My q'ﬁljiz
I
cU/R _ BuR + M- M'/?qu,
" q(MByn)/?
_L/R MUZ [(Ah + 1)(21.'”] +M1"2quh) + MAh]
M = qﬁlfz ’
lih
2
sL/R szR iM+M1f2quh BL{R(k) dk
W = 7 Wir@dg= ——.
q(MByp) / B;

Making use of these definitions governing equations in dimensionless form are given by
0=¢> - A, — (1- 5)MA, - MA, — n/*Z (.:;fﬂ)

— (- R (¢/R) — onff*z (%),
which represents the instantaneous dispersion relation for L/R mode,

(13)

duy,
u, =
€ 1-6
ﬂ = _E/‘m d_g WL;R(Q){2M (2A6+1}ZEL',R+2 Im(ZiszRiM)q'ffRZ((:ffR}},
dﬁuc

_ [ _WL,R(q){ (4, +1) 2R

+2 Im(zL,R+M+M”2qu} SRz (&)}
duh MIKZE/‘ —WL;R(‘I) Im{ﬂL;RZ(CLfR) [HLKRZ(':LKR)] },

dﬂ—“’ =- E / —‘j Wir(@) {2M (24, +1) 2" +2Im (2izf’R + M) "z (c:,f’R) } , (14

dﬂnfz / dg WL;R(‘I){ (A, +1) 2/

+21Im (7, + M - M?quy, ) n LfRZ (':Lfﬂ) } ‘
T =g [ o ()2 (1) 72 (7))
dﬁup

_42/ gWL,R(q){(Ap+1}zf’R+Im(sz—l)qgfﬂz((;;fﬂ)},
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Figure 1. Initial dispersion relation. Real frequencies (left) and growth rates (right) of forward propagating whistler
(red) and backward propagating whistler (blue) modes occupy positive and negative k ranges, respectively. The three
cases represent different halo temperature anisotropy values.

which determine the time evolution of bulk plasma parameters, and the wave kinetic equations for L and R
(or equivalently, backward and forward propagating whistler waves) are given by

oW,x(q)

— = 22,/ W, p(q). (15)
The normalized parallel heat flux is given by
Qiotal = 9 + G-
QCZ_% [(%Jrg) ﬂ"“+“§]’ (16)

ou B 3
qy = Th [(?:+ 5) ﬁ||ﬁ+“i] .

Note that we solve for the proton betas, f,, and fj,, but as noted already, these quantities do not vary much.
Consequently, in the presentation of numerical results we omit these quantities from the plot.

For illustration of the numerical analysis, let us first focus on the initial condition. In choosing the input
parameters we select ¢, fji, B)p, and uy, in accordance with typical values, which are frequently reported in
the literature—see, for example, observational spacecraft data as reported by Pilipp et al. (1987), Maksimovic
etal. (2005), Stverik et al. 2008), and Stverak et al. (2009). Figure 1 plots the numerical solution of (13) based
upon the input parameters,

Biyp
5=005, M=18%6, —=1, f,=1
B
5Hh ﬂJ_c
u, =19, u,= . =—==1 B=9, 17
1-5" By
% =2(Casel), 3.5 (Case2), 5 (Case 3).
Ik

In the present study we focus only on the variation of temperature anisotropy associated with the halo elec-
trons. Obviously, more systematic parametric survey can be done, but such a task is for future investigation.

Figure 1 displays the dispersion analysis in which normalized frequency, z, = @;/Q,, and growth rate,
Z; = ¥/, are plotted against the normalized wave number, g = ck/wy,, for the three cases listed above.
We have solved for both forward propagating R mode (red) and backward propagating R (or equivalently,
negative frequency L) mode (blue) over positive range of wave number k. However, once the solutions are
obtained, we have invoked the symmetry relationship (11) and plotted the negative frequency L mode over
negative k space. The left-hand panel of Figure 1 plots the real frequency of both branches of whistler, that
is, backward (blue) and forward (red) modes, over the entire range of k values. Following the same pattern,
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Figure 2. Evolution of bulk parameters and wave energy density for case 1. (top left) betas for core electrons,
(top right) betas for halo electrons, (bottom left) wave magnetic field energy density, and (bottom right) heat flux.

the right-hand panel plots the corresponding growth rates. The forward versus backward modes are defined
in the sense of these modes being characterized with either positive or negative k ranges. For case 3, the
backward propagating mode dips below negative frequency over a limited range of wave numbers, which
complicates the exact interpretation of the polarization and helicity. In our designation, however, forward
versus backward waves simply means whether these modes occupy k > 0 or k < 0 domains. three different
cases are indicated by solid (Case 1), dots (Case 2), and dash-dotted curves (Case 3). As a result of finite
relative drift combined with temperature anisotropy associated with halo electrons, thatis, T, /T, ranging
from 2.5 (Case 1) to 3.5 (Case 2) and to 5 (Case 3), the forward versus backward combined WHF and EMEC
modes have different dispersive properties, which includes asymmetric wave growth rates. Note that Case 3
with the highest halo temperature anisotropy has higher backward growth rate while Case 1 has somewhat
comparable growth rate maxima for both modes. From this, one might be tempted to make the conjecture
that for Case 3, the backward WHF mode might dominate in the saturation stage, while for case 1, the two
modes will have comparable saturation wave intensities, case 2 being the intermediate situation. However,
as we shall see next, quasi-linear evolution is quite distinct from such naive expectations based upon linear
theory.

Figure 2 thus shows the time evolution of plasma bulk parameters as well as the wave intensities calculated
with the quasi-linear method corresponding to Case 1. In the top two panels, we plot the time evolution of
perpendicular and parallel core electron betas, §,. and f . (top left), as well as perpendicular and parallel
halo electron betas, g, and Bin (top right), versus normalized time Q,t. It is seen that the initially isotropic
core electrons are heated in perpendicular direction while undergoing parallel cooling. As for the halo com-
ponent, B, initially decreases but subsequently it undergoes slight increase again before it settles down to
the saturate value. Similarly, §, undergoes first increase until it reaches the peak value, followed by gradual
decrease.

The bottom left panel of Figure 2 plots the forward (red) and backward (red) magnetic field wave energy
densities, 6B?/B;. We reiterate that the designation of forward and backward is in the sense as defined in
Figure 1, that is, whether they occupy positive or negative k space. According to linear theory for the present
Case 1, the forward and backward waves have comparable growth rates. Indeed, in the exponential growth
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Figure 3. Evolution of bulk parameters and wave energy density for Case 3 in the same format as in Figure 2, which
represents the situation where initially the backward mode grows much faster than the forward mode.

phase, it can be seen that the red and blue curves have indeed comparable rates of increase. However, rather
unexpectedly, the backward mode subsequently undergoes damping, while the forward whistler mode dom-
inates the intermediate state. However, over longer time scale, the forward mode is absorbed back by the
plasma, while the backward mode increases again such that in the saturation stage, it is the backward mode
that completely dominates the wave intensity. Nevertheless, the forward wave had already made the dom-
inant contribution to the change in bulk plasma parameters during the intermediate stage such that the
contributions from each mode has a complicated pattern at each stage of quasi-linear evolution. The black
curve plots the sum of two intensities, and it indicates the relative contributions of each mode during dif-
ferent stages of evolution. This interplay of forward versus backward modes is quite complex, which defies
any simple explanation based upon linear theory.

Note the peculiar feature associated with the backward waves. That is, the backward whistler mode waves
first undergo excitation and damping, but in the late stage of evolution, the amplitude for these waves
undergo increase again. The exact cause for the secondary increase of the backward waves in the nonlinear
stage is not entirely clear, but judging from the particle behavior, it might be related to the perpendicular
heating (and accompanying parallel cooling) associated with the core electrons, which promote the excita-
tion of EMEC instability. Of course, such an explanation is not completely satisfactory since the anisotropy
associated with the core electrons should also promote the increase of forward whistler waves as well. That
is, the core temperature anisotropy should lead to reexcitation of both forward and backward waves. Nev-
ertheless, the forward waves at this stage has undergone reabsorption by the particles. The cause cannot be
related to any processes involving nonlinear decay, since we do not have such physics within the present
quasi-linear scheme.

Finally, the bottom-right panel of Figure 2 shows the heat flux time evolution, where we plotted individual
contributions from core and halo electrons as well as the net heat flux. The present quasi-linear analysis of
the combined WHF and EMEC instability thus confirms that the collective instability plays an important
role in regulating the heat flux in the solar wind.

According to the linear theory, Case 3 corresponds to the situation where the backward mode has much
higher growth rate, while Case 2 is an intermediate case. Let us examine Case 3 first. Figure 3 plots the result,
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Figure 4. Evolution of bulk parameters and wave energy density for Case 2, which represents an intermediate
situation, in the same format as in Figure 2.

which is in the same format as in Figure 2. In this case, the evolution of bulk parameters is quite similar to
Case 1 in that initially isotropic core electrons undergo perpendicular heating and parallel cooling, while
initially anisotropic halo electrons are isotropized by reduction of perpendicular beta and simultaneous
increase of parallel beta. The heat flux evolution is also qualitatively similar. The noteworthy fact is that
the wave energy evolution follows the dictates of linear theory in that the backward mode grows at a faster
rate and maintains higher intensity throughout the entire time period. The forward mode, which grows at a
slower rate, does increase to a finite but lower level at later time, but subsequently, is absorbed back by the
particles. In this regard, for Case 3 at least, linear theoretical prediction is accurate in a qualitative sense.
That is, the backward mode with higher growth rate dominates the quasi-linear evolution.

We now examine the quasi-linear evolution of physical quantities for Case 2, which is intermediate to Cases
1 and 3. Figure 4 plots the numerical result, which is in the same format as in Figure 2. Again, for this case
too, the evolution of bulk parameters is quite similar to Cases 1 and 3 in that initially isotropic core electrons
undergo perpendicular heating and parallel cooling, and initially anisotropic halo electrons undergo the
opposite process of perpendicular cooling and parallel heating. Again, the time evolution of heat flux is also
quite similar to the other two cases. As far as the time evolution of wave energy goes, this situation is indeed
intermediate in that during the entire time evolution period, both forward and backward whistler modes
contribute significantly, but at different stages in time. During the early period, the backward whistler mode
wave, with its higher initial growth rate, increases in magnitude first and dominate the early dynamics.
However, the forward mode, despite growing at a slower pace, dominates the middle stage of time evolution.
It is noteworthy that, as in the previous two cases, the forward mode subsequently undergoes reabsorption
by the particles and saturates at an extremely low intensity in the asymptotic stage. In the late time period,
the backward mode, which had suffered an appreciable reduction in amplitude during the middle stage in
time, grows again in amplitude. This behavior is similar to that of Case 1, except that in Case 1, the backward
mode amplitude had been reduced to very low intensity before intensifying again. For the present Case 2,
while the backward mode did undergo reduction during the middle stage, its amplitude had remained finite.
In the late stage of evolution, it is seen that the backward mode completely dominates the saturation stage.
Again, thisis similar to Case 1. For Case 3, on the other hand, the backward mode never really underwent any
appreciable reduction in amplitude throughout the entire quasi-linear evolution. Such a complex interplay
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between the forward and backward waves for the three case investigated could not have been foreseen simply
based on linear calculation. This shows that the solar wind heat flux or anisotropy instability requires at a
minimum, quasi-linear analysis.

4. Summary and Discussion

Isotropic states of solar wind plasma species had been reported in a series of space observations that show
significant deviations from the predictions of classical Chew-Goldberger-Low relations (Chew et al., 1956).
Heat flux, collision between solar wind species, and instabilities driven by the temperature anisotropy are
the three key factors which define the state of solar wind temperatures. For a magnetized and noncollisional
interplanetary plasma, different species (protons, electrons, and alpha particles) can easily develop the heat
flux and temperature anisotropies as a result of expansion, which may drive the system to an unstable state.
Under the aforementioned condition, the microinstabilities appear to contribute appreciably, and lead the
solar wind toward marginal instability threshold condition. The present study explores the dynamical evolu-
tions of combined WHF and EMEC instabilities, which are driven by different free sources. WHF instability
is driven by the relative drift between the core and halo electrons (in the proton rest frame), and the exci-
tation of WHF instability leads to the inhibition of the heat flux in the solar wind as well as to alter the
degree of temperature anisotropies. The temperature anisotropy-driven EMEC instability primarily affect
the reduction of temperature anisotropy or perpendicular heating.

The main focus of the present paper had been in the role of forward versus backward propagating unstable
whistler mode waves in the dynamics of solar wind plasma. The forward propagating WHF instability is
asymmetrically excited, while the temperature anisotropy-driven EMEC instability is symmetrically excited
in the absence of relative drift. The combined WHF and EMEC generally leads to bidirectional excitation
of whistler mode waves, but simple linear theory cannot always predict the nonlinear development of the
instability. We have considered three sample cases where in the first case, initial growth rates associated
with forward versus backward waves are somewhat comparable. However, quasi-linear calculation shows
that only during the very early stage of instability development do the two modes grow at comparable rates.
Subsequent to the exponential growth phase, the backward mode suddenly underwent reduction while the
forward mode almost completely dominated the dynamics. This is shown in Figure 2. From this, it was quite
evident that the forward mode is the more important mode of the two, and it provides some justification
of ignoring the backward mode excitation in the quasi-linear calculation as carried out by Shaaban et al.
(2019a) and Shaaban et al. (2019b).

When we consider the situation where the backward mode has a much higher growth rate, as in Case 3, both
linear theory and quasi-linear calculation shows that the backward propagating whistler mode dominates
the entire dynamics. This is shown in Figure 3. For this case, had one considered only the forward prop-
agating whistler mode, then one would have obtained a completely incorrect result. For an intermediate
situation (Case 2), which is depicted in Figure 4, both forward and backward mode had different but equally
important dynamical contributions during distinct stages of time evolution. Again, for parameter regime as
in Case 2, it would be quite incorrect to ignore the excitation of backward propagating whistler mode wave.

The present findings, while interesting, must be confirmed with more rigorous simulations, which is beyond
the scope of the present work. However, we hasten to point out that a recent implicit PIC code simulation
by Lopez, Shaaban, et al. (2019) demonstrated that the quasi-linear moment calculation is in qualitative
agreement with the simulation. In a recent work Lee et al. (2019) carried out the explicit PIC simulation of
heat flux instability in one dimension assuming parallel/antiparallel propagation of the heat flux instabil-
ity. However, the initial condition for their simulation is relevant for fire hose (that is, left-hand circularly
polarized) heat flux instability, rather than the whistler heat flux instability, which is a right-hand mode. The
linear theory of firehose heat flux instability was recently discussed by Saeed, Sarfraz, et al. (2017), Saeed,
Yoon, et al. (2017) and Shaaban, Lazar, Yoon, et al. (2018).

Besides the assumption of self-similar drifting bi-Maxwellian model, we have also made the assumption that
the most important wave modes are those that propagate in parallel (forward) or antiparallel (backward)
directions. Of course, such an assumption must be verified, say by a more general two- or three-dimensional
quasi-linear analysis, or higher-dimensional simulations. A recent work by Lépez et al. (2019) is of rele-
vance in this regard. While their two-dimensional PIC code simulation pertains to the oblique electron fire
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hose instability driven by a single component electrons with excessive parallel temperature anisotropy, the
oblique heat flux instability may also be simulated by means of the same method.

Further, we have restricted ourselves for slow solar wind conditions at heliocentric distances near Earth
orbit. Under these limits, we modeled both core and halo electron components with bi-Maxwellian form
of distributions. One could invoke a more general study at different radial distances at which the observed
halo electron component is best modeled by Kappa distribution (Maksimovic et al., 2005), (Stverik et al.,
2008) as employed in many earlier theoretical works such as those by Lazar et al. (2014), Lazar et al. (2015),
and Shaaban et al. (2016). The threshold conditions may significantly be changed with the inclusion of
obliqueness in the propagation as for the case of electron fire hose instability (Li & Habbal, 2000; Gary &
Nishimura, 2003).

To summarize, despite some caveats and limitations as already mentioned above, we report for the first
time, the study of linear and quasi-linear analyses for backward and forward propagating WHF and EMEC
instabilities. In principle, the extension of this work to two (or three) dimensions of propagation can be done
in the future. Introducing the effects of inhomogeneities in the system, that is, the radial expansion effects,
to the present approach of macroscopic quasi-linear analysis can also be attempted in the future. Such a
task will lead to a significant improvement in the existing global-kinetic solar wind models (Chandran et al.,
2011; Denton et al., 1994; Hellinger & Travnicek, 2008; Yoon & Seough, 2014; Yoon & Sarfraz, 2017).
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