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Abstract The properties of electrons in the heliospheric plasma are modulated by various factors, starting
with the expansion and bimodal nature of the slow or fast solar wind, and continuing with the kinetic
mechanisms of acceleration and energy exchange with small‐scale plasma waves. The role of wave‐particle
interactions can be understood through rigorous kinetic modeling based on observational data. This paper
presents a refined evaluation of the instabilities triggered by temperature anisotropy, that is, whistler and
firehose instabilities, taking into account for the first time the correlations between the electron core and halo
populations revealed by in situ observations. In establishing core‐halo correlations, temperature anisotropies (A)
and plasma beta parameters (β‖) are of interest, as quantifiers of free (kinetic) energy at the origin of
instabilities. These correlations incorporate the mutual effects of the electron populations and enable a realistic
characterization of instabilities, in terms of either the core or the halo parameters. The instability thresholds can
be significantly reduced under the mutual core‐halo effects, and comparisons with observations prove the
constraining role of self‐generated instabilities, not only for the core but also for the halo electrons. The most
relevant are the results for the slow solar wind, for which both the parameters and the core‐halo correlations are
less affected by the strahl component, which is otherwise more prominent in the fast wind. In high‐speed winds,
temperature anisotropies are more confined, most likely under a stronger effect of fluctuations generated by the
electron strahl whose properties are not yet quantified to allow a similar analysis.

Plain Language Summary In space plasmas, electrons rarely collide, yet observations show their
temperature anisotropies remain largely confined. Recent theories explain this for low‐energy core electrons,
but face challenges with the hotter, less dense halo population. Our study refines the approach by revealing high
correlations between core and halo electron properties, derived from a large data set that spans diverse solar
wind conditions. These correlations reshape the thresholds of the instabilities that regulate electron temperature
anisotropies. Our results closely match observations of the solar wind, providing the most compelling evidence
to date for self‐generated instabilities as key constraints on electron dynamics.

1. Introduction
The solar wind is a hot and dilute outflow of charged particles, mainly electrons and protons, expected to be
largely (self)controlled by interactions with small‐scale plasma waves and fluctuations (Bale et al., 2009; Berčič
et al., 2019; Huang et al., 2020; Lazar et al., 2022; Shaaban et al., 2021; Verscharen et al., 2022; Štverák
et al., 2008). Because electrons are much lighter than protons, one can easily discriminate between electron
populations at different energies and pitch angles in their fluxes (Maksimovic et al., 2005; Pierrard et al., 2000;
Wilson et al., 2019a, 2019b; Štverák et al., 2008). Two distinct populations are ubiquitous in observed velocity
distributions (VDs), the low‐energy core (index c) with high relative density (on average nc/ne > 90%) well
described by (bi‐)Maxwellian distributions (specific to quasi‐thermal equilibrium) and a suprathermal population
that enhances the high‐energy tails of observed VDs and is better reproduced by power‐law Kappa distributions
(Pierrard & Lazar, 2010). Moreover, in the suprathermal tails, one can identify a halo (index h) more attached to
the core, and a strahl (or beam component) aligned to the background magnetic field (B0) , less symmetric, and
generally less dense than the halo. In high‐speed solar winds the strahl becomes more prominent and may exceed
the halo density. Suprathermal electrons are particularly important, as these populations transport the major heat
flux in the solar wind. Despite its low number density (on average nh/ne ∼ 5%), the halo typically has a high
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kinetic temperature (or energy), often much higher than the core, that is, Th/Tc ≫ 1 (Lazar et al., 2020; Wilson
et al., 2019a, 2019b). It can thus be argued that not only the core but also the halo can be equally involved in the
kinetic processes, including the wave instabilities triggered by the kinetic anisotropies.

Kinetic instabilities triggered by electron anisotropies have been extensively studied in various contexts in space
plasmas, more recently also taking into account the presence of suprathermal populations (Gary, 1993; Lazar
et al., 2022; Shaaban et al., 2021; Verscharen, Klein, & Maruca, 2019; Viñas et al., 2015). In the absence of
collisions, self‐generated instabilities should be the most plausible constraints for the kinetic anisotropies,
including electron beams (carrying the heat flux) and temperature anisotropies. The free kinetic energy of the
particles is converted into electromagnetic fields, while the resulting growing fluctuations act back, tending to
reduce the anisotropy. Collisions are replaced by wave‐particle interactions, but with different consequences:
Wave–particle interactions can accelerate or decelerate charged particles and also (pitch‐angle) scatter them,
reducing initial anisotropy; but these interactions will never completely isotropize the VDs (Lazar et al., 2022;
Shaaban et al., 2021). The kinetic waves and turbulence present in space plasmas cause the distributions to never
relax but remain out of thermal equilibrium, generally below the anisotropy thresholds of the kinetic instabilities
(Berčič et al., 2019; Shaaban et al., 2019c; Štverák et al., 2008).

For an adequate description of these instabilities, we need to understand the observations, starting with the distinct
electron populations. The in situ data suggest physical interconnections via their properties, for example, den-
sities, temperatures, temperature anisotropies, etc. (Abraham et al., 2022; Berčič et al., 2019; Lazar et al., 2020;
Maksimovic et al., 2005; Pierrard et al., 2016, 2020, 2022; Štverák et al., 2008, 2009). These interlinks provide
clues about the potential role of each population in the kinetic processes of interest, and also about their origin and
formation, in particular, the origin of the suprathermal halo, which is still a paradigm (Maksimovic et al., 2021).
Thus, at sufficiently large heliocentric distances, for example, >0.3 AU, the relative densities of the halo and
strahl populations appear anti‐correlated, suggesting an enhancement of the electron halo at the expense of the
strahl (Berčič et al., 2019; Maksimovic et al., 2005; Štverák et al., 2009), most probably due to the self‐generated
instabilities, which scatter and tend to isotropize the beaming (strahl) electrons (Micera et al., 2020; Verscharen,
Chandran, et al., 2019). The more recent observations from the young solar wind (<0.5 AU) reveal a similar anti‐
correlation between the core and halo populations (Abraham et al., 2022), with the halo density increasing more
likely as a result of the energization of core electrons through wave‐particle interactions (Vocks et al., 2008; Yoon
et al., 2016). This may explain why the halo remains more attached to the core even at larger heliocentric dis-
tances. Despite this fact, observational analyzes show that their temperatures, and especially their temperature
anisotropies, can be very different (Pierrard et al., 2016; Štverák et al., 2008). These are key parameters that
quantify the free kinetic energy of electrons as sources of instabilities.

An eloquent example is the spread of the observed electron states in the parametric space of temperature
anisotropy A = T⊥/T‖ versus parallel plasma beta β‖ = 8πnekBT‖/B2

0 (where kB is the Boltzmann constant and
‖,⊥ indicate components to gyrotropic directions with respect to B0). These states appear quasi‐stable and
bounded by the self‐generated wave instabilities: The thresholds of the electromagnetic electron‐cyclotron
(EMEC or whistler) instability constrain the upper anisotropies A> 1, while the lower anisotropies A< 1 are
shaped by the firehose instability (Štverák et al., 2008). The linear theory of wave dispersion and stability applies
well enough to the bi‐Maxwellian core, as it dominates and remains less affected by the other populations
(Shaaban et al., 2019c). However, this is not the case for the suprathermal halo, whose properties are well
described by Kappa distributions (Maksimovic et al., 2005; Wilson et al., 2019b; Štverák et al., 2008), but whose
implications in kinetic instabilities are not yet adequately interpreted and modeled. The halo population is still

concentrated near the equipartition of kinetic and magnetic energies (β‖ ∼ 1), but at slightly lower values than

the core (βh‖ ≲ βc‖) . This is because of the much lower density of the halo, which is not always compensated by
their higher temperature. Moreover, the temperature anisotropy of halo electrons exhibits a larger spread in A‐
vs.‐β‖ diagrams, and the same bi‐Maxwellian thresholds were found to be inconclusive (Štverák et al., 2008).

In this case, the approach must be different, first of all considering electrons with a bi‐Kappa distribution (Lazar
et al., 2018), specific to the halo, and second taking into account, by some means, the influence of the core. The
reason is that the massive core can have temperature anisotropies similar to (Ac ∼ Ah) , or even opposite to those
of the halo, that is, Ac ≶ 1 and Ah ≷ 1. Shaaban et al. (2019c) have studied temperature anisotropies assuming
correlations between the core and halo parameters, such as, for temperature anisotropies Ac ≃Ah, and for plasma
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betas βc‖ = 2.236βh‖ for small κ = 3, and βc‖ = 3.809βh‖ for large κ = 8. However, these are only approximate
(linear) correlations suggested by observations (Lazar et al., 2018; Pierrard et al., 2016), while attempts to
consistently determine them are not yet known. If they exist and are rigorously established, these correlations can
indeed capture core–halo mutual influences and also facilitate the analysis of instability conditions, as a function
of the core or halo parameters (Shaaban et al., 2019c). The instability thresholds calculated in this way, either as a
function of Ac and βc‖ or as a function of Ah and βh‖, should enable a relevant comparison with the observations.

In the present work, we show that such correlations do exist and quantify them for further use in characterizing the
temperature anisotropy instability. For this purpose, we used a comprehensive data set from three missions,
Helios I, Cluster II and Ulysses, that covered a wide range of heliocentric distance in the ecliptic, from 0.3 to about
4.0 AU (Štverák et al., 2008). This data set has been widely exploited, not only in observational analyzes of
temperature anisotropies (Pierrard et al., 2016; Štverák et al., 2008), but also of variations in densities, tem-
peratures, and suprathermal features with the heliocentric distance and the speed of the solar wind flow (Lazar
et al., 2020; Pierrard et al., 2016, 2020, 2022). Our paper is structured as follows. Section 2 contains the results of
the observational analysis that establishes the correlations between the main parameters of the core and halo
populations. These are the temperature anisotropy and the plasma beta parameters, which intervene explicitly in
the wave dispersion and stability theory. The obtained correlations are then applied, in Section 3, to the analysis of
whistler and firehose instabilities. The correlations are particularly important for deriving the thresholds of these
two instabilities, which are then compared with the relevant observational data. The main conclusions of our
analysis are summarized in the last section, Section 4.

2. Observed Core‐Halo Correlations
Štverák et al. (2008) extracted from the observed electron VDs the properties of the two main components: The
low‐energy bi‐Maxwellian core and the bi‐Kappa suprathermal halo, with power‐law tails quantified by the κ
exponent. Their properties may also be affected by the strahl, if present, especially in high‐speed winds, which
may explain the differences found for these properties in fast and slow winds (Lazar et al., 2020; Pierrard
et al., 2020, 2022; Štverák et al., 2008) (The strahl properties were not estimated for these events, but it has been
argued that the field‐aligned strahl is usually directed anti‐sunward (Štverák et al., 2008). Thus, it determines an
asymmetric skewness of the observed VD along the magnetic field, which contrasts with the more symmetric core
and halo populations. Therefore, to fit the core and halo to the bi‐Maxwellian and bi‐Kappa models, respectively,
only the data measured in the sunward direction (not affected by the strahl) were used, assuming that these two
populations have the same properties in the antisunward direction). For instance, both the core and the halo
populations exhibit lower temperature anisotropies in fast winds, potentially constrained by strahl‐driven (or heat
flux) instabilities (Shaaban et al., 2019a). The same differentiation is adopted here, with particular interest for the
core‐halo interplay in slow wind with bulk speed Vsw ⩽ 450 km/s, when the strahl is expected to have minimal
influence. We now examine the parameters needed in the characterization of temperature anisotropy instabilities
from Section 3. Through a quantitative approach, we aim to determine how valid the suggestions of previous
analyzes are for linear correlations between the core and halo parameters, namely the temperature anisotropies
and the plasma beta parameters (Pierrard et al., 2016; Shaaban et al., 2019c).

2.1. Core and Halo Temperature Anisotropies

As previously stated, the temperature may exhibit anisotropies A = T⊥/T‖ ≠ 1, which can provide insight into the
underlying mechanisms responsible for the deviation from thermal equilibrium, as well as the subsequent in-
stabilities and the role played in the solar wind. Temperature anisotropy quantifies a surplus of perpendicular or
parallel temperature, A> 1 or A< 1, respectively, while A = 1 signifies an isotropic temperature. The anisot-
ropies of the core, Ac, and the halo, Ah, were thus calculated and subsequently compared (Pierrard et al., 2016;
Štverák et al., 2008). We start from the findings in Pierrard et al. (2016), which showed the tendency of the scatter
plots to accumulate around the isotropy condition Ah = Ac = 1, and to align with the (first) diagonal of Ah = Ac.
The same tendency is also shown in our Figures 1 and 2, also in Figures A1–A3 from Appendix A.

Here the degree of correlation between the core and halo anisotropies is quantified by considering their proximity
and alignment to the first diagonal of perfect linearly correlated anisotropies Ac = Ah, see Figure 1. We used the
Pearson correlation coefficient r, to assess the strength and direction of the linear relationships between Ac and Ah
(Hinkle et al., 2003). It can vary from r = 1 (perfect positive correlation—first diagonal), through r = 0 (no
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linear correlation), to r = − 1 (perfect negative correlation or anticorrelation—second diagonal). In between
extreme conditions, the standard interpretation of r applies for the linear correlation: very high for 0.9⩽ r ⩽ 1,
high for 0.7⩽ r < 0.9, moderate for 0.5⩽ r < 0.7, low for 0.3⩽ r < 0.5, and negligible for 0.0⩽ r < 0.3 (Hinkle
et al., 2003).

In Figure 1 we can recognize the clear tendency shown by all events (bottom panel) to align to the first diagonal
(light gray line). The number of events is color‐coded, with a darker color meaning more events. Those with very
highly correlated anisotropies of the core and halo populations are bordered by the solid (purple) line, and those
with high correlations are limited by the dashed line. This trend is visibly more pronounced in the fast solar wind
(top‐right panel), where all events are inside the dotted contour, showing at least moderate correlation (r ⩾ 0.5).
Moreover, compared to the slow wind events (top‐left panel), the fast wind data tend to accumulate above the first
diagonal, where Ah >Ac, and also toward the anisotropies in the parallel direction, that is, Ac <Ah < 1. In this case,
the parallel energy surplus can result from an anomalous adiabatic expansion of the solar wind (Matteini
et al., 2007), but also from the relaxation and diffusion of the strahl (Micera et al., 2020). However, it should be
mentioned that in this data set, the number of fast wind events (top‐right) is lower than the number of slow wind
events (top‐left). In the slow wind, the events are also distributed along the first diagonal of Ac = Ah, but
accumulate with a peak number around the isotropy conditions Ac = Ah = 1. Also note that the dashed line
contour still incorporates a fraction of over 78% highly correlated events, see also Table 1.

In Figure 2 the top panels show the total number of events (right) and selections from slow and fast winds (left and
middle panels, respectively). The number of events is color‐codded; the lighter the color, the more events are in
that location. Particularly interesting are the fractions or the relative number of events with sufficiently highly
correlated anisotropies, that is, those in the first two categories mentioned above. These events are also selected in
Figure 2, panels at the bottom show those satisfying r ⩾ 0.9, while those at the middle row display events with

Figure 1. Density plots of the events (greenish color codded) in the slow wind (top‐left), fast wind (top‐right), and all events (bottom). Contours incorporate three groups
of events with correlated anisotropies: moderate with 0.5⩽ r < 0.7 (dotted), high with 0.7⩽ r < 0.9 (dashed), and very high with r ⩾ 0.9 (solid).
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r ⩾ 0.7. The corresponding fractional numbers are given in Table 1. The linear regression fit, that is,
Ah = mAc + q, is also plotted (red dashed line), with a deviation from the first diagonal that decreases with
increasing linear correlation of the selected events. The correlation obtained for the total number of events in the
upper panels is naturally lower, and the linear regression is more deviated. Depending on its relevance, linear
regression will be used in applications such as characterization of kinetic instabilities. Its relevance is therefore
established taking into account a sufficiently high correlation, preferably r ⩾ 0.7, but also requires that the high
correlation applies to a significant fraction of events. Table 1 thus demonstrates that regardless of the solar wind
speed more than 40% of the events are very highly correlated (r ⩾ 0.9), and more than 78% of the events are highly
correlated (r ⩾ 0.7). We note that the linear regression fit does not significantly depend on the nature of the solar
wind, fast or slow, also in agreement with the estimates of the fractions of correlated events from Table 1.

In Appendix A, Figures A1–A3 make a further distinction between the events associated with different values of
the parameter κ. Thus, in Figures A1 and A2we select events in intervals around two low values κ = 3 and 5, such
as κ ∈ [2.7,3.3], and κ ∈ [4.5,5.5], respectively, while Figure A3 displays the events with κ ⩾ 6. For each of these
three categories, we calculate the fraction of events (in %) with different linear correlations, and the values can be
found in Table 2. These fractions are even higher than those (marked) in Table 1, again demonstrating the high
degree of linear correlation of the anisotropies. The differentiation in Figures A1–A3 also has relevance for

Figure 2. Ah versus Ac for the slow wind (left), fast wind (middle) and total number of events (right). Overlaid are the first diagonal (light gray) indicating Ah = Ac, and
the linear regression (red dashed) calculated for each data set. Middle row shows only the events with r ⩾ 0.7, and lower row those with r ⩾ 0.9 (lowest deviation of the
linear regression from the first diagonal).
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various heliocentric distances, because κ shows a monotonic decrease from
0.3 to 4 AU in the ecliptic (Lazar et al., 2020; Pierrard et al., 2016). This time
it can be observed that the linear regression fit line (red dashed) can depend on
the nature of the halo populations, indicating an apparent decrease in the
correlation of anisotropies with increasing κ. That is, with the thermalization
of the electron halo at low heliocentric distances, toward 0.3 AU. This is also
confirmed by the corresponding fractions of correlated events in Tables 1
and 2.

2.2. Plasma Beta Parameters

Next we analyze the plasma beta parameters of the core and halo electron
populations. The plasma beta parameter represents the ratio between the ki-
netic energy density of the particle population of sort j, and the magnetic
energy density

βj =
8πnjkBTj

B2
0

. (1)

kB is the Boltzmann constant, nj is the number density, Tj is already known as
temperature, and B0 is the magnitude of the local magnetic field. The plasma
beta parameter can be calculated separately, for the core and the halo, and
then compared with each other. The core is more dense, but at the same time
can be much cooler than the halo, resulting in comparable plasma beta pa-
rameters (Lazar & Fichtner, 2021).

The beta parameter can also be calculated for the (gyrotropic) components of
the temperature, whose anisotropy we analyzed above. For the study of in-

stabilities and their effects in space plasmas, the parallel component of the beta parameter βj‖ = 8πnjkBTj‖/B2
0 is

already used (Shaaban et al., 2019c; Štverák et al., 2008). Therefore, in Figure 3 we represent the values obtained
for βc‖ as a function of βh‖, while the number of events is color coded. We again distinguish between events in the
slow wind (left), fast wind (center), and all events (right). From top to bottom, the events are counted as a function
of the parameter κ, choosing three categories from distinct ranges such as κ ∈ [2.7,3.3] (top panels),
κ ∈ [4.5,5.5] (second row from top), and κ ⩾ 6 (third row from top). The bottom panels show the events for all κ
values.

To identify the dependencies between the beta parameters of the core and the halo populations, we first note the
predominance of the core, generally with βc‖ > βh‖, data lying above the black‐solid line (first diagonal) of

βc‖ = βh‖. Their large values remain above but tend to align with this di-
agonal, suggesting that suprathermal particles should have a non‐negligible
influence on kinetic effects, such as temperature anisotropy instabilities
(Lazar & Fichtner, 2021). A higher value of the beta parameter for the core
may also suggest that it plays a more significant (kinetic) role in the plasma
system than the halo. Second, we take into account the bimodal nature of all
the scatter plots in Figure 3: at small values (βc‖ < 1 and βh‖ < 1) the data seem
to align according to a power law, while at values above unity the data show
more of a linear dependence of these parameters, more or less parallel to the
diagonal (βc‖ = βh‖). Thus, the average values of the events (black dots) are
used to obtain the power‐law fit βc‖ = aβb

h‖ (green line) for βh‖ ⩽ 0.1, and the
linear fit βc‖ = c + dβh‖ (red line) for βh‖ > 0.1. The power‐law branch is
consistently present in both types of slow or fast solar wind event, while the
linear branch is only poorly represented in the fast wind. The values obtained
for the fitting parameters a,b,c,d are given in the legends. These values
depend on the nature of the solar wind, slow or fast, and also on the range of

Table 1
Fraction of Events [%] in the Slow Wind, Fast Wind, and All Data, With
Specific Relevance Given by the Range of κ and Linear Correlation r

κ r

Correlated events [%]

Slow wind Fast wind All data

[2.7, 3.3] ⩾0.9 1.91 1.77 1.97

[4.5, 5.5] ⩾0.9 5.50 7.25 6.19

[6.3, 7.7] ⩾0.9 13.04 14.63 15.07

[2.7, 7.7] ⩾0.9 20.45 23.65 23.23

all κ ⩾0.9 43.75 40.50 43.62

[2.7, 3.3] ⩾0.7 3.58 2.77 3.40

[4.5, 5.5] ⩾0.7 9.54 15.90 11.70

[6.3, 7.7] ⩾0.7 24.10 32.00 28.21

[2.7, 7.7] ⩾0.7 37.22 50.68 43.31

all κ ⩾0.7 78.22 89.46 85.00

[2.7, 3.3] ⩾0.5 3.98 2.80 3.53

[4.5, 5.5] ⩾0.5 11.10 18.55 13.88

[6.3, 7.7] ⩾0.5 32.38 36.49 35.76

[2.7, 7.7] ⩾0.5 47.46 57.84 53.17

all κ ⩾0.5 97.75 99.94 99.54

Note. The gray shading in Table 1 highlights the data used in Figure 1 and
enables direct comparison with similar values in Table 2.

Table 2
Fraction of Events [%]With Different Correlation in Each Category Defined
by κ Values

Events r

Correlated events [%]

κ ∈ [2.7,3.3] κ ∈ [4.5,5.5] κ ⩾ 6

Total ⩾0.9 57.61 44.77 42.92

⩾0.7 96.29 89.99 99.27

⩾0.5 100 99.15 97.96

Slow wind ⩾0.9 48.38 49.76 38.16

⩾0.7 89.99 86.79 68.32

⩾0.5 100 99.98 89.37

Fast wind ⩾0.9 64.21 40.14 39.90

⩾0.7 99.27 86.34 87.93

⩾0.5 100 99.18 99.97
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values of the κ parameter. Regarding the linear branch at high values of the beta parameters, the higher the κ value,
the further away the fit is from the diagonal. This suggests that for higher values of κ, which corresponds to a
higher proximity to the Sun and a higher thermalization of the halo electrons, the core assumes a more significant
role and may dominate in contributing to the kinetic processes. Moreover, βc‖ remains systematically larger than
βh‖ across all ranges of κ values and different solar wind speeds.

Figure 3. βc‖ versus βh‖ for various classes of events (counted by color bars): slow solar winds (v< 450 km/s, left), fast winds (v>450 km/s, center), and the total data
(right). These events approach the diagonal of β‖c = β‖h (solid line), but are in general above it. Events with different κ values are distinguished from top to bottom:
κ ∈[2.7, 3.3] (top), κ ∈[4.5, 5.5] (second row), κ > 6 (third row) and all κ values (bottom). Black dots, and the green and red fits are explained in the legends and text.
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2.3. Relative Halo Density

The last parameter needed to characterize temperature anisotropy instabilities is the relative density, either of the
core ηc = nc/ ne or of the halo ηh = nh/ne (Lazar et al., 2022; Viñas et al., 2015). It is sufficient to determine only
one of them, for example, ηh, while the relationship between these two parameters is established by the neutrality
of charge, ηc = 1 − ηh. Instead, from the previous results we can learn about the mean values of the relative
density ηh = nh/ne, which, in the ecliptic, do not differ much from those of nh/nc (Lazar et al., 2020; Pierrard
et al., 2020). Thus, in both slow and fast solar winds, these average values show a twofold profile in the variation
with the heliocentric distance and implicitly with the parameter κ (specific to the suprathermal halo). For instance,
in slow solar winds, the average values of ηh obtained for a predominantly large κ at low distances do not differ
much from each other but are higher than those obtained for a small κ at large distances.

Figure 4 shows the relative density of the halo component, ηh, as a function of the parameter κ, for slow winds
(top‐left panel), fast winds (top‐right panel) and all events (bottom panel). The adjacent color bar and numbering
indicate the number of events. In the slow solar wind, the events prominently show the same dual clustering: at a
more restrained range of low values of ηh, whose mean value (ηh = 0.038) is indicated by the dashed line; and at a
much wider range of values, whose mean value (ηh = 0.062) is higher and is indicated with a solid line. The
separation between the two data groups is found around κ ≃ 6. This dual clustering tendency is still prominent in
the bottom panel with all events, under the dominance of slow wind data. However, the same tendency is less
significant in the fast solar wind (middle panel), which causes the difference between the mean values of the
relative density ηh to decrease.

3. Temperature Anisotropy Instabilities
We now focus on the kinetic instabilities, those induced by the temperature anisotropy of the electron populations
(Lazar et al., 2022; Shaaban et al., 2021; Viñas et al., 2015; Štverák et al., 2008). In the absence of particle‐particle

Figure 4. Density plots of ηh as a function of κ for slow wind (top‐left), fast wind (top‐right) and all events (bottom). Mean
values of ηh are obtained for κ < 6 and κ > 6, and are indicated with, respectively, dashed and solid lines (also in the legends).
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collisions, it is expected that these instabilities explain the in situ observa-
tions, which show a limitation of the anisotropies. In the case of a dominant
bi‐Maxwellian electron core, the theories developed early for these in-
stabilities could be directly applied, and their threshold conditions seem to
explain surprisingly well the observational bounds of temperature anisotropy
(Štverák et al., 2008). Similar attempts to explain the anisotropy limits of the
electron halo, markedly less dense and described by bi‐Kappa distributions,
have not had the same success (Shaaban et al., 2021). Here we approach these
instabilities in a more in‐depth manner, taking into account the influence of
the core population, estimated for the first time through the core‐halo cor-
relations established in Section 2. The objective is to calculate in this way the
new threshold conditions of the instabilities and to check if they become more
consistent with the observations. In the present analysis, we limit ourselves to
the wave instabilities parallel to the magnetic field, but we consider both the
firehose instability induced by A< 1 and the whistler instability induced by
A> 1. The parameterization used in the derivations below, including the
correlations between the anisotropies and between the beta parameters, but
also the values of the relative density ηh, can be found in Table 3.

Recall that our electron‐proton plasma has two populations of electrons, the
bi‐Maxwellian core and the bi‐Kappa halo. Štverák et al. (2008) directly
determined the temperatures of the electron populations (as fitting parame-
ters), while Lazar, Pierrard, et al. (2017) showed that these temperatures

decrease with the parameter κ, according to the relationships (5) in Shaaban et al. (2019c) (See also the arguments
in Lazar et al. (2015) and Lazar and Fichtner (2021)), which we also adopt here. The compact dispersion relations
for parallel EM waves read (Shaaban et al., 2019c)

k̃2 = ηhμ[Ah − 1 +
Ah (ω̃ ± μ)∓μ
k̃

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
μχhβh‖/ηh

√ Zκ (
ω̃ ± μ

k̃
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
μχhβh‖/ηh

√ )] +
ω̃

k̃
̅̅̅̅̅̅̅
βp‖

√ ZM (
ω̃∓1
k̃

̅̅̅̅̅̅̅
βp‖

√ )

+ ηcμ[Ac − 1 +
Ac (ω̃ ± μ)∓μ
k̃

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
μβc‖/ηc

√ ZM (
ω̃ ± μ

k̃
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
μβc‖/ηc

√ )],

(2)

where k̃ = ck/ωpp is the normalized wave number k, c is the speed of light, χh = (κ − 1.5)/κ,

ωpp = (4πnpe2/mp)
1/2 is the proton (subscript p) plasma frequency, proportional to the proton number density

np = ne (subscript e for electrons), ω̃ = ω/Ωp is the normalized wave frequency ω, μ = mp/me is the proton‐
electron mass ratio, Ωj = eB0/mjc is the non‐relativistic gyro‐frequency of the plasma species j (with elementary
charge e). Operations “±” correspond to circular right‐hand (RH) or left‐hand (LH) polarized waves, respectively,
and the electron firehose (EFH) instability is a LH mode. Also,

Zκ (ξ±j ) =
1

π1/2κ1/2
Γ(κ)

Γ(κ − 1/2)
∫

∞

− ∞

(1 + x2/κ)− κ

x − ξ±j
dx,I(ξ±j )> 0, (3)

is the modified dispersion function for a Kappa‐distributed plasma (Lazar et al., 2008) of argument
ξ±j = (ω ± Ωj)/ (kθj‖) . In theMaxwellian limit Zκ→∞ (ξ±j ) = ZM (ξ±j ) we recover the standard plasma dispersion
function (Fried & Conte, 1961)

ZM (ξ±j ) =
1
̅̅̅
π

√ ∫

∞

− ∞

exp (− x2)
x − ξ±j

dx,I(ξ±j )> 0. (4)

For whistler modes the wave frequencies are much higher than the proton gyro‐frequency Ωp ≪ωr < |Ωe|

(protons do not interact with whistlers), and their dispersion relation can be reduced to

Table 3
Parameters and Related Values Adopted for the Computation of Instability
Thresholds

Events κ ηh Ah (r ⩾ 0.7) βh‖ βc‖

Slow wind 3 0.038 0.24 + 0.79Ac >0.1 0.33 + 1.73βh,‖

<0.1 1.04β0.36h‖

8 0.062 0.28 + 0.73Ac >0.1 0.48 + 2.3βh‖

<0.1 2.34β0.49h‖

Fast wind 3 0.032 0.30 + 0.74Ac >0.1 0.24 + 1.19βh‖

<0.1 0.78β0.34h‖

8 0.042 0.34 + 0.71Ac >0.1 0.26 + 1.73βh‖

<0.1 0.83β0.33h‖

All data 3 0.036 0.28 + 0.77Ac >0.1 0.36 + 1.46βh‖

<0.1 0.95β0.35h‖

8 0.055 0.35 + 0.67Ac >0.1 0.42 + 2.34βh‖

<0.1 2.04β0.51h‖

Note. Note also that βp‖ = βp⊥ = βc‖/3.
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k̃2 = ηh[Ah − 1 +
Ah (ω̃ − 1) + 1
k̃

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
χhβh‖/ηh

√ Zκ (ξ−h )] + ηc[Ac − 1

+
Ac (ω̃ − 1) + 1

k̃
̅̅̅̅̅̅̅̅̅̅̅̅
βc‖/ηc

√ ZM (ξ−c )] (5)

this time with ξ−h = (ω̃ − 1)/ ( k̃
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
χhβh‖/ηh

√
), ξ−c = (ω̃ − 1)/ ( k̃

̅̅̅̅̅̅̅̅̅̅̅̅̅
βc‖/ηc

√
) ,

k̃ = ck/ωpe, the electron plasma frequency ωpe = (4πnee2/me)
1/2, and the

normalized wave frequency ω̃ = ω/ |Ωe|.

Instability thresholds are isocontours of low levels of maximum growth rates
(γm → 0, near marginal stability) in the parametric space A versus β‖. Here,
the thresholds for the EFH instability are derived for γ = 10− 3Ωp, and those of
the whistler instability (WI) for γ = 10− 3|Ωe|. They are fitted to an inverse
power law of the form

Aj = 1 +
α
βs
j

(6)

The fitting parameters, α and s, are distinctively derived, first in terms of the core ( j = c) parameters (Ac vs. βc‖),
and then in terms of the halo ( j = h) parameters (Ah vs. βh‖), and their values are tabulated in Tables 4 and 5,
respectively. We choose to derive these thresholds for two different values of the parameter κ, namely κ = 3 (red
contours) and κ = 8 (green contours), using the corresponding correlations found in the previous section for the
anisotropies and for the beta parameters, and also the relative densities ηh. Table 3 shows these values for each
individual case, while the corresponding fitting parameters, α and s, can be found in Tables 4 and 5.

The new threshold contours are plotted in Figure 5, compared with the density plots of electron events, the halo
(left) and the core (right), counted by the adjacent logarithmic color bars. Notice again that for firehose instability
the thresholds are those calculated for A< 1, while for whistler instability the thresholds are those obtained for
A> 1.We are particularly interested in the events in the slow solar wind (top panels) because they are less affected
by the strahl, the third electron component that is not captured in the present analysis. However, we also continue
to compare the thresholds obtained for the fast solar wind (middle panels) and for all data (bottom panels) with the
corresponding events. To highlight mutual effects, the threshold contours obtained for independent or not
correlated (NC) (For the NC case, we adopt the following plasma parameters: ηh = 0.035,βc‖ = 0.5,Ac = 1.2
for whistler instability, and ηh = 0.035,βc‖ = 2.0,Ac = 0.8 for firehose instability) bi‐Kappa and bi‐Maxwellian
populations, that is, in the absence of mutual effects (Lazar, Shaaban, et al., 2017; Lazar et al., 2015; Štverák
et al., 2008), are also displayed. For κ = 8 the threshold obtained for the halo electrons is practically the same as
(or indistinguishable from) the one obtained in the bi‐Maxwellian limit. Thus, we can appreciate that the
anisotropy thresholds are generally reduced under the mutual effects of the electron populations. Those specific to

the halo (left panels) even drop considerably under the effect of the core
populations, an otherwise expected effect, considering the dominance of the
high‐dense core.

In the slow solarwind, the new thresholdsmodel verywell the edges of the halo
anisotropy from the quasi‐stable events reported by the observations. The
results have maximum relevance in this case, considering the minimal role of
particle‐particle collisions for halo electronswith high energy and low density.
Instead, we see that self‐generated instabilities are those that can constrain and
self‐organize the temperature anisotropy. Although these thresholds do not
vary much with the parameter κ, it can still be observed that the effect of the
core is more pronounced when κ is higher (green contour for κ = 8), that is,
when the halo is more thermalized. An apparently natural effect, considering
that in this case the halo is more similar to the core. Instead, a more energetic
halowith κ = 3 actsmore strongly on the core, inwhich case the threshold (red

Table 4
Fitting Parameters for Core Thresholds

Whistler Firehose

Events κ α s α s

Slow wind 3 0.171 0.662 − 1.413 1.029

8 0.192 0.609 − 1.545 1.045

Fast wind 3 0.123 0.959 − 1.215 0.969

8 0.104 1.178 − 1.338 0.957

Total data 3 0.152 0.726 − 1.377 1.004

8 0.183 0.695 − 1.534 1.013

BM ∞ 0.251 0.512 − 1.750 1.041

Table 5
Fitting Parameters for Halo Thresholds

Whistler Firehose

Events κ α s α s

Slow wind 3 0.108 0.349 − 0.489 0.970

8 0.087 0.295 − 0.367 0.888

Fast wind 3 0.120 0.345 − 0.638 1.050

8 0.089 0.455 − 0.446 1.059

Total data 3 0.109 0.375 − 0.521 0.996

8 0.078 0.381 − 0.341 0.939

NC 3 0.104 0.450 − 1.778 1.378
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contour) is lower than for κ = 8 (green contour). A similar discussion supports the bottom panels, where all data
from the solarwind are considered. In this case aswell, the new thresholds thus obtained can explain the limits of the
temperature anisotropy from the in situ observations. This is explained by the fact that the data from the fast solar
wind (middle panels) are narrower, generally at lower anisotropies. From the fairly good comparison of thewhistler
instability thresholds with the data, it can still be seen that it represents a plausible mechanism to constrain both
anisotropies Ac,h > 1. However, the new thresholds remain less connected to the observational data from the fast
solar wind, in the case of firehose instability still far from the limits of anisotropy Ac,h < 1. The origin of these
differences is probably the electron strahl aligned with the magnetic field, also an important source of free kinetic
energy, especially for the firehose instability (Shaaban et al., 2018), but whose properties were not provided by
Štverák et al. (2008) to be included in the present analysis.

Figure 5. Thresholds ( γ = 10− 3|Ωp,e|) of whistler (A> 1) and firehose (A< 1) instabilities in the slow wind (upper), fast
wind (middle) and all events (lower) for the electron halo in terms of Ah versus βh,‖ (left), and for the electron core in terms of
Ac versus βc,‖ (right). Parameters used to derive the instability thresholds are summarized in Table 3.
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4. Conclusions
In space plasmas, although electrons undergo rare collisions, in situ observations reveal relatively small tem-
perature anisotropies. In this case, major deviations from isotropy are expected to be constrained by self‐
generated kinetic instabilities, which classical theories seem to confirm, but only for the bi‐Maxwellian elec-
trons in the low‐energy core (Štverák et al., 2008). The other major component in the observed electron VDs is the
suprathermal halo described by the bi‐Kappa distributions, which is less dense but much hotter and may extend to
larger temperature anisotropies. The existing attempts to explain their bounds are not satisfactory, but suggest
refining the analysis by including the mutual core‐halo effects.

In this paper, we have provided such a new kinetic approach, based on observational estimates of the correlations
between the two populations. These correlations were derived for the main parameters used in the analysis of
instabilities, such as temperature anisotropies and beta parameters. We have exploited the large data set produced
by Štverák et al. (2008), which characterizes the electron core and halo populations from about 1.2 × 105 events
at low (ecliptic) latitudes but a wide range of heliocentric distances, from 0.3 to about 4.0 AU. The electron events
exhibit a high degree of linear correlation of the core and halo anisotropies, Ah = mAc + q; values obtained for
the parameters m and q were given in Figure 2, and also Figures A1–A3 from Appendix A. Although these
correlations may vary with the slow or fast nature of the solar wind, also with the parameter κ and implicitly the
heliocentric distance, the vast majority of events, that is, more than 75% remain highly correlated (r ⩾ 0.7), while
more than 40% are very highly correlated (r ⩾ 0.9). Such direct correlations between Ah and Ac can be motivated
by physical mechanisms that generally act the same on the two populations. We can thus recall the magnetic
compression or the interaction with cyclotron EM waves, which can both lead to Ah,c > 1, but also the expansion
of the solar wind plasma or the interaction with hybrid waves (with a major component of the electric field parallel
to the magnetic field), which can both lead to Ah,c < 1.

The beta parameters of the core (βc‖) and the halo (βh‖) appear to be even better correlated, but with a bimodal
profile, depending on the values of these parameters. First of all, the events in the ecliptic are found to be
dominated by the core population with βc‖ ⩾ βh‖, always lying above the first diagonal βc‖ = βh‖ (kinetic energy
equipartition). Following the bimodal profile of the event distribution, we first determined a power‐law fitting
regression, βc‖ = aβb

h‖, for the small values arm of βc‖ < 0.1 and βh‖ < 0.1. The events of the other arm of large
βc‖ > 0.1 and βh‖ > 0.1, tend to align (but remain above) the condition βc‖ = βh‖, and have been fitted to a linear
regression βc‖ = c + dβh‖. The values of these fitting parameters (a,b,c and d) are given in each panel of
Figure 3, and their variations with the nature of the slow or fast solar wind and with the kappa parameter are not
significant. In this case, we did not invoke Pearson coefficients for a correlation statistic because the events are
less scattered, aligning much better along the regression fits.

Finally, we used the core‐halo correlations to numerically determine the threshold conditions for two repre-
sentative instabilities, the whistler instability (specific for A> 1) and the firehose instability (triggered by A< 1).
These correlations made it possible to obtain the instability thresholds as functions only of the core parameters (Ac
vs. βc‖), or as functions only of the halo parameters (Ah vs. βh‖). In each of these two situations, the anisotropy
thresholds incorporate mutual core‐halo effects. Only these thresholds justify the comparison in Figure 5 with the
observational data, Ac versus βc‖ that describe the core electrons, or with the halo data Ah versus βh‖. To char-
acterize these instabilities, we also used the average values of the relative density of the halo population
ηh = nh/ne (=1 − nc/ ne), which also exhibits a bimodal dependence of κ, with lower (average) values for κ < 6,
and higher (average) values for κ > 6.

Compared with observations (Figure 5), the new thresholds obtained here are found to shape the limits of the halo
anisotropy very well, and also the margins of the core anisotropy. These results are particularly relevant for slow
solar wind events (upper panels) because the strahl (not treated here) does not have much influence, and also for
all data (bottom panels), including the fast wind events, which are, however, less widespread. These results are the
most consistent and suggestive obtained so far regarding the constraining role played by these instabilities on the
electron temperature anisotropy. Whistler instabilities can still play such a role in constraining anisotropy A> 1
even in the fast solar wind, as suggested by the middle panels in Figure 5. These data are somewhat more
restrained at lower beta parameters, most likely because of the subcoronal origin of the high‐speed winds.
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Moreover, the third component, namely the field‐aligned strahl, is commonly more prominent in the fast solar
wind, contributing to the self‐induced small‐scale turbulence via kinetic instabilities. Cumulating the effect of the
strahl with that of firehose instability induced by A< 1, could determine (much) lower threshold conditions than
those derived here, and probably good enough to explain the limits of this temperature anisotropy in the fast solar
wind (middle panels in Figure 5). For further definitive answers in such cases, it is still necessary to quantify the
properties of the main electron populations (core, halo, and strahl) in the high‐speed winds. The present results
should also stimulate future extended analyzes at higher latitudes outside the ecliptic, explored in the past by the
Ulysses mission and currently completed by the Solar Orbiter, but also in the young solar wind, inside 0.3 AU,
with the data transmitted by Parker Solar Probe. Nevertheless, correlations between electron populations can still
be invoked to upgrade more extensive quasi‐linear analyses, which can produce dynamical trajectories of
relaxation of the initial anisotropies for both the core and the electron halo (Sarfraz, 2018; Sarfraz et al., 2016;
Shaaban et al., 2019b, 2019c).

Appendix A: Temperature Anisotropies as a Function of κ
Similarly to Figure 2, here in Figures A1–A3 we show additional detailed plots aiming to differentiate between Ah
and Ac, but also between their correlations, as a function of the parameter κ. The variation of κ from small to large
values can be associated with a decrease in the heliocentric distance, small values such as κ = 3 being specific for

Figure A1. As in Figure 2 but only the events with κ ∈ [2.7,3.3], more specific to large heliocentric distances, that is, >1 AU (Lazar et al., 2020; Pierrard et al., 2016).
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large distances beyond 1.0 AU, while large κ > 6 are predominantly found at distances, below 1.0 AU (Lazar
et al., 2020; Pierrard et al., 2016). The linear regression fit, Ah = mAc + q (red dashed line), does not show large
deviations from the ideal linear correlation, Ah = Ac (first diagonal, with black solid line), and the values found
for the fit parametersm and q are given in the legend of each panel. Although the differences are not major and the
number of events decreases significantly with decreasing κ, there is still a trend that should be mentioned, because
it is somewhat unexpected: the anisotropies become less correlated when the halo is more thermalized, that is, at
higher values of κ.

Figure A2. As in Figure 2 but only the events with κ ∈ [4.5,5.5], more specific to moderate heliocentric distances, that is, ∼1 AU (Lazar et al., 2020; Pierrard
et al., 2016).
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Data Availability Statement
The electron data used in this paper were provided by the authors of Štverák et al. ( 2008), while the raw electron
data can also be accessed through the SPFD CDAWeb service cdaweb.gsfc.nasa.gov. The entire Helios data set is
archived and maintained at the University of California Berkeley: https://helios‐data.ssl.berkeley.edu. Plots were
produced with Matplotlib, available under the Matplotlib license at https://matplotlib.org/. The relevant Python
scripts are available at Shaaban et al. (2025).
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