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ABSTRACT

Context. We previously investigated the stability threshold of the ion-ion acoustic instability (ITAI) in parameter regimes compatible
with recent Parker Solar Probe (PSP) observations, in the presence of a Maxwellian electron distribution. We find that the observed
parameters are close to the instability threshold, but IIAI requires a higher electron temperature than what is observed.

Aims. As electron distributions in the solar wind present clear non-Maxwellian features, we investigated if deviations from the
Maxwellian distribution could explain the observed IIAL. We address specifically the kappa (k) and core-strahl distributions for the

electrons.

Methods. We performed analytical studies and kinetic simulations using a Vlasov-Poisson code in a parameter regime relevant to
PSP observations. The simulated growth rates were validated against kinetic theory.

Results. We show that the ITAI threshold changes in the presence of « or core-strahl electron distributions, but not significantly. In the
latter case, simulations confirm the expression of an effective temperature for an equivalent Maxwellian electron distribution. Such an
effective temperature could simplify stability assessments of future observations.
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1. Introduction

Observations of plasma in the solar wind and planetary mag-
netospheres over past decades have made it clear that non-
Maxwellian distribution functions are ubiquitous (Feldman et al.
1973, 1974b, 1975; Maksimovic et al. 1997b; Marsch et al.
1982; Marsch & Livi 1987; Neugebauer et al. 1996; Marsch
2006, 2018; Klein et al. 2018; Durovcovd et al. 2019). These
non-thermal structures actively shape the large-scale dy-
namics of the solar wind by driving micro-instabilities
(gtverék et al. 2009; Matteini et al. 2013), which in turn con-
strain large-scale solar wind parameters, influencing wave spec-
tra (Verscharen & Marsch 2011; Yoon et al. 2024) and mediat-
ing particle transport (Marsch 2006; Reames 2021).

In situ measurements reveal that proton velocity distri-
bution functions (VDFs) frequently deviate from Maxwellian
equilibrium distributions in the solar wind. A common non-
equilibrium feature is the presence of a field-aligned beam,
which is a secondary proton population streaming faster than
the core proton component along the magnetic field direc-
tion (Feldman et al. 1974b; Marsch et al. 1982; Alterman et al.
2018; Verniero et al. 2020, 2022). Moreover, proton VDFs of-
ten exhibit temperature anisotropies with respect to the lo-
cal magnetic field (Marsch et al. 1981, 2004; Hellinger et al.
2006; Bale et al. 2009; Maruca et al. 2012). All these features
are generally more pronounced in fast solar wind compared
to slow wind (Verscharen etal. 2019). The presence of an
ion beam, possibly anisotropic, plays a crucial role in driv-
ing a variety of ion-scale instabilities (Gary 1993; Gary et al.

1984, 1985; Daughton & Gary 1998; Verscharen et al. 2013;
Verscharen & Chandran 2013; Gary et al. 2016). Extensive in-
vestigations of ion beam instabilities have been conducted us-
ing both hybrid simulations (Daughton et al. 1999; Gary et al.
2000; Wang & Lin 2003; Luetal. 2006; Ofman et al. 2022,
2023, 2025) and fully kinetic particle-in-cell (PIC) approaches
(Riquelme et al. 2015; Che et al. 2023; Pezzini et al. 2024).
However, these studies have primarily focused on ion kinetic
physics, often neglecting the effects of the non-Maxwellian
electron VDFs commonly observed in the solar wind. Works
that have examined the effect of non-Maxwellian electron
VDFs on ion-scale instabilities have usually focused on
anisotropic Maxwellian electron distributions (Ahmadi et al.
2016; Micera et al. 2020a; Walters et al. 2024).

Solar wind electron velocity distributions also exhibit dis-
tinct non-thermal characteristics. They typically comprise a
thermal core component and a field-aligned, anti-Sunward
propagating beam, the strahl (Feldmanetal. 1973, 1974a,
1975; Pilipp etal. 1987; Lin 1998; Maksimovic et al. 2005;
Stverék et al. 2009; Micera et al. 2020b, 2021, 2025). The core
population, representing approximately 95 % of the total elec-
tron density, dominates the distribution. The strahl is composed
of high-energy electrons that escaped solar gravity along open
magnetic field lines and became focused about the field direction
via the conservation of the first adiabatic invariant in a magnetic
field of decreasing magnitude (Meyer-Vernet 2007). The halo -
a third, thin, hot and often «-distributed population - originates
from scattering of the strahl population due to instabilities in
the whistler family. This is demonstrated by the anti-correlation
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between halo and strahl densities (Maksimovic et al. 2005), di-
rect in situ Parker Solar Probe (PSP) observations (Cattell et al.
2021), and particle-in-cell simulations (Micera et al. 2020b,
2021).

The «-distributions are a type of non-thermal distribu-
tion characterised by a Maxwellian-like core and power-
law tails that indicate an excess of high-velocity particles
(Summers & Thorne 1991; Vasyliunas 1968; Maksimovic et al.
1997a). The suprathermal characteristics of the distribution in-
crease as the parameter « decreases, with the distribution be-
coming non-physical at the critical value xk = 3/2, where the
mean kinetic energy becomes infinite, i.e. the super-thermal dis-
tribution becomes non-normalisable in terms of finite energy
(Pierrard & Lazar 2010). At k¥ = co, a Maxwellian distribution is
recovered. The distribution has been extensively used in kinetic
models of the solar wind due to its convenience in modelling
both the core and super-thermal populations, as well as the ad-
vantage of recovering a Maxwellian distribution at the high «
limit (Maksimovic et al. 1997b).

The PSP has provided invaluable insights into ion-scale in-
stabilities in the solar wind. In fact, PSP observations have
shown the ubiquity of ion-scale wave activity, including a num-
ber of ‘ion storms’ related to the presence of ion beams and
anisotropies (Verniero et al. 2020, 2022). While most ion in-
stabilities are electromagnetic in nature, the electrostatic ion-
ion acoustic instability (ITAI) has been observed and charac-
terised over a range of heliocentric distances (Mozer et al. 2020,
2021, 2023, 2025). The IIAI is driven by a proton core and
beam drifting with respect to each other in the presence of
high-temperature electrons, which minimises Landau damping
(Gary & Omidi 1987; Silin & Uryupin 1992; Afify et al. 2024).
We investigated ITAI onset in parameter regimes comparable
with the observations in Mozer et al. (2021) and our previous
work, Afify et al. (2024). We demonstrated through combined
theoretical and simulation analysis that the solar wind param-
eters reported in Mozer et al. (2021) are in the vicinity of the
ITAI threshold, but not yet in the unstable regime. In particular,
we succeeded in reproducing the frequency, wavenumber, and
magnitude of the high-frequency IIAI observed there, but only
after slightly modifying key parameters such as the electron-
to-proton-core temperature ratio, the ratio between the parallel-
beam and the proton-core temperatures, and the relative drift be-
tween the core and beam protons. All our investigations were
conducted in the presence of a Maxwellian electron population,
which, as already mentioned, does not reflect the observed elec-
tron distribution in the solar wind.

Our aim now is to investigate if non-Maxwellian electron
VDFs can promote the onset of the ITAI in parameter regimes
compatible with those observed in Mozer et al. (2021). We
started from one of the cases analysed in Afify et al. (2024),
where the temperature ratio between the electron (e) and pro-
ton core (c¢) population increased from the observed 7,/T. ~ 7
to T,/T. = 10. Similarly, the temperature ratio between the pro-
ton beam (b) and core component decreased from the observed
Ty/T, = 2.7t0 Tp/T. = 1. We considered two types of elec-
tron distributions. In Sec. 2 we start with «-distributed electrons,
often used to approximate the observed core plus supra-thermal
electron distribution. We examine the effect of the x parameter
on the instability threshold. We then move to a core-strahl dis-
tribution, also Maxwellian, in Sec. 3. We investigate the ITAI
threshold variation as a function of the electron strahl’s density
and temperature, and of the relative drift speed between the pro-
ton core and beam. Discussion and conclusions are presented in
Sec. 4.
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2. Kappa-distributed electrons

We first examined the impact of «-distributed - as opposed
to Maxwellian-distributed - electrons on the IIAI. We chose
the 1D standard « distribution given by Vasyliunas (1968),
Summers & Thorne (1991), and Abdul & Mace (2014):

12 T (1 N v_z)_K

fO =) T e

ey

where 8> = 2[(x — 3/2)/K]vr2h!e is the generalised thermal ve-

locity, which is a function of the « index. Here, vy, = L

is the electron thermal velocity, with T, (expressed in energy
units) representing the average kinetic energy per particle. Fig-
ure 1 shows the velocity distributions of electrons and protons
in our model of the non-thermal solar wind plasma. The left
panel displays k-distributed electrons for three different spec-
tral indices, k = 20, k = 7, and ¥ = 5, with electron to pro-
ton core temperature 7,/7, = 10. As « decreases, the distri-
bution develops a more pronounced high-energy tail, character-
istic of supra-thermal populations. At the same time, the peak
electron density at v,/vy, ~ 0 increases (see inset). The right
panel shows the combined distribution of protons, consisting
of a Maxwellian-distributed core and a beam component, as
an example case. Motivated by PSP observations reported in
Mozer et al. (2021), we chose a proton beam-core drift speed
of Vg =5 vy, with vy, the thermal speed of the proton core,
equal beam and core temperatures (T, = T,.), and a dilute pro-
ton beam (n,/n. = 0.05), with n; the density of the population
Jj and b the proton beam. These parameters are in the range of
PSP observations close to the Sun (Mozer et al. 2021). We first
calculated the dispersion relation of the IIAI, given by Eq. (3)
from Afify et al. (2024), but now with x-distributed electrons.
The plasma dispersion function (Fried & Conte 1961) was evalu-
ated numerically using the Faddeeva function as implemented in
SciPy to find its roots (Virtanen et al. 2020). Figure 2a shows the
dispersion relation for « = 20,7, and 5 in black, blue, and red,
respectively. y is the growth rate, normalised to the core pro-
ton plasma frequency, w,.. The wavenumber, k, is normalised
to the core proton Debye length, Ap.. The parameters (V/vy, e,
ny/ne, T./T,, and T}, /T,) are the same as mentioned above. We
described in Afify et al. (2024) how the maximum ITAI growth
rate first increases and then decreases with increasing drift veloc-
ity in the case of Maxwellian electron distribution. This feature is
also found with «-distributed electrons, as shown in Fig. 2b. We
see from both panels of Fig. 2 that for «-distributed electrons,
smaller k values reduce the rate of instability growth.

We verified theoretical predictions with 1D1V Vlasov simu-
lations, using the code described in Afify et al. (2024). The box
length was L,/Ap. = 50, with grid spacing Ax/Ap, = 0.25. The
velocity spaces of protons (core and beam) and electrons were
resolved with 151 and 193 points, respectively, with the elec-
tron grid extending up to 12 times its thermal speed. Bound-
ary conditions were periodic along x and there was zero flux
at vV = Vyin Vimax- We used the maximum value of the electric
field in the simulation box as a measure for instability growth.
The same parameters as Fig. 2a were used for the simulation
run depicted in Fig. 3. The black lines superimposed on the
linear phase of the instability mark the time interval used for
growth rate calculations. A comparison between theoretical (Th)
and simulated (S im) growth rates at the simulated wavenumber
kAdp. = 2m/50 = 0.126 is shown in Table 1, together with the real
frequency of the instability and the resonance velocity given by
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Landau theory (T'h). The chosen simulated wavenumber is close
to the maxima of the growth rate (see Fig. 2a).

Figure 4 presents simulation results illustrating how «-
distributed electrons modify the instability. These snapshots
were taken at wp.t = 300, when all simulations were approach-
ing the end of the linear phase. The left columns depict the
beam phase-space distribution function. We see traces of reso-
nant beam interaction (ion hole formation), which are more de-
veloped at higher « values, where the instability has reached a
larger amplitude. In the middle and right columns we depict the
beam and core VDFs, averaged in space, at x/Ap, = 0 and at
x/Ap. = 25, respectively. The vertical dashed line indicates the
resonance velocity, v,.; = w/k, as calculated from linear the-
ory at kAp. = 0.126. The averaged velocity distribution, as well
as the velocity distribution cuts at x/Ap. = 0, 25, shows that
the velocity distribution is indeed modified in the vicinity of the
resonant velocity. As the core protons were only very weakly
affected by this resonant process, we plotted their velocity distri-
bution on a logarithmic scale. Figure 5 shows time w),.t = 1000,
when the instability in all simulations has already saturated. We
observed the effect of resonance interaction on the proton beam
population. We observed that at lower « values, signatures on
both the proton core and beam population were weaker, consis-
tent with smaller saturation amplitudes (see Fig. 3).

3. Core-strahl electrons

We then considered an alternative distribution for the electron
population, namely the core-strahl distribution often observed in
the solar wind. We used as the temperature for the electron core
(ec) population T,, = 7 T,, as in Mozer et al. (2021). With only
one Maxwellian electron population at this temperature, the con-
figuration was stable to the IIAI. We then redistributed part of
these electrons into a hotter, Maxwellian strahl population and
examined the resulting effects on the ITAI. We now had four
populations: two proton (p) and two electron (e) populations,
each composed of a core (c¢) and a beam. We labelled the pro-
ton beam b, in accordance with the nomenclature common in
solar wind physics, but labelled the electron beam s instead of
the usual ‘strahl’. In this notation, the densities were related by
Nee + Nes = Ny + n.. We varied the density and temperature of the
strahl population and investigated the effects on the instability.
Electron and proton cores were at rest in all these experiments.
The density of the proton beam was kept fixed to the values anal-
ysed in the previous section, n;/n, = 0.05. The proton beam drift
was kept at V;/vy. = 5 unless specified otherwise. The drift
velocity of the strahl resulted from the zero current condition,
Vd,es = Vdnpb/nes-

Figure 6 shows that a hotter strahl component tends to desta-
bilise the instability, as shown by the maximum normalised
growth rate, Ymax/wpc, calculated from Landau theory and pre-
sented as a colour-coded contour plot. The left panel illustrates
the dependence of the growth rate on two key parameters: the
electron strahl-to-core proton temperature ratio (7,;/7.) and the
electron strahl-to-core proton density ratio (n.s/n.). A denser,
hotter strahl favours instability onset. In the right panel we
changed only the strahl density, while keeping 7T,,/T. = 25.
In the vertical axis, we allowed the proton beam drift velocity,
Va/Vinc, to change. The instability only exists in a finite V,; inter-
val, which widens with increasing strahl density (see Afify et al.
(2024) and Fig. 2b).

In Table 2 we list a number of cases where we changed the
strahl temperature with a fixed strahl density n,;/n. = 0.2 (cases
A-D), and one (Case C’) when we reduced the strahl density

with respect to case C. As before, we provide real frequency
and growth rates calculated at kdp., = 0.08, from linear the-
ory, and the growth rate obtained from simulations with box size
L,/Ap. = 80. Similarly, the chosen simulated wavenumber cor-
responded to the maximum growth rates as inferred from linear
theory. In Fig. 7 we provide the full dispersion relation from the-
ory (panel a) and the time history of the maximum electric field
values from simulations (panel b) for the cases in Table 2.

There is a good agreement between the calculated and sim-
ulated growth rates, with a tendency for faster growth in sim-
ulations with respect to theory. Jones et al. (1975) calculated
an effective electron temperature, T, ss, for IIAI evolution for an
electron distribution composed of core and strahl:

Teff = (neTesTec)/(nesTec + necTes)- (2)

We calculated T,y for our reference cases in Table 2. We used
the same dispersion relation calculations and simulations to cre-
ate Table 3 and Fig. 8 as we did for Table 2 and Fig. 7, using
as the electron distribution a single Maxwellian with the temper-
ature T,sy calculated from the corresponding core-strahl cases.
We verified that theoretical results were identical and simulated
results were fairly close, thus validating the concept of effec-
tive temperature. This is underpinned by the comparison of pro-
ton beam and core distributions in Fig. 9 (core-strahl electron
distribution) and Fig. 10 (Maxwellian electron distribution, with
T, = T.ff). We observe the same wave-particle interaction pat-
terns in both cases.

4. Discussion and conclusions

This study examines the influence of non-thermal electron pop-
ulations, «, and core-strahl on the triggering and evolution of
the ITAIL It was motivated by previous results (Afify et al. 2024),
where we found that a purely Maxwellian electron distribution
would need slightly higher temperatures than those observed
in Mozer et al. (2021) to allow for the observed IIAl-related
wave activity.

The electron VDFs that we considered here are x and core-
strahl, which are customarily used to model observed electron
VDFs in the solar wind. We find that x-distributed electrons tend
to stabilise the IIAI, with lower growth rates at lower « indices.
Adding a strahl distribution destabilises the ITAI with respect to
a Maxwellian distribution. Stronger instabilities are observed for
hotter and denser strahl populations.

Addressing the relationship with observations, we note that
the strahl temperature of 7,,/7. ~ 15 — 20 used in our study
corresponds to T, being two to three times the electron core
temperature and thereby might be fairly realistic for the solar
wind. However, our n,,/n. = 0.15 — 0.2 assumes a much denser
strahl than the values of 0.05 —0.1 reported by Maksimovic et al.
(2005) for solar distances of 0.3 — 1 AU. Therefore, this study
does not explain why ITAl-related wave activity is observed
in Mozer et al. (2021). On the other hand, Maksimovic et al.
(2005) also reported the strahl density to decrease with increas-
ing solar distance, so a more massive electron strahl at PSP po-
sitions around 20 R, might be possible.

We obtained the following physical insights from this work:
lower « values tend to stabilise the ITAI due to the higher electron
phase-space density at v ~ Vs << Vg (see inset of Fig. 1a),
leading to enhanced Landau damping in the electrons. Since
our parameters are very close to the instability threshold, even
a slightly enhanced electron damping can determine the onset of
instability. In the case of the core-strahl distribution, redistribut-
ing core electrons into a hotter strahl population reduces Landau
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damping and slightly increases the growth rate. This effect is
captured in the formulation for an effective temperature provided
by Jones et al. (1975) and is validated here with simulations. Us-
ing this concept, and assuming the limit of infinitively hot strahl
electrons with a realistic strahl density n.; = 0.05n,, the effec-
tive electron temperature would increase by only a few percent
with respect to the electron core temperature; see Eq. 2 and the
discussion in Jones et al. (1975). We speculate that the IIAT ac-
310 tivity observed in Mozer et al. (2021) may be related to external
drivers not captured in our model, for example temporary beam
density or drift enhancements due to reconnection events, in con-
junction with an increasing electron-to-proton temperature ratio,
rather than to the specifics of the electron velocity distribution.
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Table 1: Theoretical vs simulated instability parameters for «-distributed electrons.

Name K (w/wpc)Th (Vres/vth,c)Th (7/wpc')Tl1 (y/wpc)Sim

Case 1 20 0.434 3.442 0.0148 0.0161
Case2 7 0.427 3.389 0.0101 0.0101
Case3 5 0.422 3.352 0.0068 0.0053

Notes. The table compares theoretical (Th) growth rates, frequencies, and resonant velocities v,,; = w/k and observed simulation growth rates
(S im) for k-distributed electrons with 7,,/T, = 10 and proton beams with V; /vy, = 5, np/n. = 0.05, and T},/T, = 1.0. Calculations were performed
at a wavenumber of kAp. = 0.126.

Table 2: Theoretical vs simulated instability parameters for core—strahl-distributed electrons.

Name r,ll_c: % (w/wpc)Th (Vres/vth,c)Th (y/pr)Th (Y/Q)pc)Sim
Case A 02 150 0.268 3.347 0.0039 0.00576
Case B 0.2 200 0.270 3.367 0.0049 0.00668
Case C 02 250 0.270 3.379 0.0055 0.00737
CaseD 02 300 0.271 3.387 0.0059 0.00783
Case C’ 0.15 250 0.268 3.349 0.0039 0.00587

Notes. The table compares theoretical (7'h) growth rates, frequencies, and resonant velocities v,,; = w/k and observed simulation growth rates
(S im) for core—strahl-distributed electrons across various strahl densities and temperatures. Parameters kept fixed for all cases are V;/vy,. = 5,
ny/n. = 0.05, T,,/T. = 1.0, and kAp. = 0.08.

Table 3: Same as Table 2 but using a single Maxwellian electron distribution with 7, = T, instead of a core-strahl distribution.

Name T]e"_if (w/wpc)Th (Vres/vlh,c)Th (')’/wpc)Th (y/wpc)Sim
Case A 7.792 0.268 3.347 0.004 0.00583
Case B 7.989 0.269 3.367 0.0051 0.00679
Case C 8.113 0.270 3.379 0.0057 0.00748
CaseD 8.197 0.271 3.387 0.0061 0.00794
Case ¢’ 7.803 0.268 3.349 0.0041 0.00592
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Fig. 1: Electron and proton distribution functions. Left: « electron distributions with 7,/T. = 10, « = 20 (black curve), k = 7
(blue curve), and « = 5 (red curve). Right panel: Total proton distribution consisting of two Maxwellians (core and beam), with
Va/Vine =5, Tp/T. = 1.0, and np/n. = 0.05.
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for the three simulations with «-distributed electrons. Derived
growth rates (black lines) are y/w,. = 0.0161,0.0101, and
0.0053. The simulation parameters are given in Table 1.
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Fig. 10: Same as Fig. 9 but with a single, Maxwellian electron distribution with T, = T,.
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