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ABSTRACT

Context. Solar outflows are a considerable source of free energy that accumulates in multiple forms such as beaming (or drifting) compo-
nents, or temperature anisotropies, or both. However, kinetic anisotropies of plasma particles do not grow indefinitely and particle-particle
collisions are not efficient enough to explain the observed limits of these anisotropies. Instead, self-generated wave instabilities can ef-
ficiently act to constrain kinetic anisotropies, but the existing approaches are simplified and do not provide satisfactory explanations.
Thus, small deviations from isotropy shown by the electron temperature (7') in fast solar winds are not explained yet.

Aims. This paper provides an advanced quasilinear description of the whistler instability driven by the anisotropic electrons in condi-
tions typical for the fast solar winds. The enhanced whistler-like fluctuations may constrain the upper limits of temperature anisotropy
A=T,/T,> 1, where L, || are defined with respect to the magnetic field direction.

Methods. We studied self-generated whistler instabilities, cumulatively driven by the temperature anisotropy and the relative
(counter)drift of electron populations, for example, core and halo electrons. Recent studies have shown that quasi-stable states are
not bounded by linear instability thresholds but an extended quasilinear approach is necessary to describe these quasi-stable states in
this case.

Results. Marginal conditions of stability are obtained from a quasilinear theory of cumulative whistler instability and approach the
quasi-stable states of electron populations reported by the observations. The instability saturation is determined by the relaxation of
both the temperature anisotropy and relative drift of electron populations.
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1. Introduction

Solar wind expansion is governed by mechanisms that trigger the
escape of coronal plasma particles and those that self-regulate
more violent outflows such as coronal mass ejections or fast winds.
One of the still intriguing questions contrasting the main features
of fast and slow winds is electron temperature anisotropy. Devi-
ations from isotropy shown by the electron temperature in the
fast wind (Vsw >500kms™") are much lower than those mea-
sured in the slow winds (Stverak et al. 2008), suggesting the exis-
tence of an additional constraining factor. In the slow winds
(Vsw <500 km s™") the relative drift between thermal (core) and
suprathermal (halo) electrons is negligibly small and it was rela-
tively straightforward to show that large deviations from isotropy
are mainly constrained by self-generated temperature-anisotropy
instabilities (gtverék et al. 2008; Lazar et al. 2017a; Shaaban et al.
2019a). In this case whistler modes are destabilized by a temper-
ature anisotropy A = T, /T > 1, where L and || denote directions
with respect to the local magnetic field. The situation is however
different in fast winds, where the core-halo drift increases mainly
owing to an enhancement of electron strahl or heat-flux popu-
lation. These (counter-)drifting components can be at the origin
of so-called heat-flux instabilities (Gary 1985; Saeed et al. 2017,
Shaaban et al. 2018a,b; Tong et al. 2019), which usually are con-
sidered responsible for strahl isotropization and loss of intensity
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with solar wind expansion and increasing distance from the Sun
(Maksimovic et al. 2005; Vocks et al. 2005; Pagel et al. 2007). If
the self-generated instabilities play a role in the limitation of tem-
perature anisotropy in this case, electron strahl and heat-flux insta-
bilities must contribute as well.

Heat-flux instabilities can manifest either as a whistler unsta-
ble mode, when the relative drift is small, or as a firehose instabil-
ity driven by more energetic beams with a relative drift exceeding
thermal velocity of beaming electrons (Gary 1985; Shaaban et al.
2018a,b). Solar wind conditions are in general propitious to
whistler heat-flux instability (WHFI; Vinas et al. 2010; Bale et al.
2013; Shaaban et al. 2018a; Tong et al. 2019), and recent studies
have unveiled various regimes triggered by the interplay with tem-
perature anisotropy of electrons (Shaaban et al. 2018b). Thus, the
unstable whistlers are inhibited by increasing the relative drift (or
beaming) velocity, but are stimulated by a temperature anisotropy
A = T,/T) > 1(Shaabanetal. 2018b). In this paper we inves-
tigate the whistler anisotropy-driven instability for contrasting
conditions in slow and fast solar winds. As already mentioned,
in slow winds the relative drifts between electron populations are
small and predictions made for non-drifting components are found
satisfactory (§tverék et al.2008; Lazar et al. 2017a; Shaaban et al.
2019a). On the other hand, in fast winds two sources of free
energy may coexist and interplay, and in this case the instability is
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Table 1. Parameters for the halo and core electron populations.

Bin(0) =04, Wk)=5x10"C vy, =2x 10 ¢
Halo electrons (/) Core electrons (¢)

ng/ng 6 =0.05 0.95

T, 4(0)/T} (0) 10.0 1.0

my/mg 1836 1836

T, ,(0)/T) «(0) 4.0 1.0, 4.0

u,(0) up, = 0.25,0.5 uc(0) = =6 up(0)/(1 = 6)

cumulatively driven by temperature anisotropy under the influence
of the relative core-halo drift. In turn, the enhanced fluctuations are
expected to act and constrain the temperature anisotropy and even-
tually explain boundaries reported by observations in fast winds.

However, if the instability results from the interplay of two
sources of free energy threshold, conditions provided by a linear
approach may have a reduced relevance. Such a critical feature is
suggested by recent quasilinear (QL) studies of the WHFI driven
by the relative drift of the core and halo electrons (Shaaban et al.
2019b). These studies show instability saturation emerging from
a concurrent effect of the induced anisotropies, i.e., Ac > 1
for the core and A, < 1 for the beam (or halo), through heat-
ing and cooling processes, and an additional minor relaxation
of drift velocities. It then becomes clear that linear theory can-
not describe such an energy transfer between electron popula-
tions and cannot characterize the quasi-stable states reached after
relaxation (Shaaban et al. 2018a, 2019b). We present the results
of an extended QL analysis of the cumulative whistler instability
(WD), providing valuable insights about the instability saturation
via a complex relaxation of the relative drift between core and
halo electrons and their temperature anisotropy.

The present manuscript is structured as follows: The electron
velocity distribution function (eVDF) is introduced in Sect. 2
inspired by observations in slow and fast solar winds, which
show two counter-drifting anisotropic core and halo electron
populations. In Sect. 3 we present in brief the QL approach
used to describe a cumulative whistler anisotropy-driven insta-
bility in the solar wind conditions. Relevant numerical solutions
are discussed in Sect. 4, showing the influence of initial condi-
tions (e.g., temperature anisotropy and (counter-)drifting veloc-
ities), on the subsequent evolutions of both the core and halo
parameters (e.g., plasma betas, drift velocities, and the associ-
ated electromagnetic fluctuations). Finally, the new results from
our QL analysis are compared with the observational upper lim-
its of electron temperature anisotropies, for both the core and
halo populations and both slow and fast wind conditions. The
results of this work are summarized in Sect. 5.

2. Solar wind electrons

In the solar wind the eVDFs are well reproduced by a
core-halo model (Maksimovic et al. 2005; Stverdk et al. 2008;
Pierrard et al. 2016; Lazar et al. 2017b; Tong et al. 2019)

fepve) =6 fa (v ve) + (A =6) fo (v ve), (1)

where 6 = ny/ng, 1 — 8 = n./ng are the halo and core relative den-
sities, respectively, and ny = n, is the total number density of elec-
trons. A relative core-halo drift becomes more apparent during the
fastwinds (Vsw > 500km s™!), such that, with respect to their cen-
ter of mass the core can be described by a drifting bi-Maxwellian,
while the halo by another counter-drifting bi-Maxwellian or
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bi-kappa distribution (Maksimovicetal. 2005; Stverik et al.
2008). In order to keep the analysis transparent (away from
suprathermal effects) we assume both the core (subscript a = c¢)
and halo (a = h) populations well described by drifting bi-
Maxwellians (Saeed et al. 2017; Tong et al. 2018; Shaaban et al.
2018b), i.e.,

Ja (v, vi) =

T2 2
II'a

i (- Ua)z], )

713/2 aia (Z”a exp( aia @
with a drifting velocity U, (along the background magnetic field)
in the frame of the mass center, for example, fixed to protons
(a = p), which are assumed non-drifiting Maxwellian (U, = 0);
the expression )4 4(#) is related to the components of (kinetic)
temperature (which may vary in time, 1), i.e.,

2kgT, 4 2 kgT
QL g= A B2Le and 4= ,B—”“. 3)
Mme me

The net current is preserved zero by restricting to ne U, +
ny Uy = 0 in a quasi-neutral electron-proton plasma with n. ~
np. In the slow wind conditions (Vsw < 500 km s71) the relative
drifts are small and can be neglected, i.e., U, = 0.

In the present analysis plasma parameterization is based on
observational data provided in recent decades by various mis-
sions, for example, Ulysses, Helios I, Cluster II, and Wind
(Maksimovic et al. 2005; Stverdk et al. 2008; Pulupa et al. 2014;
Pierrard et al. 2016; Tong et al. 2018). In slow wind conditions
(Vsw < 500kms™), U, =~ 0 and the observed quasi-stable
states and their temperature anisotropy A = T, /T) > 1 are well

constrained by the self-generated non-drifting WI (Stverak et al.
2008; Lazar et al. 2018a). On the other hand, for the fast wind con-
ditions (Vsw > 500 kms~!) the limits of temperature anisotropy
A =T,/T; > 1, for both the core and halo populations, are con-
strained to lower limits, much below the existing predictions for
non-drifting models (Stverdk et al. 2008).

In situ measurements also reveal a cooler electron core (T, <
Tw), but this core is more dense than halo population and has an
average number density n. = 0.95 ng (Maksimovic et al. 2005;
Stverdk et al. 2008; Pierrard et al. 2016). Both populations may
show comparable temperature anisotropies, i.e., A. ~ Ay, which
trigger different instabilities such as the WI ignited by ', > T
or firehose instabilities driven by 7)) > T, (Pierrard et al. 2016;
Lazar et al. 2018a). Recent reports using Wind data have sug-
gested that the core drift velocity is comparable to, or larger than
the Alfvén speed |UY|/va4 < 6 (implying |u?| = u~'2|UY|/va <
0.13 at electron scales, where u = my/me, is the proton—electron
mass ratio) (Pulupa et al. 2014; Tong et al. 2018). As mentioned
in the Introduction, the core—halo relative drift velocity can be
source of beaming instabilities, such as WHFI and firehose-
like instabilities (Gary 1985; Saeed et al. 2017; Shaaban et al.
2018a,b; Tong et al. 2019). Values adopted in this work for
the relative drift velocities are sufficiently small, for example,
u. = 0.013 < u?, to guarantee a whistler unstable regime (with
a major stimulating effect of the heat flux; see Shaaban et al.
2018b) and allow us to compare our results with the observations
showing the limits of temperature anisotropy A = T, /T > 1
reported in Stverdk et al. (2008). To be consistent with our model
in Eq. (2) we selected only the events associated with thermal-
ized halo components, i.e., described by a «-distribution with
large enough x > 6. Plasma parameters (dimensionless) adopted
as initial conditions in our present analysis are tabulated in
Table 1, unless otherwise specified.
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3. Quasilinear theory

In a collisionless and homogeneous electron-proton plasma the
linear (instantaneous) dispersion relation describing whistler
modes (Shaaban et al. 2018b) is written as

Polos [AC (AC+1)(53—12%)—/\026(5)—}—kuc)]
(1= k\B. kP
(Ap+ 1) (@ =k uy) — Ay (a)—l—hh)]
J | A 7 _
ToT kB "\TiVR
w u&)+1]
t Z ; “4)
k \//Jﬂpzp(k\//iﬂp

where k = kc/wp is the normalized wave number k, ¢ is the
speed of light, w,. = +/4nnge?/m. is the plasma frequency of
electrons, ® = w/|Q| is the normalized wave frequency, €. is
the nonrelativistic gyro-frequency of electrons, A, = A, — 1,
Biia = 8mnoksT|1a/ B(z) are the plasma beta parameters for pro-
tons (subscript “a = p”), electron core (subscript “a = ¢”), and
electron halo (subscript “a = h”) populations, u, = /[1/ 2 U, va

are normalized drifting velocities, vo = /B3/4nn,m,, is the

Alfvén speed, and

Z(ff,)—ff

is the plasma dispersion function (Fried & Conte 1961).

Beyond the linear theory, we solve QL equations for both
particles and electromagnetic waves. For transverse modes prop-
agating parallel to the magnetic field, the particle kinetic equa-
tion for electrons in the diffusion approximation is given by
(Seough & Yoon 2012; Shaaban et al. 2019b)

oo exp 2)

Ry dr, 3(&)>0,

&)

af,  ie? dk 5 P
ot 4m2c? f [(w B kVH) Hvl +k8_v||}
2 5Bk, w)
ey [(w kUu) 8v|]f“’ (6)

where §B2(k) is the energy density of the fluctuations described
by the wave kinetic equation

8 6BX(k)

= 2y, 6B%(k),
£y YrOB“ (k)

@)

and 1y is the instability growth rate calculated from Eq. (4).
Dynamical kinetic equations for the velocity moments of the dis-
tribution function, such as temperature components 7',  , of core
(a = ¢)and halo (a = h) and their drift velocities U,,, are given by

dTJ_a _ a 2
T = at fdv mgv, fa/2 (Sa)
dT” a 0

=% f av m,(vy — U,)* f, (8b)
du, o

dr (9[ de V” fa (SC)

Detailed derivations of Eq. (8) can be found in
Seough & Yoon (2012), Yoonetal. (2012), Sarfrazetal.
(2016), Lazar et al. (2018b), Shaaban et al. (2019a,b).

4. Cumulative whistler instability

In this section we examine the WI cumulatively driven by
anisotropic temperature (A, > 1) and (counter-)drifting motion
of the core and halo electrons. For electrons with anisotropic
temperature A. > 1 and no drifting components, both the-
ory and simulations predict the excitation of parallel whistlers
that rapidly consumes most of the free energy before the elec-
tron mirror instability can grow with a considerable growth
rate (Gary & Karimabadi 2006; Ahmadi et al. 2016). In turn,
the electron anisotropy is bounded by WI that scatters elec-
trons and imposes a (-dependent upper bound on the insta-
bility thresholds (Gary & Karimabadi 2006), which shapes the
anisotropy limits reported by the observations in the slow
wind (gtverék etal. 2008; Adrian et al. 2016). Motivated by
these premises, and by the assumption of small drifts, which
inhibit mirror modes but may stimulate whistlers (Shaaban et al.
2018Db), in the present study we analyzed only the whistler modes
propagating parallel to the magnetic field. We note that a WHFI
can be excited only for a modest drift velocity that is lower
than thermal speed, i.e., uy < vis (Gary 1985; Shaaban et al.
2018a). Both WI and WHFI have the same dispersive char-
acteristics because they are triggered by resonant halo elec-
trons and exhibit maximum growth rates for parallel propagation
(Gary & Karimabadi 2006; Shaaban et al. 2018b). Linear prop-
erties of these two distinct regimes have recently been contrasted
and discussed in detail in Shaaban et al. (2018b), showing that
all dispersive features are markedly altered by the interplay of
electron anisotropies, namely their temperature anisotropy and
drifting velocities. In this section we present the results from an
extended QL analysis that is able to characterize the long-run
time evolution of the enhanced fluctuations, including their sat-
uration and back reaction on both the core and halo populations.

4.1. Quasilinear results

We resolve the set of QL Egs. (7) and (8) for the initial param-
eters (r = 0) in Table 1. To do so, we use a discrete grid in the
positive normalized wave-number l?—space, ie,0.1 <k < 1.6,
where N;, = 400 points separated by dk = 0.04. The initial wave
spectrum is assumed to be constant over the initially unstable k-
space (Yoon 1992) and we adopted an arbitrary value of 5x1076.
The linear (instantaneous) dispersion relation (4) for WI can be
solved using the plasma parameters and magnetic wave energy
at time step T = #|Q.|. The results at this moment are the unstable
solutions of the WI, i.e., growth rate and wave frequency as
functions of k. By using these solutions we then compute the
integrals defined in the QL equations and evaluate the time
derivative of each plasma parameters for both the core and halo
populations. Then we allow the whole system to evolve to the
next step 7 + dt using the second order leapfrog-like method.
Numerical integration is performed between 0 < 7 < 1500 with
time step of dr = 0.1. It is well known that such plasma systems
conserve momentum and energy; this corresponds to the sum of
the plasma particles energies, i.e., temperatures and drifts veloc-
ities, and plasma waves energy. Excess of plasma particle free
energies drives instabilities, thereby enhancing the electromag-
netic fluctuations, i.e., the wave energy. In turn, the enhanced
fluctuations scatter particles to the quasi-stable state, reducing
the anisotropy of particle distributions through wave-particle
interaction (Moya et al. 2011; Yoon et al. 2012; Shaaban et al.
2019b; Lopez et al. 2019). Figure 1 shows temporal profiles
for the plasma beta parameters (8, = 8mnoksT /Bé), par-
allel (red) and perpendicular (blue) components for the halo
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Ap(0)=4.0, B1(0)=0.4, u;(0)=0.0

An(0)=4.0, B1(0)=0.4, u;(0)=0.25

An(0)=4.0, B1(0)=0.4, u;(0)=0.5
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Fig. 1. Time evolutions for three distinct initial conditions u,(0) = 0.0 (left column), uy(0) = 0.25 (middle column), and u,(0) = 0.5 (right column),

for 8, , (solid blue) and , and ) , (solid red) for core (a = ¢) and halo electrons (a = h), and their drift velocities u,, and the wave energy density

(solid black).

(subscript /) and core (subscript ¢) populations, and their drift
velocities uy., and the corresponding increase of the wave
magnetic power 5B%/ B(Z) (bottom). We consider the core initially
isotropic (A.(0) = 1), and halo with A,(0) = 4.0 and initial drifts
defining three cases: uy(0) = 0.0 (left), 0.25 (middle), and 0.5
(right). The effects of whistler fluctuations on the core and halo
populations can be explained by the resonant heating and cooling
mechanisms, combined with an adiabatic scattering and diffu-
sion of particles in velocity space. Initially anisotropic, the halo
electrons are subject to perpendicular cooling (blue) and parallel
heating (red), while the isotropic core electrons experience
perpendicular heating (blue) and parallel cooling (red). After
relaxation, both components end up with small (and similar)
temperature anisotropies. Moreover, drift velocities reduce in
time to lower but finite values. It is worth outlining the advan-
tage of using a QL analysis that can unveil the energy transfer
between electron populations during the instability excitation;
for example, the initially isotropic core gains free energy,
i.e., temperature anisotropy in perpendicular direction
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Bic>Bjc. If the halo drift velocity is initially higher,
ie., up(0) = 0.5 (right panels), all temporal variations change,
namely, the halo becomes less anisotropic, the initially isotropic
core (A.(0) = 1.0) becomes more anisotropic (A, > 1.0), and
the level of saturated fluctuations increases. By comparison to
the first case without drifts (4, = 0.0), all these processes (and
mechanisms involved) are delayed in time by a factor of ~1.5
for u, = 0.25 and ~3 for u, = 0.5. This delay is consistent
with predictions from linear theory that show an inhibition of
whistlers, where maximum (peaking) growth rates decrease
for finite drifts by a factor of ~1.5 for u;, = 0.25 and ~3 for
u, = 0.5; see, for instance, Fig. 3 in Shaaban et al. (2018b).
Figure 2 presents temporal profiles for the same plasma
parameters, but for different initial conditions assuming that
both halo and core electrons possess similar initial anisotropies
Ap(0) =~ A.(0) = 4.0. The rest of the initial plasma parame-
ters are the same as in Fig. 1. In this second case, both the
core and halo electrons reduce their temperature anisotropies and
drift velocities, leading to higher wave powers at the saturation.
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Fig. 2. Same as in Fig. 1 but for an initially anisotropic core A.(0) =~ A(0).

An initially anisotropic core (A.(0) = 4.0) determines a faster
relaxation. These results are in perfect agreement with recent
studies that strongly suggest that electron kinetic instabilities are
markedly stimulated by the interplay of the core and halo tem-
perature anisotropies (Lazar et al. 2018a; Shaaban et al. 2019a).
A higher initial drift u,(0) = 0.5 has visible consequences on
the temperature anisotropy of halo electrons, which decreases to
lower values, but only slightly affects the time evolution of the
core anisotropy. Predictions from linear theory show a similar
influence of the drift velocity on the WI driven by the tem-
perature anisotropy. Increasing the halo drift velocity uy, stim-
ulates the instability driven by the core anisotropy (A, > 1), but
inhibits the fluctuations triggered by the halo anisotropy (A, > 1)
(Shaaban et al. 2018b). For cases with u,, # 0, the relaxation of
the drift velocity contributes to isotropization of the halo elec-
trons and to an increase of the core anisotropy that feeds the
instability and enhances the wave energy. This complex sce-
nario may be explained by a transfer of energy and momentum
between core and halo electrons and the enhanced fluctuations.

4.2. Constraints on the observed temperature anisotropies

In order to emphasize the importance of the present study, in this
section we perform a comparative analysis of the new anisotropy
thresholds predicted by our QL approach for the cumulative W1
and temperature anisotropy of quasi-stable states, as reported
by the observations of solar wind electrons. The observational
data set is selected from roughly 120000 events detected in the
ecliptic by three spacecrafts, Helios I, Cluster II, and Ulysses at
different heliocentric distances from the Sun, i.e., 0.3-3.95 AU.
Figures 3 and 4 show the observational data for the electron pop-
ulations from slow (with Vsw < 500kms™!) and fast winds
(with Vsw > 500kms~!), respectively. Distinction is also made
between halo (left panels) and core (right panels) electron popula-
tions. As already mentioned, these observational data are selected
from the events associated with thermalized halo components
(described by a k-distribution with large enough « > 6), for which
the effects of the suprathermal populations on the QL saturation
of WI and the relaxation of the anisotropic distribution are only
minor (Lazar et al. 2018b). Occurrence rates showing the number

A76, page 5 of 8


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201935515&pdf_id=2

A&A 627, A76 (2019)

Ac(0)= Ac(0)=4, u(0)=0.0

® ® Slowwind:Halo | 8% B}
— /=102 Qe | 0.20
— =107 Qe |
27 4
= 0.15
H
=
m
T g 0.10
<
s 0.05
03 T-- L Counts
- - 10 20 30 40 50 60 0
0.001 0.010 0.100 1 10
Bin

A(0)=Ap(0)=4, u,(0)=0.0

Slow wind: Core | 6B?%/ B}
- }/m=10—2| Qe |
— =101 Qe |
o 2 03
=
]
M
& 0.2
L
<
0.1
Counts
0.5} 10 20 30 40 0
0.05 0.10 050 1 5 10 50
Bic

Fig. 3. Linear WI thresholds and QL dynamical paths of temperature anisotropy Ay derived for u, = 0.0, are compared with the quasi-stable
states of electron halo (left) and core (right) populations from slow winds (Vsw < 500kms™").

of events in bins of temperature anisotropies T, ,/T} , versus par-
allel plasma beta ﬁ” a = Ng By a/ne (subscript “a = h” for halo and
“a = ¢” for core) are color coded using a blue-green-yellow color
scheme. Unlike the results obtained by Adrian et al. (2016), using
abulk model of the solar wind electrons, our calculations are based
on a realistic dual model, which captures not only the effects of
temperature anisotropy but also the influence of the core—halo rel-
ative drift characteristic to fast winds.

The observational data are contrasted with the anisotropy
thresholds of W1 as resulted from the interplay of the halo and core
electron populations for non-drifting velocities u;, = OinFig.3and
finite drifts u, # 0 in Fig. 4. These thresholds are derived for dif-
ferent maximum growth rates y,, /|Q| = 1072, 1072, 10, and are
described with a general fitting law (Lazar et al. 2014)

C))

h, ¢

Fitting parameters a, b, ¢, and d are tabulated in Tables 2—4.

Figure 3 enables a comparison of observational data, halo
(left), and core (right) electron populations from slow winds
(Vsw < 500kms~! and u, = 0) with the WI thresholds and
the QL dynamical paths obtained for different initial plasma
betas, i.e., Bjn(0) = 0.0125, 0.02, 0.05, 0.15, 0.5, 1, and
B <(0) = 0.095, 0.19, 0.38, 0.95, 1.9, 3.8, in a (A,,f) ) dia-
gram. The initial positions, i.e., A,(0) — ,3” 4(0), are indicated
by blue-filled circles, while after saturation the final positions,
ie., Ay(tn) — BH «(Tm), are indicated by red-filled circles. The
levels of the wave energy density 6B/ B(z) are coded with a “rain-
bow” color scheme. We observe that the initial anisotropies are
reduced in time toward quasi-stable regimes and end up exactly
at the W1 threshold with a maximum growth rate y,, = 1073Q,|
(red line) predicted by the linear theory. To be consistent with our
dual model in Eq. (2) the electron data is more selective and more
restrictive than the data set used in Stverdk et al. (2008), but the
new WI thresholds derived from a dual model show a clear trend
to approach and shape the anisotropy limits for both the halo
(left panel) and core (right panel) components. Moreover, final
quasi-stable states resulting from dynamical paths of the halo
(left) and core (right) anisotropies can explain the observed more
quasi-stable states of lower anisotropies.

Figure 4 describes the effects of finite drift velocities un(0) =
0.25 (top) and uy(0) = 0.5 (bottom) on WI thresholds and the
dynamical paths of temperature anisotropies and contrasts these
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effects with temperature anisotropies reported by the observations
for the halo (left) and core (right) electrons. We use the same
(A, [?”) diagrams assuming for the initial anisotropies Ap(0) =
A.(0) = 4. Dynamical paths are derived for different initial plasma
betas,forexample,B” 1(0) = 0.005, 0.015, 0.025, 0.05, 0.15. For
the halo electrons the WI thresholds show the same clear trend to
approach and shape the observed limits of temperature anisotropy.
However, linear thresholds increase with increasing the halo drift
velocity, i.e., from u, = 0.25 to 0.5, confirming the inhibiting
effect of the halo drift velocity on the WI growth rates reported
in Shaaban et al. (2018b) (which seems to reduce their relevance
with respect to the observations forlow B, < 0.1). As already dis-
cussed above, more relevant in this case are dynamical paths from
QL theory, which allow us to recover the quasi-stable states of
lower anisotropies reported by the observations. These differences
(including those determined by a variation of uy) decrease with
increasing ) n. One possible explanation for this behavior can be
given by the electrons with higher thermal velocities (8 « vﬁ ,
which reduce the effectiveness of the halo drift velocity.

The core electrons and the corresponding thresholds and
dynamical paths are shown in Fig. 4, right panels, using a (A, B ¢)
diagram and the following initial plasma parameters A.(0) =
An(0) = 4.0, up(0) = 0.25 (top), un(0) = 0.5 (bottom), and
By (0) = 0.038, 0.095, 0.19, 0.38, 0.95. The WI thresholds
and dynamical paths show the same tendency to shape the lim-
its of temperature anisotropy from observations, but a more satis-
factory agreement is obtained only for a sufficiently high 3. >
0.5, where the level of unstable fluctuations is also markedly
enhanced. The agreement between theory and observations is only
qualitatively achieved in this case, suggesting that larger devia-
tions from isotropy, which are not captured by our data of low
time resolution, are actually constrained by the enhanced fluctu-
ations resulting from a cumulative WI. In the fast wind the core
electrons may be more collisional, thereby retaining a higher ther-
malization from collisions. This feature is missing in our col-
lisionless plasma approach, but may explain the near isotropic
states from the observations (Stverdk et al. 2008; Yoon 2016).
Instead, the halo electrons are more dilute and hotter and therefore
less affected by collisions but more susceptible to instabilities,
which explains the good quantitative agreement obtained in left
panels. In order to gain a reliable understanding on the interplay
of electron core—halo relative drift and temperature anisotropy by
isolating their effects on whistlers, in the present study we ana-
lyzed only the events with a reduced influence of suprathermal
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Fig. 4. Linear W1 thresholds and QL dynamical paths of temperature anisotropy Ay derived for uy, = 0.25 (top) and 0.5 (bottom) compared with
the quasi-stable states of the electron halo (left) and core (right) populations from fast winds (Vgw > 500kms™!).

Table 2. Fitting parameters in Eq. (9) for u, = 0.0.

Ym = 1072|Qe| Ym = 1073|Qe|
Halo (h) Core (¢) Halo (h) Core (c)
a 0.29 0.4 0.08 0.11
b 0.45 0.45 0.54 0.54
¢ 0.0004 0.0007 -107° -1073
d 1.0 1.0 1.0 1.0

Table 3. Fitting parameters in Eq. (9) for u;, = 0.25.

Ym = 10_2|Qe| Ym = 10_3|Qe| Ym = 10_4|Qe|
Halo (h) Core (¢c) Halo (h) Core (c) Halo (h) Core (c)
a 0.28 0.39 0.12 0.17 0.06 0.09
b 0.53 0.53 0.48 0.48 0.54 0.55
c -107  -1073 1074 1074 1074 -107*
d 1.0 1.0 1.0 1.0 1.0 1.0

electrons assuming both the core and halo Maxwellian dis-
tributed. Linear theory predicts a stimulation of kinetic instabil-
ities in the presence of suprathermals, leading to higher growth
rates and lower thresholds (Viiias et al. 2015; Lazar et al. 2017a;
Shaaban et al. 2018a). However, our present results strongly sug-
gest that future studies need to include these populations in
extended QL and nonlinear approaches to provide a realistic pic-
ture of their implications.

Table 4. Fitting parameters in Eq. (9) for u,, = 0.5.

Ym = 10_2|Qe| Ym = 10_3|Qe| Ym = 10_4|Qe|
Halo (h) Core (¢) Halo (h) Core (¢c) Halo (k) Core (c)
a 041 0.53 0.16 0.21 0.09 0.12
b 0.4 0.40 0.47 0.478 0.52 0.527
¢ 0.00024  0.005 -1073 -107 -107? -10™*
d 1.0 1.0 1.0 1.0 1.0 1.0

5. Conclusions

In the present manuscript we have characterized the long-
run time evolution of WI cumulatively driven by temperature
anisotropy (A¢ = T, /Te; > 1) and counter-drifting electron
populations, commonly encountered in the fast solar wind. The
interplay of these two sources of free energy anisotropic temper-
ature can markedly alter the QL evolution and saturation of the
enhanced fluctuations, and implicitly the relaxation of the initial
eVD. We studied the effects on the macroscopic plasma param-
eters such as plasma betas, temperature anisotropies, and drift
velocities of both core and halo electrons.

The relaxation of plasma parameters depends on the initial
conditions, for which we considered two distinct cases. First
we assumed an initially isotropic core Ac(0) = T, /T = 1,
motivated by the fact that the core electron population is a
central component that is much cooler and denser than the
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halo, and often showing lower deviations from isotropy. In the
second case, both the core and halo were assumed to have sim-
ilar temperature anisotropies A.(0) =~ Ax(0)>1. An initially
isotropic core gains some energy from the right-handed polar-
ized electromagnetic fluctuations, and reaches a small tempera-
ture anisotropy in direction perpendicular to the magnetic field.
The (counter-) drifting core-halo velocities u., # O are another
important factor that in general stimulates the relaxation of initial
distributions and, implicitly, the energy transfer through parallel
heating and perpendicular cooling mechanisms. More exactly,
this factor determines a faster relaxation and increases the level
reached by the fluctuating magnetic energy densities. However,
the effects on temperature anisotropies are opposite, leading to
a more anisotropic core and a less anisotropic halo in the final
states. For instance, in Fig. 2, when both the core and halo pop-
ulations are initially anisotropic, i.e., A.(0) =~ Ap(0)>1 and
u, = 0.5, halo anisotropy after relaxation is distinctly much
lower than that of the core. In all cases relaxation of the core
and halo drifts is very modest and drifting velocities decrease to
values slightly lower than the initial conditions.

Section 4.2 presents a comparative analysis of these new
results predicted by a QL approach for both core and halo
anisotropies, and the upper limits of the observed elec-
tron anisotropies in slow and fast solar winds. For non-
drifting core and halo electron populations, i.e., ucp =0, final
quasi-stable states from dynamical paths of the temperature
anisotropies align to the anisotropy limits of the core and halo
anisotropies reported by the observations in the slow winds
(Vsw <500km s™!) and to anisotropy thresholds from linear the-
ory (Stverdk et al. 2008). In the absence of relative drifts the
instability thresholds predicted by linear theory coincide with the
quasi-stable states resulted from a QL approach. In fast winds,
i.e., Vsw > 500kms~!, the relative drifts increase and cannot be
neglected, i.e., u, # 0. Thresholds of WI increase when moving
away from the observed limits of temperature anisotropies with
increasing the drift velocity, for example, for u, = 0.5; linear
theory may show an agreement with the observations only for
large By n > 0.1 and very low growth rates y,, = 107#|Q,|. The
intensity of fluctuations so produced would be too low to account
for a constraining effect on particles. However, for the halo popu-
lation, which is more susceptible to kinetic instabilities, dynam-
ical paths from our new QL approach reach more quasi-stable
states of lower anisotropies, as reported by the observations in
the fast winds. It also seems that this effect of whistler fluctua-
tions on the temperature anisotropy of halo populations increases
with increasing the drift velocity. The resolution of the invoked
observations is below that which may allow us to capture the
unstable states, but as mentioned in the paper, these observa-
tions reveal the quasi-stable states expected to be found below
the instability thresholds.

We conclude stating that anisotropy thresholds provided by
linear theory for kinetic instabilities cumulatively driven by dis-
tinct sources of free energy may have a reduced relevance with
respect to the observations, and therefore cannot explain the lim-
its of the observed temperature anisotropy of electrons in fast
winds. Instead, we have shown that dynamical paths computed
from an extended QL approach may provide a plausible explana-
tion for the quasi-stable states after the relaxation, and, implic-
itly, for the observations. The present analysis may be even more
extended to include the contribution of collisions (Stverdk et al.
2008; Yoon 2016), which may explain lower anisotropies of the
core populations in fast wind. Numerical simulations need to
confirm the QL evolution and explain the nonlinear saturation

A76, page 8 of 8

of the instability (e.g., Moya et al. 2012; Seough et al. 2014;
Moya et al. 2014; Lazar et al. 2018b), but this will be the object
of our future investigations.
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