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Abstract

Nonthermal features are ubiquitously observed in electron velocity distribution functions in the solar wind, yet
their origin in the collisionless, turbulent, expanding solar-wind plasma remains unclear. We investigate how
solar-wind expansion and Alfvénic turbulence jointly generate and regulate these features using the first fully
kinetic particle-in-cell simulation of an expanding turbulent plasma under heliospheric conditions. In our setup,
expansion-driven weakening of the magnetic field adiabatically cools the plasma perpendicularly to the mean field
while leaving the parallel temperature largely unchanged, driving the system toward the firehose-instability
threshold. Concurrently, strongly anisotropic turbulence leads to perpendicular heating and the development of
nonthermal features. Subsequently, we find that suprathermal electron populations preferentially develop in the
parallel direction, forming pronounced power-law tails even under weakly compressive, highly Alfvénic
conditions, and persist despite anisotropy regulation by the firehose instability. The preferentially parallel
energization suggests the involvement of parallel electric fields or resonant wave—particle interactions, rather than
simple velocity-space redistribution. These results provide the first direct evidence of the emergence of
nonthermal-electron features in a unified kinetic framework linking expansion, turbulence, and instabilities in the
solar wind.

Unified Astronomy Thesaurus concepts: Alfven waves (23); Interplanetary turbulence (830); Plasma astrophysics

(1261); Solar wind (1534); Space plasmas (1544)

1. Introduction

The solar wind is a weakly collisional plasma that under-
goes continuous expansion as it propagates in a turbulent flow
away from the Sun (E. Marsch 2006). The weak collisionality
allows the solar wind to develop ubiquitous nonthermal
features in the electron velocity distribution functions (VDFs),
which usually display the presence of three components: the
core, the strahl, and the halo. The core population is the bulk of
the electron population and typically exhibits a Maxwellian
distribution. The strahl is a field-aligned beam of suprathermal
electrons that is very clearly observed in the fast solar wind.
The halo is an isotropic population of suprathermal electrons
that is more pronounced in the slow solar wind (M. Lazar
et al. 2020; C. S. Salem et al. 2023). The distinction between
these three populations is particularly evident in highly
Alfvénic solar wind, where the strahl and halo components
can be clearly distinguished from the core (e.g., L. Bercic¢
et al. 2020; J. S. Halekas et al. 2020). Strahl and halo also often
exhibit suprathermal tails characterized by a power-law decay
at high speeds; these tails become more pronounced at larger
heliocentric distances (J. B. Abraham et al. 2022; C. S. Salem
et al. 2023; X. Zheng et al. 2024). Such power-law
distributions are not unique to the solar wind, but are rather
a ubiquitous feature of weakly collisional space and astro-
physical plasmas, where they are commonly interpreted as
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signatures of ongoing nonthermal energization processes
(e.g., V. Pierrard & M. Lazar 2010; G. Livadiotis 2017).

The radial evolution of these suprathermal components is
known to regulate the heat flux of the solar wind through
kinetic instabilities induced by the expansion that naturally
occurs as the plasma flows away from the Sun (D. Verscharen
et al. 2019; M. E. Innocenti et al. 2020; A. Micera et al. 2021;
J. T. Coburn et al. 2024). In particular, this expansion induces
a decrease in plasma density and magnetic-field strength,
which drives the plasma toward the firehose-instability
threshold by reducing the perpendicular temperature (with
respect to the magnetic-field direction) while keeping the
parallel temperature relatively constant, as expected from
double-adiabatic predictions (G. F. Chew et al. 1956). The
firehose instability then acts as a diffusive mechanism for
suprathermal electrons that redistributes particles from higher
to lower velocity-space densities (i.e., primarily from the
parallel to the perpendicular direction in this context;
R. A. Lépez et al. 2019; D. Verscharen et al. 2022). This, in
turn, naturally regulates the heat flux of the solar wind.

The electron heat flux, being primarily carried by
suprathermal electrons streaming along the magnetic field,
also plays a central role in setting the large-scale ambipolar
electric field that maintains quasineutrality and zero net current
during the expansion. As electrons tend to escape more
efficiently than ions due to their lower mass, an electric field
develops along the magnetic field to maintain a balance
between their relative motion (J. Lemaire & M. Scherer 1971).
The strength of this balancing electric field is directly
influenced by the high-energy content of the electron
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distribution: the more pronounced the high-energy tail of the
strahl population, the more efficiently electrons escape,
thereby enhancing the ambipolar electric field. Exospheric
models illustrate this dependence, showing that an increased
suprathermal electron population leads to a stronger electro-
static potential and a more efficient acceleration of the plasma
(M. Maksimovic et al. 1997; H. Lamy et al. 2003; 1. Zouganelis
et al. 2004; M. Péters de Bonhome et al. 2025). Through this
mechanism, the ambipolar electric field contributes directly to
ion acceleration and is able to account for the slow-solar-wind
acceleration (J. S. Halekas et al. 2022, 2023). For these reasons,
understanding how electron suprathermal tails, as important
contributors to the electron heat flux, are generated and evolve
during the expansion is essential to determine how the solar
wind is accelerated.

Turbulence is an important candidate for the generation of
suprathermal tails in the solar wind. In weak-turbulence
theory, small-amplitude, stochastic wave—particle interactions
lead to velocity-space diffusion that can produce power-law
distributions as steady-state solutions (P. H. Yoon 2014;
G. Livadiotis 2017). However, in strong turbulence, such as
the highly Alvénic solar wind, the nature of wave—particle
interactions is more complex and may involve coherent
structures, intermittency, and nonlinear effects that can
enhance particle energization beyond the predictions of
quasilinear theory (e.g., L. Comisso & L. Sironi 2018). In
particular, intermittent structures in strong turbulence are
known to be sites of enhanced particle energization and can
generate significant deviations from Maxwellian distributions
(R. Bruno 2019). While such processes can produce high-
energy populations, their direct role in forming extended
power-law tails remains an open question. This issue is
particularly relevant in the highly Alfvénic and weakly
compressible solar wind, where turbulent fluctuations are
predominantly perpendicular to the mean magnetic field. In
such a regime, particle energization is expected to be primarily
perpendicular, raising the question of how suprathermal tails
develop and persist in the parallel direction, where the strahl
population is observed.

Previous studies have investigated the ion firehose instabil-
ity in “expanding-box” simulations (which naturally account
for solar-wind expansion) using hybrid kinetic models
(i.e., with massless, fluid electrons) (L. Matteini et al. 2006;
P. Hellinger & P. M. Travnicek 2008; P. Hellinger 2017),
including in the context of Alfvénic turbulence (P. Hellinger
et al. 2019) and critically balanced energy cascades
(A. F. A. Bott et al. 2021). Other studies have focused on
electron-scale systems and examined the role of expansion-
driven instabilities in regulating the electron heat flux, using
two-dimensional simulations in homogeneous plasma condi-
tions (M. E. Innocenti et al. 2020; A. Micera et al. 2021).
These works have provided valuable insights into the behavior
of these instabilities and their impact on the evolution of the
electron velocity distribution. However, the interaction
between turbulence, expansion, and firehose instabilities of
both ions and electrons remains essentially unexplored.

In this Letter, we present the first fully kinetic simulation of
an expanding, turbulent plasma in three dimensions, including
the physics of ions and electrons over large (from electron to
ion) spatial scales. In particular, we examine the formation of
electron suprathermal tails in weakly compressive, highly
Alfvénic conditions and characterize their development in the
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parallel direction, providing insight into the physical processes
that may govern their formation, with implications for the solar
wind and other astrophysical plasmas.

2. Numerical Method and Setup

We perform a fully kinetic particle-in-cell (PIC) simulation
using ZELTRON (B. Cerutti et al. 2013; F. Bacchini et al.
2022), a relativistic PIC code for which the kinetic expanding
box was implemented (F. Bacchini et al. 2026). ZELTRON
solves the fully relativistic equations of motion, which
naturally recover the nonrelativistic limit when particle
velocities satisfy v < ¢, as is the case throughout our
simulation. The simulation employs coordinates in the
“expanding frame,” where expansion is not apparent and
boundary conditions can be kept as periodic in all directions.
The run is initiated with a guide magnetic field B, in the
x-direction such that By = ByX. The box expands perpendi-
cularly to the direction of the guide field (i.e., in the y- and
z-directions). We define the perpendicular expansion factor as
a,(t) = L (1)/Lio such that a,(f) = 1 for t < e, and
a (t) = (1 4+ (t = texp)/Texp) fOr t > toyp, where 7y, is the
expansion timescale, f.x, is the onset time of the expansion,
and L, is the initial perpendicular length of the box. The
parallel length of the box, L, remains fixed during the
expansion (i.e., ay = 1). Assuming a constant solar-wind
velocity along x and a purely radial magnetic field, both the
background magnetic (B,) field and the density (n) exhibit
identical time dependence, scaling as B, (f) = Bgoaj2(t) and
n() = noajz(t), where ng denotes the initial number density.
More details of the expanding-box implementation are
discussed in F. Bacchini et al. (2026).

To ensure the development of turbulence during our
simulation, we employ the solenoidal forcing (i.e., driven
perpendicularly with respect to the background guide
field) used in A. F. A. Bott et al. (2021) and described in
L. Arzamasskiy et al. (2019). The forcing starts at the
beginning of the run (r = 0) and is maintained throughout the
expansion. Here, however, we adopt a charge-independent
forcing by applying equal force to ions and electrons (i.e., with
identical strength and direction). The forcing is time-correlated
via an Ornstein—Uhlenbeck process, ensuring a finite correlation
time, and mimics random inertial forcing produced by an
anisotropic turbulent cascade at scales larger than the simulation
domain (see L. Arzamasskiy et al. 2019 for more details).

The simulation domain size at t = 0 is Ly x Lyx
L, = 52d; x (13d;)* containing 768 X 192% cells, where
d; = c/w,; is the ion inertial length with wy; = (4mnge?/m;)'/?
the ion plasma frequency. We choose an ion-to-electron mass
ratio of m;/m, = 25 (see Section 4 for a discussion of this
choice), yielding a spatial resolution of 2.95 cells per electron
inertial length, d, = c/wpe. At t = 0, the plasma consists of
Nppc = 256 particles per cell per species (ions and electrons)
uniformly distributed across the simulation domain. For each
species, the particles are drawn from a Maxwellian distribution
with number density ny = ny = n, and temperature
Ty = Tp = T. so that Oy = (m./m)fo = kgTy/ (i) =
1/5000. The magnitude of the initial background magnetic field
(Bgo) is set such that the initial ion Alfvén speed
vaio = Byo/(dmm;ng)!/? = 0.02¢ (see Section 4 for implica-
tions), and the initial ion plasma beta 3,y = 8mngky, To/ Bg20 =1,
consistent with typical solar-wind conditions near Earth
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(L. Matteini et al. 2007). This results in an ion thermal
speed vpio = 3k Tio/m; =~ 0.026c.

Alfvénic turbulence in our simulation is obtained through the
aforementioned charge-independent forcing applied on particles.
The strength of the forcing is chosen so that the ion root-mean-
square velocity iS u;ms/Vaio &~ L1 /Ly = Lq)/L. effectively
maintaining critical balance for the large-scale fluctuations
constrained by the box size (A. F. A. Bott et al. 2021).
The simulation is first evolved without expansion until a quasi-
steady state of turbulence is reached at f.,, = 5749, where
Ta0 = L|/vaio = 2600w;i1 is the initial Alfvén crossing time.
After fexp, the box starts expanding in the perpendicular directions
at a constant rate of g, = 1/ Texp, With Ty = 10749 =

26000 w&' (so that fe,, = 0.57,). Since the turbulent heating
time, defined as the ratio of the thermal energy to the
energy dissipation rate, Tyey ~ (3/2)T;L./ (m,-ufrms), satisfies
Theat =, 3-75Texp in our simulation, the thermodynamic evolution
of the plasma is dominated by the expansion and the associated
firehose instability.

3. Results
3.1. Global Evolution and Onset of Firehose Instabilities

The expansion of the box is displayed with the z-component
of the turbulent magnetic field in Figure 1 from the initial
expanding time ¢ = 0.57¢yp t0 £ = 1.57¢xp.

The global evolution of various integrated quantities
characterizing the system is presented in Figure 2, with the
expansion starting at ¢ = fey, = 0.57cy,. Figure 2(a) displays
the normalized box-averaged magnetic-field strength (blue
line), which evolves in excellent agreement with the
analytically expected scaling B,(1)/Bgo = ajz(t) (red line).
A small deviation from this scaling is observed, with the
magnetic-field strength remaining slightly larger than a;2(r).
This difference arises from the contribution of magnetic-field
fluctuations associated with the forced turbulence, which slows
down the effective decrease of the box-averaged field as the
amplitude of the fluctuations increases during the expansion
phase, as seen in Figures 1 and 2(a) with the associated
increase in root-mean-square magnetic-field fluctuations (as
observed in A. F. A. Bott et al. 2021).

Figure 2(b) shows the evolution of the root-mean-square
speeds of ions and electrons, normalized by their respective
time-evolving Alfvén speed, together with the average strength
of the magnetic fluctuations normalized to the background
field. Here, we define the time-evolving Alfvén speed as
wi(t) = By (t)/(dmmn(t))"/? = (m;/m,)"/*v.(t). Before the
onset of expansion, the magnetic-field fluctuations satisty
OBims/Bg ~ Uirms/Vai» Which is characteristic of Alfvénic
turbulence. During the expansion phase, the magnetic-field
fluctuations increase in strength as expected with 6B /Bg x
a, (1) together with u, ms/va. x a,(f), while the ion root-
mean-square velocity increases slightly slower than a ().

The evolution of the average 7, /T) for ions and electrons is
shown in Figure 2(c). During the nonexpanding phase, the
electron population (blue line) exhibits a lower 7', /T than the
ions (red line), with both remaining relatively close to unity.
Once expansion begins, both species experience a decrease in
T, /T, broadly following the double-adiabatic predictions
(not shown), and eventually reaching close to their respective
firchose instability thresholds (dashed lines). The electron
firehose instability (EFI) is triggered at around 7 ~ 0.757,, as
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Figure 1. Volume rendering of the z-component of the magnetic-field
fluctuations, 6Bz/Bg, shown at the initial expansion time (1 = 0.57cxp), mid-
expansion time (f = 1.07p), and final expansion time (f = 1.57p).

indicated by the rapid increase in 7', /7. In contrast, the ion
firehose instability lacks a clearly defined onset time, but
instead develops more gradually as the expansion proceeds,
with the instability threshold being reached around 7 ~ 1.27p.
This difference partially reflects the initial conditions at the
onset of expansion, with ions starting from a higher 7', /T, and
therefore requiring a longer time to reach the instability
threshold.

3.2. Evolution of Electron Distributions

We now examine the distribution of (T, /Ty, §;) for
electrons, shown in Figure 3(a). At the onset of expansion,
t = texp = 0.57¢,p, the electron population is distributed
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Figure 2. (a) Evolution of the box-averaged magnetic-field strength normalized by the initial background magnetic field. (b) Evolution of the rms speed of electrons
(in blue), ions (in red), and the magnetic-field fluctuations normalized by the background magnetic field in black. (c) Evolution of the average temperature ratio, 7, /
Ty, for electrons (in blue) and ions (in red), with the associated firehose instability thresholds plotted as corresponding dashed lines. The vertical dashed lines indicate
the onset of expansion at f.x, = 0.57¢x, and triggering of the electron firehose instability at fgg; = 0.757cxp.

4 sl eyl eyl AR sl eyl eyl el sl eyl eyl el

log(f/fm)

(=1
<
=
=
-
Ry
v
—
-~

-2 -1 0 1 2 -2 -1 0 1 2
VHe/VtheO VHe/VtheO VHe/VtheO

Figure 3. (a) Distribution of (7' ./ T, 0j.) for electrons at t = 0.57¢x, (left), t = 1.07¢, (middle), and r = 1.57¢, (right). The distribution is scaled as the amount of
cells (n.) normalized by the total amount of cells (N.). Isocontours of the theoretical oblique EFI are plotted as blue lines with T\ ./Tj, = 1 — 1.29/ ﬁﬁ;‘” (dotted),
Ti./T.=1- l.32/ﬂh’fl (dashed), and 7' ./Tj. = 1 — 1.36/6ﬁé47 (solid) associated with growth rates of v = 0.001, 0.1 and 0.21,, respectively (S. P. Gary &
K. Nishimura 2003), with Q, = eB/(m.c) and e is the electron charge. The green dashed line corresponds to the double-adiabatic expansion prediction
Tie/Tje = ﬂH’ el). (b) Logarithmic ratio between the electron VDFs (f) and a reference Maxwellian VDF (fyy) in (v ., v|.)-space at t = 0.57¢x, (left), # = 1.07exp

(middle), and t = 1.57, (right).

predominantly along the double-adiabatic prediction (green To qualitatively assess the role of the firehose instability in
line). As the expansion proceeds, the distribution generally shaping the electron velocity distribution functions (VDFs),
evolves along the double-adiabatic trajectory toward the Figure 3(b) presents the evolution of the VDFs, restricted
firechose-instability thresholds (blue lines), with a significant to the range +2vy.0, as a logarithmic ratio to the initial
fraction of the plasma becoming unstable at ¢ = 1.07,. At reference Maxwellian. The saturated red regions of velocity
later times, = 1.57.,, the main part of the distribution returns space correspond to large deviations at higher velocities,
close to isotropy, consistent with a state near marginal where the logarithmic contrast is strongest; the color scale is

stability. therefore limited to highlight differences in the central part of
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Figure 4. Time evolution of the perpendicular (f.(v,.)) and parallel (f.(v).)) electron VDFs. The dashed green line corresponds to a Maxwellian fit at = 0, while
the dashed black line corresponds to a Kappa distribution fit (e.g., C. S. Salem et al. 2023) at t = 1.57,, with parameter x = 6.2 for f(v, ) and x = 5 for f,(v|.). The
solid blue line indicates the electron VDF at t = 0.57x, (onset time of expansion). The insets show the time evolution of the electron VDF at a fixed speed
v' = {2.0, 2.5, 3.0}veo associated with the vertical dashed lines displayed in their respective main panel.

the distribution. At # = 0.57.,, the core of the electron VDF is
already anisotropic due to our turbulence-driving method, with
a more extended deficit of particles in the perpendicular
direction than in the parallel direction relative to the reference
Maxwellian (see the next section for further discussion on this
point). At later times, this deficit becomes confined to the
perpendicular direction, while the parallel direction becomes
more populated than the reference Maxwellian. This behavior,
characteristic of the firehose instability, has been previously
reported for ions (e.g., P. Hellinger 2017; A. F. A. Bott et al.
2021), but, to our knowledge, has not been observed for
electrons in a similar context. By t = 1.57.,, the contrast
between the parallel and perpendicular directions is reduced,
as indicated by the smaller difference between the two
directions. This is consistent with the plasma returning close
to isotropy and approaching marginal stability, in agreement
with previous proton studies (A. F. A. Bott et al. 2021).

To better characterize the deviations from a Maxwellian,
Figure 4 presents one-dimensional cuts of the electron VDFs
along the parallel and perpendicular directions, using the full
distributions rather than their ratio to a reference Maxwellian.
We also highlight the distribution at the onset of expansion
(solid blue line), a Maxwellian (dashed green line), and a
Kappa (dashed black line) fit of the distribution at the initial
and final simulation time, respectively. The left panel then
shows the distribution along the perpendicular direction: this
displays a clear heating of the electrons already before the
onset of expansion, associated with our choice of forcing, with
well-developed suprathermal tails already present at
t = 0.57¢xp. During the subsequent evolution, no significant
further qualitative change is observed in the perpendicular
direction, and the tails remain relatively stable, aside from a
brief enhancement around ¢ ~ 0.67 7.

The right panel of Figure 4 shows the distribution along the
parallel direction. At t = 0.57.,,, no significant suprathermal
component is observed in the parallel direction, except for a
slight departure from a Maxwellian at higher energies. As time
progresses, a pronounced suprathermal tail develops, which is
well-fitted by a Kappa distribution at t= 1.57,, with
parameter k = 5. The emergence of this tail occurs abruptly
around f ~ 0.677.,, with the plasma approaching marginal
stability slightly before the onset of EFI at 7 = fgp; = 0.757cp,
as observed from the inset of the right panel of Figure 4.

4. Discussion

We have conducted the first fully kinetic simulations of
expanding, turbulent plasma under heliospheric conditions,
including the physics of ions and electrons. Our simulations
employ a solenoidal driver to maintain Alfvénic turbulence
active throughout the run, and an expanding-box algorithm to
track plasma expansion for a full expansion time after the
turbulence has reached a quasi-steady state. Our main result is
the observation of the emergence of a clear nonthermal
electron population, particularly in the parallel direction,
driven and regulated by the interplay of turbulence, expansion,
and firehose instability.

The fact that the emergence of high-energy electrons in the
parallel direction precedes the onset of the EFI indicates that
the mechanism responsible for the formation of the parallel
suprathermal tail is not simply a consequence of a global state
of instability, and therefore requires further investigation. In
particular, while the plasma may already be locally unstable to
the EFI in some regions of the domain at this stage, these
localized events do not immediately translate into a sustained
global response of the system. Instead, the later marginally
stable state appears to operate on a distribution that has already
been significantly modified.

The rapid and pronounced increase in the electron parallel
energy suggests the activation of a distinct process as the
plasma approaches marginal stability. The sharpness of this
transition (as seen in insets of Figure 4) points to a mechanism
that becomes particularly efficient under specific conditions,
rather than a gradual, background diffusive process. This
behavior may be facilitated by intermittent or localized
structures, which can enhance particle energization before
the state of marginal stability is reflected in the perpendicular
to parallel temperature ratio.

Importantly, this behavior cannot be attributed solely to
velocity-space redistribution from perpendicular to parallel
directions. No clear evidence of a corresponding depletion of
the perpendicular suprathermal population is observed, as
would be expected if pitch-angle scattering were dominant.
This instead points toward a mechanism involving direct
acceleration in velocity space, capable of increasing particle
energy rather than merely redistributing it. Within the context
of our setup, this energization appears to be preferentially
efficient in the parallel direction, suggesting the involvement
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of processes associated with parallel electric fields or resonant
wave—particle interactions. Such a process enables the buildup
of a suprathermal tail and drives the system closer to the
instability threshold.

The main implication is that, prior to the onset of the EFI,
the plasma remains only weakly constrained and can develop
both significant temperature anisotropy and pronounced non-
Maxwellian features, including parallel suprathermal tails.
Although localized regions may already experience EFI-driven
dynamics, it is only once the instability reaches a global,
marginally stable state that it effectively regulates the system.
At that stage, the EFI constrains further departures from
isotropy while preserving the suprathermal tails, indicating
that their formation is largely decoupled from the state of
marginal stability.

In this context, it is worth noting that the bi-Maxwellian
isocontours (S. P. Gary & K. Nishimura 2003) used as a
reference for the EFI in this work are likely underestimated.
S. M. Shaaban et al. (2019) showed that the dominant branch
of the EFI—the oblique resonant mode—is enhanced by the
presence of suprathermal electron tails, leading to a more rapid
approach to marginal stability.

A key limitation of this study lies in the formation of non-
Maxwellian electron VDFs (only in the perpendicular direction)
prior to the onset of expansion. This feature arises from the
requirement that a fully developed turbulent state be established
beforehand, which leads to significant turbulent heating and the
formation of perpendicular suprathermal tails. For comparison,
the simulation of A. F. A. Bott et al. (2021) did not exhibit
turbulent heating, as hyper-resistivity was introduced to account
for their fluid-electron treatment. As a result, their system
remained closer to a Maxwellian state prior to expansion. In
contrast, our system departs from a Maxwellian state before
expansion begins, and the subsequent development of a parallel
suprathermal tail may be influenced by the prior existence of
perpendicular suprathermal populations. In other words, the
responsible mechanism may not operate, or may operate
differently, in plasmas that do not already exhibit strong
perpendicular energization. However, we believe our results
qualitatively hold for the following reasons. First, as we
discussed, the acceleration in the parallel direction appears to
be caused by direct acceleration and/or resonant absorption,
without necessarily involving any perpendicular dynamics. It is
therefore plausible to expect that an isotropic initial distribution
would also develop nonthermal parallel features. Second, in the
solar wind, the turbulent heating, expansion-driven anisotropy,
and the approach to marginal stability are expected to occur
simultaneously rather than sequentially. Under such conditions,
the generation of perpendicular suprathermal tails and the onset
of firehose-driven fluctuations would likely coevolve. It is
therefore plausible that a similar mechanism responsible for
generating suprathermal tails of electrons in the parallel direction
would also operate under more realistic conditions. This
hypothesis remains to be tested in future work, which will
investigate the coupled evolution of turbulence, expansion, and
kinetic instabilities starting from nearly Maxwellian initial
conditions at the onset of expansion. Finally, we can also argue
that while our results may depend on the plasma state at the onset
of expansion, this state is not necessarily unphysical. In fact, the
state in which expansion starts (with a perpendicular anisotropy)
is just one of many possible states, which in reality would depend
on where the plasma parcel that starts expanding has originated.

Péters de Bonhome et al.

Therefore, this state is as valid as any other as far as initial
conditions are concerned. Nevertheless, more experiments with
different initial conditions are needed to draw general conclu-
sions; but to the best of our knowledge, this is the first time that
electron nonthermal features are observed arising in fully kinetic
simulations of turbulent, expanding solar plasmas.

For computational feasibility, both the ion-to-electron mass
ratio (m;/m, = 25) and the light-to-Alfvén speed ratio
(¢/va;i 2 50) used in our simulations are reduced compared to
typical solar-wind conditions. This approach (dictated by
computational demands and customary in PIC simulations)
decreases scale separation and may affect wave—particle
resonance conditions. This effect may already be reflected in
our results, as evidenced by the slower increase in ion T /T
during expansion compared to electrons, suggesting that ions are
partially influenced by electron-scale processes. However,
expansion-driven instabilities are primarily governed by dimen-
sionless parameters, such as the parallel plasma-G and temper-
ature anisotropy, which are initialized with solar-wind-like
values, ensuring that the system remains in a physically relevant
regime. Moreover, the properties of the fast magnetosonic/
whistler modes, which can be generated by the dominant EFI
among other mechanisms, are only weakly affected provided that
m;/m, 2 10 and c/va; > 10 (D. Verscharen et al. 2020),
conditions that are well satisfied here. We therefore do not expect
these numerical constraints to qualitatively affect the electron-
scale dynamics or the development of suprathermal tails
discussed in this work. Future work will explore a broader
parameter space, including more realistic mass ratios, to further
assess the robustness of these results.
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